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FOREWORD
The convening of this Seminar stands from a recommendation of the 18th session of the
Permanent Committee on Meteorology of the League of Arab States (LAS/PCM) which also
indicated that the seminar should be held in Damascus. The Thirteenth Session of the WMO
Regional Association for Europe (Geneva, 2-10 May 2002) under agenda item 6.4 endorsed the
above recommendation of the LAS Permanent Committee on Meteorology.
The Italian Foreign Affairs Directorate for Cooperation to Development has decided to
financially support this Seminar. They considered the decision of the LAS/PCM positive and
consistent with the Cooperation’s priorities in view of the shortage of fresh water in the
Mediterranean and Middle East. This seminar is also one of the activities foreseen by the WMO
Programme on Physics and Chemistry of Clouds and Weather Modification Research. Therefore,
the WMO Secretariat made the programme and logistics arrangements. Thus this Seminar was
co-sponsored by WMO, the LAS/PCM and the Italian Cooperation to Development and the local
organization was made in an excellent manner by the Syrian Meteorological Department.
This Seminar is being organized at a critical time when advances in technology are
providing a significant improvement in our observational capability. New equipment - such as
aircraft platforms with microphysical and air motion measurement systems, radar (including
Doppler with polarization capability), satellites, microwave radiometers, wind profilers, automated
raingauge and mesoscale networks stations - have introduced a new dimension. Equally
important are the advances in computer systems that permit large quantities of data to be
processed and used for detailed modelling of cloud and mesoscale processes which further
contribute to our understanding and description of cloud modifications resulting from seeding
experiments.
With these new technologies and methods applied in weather modification research and
operations, and using better climatology of clouds and precipitation sound designs can be
prepared for weather modification projects increasing the potential for the further development of
weather modification. Certainly the need for more water and less hail is becoming of
increased importance in many regions of the world and should be attempted on a
scientific base.
The programme of the Seminar was specially designed to address the needs in the field
of weather modification of the countries in the Southern Mediterranean and the Middle East,
which are in a semi-arid zone, and experience various degrees of sever shortage of fresh water
and have started for years to show interest in precipitation enhancement as part of their water
resources management strategy. Ten world-renowned experts delivered more than 15 keynote
lectures providing up-to-date information to the 55 participants at the Seminar. Emphasis was
given on the status and proper planning of precipitation enhancement, educational aspects and
some applications to irrigation and agriculture. Reports on weather modification activities carried
out in 14 countries did supplement the exchange of information on the current state of the related
activities in this broad region. The speakers provided 26 extensive papers in addition 7 (one or
two page) summaries based on earlier submitted abstracts are also included for completeness of
the Report.
The acute need of more frequent exchange of information, the crucial importance of
educating local experts in the field of cloud physics and weather modification and the desire for
joining knowledge and resources in planning and conducting multinational regional projects was
emphasized throughout the Seminar and are reflected in the Conclusions and
Recommendations adopted at the round-table discussion.

Opening of the Seminar
1. FORMAL OPENING SESSION
1.1

The Regional Seminar on Cloud Physics and Weather Modification was opened in the grand-hall
of the Al-Assad National Library by Mr. Imad Eddin Al-Beik, Director-General of the Syrian
Meteorological Department and Permanent Representative of Syrian Arab Republic with WMO. He
welcomed the participants (see Appendix A) and proceeded by giving the floor for formal addresses by the
higher officials present (see Appendix B – Programme of the Seminar).

1.2

Mr. Aldo Bjjani, chairman of the Permanent Committee on Meteorology of the League of Arab
States (PCM/LAS) and Permanent Representative of Lebanon with WMO, expressed the satisfaction
of his Committee that with common efforts by WMO and the assistance of the Italian Ministry of
Foreign Affairs, precipitation enhancement, that is an issue of vital importance for all Arab countries,
would be addressed at this Seminar. Following this he paid tribute to the excellent local organization by
the Syrian authorities.

1.3

The Director-General of the Arab Organization for Agricultural Development (AOAD) Dr. Salem AlLozi emphasised that most of the Arab countries lie in the dry, semi-arid zone with inadequate rainfall
for the agricultural activities in which are engaged more than 80% of the population. He mentioned that
AOAD has been developing close working relations with both WMO and the Arab Centre for Studies of
Arid Zones and Dry Lands (ACSAD) and expressed the willingness of AOAD for cooperation with all
concerned for a scientific approach to weather modification as one of the tools for augmenting the
water problem in the Mediterranean and Middle East region.

1.4

The Director-General of the Arab Centre for Studies of Arid Zones and Dry Lands (ACSAD),
Engineer Noury Rahomi, expressed appreciation to WMO and the Italian Ministry of Foreign Affairs
Directorate for Development Cooperation for organizing and sponsoring this Seminar on issue so
important for this region. He emphasised the need of capacity building in the complex field of
weather modification in order for the initiatives of the interested States to be planned and conducted on
a sound scientific basis for the benefit inter alia to the agricultural management.

1.5

The Director of the WMO Atmospheric Research and Environmental Programme, Dr. Elena
Manaenkova, conveyed the greetings of the Secretary-General of WMO, Prof. Obasi, and expressed
the appreciation of the WMO to His Excellency, Dr. Safar, Minister of Agriculture to the Government of
the Syrian Arab Republic for hosting this important international Seminar in Damascus. She
acknowledged the generous financial support offered by the Government of Italy that will no doubt
contribute to the success of this Seminar in an area that could benefit humanity, particularly in the
semi-arid zones.

1.6

She continued by informing the participants that a large part of the 186 Member countries that
comprise the WMO have maintained a strong interest in the possibilities of beneficently modifying the
weather. In responding to this interest, WMO has maintained a Programme on Physics and Chemistry
of Clouds and Weather Modification Research since 1975. This Programme strives to promote a sound
scientific foundation for weather modification and to facilitate the exchange of information on both the
operation and research in this field. The importance given by Members to the issues of weather
modification are demonstrated by the fact that as early as at the First session of the present WMO
Commission of Atmospheric Sciences fifty years ago the issues of clouds and precipitation were
discussed and for the past 50 years, CAS has maintained working groups to consider scientific
developments in all aspects of weather modification.

1.7

More recently she recalled, the 13 World Meteorological Congress (May, 1999) “noted the
emerging new aspects of weather modification activities, that of its possible application to water
resources management…” and called the meteorological community to offer advice on the efficacy of
cloud seeding. In responding to this interest, the WMO Programme is further stimulating international
collaboration and participation in basic research and encourages application of this research.

1.8

This Seminar was organized to present and discuss intentional changes brought on by the
application of cloud physics and chemistry that affect our precipitation systems. Dr. Manaenkova noted

th

that in the last twenty years more than 70 countries have expressed their interest in weather
modification activities and on average, each year, in various parts of the world there are between 100
and 130 active weather modification projects reported to WMO. She underlined the importance of
increasing the international collaboration by sharing knowledge and efforts in planning and
executing regional precipitation enhancement projects. WMO has arranged for the preparation of a
plan for a Mediterranean, South East Europe and Middle East Precipitation Enhancement Project
(MEDSEEME-PEP) with the participation of many of the Arab countries present. This Seminar could
also consider other convenient locations feasible for joint efforts for better planned and executed PE
projects.
1.9

The Ambassador of Italy to the Syrian Arab Republic, H.E. Dr. Laura Mirachian, conveyed the
good wishes of the Italian Development for Cooperation Directorate to the participants. Based on
international reports she considered that the apparent climate change would possibly worsen the water
balance in the semi-arid zones and therefore the initiative for this Seminar was very timely. This
gathering will no doubt have some educational effect and help the interested countries to better assess
the real capability of the well planned precipitation enhancement and benefit from the experience of
other countries, including Italy.

1.10
The Minister of Agriculture of the Syrian Arab Republic, H.E. Dr. Adel Safar, welcomed all the
participants expressing his Government’s pleasure of hosting this important Seminar tailored to the
needs of Arab countries of the semi arid zone for better planning of precipitation enhancement
experiments. He mentioned that in his country systematic precipitation enhancement experiments have
been carried out for more than ten years and he hoped the participants would share their knowledge
and views in this important field. He concluded the formal part of the opening by pledging complete
support for the successful completion of this Seminar.

Overview report of the proceedings of the Seminar
The Programme of the Seminar as at the time of the opening is reproduced in Appendix B. All keynote speakers and most of the
lecturers provided on time their papers for publication. There are however seven presentations which text was not submitted in
full-length and for completeness of the proceedings their abstracts were used instead. The presentations made are grouped and
discussed in few broad categories: Status, proper planning of PE and international collaboration (12); Educational aspects (2);
Some equipment for use in WM (2); Description of country projects (14) and Some applications to irrigation and agriculture
(3). The Overview is ending with Concluding Remarks and is immediately followed by two pages of Conclusion and
Recommendations made during the round-table discussion. The readers are strongly encouraged to read the full texts
of the papers because in the overview paragraphs only a few of the important points are highlighted.

2. STATUS and PROPER PLANNING of PRECIPITATION ENHANCEMENT
Under this segment of the Seminar’s programme a number of overviews and tutorial presentations by keynote
speakers were delivered. Papers are listed in their order of appearances in this Report: Bojkov: Status of the
scientific approach to weather modification – WMO activities and international collaboration; Curic: The physics of clouds and
precipitation; Bruintjes: Motivation for scientifically based precipitation enhancement experiments; Burger and Terblanche:
Experiments in cloud seeding with hygroscopic nuclei; Bojkov: Process for planning and implementation of Precipitation
Enhancement Project; Bojkov: Precipitation and cloud climatological characteristics for planning of a PEP in the Southern
coast of Mediterranean: few examples; Burger and Terblanche: How to plan a Precipitation Enhancement Project;
Simeonov: Assessing the meteorological pre-conditions (incl. clouds and precipitation climatology) in planning of cloud seeding
projects; Karacostas: Synoptic, dynamic and cloud microphysical characteristics related to precipitation enhancement projects;
Berthoumieu: Socio-economic and environmental aspects of precipitation enhancement; Prodi and: Physical methods in
evaluating rain enhancement experiments; Nania: A computerized approach to point out cause-effects relationship in cloud
seeding operations and qualify the results.

On the status of Weather Modification
2.1

The participants appreciated keynote presentations on a few aspects of the current state of
weather modification (see papers by Bojkov; Bruintjes; Chernikov and Koloskov). Formally the status of WM is
periodically reviewed by WMO groups of experts (see Appendix C), by the American Meteorological
Society (www.ametsoc.org/policy/wxmod98/html), recently also by the US National Academy of Sciences National Research Council (www.nap.edu/openbook/0309090539/html) and by the Weather Modification
Association (www.weathermodification.org). The ability to influence cloud micro-structures in certain simple
cloud systems such as fog, thin layer clouds, orographic clouds, and small cumulus clouds has been
demonstrated in laboratory, simulated in numerical models, and verified through physical
measurements in some natural systems. The WMO Statement on the Status of Weather Modification
referred to above distinguishes the various types of weather modification and the degree of confidence
one has in obtaining the desired effect from cloud seeding. The confidence level is very high for

operational dissipation of supercooled fog and moderate to high for increasing snowfall from orographic
clouds. Experiments have suggested a positive effect on individual convective cells but conclusive
evidence that such seeding can increase rainfall from multicell convective storms and over large areas
has yet to be established. The confidence level is not high for suppressing major hailstorms.
2.2

In recent years, randomized experiments of seeding of warm and cold convective clouds with
hygroscopic chemical particles to augment rainfall have reported statistical evidence of a rainfall
increase that is supported by numerical modelling experiments. Nevertheless, key steps in the chain of
physical events associated with hygroscopic seeding are not yet clear in order to confirm the seeding
hypothesis and the range of effectiveness in particular for an area-wide economic effect. (See more in the
papers by Bruintjes; Burger and Terblanche; Terblanche et al.)

2.3

The current view as reflected in the WMO Statement (see Appendix C) is that the most realistic
approach to weather modification (WM) is to work with the natural energies prevailing in the
atmosphere. Conditions of instability are therefore sought wherein a relatively small human-induced
disturbance in the system can substantially alter the natural evolution of atmospheric processes. The
preference of the scientific approach is to carry well-designed, long-term experiments involving proper
physical and statistical controls and cloud physics measurements prior to and during the operations. At
each stage in the planning, execution and evaluation of a weather modification experiment, it is
necessary to consider meteorological and cloud physics aspects, statistical aspects, and economic,
social and environmental aspects.(see more in the papers by Bojkov; Bruintjes, Curic).

2.4

While cloud physics is at the core of the formation of precipitation, nearly all other branches of
atmospheric physics/meteorology have a stake in the formation and prediction of precipitation. They
are synoptic and dynamic meteorology, radiation, weather forecasting, numerical modelling, etc. All
-6
7
play a role at many scales (from 10 to 10 cm) and they all need to be better understood. As a word of
precaution precipitation enhancement (PE) should not be viewed as a drought relief measure when the
water-reach clouds could seldom appear. A PE project will be more effective if it is used as part of a
water management strategy on a long-term basis whenever an opportunity exists to build soil moisture,
to improve cropland and to increase water in storage (see more in papers by Curic; Prodi; Prodi and Battaglia).

2.5

The complexity and variability of clouds result in great difficulties in understanding and detecting
the effects of WM attempts. The expected effects of seeding are often within the range of natural
variability (low signal-to-noise ratio) and our ability to predict the natural behavior is still limited.
Randomization methods (target/control, crossover or single area), in parallel augmented by physical
predictors are considered most desirable for detecting cloud-seeding effects. Coupling of physical
experiments with ongoing operational projects would be a productive and cost-effective approach to
collect information for clarification of a number of questions related to WM. The PE projects are
attempted usually with an aim of a 10-20% increase. There is however, a lack of knowledge at
corresponding accuracy particularly evident in the fields of cloud physics, cloud dynamics, mesoscale
weather forecasting, numerical modelling of cloud processes and measuring technology. The success
of weather modification depends on the understanding of these related disciplines. This really explains
why progress has been slow: we are dealing with one of the most complex problems of atmospheric
sciences (see the papers by Bojkov; Bruintjes; Curic; Prodi and Battaglia; and Nania).

2.6

In general the overall majority of the scientists with knowledge in cloud physics/weather
modification agree that in the long run the future of weather modification is bright. There is growing
evidence that the basic concepts are correct and that successful implementation is feasible. Weather
modification works beyond any doubt. Nobody else but nature itself is doing weather modification
on a grand scale.- Clouds and cloud systems, unable to yield rain due to heavy loads of small-sized
cloud condensation nuclei (CCN) mainly produced by biomass burning, are revitalized, while moving
back over the oceans, by ingestion of sea salt nuclei and can yield rain again (see paper by Roland List in
Bull. AMS, January 2004, p. 60).

Proper planning of PE projects
2.7

The proper planning of precipitation enhancement projects took a good part of the presentations
and discussions (see papers by Bojkov; Burger and Terblanche; Simeonov; Karacostas, Berthoumieu). It was the
common opinion that notwithstanding some uncertainties of weather modification, rain enhancement or
hail suppression remains a real potential and WM should be viewed as a part of an integrated
water resources management strategy. Each project should be treated as a possible tool among

others for water resource management and should be considered as a scientific project including four
phases as was elaborated in the plans for the WMO Precipitation Enhancement Project: (a) Feasibility
study using climatology of clouds and precipitation in the process of site-selection; (b) Design of
experiment as a function of this climatology and the present knowledge of cloud physics and weather
modification; (c) Implementation of an experiment with randomization, using extensive physical
measurements and statistical controls; and (d) Objective and independent evaluation of the results.
Government decision-makers and funding agencies should be aware that such projects need
considerable funding and personnel resources as well as time to obtain conclusive results.
2.8

Therefore, any weather modification experiment based on scientific requirements should have a
plan for:
 A climatology to assess cloud characteristics, rainfall distribution and prevailing synoptic
conditions for wet periods essential for selection of site and seeding season;
 Experimental design incorporating the field programmes using an instrumented cloud physics
aircraft and weather radar with data-recording capability, during the months with the largest
occurrence of clouds and rainfall in the region of desirable region. Establish preferable seeding
material and strategy for seeding (cloud base or cloud top; criteria for seeding etc.)
 Assessment and improvements in the data collection procedures for the weather radar
network, including implementation of the NCAR -TITAN and/or other similar software systems
for archival, display, and analysis of quantitative radar data.
 Analysis of the collected satellite, aircraft, radar, and chemistry data to determine the natural
precipitation processes, and the effect of seeding on these processes
 Provision of real-time high-resolution numerical model of weather forecasts during the field
project periods.
 Atmospheric modeling studies of the formation of clouds and rain in the specific
meteorological conditions for evaluating and assessing the potential for cloud seeding.
 Hydrological, environmental and socio-economic studies to determine the impact of
possible rainfall increase on surface- and groundwater, and establish cost/benefit ratio

2.9

If based on thorough climatological survey of clouds, precipitation and synoptic situations
bringing rain (see details in the papers by Bojkov; Simeonov; Karacostas), it is established that the frequency of
appearance of amenable by seeding clouds is warranting application of existing seeding methods for
PE, then the most important step is to elaborate a project design. This is absolutely necessary in
order to consider systematically the aspects of setting up and properly conducting the project function
of desirable location, climatology, season, seeding material, delivery criteria etc. The results of many
“rain-making” projects had been inconclusive because of the lack of sound scientific planning,
operation and evaluation. Although there could be slight differences in the preparations there are
general guidelines that could be deduced from the elaborate planning of the WMO–PEP which could
help in the proper design of a PE project.

2.10
Therefore, it is absolutely necessary in the design to consider systematically all the aspects of
setting up and properly conducting and evaluating the PE project (see details in the paper by Bojkov)
Function of desirable location, climatology, season etc. there could be slight differences in the
preparations. However, the Project Design must address at least the following nine issues:
1. Statement on the goals of the project (is it for agro, hydro or general needs);
2. Whether the climatology of clouds and precipitation is favorable for PE in the desirable
project area (define target and adjacent control sites);
3. Selection of an operational period (function of the cloud and precipitation climatology !);
4. Specification of cloud seeding hypothesis and modes (choice of seeding agents, rates of
substances used, and method of their delivery in the proper place of the cloud);
5. Facilities requirements (incl. radar, aircraft, extra meteorological stations, in situ physical
characteristics, information from specialized satellites);
0
6. Criteria for cloud seeding (radar echo, freezing point, t -profile distribution, type of clouds,
seeding target vs. control area or random, blind seed/not seed etc) corresponding to the
selected hypothesis;
7 . How will results of the seeding be detected (measurements at the ground and in-situ
observations of cloud-changes, radar estimates). Criteria to be followed for evaluating the
significance of results (statistical and physical characteristic analyses);

8. Implementation of scientific control and possibility for recommending changes in the method
for optimization of PE including defining condition at which it is not worthwhile to continue and
seeding operations should be suspended;
9. Economic, social and environmental aspects of the PE project, especially whether the cost
of PE activities in the long-term will be acceptably lower than the likely socio-economic benefit
and that there are not undesirable negative environmental effects.
2.11
The PE could be economically viable and may contribute to alleviating some adverse effects of
severe water shortages but this is still to be demonstrated to the national water managers. Therefore, a
clear statement how the PE will be carried out and who will benefit should be prepared. The latter
requires preparations of cost/benefit indications including an environmental assessment study of
the effects of PE (see also paper by Berthoumieu).
2.12
The pre-eminent need for a PE project to be planned free of non-scientific influences is very
important to be observed in the procedure for selecting the location and the season for conducting
the project. Detailed feasibility studies of meteorological, climatological, hydrological, social and
environmental considerations including availability of logistic support are the prerequisite for the
selection of an appropriate site and season that maximizes the chances of achieving the objectives of
PEP. The PEP site should be located in a relatively homogeneous area for two reasons: to minimize
errors in estimates of mean precipitation in the target and control areas, and to decrease the natural
spatial rainfall variability, which is very important for assessment of the results. It should be specious
enough to have at least one control area with characteristics similar to those of the target area.
2.13
One of the most important management functions that should be foreseen for a PE project is to
organize systematic scientifically based implementation control. A Science Advisory Committee
(SAC) for independent control of the project proceedings could supervise this. Based on all available
data, the SAC should frequently evaluate the scientific integrity of the project and recommend
corrective measures when necessary. An expanded function of the SAC should include judgement and
evaluation of the economic, social and environmental aspects of the project. On advice by the SAC the
management should decide on an alternative seeding approach or suspension–criteria This will be
facilitated if in the Project Design is included mechanism for decisions on optimization of the seeding.
2.14
The Project management should organize continuous monitoring of all activities and ways (e.g.
evaluation bulletins) for informing both the funding organizations and the broad public of the
developments and preliminary results. Periodic calibrations and inter-comparisons of various
instruments used in the PE project should be organized. Constant checking of seeding control
procedures and of the quality of data collected will be required if the project is to fulfill its objectives.
Each year's data should be analyzed in more detail after the operational season is completed. The
analysis would be intended to check the efficiency of the applied criteria for cloud seedability and of the
modification technique. The data obtained for a season would provide a more significant physical
control of seeding than the results of individual experimental units, and would support the preliminary
statistical estimation of seeding results.
2.15
Any PE project in order to be on the way to success should combine the efforts of funding
administrators, scientist planning and working as seeding operators, the scientific committee which
look for scientific integrity of the PEP and/or evaluators. They should all work close together with
mutual understanding. Even then, only with realistic seeding hypothesis and objectives, one could have
credible results.
2.16
The basic measurements to evaluate and/or support seeding hypothesis should be vigorously
carried out. Operations should include measurements of physical response variables and be
randomized when possible to allow for an independent evaluation. Examples of the cause-effects
relationships based on reanalysis of radar and raingauge measurements during the Italian Rain
Enhancement Project in Puglia (1992-1994) applying chronological and downwind coherence
principles, are given in the paper by Nania. Last but not least attention should be given to the education
and training in cloud physics and associated sciences which should be an essential component of any
PE project (see more in Chapter 3 and in the papers by Curic and by Prodi). The PE is economically viable and may
contribute to alleviating the adverse effects of severe water shortages but this is still to be
demonstrated
to
the
national
water
managers.

2.17
In the prospective for more effective planning and assessment of PE it is important to better
understand the direct micro-physical effects of the seeding interventions. As it is noted in the paper by
Prodi and Battaglia, recently new attention has been given to weather modification techniques thanks to
promising outputs of some micro-physical numerical simulation of cloud seeding. In particular
hygroscopic seeding in warm continental clouds seems to have substantial effect. Indeed statistical
evaluations of in-field seeding experiments have been only partially confirming the expectations from
micro-physical simulations. As already noticed by the scientific community it is necessary to partially
step back from the statistical approach and focus on some important cold and warm cloud precipitation
development mechanisms and on the possible effects of hygroscopic and glaciogenic seeding on
them. At present only few physical measurements of the key links in the chain of physical events
associated with these processes have been made. The most promising are those using advanced
generation radars or radiometer derived properties.
International collaboration
2.18
In the main overview of the scientific approach to weather modification (see first paper by Bojkov) it
was recalled that at international level, WMO has the lead role in co-ordination of activities related to
weather modification. WMO has always encouraged its Member countries to study all scientific
aspects of proposals for modification of weather. In response to the widespread interest and
recognition of the economic and social importance that many countries attributed to effective PE and
th
HS, the WMO 7 Congress already in 1975 established Weather Modification as a major
Programme and funded activity for the planning of an exemplary Precipitation Enhancement Project
th
(PEP). The 7 WMO World Congress endorsed the view that WMO should move towards promoting
an internationally planned, conducted and evaluated experiment. The Members carrying out research
activities in the field were urged to exchange information and to collaborate at an international level in
resolving the number of outstanding scientific questions.
2.19
The main long-term objective of the adopted WMO Programme is to promote research in the
physics and chemistry of clouds and their application to weather modification, prediction and effects on
atmospheric composition and pollution. The Programme strives to provide the rational underlying all
aspects of weather modification. WMO arranges for quadrennial Conferences, issue reviews, formal
statements on the state of weather modification, guidance on planning, and assessments of
experiments – identifying uncertainty and their possible resolution (see Appendix C, D and E of this Report).
The preference of the WMO recommended scientific approach is interested in PE parties to carry
well-designed, long-term experiments involving proper physical and statistical controls and cloud
physics measurements prior to and during the operations. At each stage in the planning, execution and
evaluation of a weather modification experiment, it is necessary to consider meteorological and cloud
physics aspects, statistical aspects, and economic, social and environmental aspects.
2.20
The data reported to the WMO Register of National Weather Modification Activities during the
last two decades show that there are every year 100-130 ongoing experiments for precipitation
enhancement (PE), hail suppression (HS) or fog dispersal (FD). It is known however, that this is only
part of the active WM projects because a large number of them, especially those not connected with
the national meteorological and hydrological services are seldom reported in the Register (R. Bruintjes
paper is mentioning existence of >200 experiments). The agricultural needs are driving the biggest support for
the majority of the projects. The total area covered by reported projects has grown in the time-period
3
2
3
2
1975-77 to 1999-2001 as follows: for HS from ~200.10 km to >1,200.10 km , and for PE from
3
2
3
2
~900.10 km to 1,800.10 km respectively. Seeding of convective clouds in combination with
orographic or stratiform clouds has increased from ~30 to 53% of all PE reported activities.
2.21
For the Mediterranean and Middle East region it is interesting to note that the Second EuroMediterranean Ministerial Conference on Water Management (Turin, November 1999) in their
approved Plan for Action stated: “precipitation enhancement is one of the ways for mobilizing nonconventional water resources where proper conditions exist”. In response to interest expressed by
more than 22 countries and considering that the prevailing meteorological conditions in the
Mediterranean, SE Europe and Middle East share some common characteristics, WMO called a
Workshop for elaborating the planning principles of PEP in this MEDSEEME region (Monselice,
December 1999). Most countries have already participated in an exploratory Workshop on Rain
Enhancement sponsored by the EU and WMO in Bari (November, 1996) and have expressed
willingness to share their experience toward carrying out well-researched PE projects.

th

2.22
The 14 WMO Congress (2003) was pleased by the Secretary-General's initiative to examine the
possibilities of European Union support to precipitation enhancement in the Mediterranean Basin,
south-east Europe and the Middle East and recognized the potentially important contribution that any
increase in precipitation could make to the region's water resources. Congress urged its Members and
WMO Secretariat to continue to play an active role in that long-term project. Furthermore, Congress-14
urged National Meteorological and Hydrological Services of the region to thoroughly examine available
climatological and microphysical information for establishing feasibility for precipitation enhancement in
advance of attempting weather modification experiments.

2.23

The participants were informed that MEDSEEME-PE project priorities include: assessing the PE
potential in the region through climatological and modelling studies, improve training, establish
common database, share experience and lay down the scientific principles for planning and
implementation of PEP.(see first paper by Bojkov) At the Damascus Seminar this initiative was warmly
endorsed and few additional proposals were considered. In conclusion it was recognized that there is a
need for a regionally planned PEP like the WMO promulgated planning for Mediterranean-SE
Europe and Middle East (MEDSEEME) -PEP. International funding for such a coordinated approach
will facilitate the transfer of knowledge, provide a scientific basis for the planning of a PE in the region,
and save funds and efforts. Therefore, it was felt that the MEDSEEME-PEP, which is of direct interest
to more than 20 countries of the region, should be resubmitted by WMO to the EC for funding. Other
sub-regional projects, after due consideration of financial requirements and existing opportunities,
could also be initiated. For example: expanding: -the Moroccan Al-Gait PEP to NW Africa; - the U.A.E.
project to Oman; - and the Bulgarian PEP to share efforts jointly with Northern-Greece and the
European part of Turkey. In addition it was suggested to explore the possibility for inclusion of a PE
component, which could be carried jointly by meteorologists from Syria, Iraq and Turkey, as part of the
Italian project-proposal for contribution to the agro-meteorological reclamation of the Jazirah Plateau.

3. EDUCATIONAL ASPECTS
3.1

Activities related to weather modification require in depth knowledge both in meteorology and
cloud physics. The latter field has branches on microphysics of clouds and precipitation and on the
dynamic of clouds. Both branches along with precise observations, are employing numerical
simulations as a tool for understanding the behavior of clouds. In order to reach the educational
background necessary for understanding of the clouds and precipitation mechanisms one should have
a basic university level of physics and mathematics. In addition it will be necessary to take a few
university courses such as general chemistry, meteorology with elements of dynamic and synoptic
meteorology, cloud physics with weather modification and use of numerical modelling. Examples of
the content of such courses are given in the papers by Curic “How to build knowledge for weather modification
experiments” and by Prodi “Which university education and experimentation is recommended for cloud physicists for working in
precipitation enhancement”.

3.2

After hearing the above-mentioned presentations and in the following discussion it was
recognized by the participants in the Seminar, that there is an acute need for training in cloud
physics tailored for application in weather modification. Capacity building requirements in the areas of
cloud physics, precipitation climatology, aerosols, radar meteorology, cloud modelling, remote sensing,
water management, and planning of weather modification projects are the main fields of interest for
which currently there are not sufficient capabilities available.

3.3

Therefore, it was recommended to appeal to the broad community of cloud physicists working in
the field of WM and to WMO to mobilize international efforts for:
• Arranging short-courses for updating the information available to the meteorologists actively
involved in WM. It would be beneficial to all parties if university departments are connected with
experimental PEPs to combine the academic knowledge with the practice of PE and for students to
become interested in the field of WM.
• Having fellowships offered, for systematic training of specialists able to use and interpret the
data from new tools now available (e.g. a/c instruments, radars, satellites). This is an essential
need without which many projects will be bound to suffer inadequate planning and execution.
• WMO was asked to coordinate dissemination of knowledge from the few existing advanced
centers (and experiments) to the countries that have an interest in WM. The cloud physicists

familiar with PE should persistently explain the science-based methods of PE to interested
meteorologists and the broader public in order to stimulate support and avoid incompetent criticism.
3.4

4.
4.1

Furthermore, the participants appealed to the leaders of well-planned and conducted experiments
(e.g. Mexico, Morocco, U.A.E.) to offer the possibility for training. They should also provide
guidance for neighboring countries interested in WM having similar climatological conditions.

SOME EQUIPMENT for USE in WEATHER MODIFICATION
In preparation for WM feasibility study as well as for the conduct of the experiments and their
validations, in addition to the classic climatological ground-based data, are also necessary data from
specially equipped aircraft, from radar and lately from satellites. Some of these observational systems
are briefly described in the extended abstracts by Adani “Aircraft requirements for cloud seeding” and by Pedrini
“Hydrometeorological equipment used in rain enhancement and atmospheric monitoring”. It was noted that there were
no specific presentations on the use of radar, use of satellites and other advanced observing systems
extensively implemented in well planned experiments (see some more related information in papers by Bruintjes;
Berger and Terblanche; Nania; Chernikov and Koloskov; Mangoosh et al.; Terblanche et al.).

4.2

The participants felt that there is a need for more specific guidance on some practical issues
such as: ground equipment required for basic operations in rain enhancement (e.g. narrow angle
Doppler radar with polarization, upper air balloon soundings, automated meteorological stations)
needed to be evaluated by WMO and those satisfying the advanced WM requirements be
recommended. Furthermore, characteristics of seeding and research aircraft and essential
instrumentation for cloud microphysical measurements along with a description of seeding material
(both AgI and hygroscopic) required for proper cloud seeding have to be specified for different
conditions for easy reference to countries starting and/or planning WM projects. Participants were
advised to look for relevant information also in the WMO-PEP planning reports (see list of topics in Appendix
E).

5. DESCRIPTION of COUNTRY PROJECTS
5.1

In a keynote paper by Chernikov and Koloskov a brief overview was given for distinguishing between
the research and operational experiments and some of the basic principles to be kept in the planning
and conduct of PE projects. They also reported on randomized PE of tropical convective clouds in
Cuba (1979-1990) which showed increases in the Cb cell height by 17% and their lifetime by 21%
yielding significant precipitation enhancement. Another randomized PE on stratiform clouds carried out
in the Volga River Basin in Russia (1981-1985) has given 10–30% additional precipitation. Then they
provided the most informative in this Report description of the operational PE projects carried out in
Iran during the last few years; They also described the PE project in Syria during its first phase 19911996. However, for assessing the results of the last two projects they have had to rely only on
comparisons with climatological rainfall data.

5.2

Another brief description of the PE projects carried out in Syria and Iran is given in the extended
abstracts by Melnichuk and by Ali Abas. The evaluation of the results is made by the historical regression
method. For Syria PE they reported seasonal increases ranging from 7 to 17%, with a mean value of
12% increase for the period 1991-2002.

5.3

The results for a control/target designed PE project “Al-Ghait” carried out over an area of 14300
2
km in the plains and uphills of the Atlas mountain in Morocco since 1985 are given in the paper by
Mokssit et al. The increase of precipitation during the seeding season is estimated at about 17%. The
economic evaluation applied to the area in the plains shows a cost/benefit ratio of 3.4 for any
additional 10% precipitation increase.

5.4

In the paper by Benachita the start of PE in the 1987/1988 season and the Meteorological Service
plans for further PE in Algeria are described. The installed infrastructure of radar and pluviometric
raingauge network and the feasibility climatological investigations carried out at the specially
established for PE study center in Tiaret are mentioned.

5.5

The rain enhancement experiments conducted in Iraq in 1989-1992 and then in 1999-2002 are
described in the extended abstract by Al-Naimi. An extensive climatological survey necessary for proper

planing of the PE project was conducted. However, the seeding forays were short and limited by
economic and flight restrictions imposed after the conflict with Kuwait.
5.6

The design and feasibility study for PE in the United Arab Emirates carried out in 2001-2003 by
the Department for Water Research Studies in collaboration with a number of groups leading in
weather modification from USA and South Africa is described in the paper by Mangoosh et al. The use of
specially instrumented aircraft for microphysics and chemistry observations has been an advantage.
These permit the evaluation of impacts of pollution on atmospheric aerosols and their effect on the
cloud microphysics. The use of hygroscopic seeding at the cloud base of single cells have produced
encouraging results and support the plan for a randomized experiment in seeded and unseeded
clouds concurrent with microphysical measurements during June-September focussing primarily on
the mountainous region of eastern UAE and Oman.

5.7

Some indications of PE activities in the central part of Iran and the climatological preparatory
study for PE in Iran are given respectively in the abstracts by Yazdi and Asghar and by Noorian and Jamali,
however papers with more information were never submitted. Chernikov and Koloskov provided more
information on the recently carried out cloud-seeding project in the Yazd province in their paper
mentioned earlier.

5.8

Only a short abstract is available by Kafawin for the PE programme in Jordan that started in the
rain season of 1986/87. It is stated that the average increase over ten rain seasons is about 13%

5.9

In the paper by Fouli the plan for PE in Egypt is described. The target area is the Mediterranean
coastal strip in Northern Egypt where during December-February synoptic situations with potentially
seedebal clouds appear. Bojkov gives some details on the precipitation and cloud climatology over
Egypt in his paper with examples from the Southern coast of the Mediterranean.

5.10
Results of the hygroscopic seeding in the South African rainfall enhancement programme
(SAREP 1997-2000) are analyzed in the paper by Terblanche et al. In three years the seeded storms on
average produced about twice the radar-determined rainfall that their controls produced. The radar2
based storm climatology for the target area (10,000km ) identifies ~290 storm tracks worth seeding
during one season (Oct 2000 to April 2001). Based on these findings it is suggested that using their
own hygroscopic seeding flares could achieve a significant (about 10%) increase in area rainfall over
the target area. They also provide a useful brief on the randomized versus operational seeding.
5.11
Radar based classification of convective clouds for consideration for hail prevention and/or
precipitation enhancement is presented in the paper by Simeonov. He first discusses the issue of
evaluation of the hail suppression activities in Bulgaria, which has experience over 11 protected
regions for nearly 30 years. The application of physical-statistical method over an eight year period
shows a 43 to 55% reduction in the mean annual hail damaged area. Some shortcomings in historical
data evaluations based on crop-damage are highlighted. On the technological side it has been
detected that terminating the use of PbI2 (AgI was introduced after 1994) has caused reduction of the
rocket consumption of 3 to 6 times per seeded day and 5 to 7 times per seeded cell. Of particular
interest to the Seminar was his description of a randomized experiment for PE from convective clouds
carried out in the Southern part of Bulgaria from 1991-1994 The resulting analysis has estimated a
convective rainfall increase of 17 to 21%. He provided also criteria used for determining which clouds
are suitable for seeding and their random selection.
5.12
The scientific design and results of the evaluation of the national hail suppression project carried
out over agricultural areas in Northern and Central Greece in 1984-1988 are presented in the paper by
Karacostas. The interesting part is that the project was designed both as operational and at the same
time research randomized cloud seeding. Advanced statistics were applied for 21 parameterspredictors. It is proven that 18 out of 21 parameters exhibit positive effects (hail suppression) between
35 and 72%. The principles of the objective evaluation applied could be of interest also for other cloud
seeding projects.

6.
6.1

SOME APPLICATIONS to IRRIGATION and AGRICULTURE
In the broad Mediterranean and Middle East region, the pressing problem of progressive drought
is becoming more and more a priority consideration. Prolonged cycles of drought due to water

shortages, associated to environmental restrictions, such as low precipitation and high temperatures,
have resulted in a reduction of vegetation cover and by consequence enhanced soil erosion and
degradation. This environmental degradation through losses of water and soil has also reduced crop
yield reliability. Potential evapotranspiration, which relates to the water deficit of the atmosphere and
ultimately to climate change may also be relevant. These issues were discussed in the papers by
Hamdy and Mimiola: Irrigation water management in the Mediterranean: Precipitation Enhancement perspectives
in the Region, Karam: Automated climatic database for a sustainable productivity and management of agricultural
systems in Lebanon and by Crema: Importance of agro-meteorology for reclamation of drought areas in Jazirah
Plateau in Syria.

6.2

It was noted that although still many aspects of expected climatic changes are debated, there is a
general consensus that significant increases in global temperature and in extreme weather events are
almost certain. Possible consequences could be the increase of crop potential evapotranspiration, as a
response to a greater evaporative demand. On the other hand precipitations will be more localized in
time, with less but more intense events, and ultimately with less available water. Internationally,
managing water related risks posed by climatic changes have been recognized as one of the key
challenges we are now facing. This was highlighted at the Second World Water Forum in the Hague in March
2000, in the United Nations Millennium declaration (September 2000), the International Conference on Freshwater in Bonn
(2001) and the World Summit on Sustainable Development (Johannesburg 2002).

6.3

The fast evolving changes in global climate can impact human health and well being as well as
the environment, including the coastal zones, forests and the agricultural activity (US Global Change
Research Program, 2003). Agriculture in particular can be affected by the forecasted climate changes
mainly through the reduced amount of useful precipitation, their increased localization will unavoidably
concur to exacerbate the risk of drought. At the same time the carbon fertilization due to increased
atmospheric CO 2 and the higher temperature will require even more water input. The possible
responses of agriculture to such new challenges can be of various orders and can be basically
organized in two categories: a) reduction of crop water requirements, and b) procurement of more
water supplies. Of course the two categories of actions can, and ideally should, be combined and
simultaneously applied to the possible extent.

6.4

In this regard, the possibility of obtaining additional water through precipitation enhancement by
means of cloud seeding can be welcomed as a promising non-conventional alternative resource in
irrigated agriculture, which unlike brackish water and waste water poses no risk to the soil fertility and
the environment. Furthermore, precipitation enhancement can be a support to rainfed agriculture by
smoothing the peaks of water stress, which all too often put at risk the yield of unirrigated crops.
Therefore, precipitation enhancement can be a precious support to water balance, provided that it fits
into an integrated water management framework, permitting to take the highest possible advantage
from its adoption.

6.5

The sustainable and efficient management of water resources as well as their method of use
(type of irrigation etc) requires a better understanding. This knowledge is based on hydrological,
meteorological and agro-meteorological information systems, which should allow easy access to
reliable data on rainfall, river flow, water quality and agro practices. For this reason, national
hydrological and meteorological monitoring systems are needed with the aim to improve the
knowledge of water resources for better development. The main task is to provide consistent
information that can be transmitted in near to real time to national and regional databases.

6.6

It was emphasized that in arid and semi-arid lands, agro-meteorology could provide basic
information for establishing correct water management. If proper agricultural practices are applied they
may lead to an average reduction of water consumption between 15 and 25%. An example was given
based on planning made for the Ras-El-Ain area in the Al Jazirah Plateau (close to Syria-Turkey-Iraq
border district). It was reported that if new agro-meteorological practices with reduced water
consumption are implemented in parallel with precipitation enhancement an increase of crop yields
and overall benefits of 30 to 50% could be expected.

6.7

The idea for future planning of a joint international precipitation enhancement project in the border
regions of the three countries (Syria-Turkey-Iraq) was highlighted. Such a project would be of common
benefit for joining existing expertise and savings for the organization of logistics of the cloud seeding
for all three countries.

7. CONCLUDING REMARKS*
7.1

The participating meteorologists from 16 countries of the League of the Arab States together with
ten keynote speakers (including a few members of the WMO Commission for Atmospheric Sciences
working group on Cloud Physics and Weather Modification) shared their experience in weather
modification. It was a common view that the increasing shortage of water, as well as the recent
appearances of new promising cloud/precipitation observational and modelling techniques, would
increase the demands for the initiation of systematic planning of weather modification (WM) projects.
Precipitation enhancement will be looked at more and more as an option to meet part of the water
needs where proper conditions for cloud seeding exists.

7.2

From numerous reports, results from experiments in Mexico, Morocco, U.A.E. and the most
recent USA National Academy of Sciences and Weather Modification Association statements, it was
clear that there is strong probabilistic evidence that PE is working with good cost/benefit ratios.
However, many components of the PE process still have to be clarified and proven. The current
challenge is to provide a credible scientific footing for the planning for any PEP. Publication in the open
literature of results of existing PEPs with their critical assessments would improve the scientific
credibility of successful experiments.

7.3

It was strongly emphasised that the planning of precipitation enhancement projects (PEPs)
requires a thorough study of cloud and precipitation climatology, knowledge of cloud microphysics
and dynamics, and proper project design. The design should include: area and season selection,
reagent selection, delivery system, criteria for seeding and assessment method of the results,
prospective water management, social and environmental impacts etc.

7.4

Therefore, to facilitate the planning work by interested countries WMO was asked to
prepare guidance based on the PEP Reports (most of which are now out of print), and to stimulate
interested countries to do their planning on a solid scientific base. Furthermore, WMO should
encourage its members, possibly with participation of the European Commission, to establish a
“data-bank” of relevant to PEP information at least in the Mediterranean-SE Europe-Middle East
(MEDSEEME) region. This will directly benefit a number of EC affiliated countries as well as most of
the Arab states.

7.5

It was recognised that Precipitation Enhancement is a subject in the centre of the science of
cloud physics. Focussing on better understanding of the aerosol-cloud interactions (natural,
anthropogenic and seeded aerosols) and cloud microphysical and dynamical processes will bring
progress also in solving problems related to the role of clouds in precipitation forecasting and climate
change. Advances in cloud physics could clarify the human influence on the environment (e.g. browncloud, precipitation change issues) and are not only beneficial to the field of weather modification but
also to weather forecasting and climate issues.

7.6

At the end of the Seminar, it was clear to all participants that with the eminent water shortages it
is the responsibility of meteorologists and their national Meteorological Services in semi-arid regions to
explore the scientific base for carrying out precipitation enhancement projects. In this connection, they
should inform their Governments that the UN Convention to Combat Desertification (Art.17) also calls
for PE as one of the methods for water management. The recent WMO World Congresses also
expressed similar views. Advances and limitations of PE should be clearly stated. Only well-informed
governments would provide adequate funding needed for beneficial application of PEPs. The
participants appealed to the League of the Arab States from its side to explain to its membergovernments the possibility of PE in their region of interest and encourage joint planning of PE
Projects and their incorporation in the national water management strategy.

7.7

All participants expressed their thanks to WMO for the extremely useful scientific programme; to
the Italian Foreign Affairs for the essential financial support and to the Meteorological Service of
Syria for the excellent local arrangements and hospitality.

___________________________________
* See also the Conclusions and Recommendations made during the round-table discussion on the following
two pages.

Conclusions and Recommendations
made during the round-table discussion at the
Damascus Seminar on Cloud Physics and Weather Modification

The participating meteorologists from 16 countries members of the League of the Arab States
together with distinguished lecturers from another 8 countries with broad experience in weather
modification attended the seminar. After hearing more than 35 presentations the seminar concluded with a
round-table discussion. After vivid discussions all delegates endorsed the following main conclusions and
recommendations and considered it necessary that these are to be broadly distributed to the attention of
their governments and international organizations (e.g. WMO, European Commission, League of Arab
States)..

1. It was the common view that the increasing
shortage of water as well as the recent
appearances of new promising cloud and
precipitation observational and modelling
techniques would increase the demands for
initiation of systematic planning of weather
modification (WM) projects. Precipitation
enhancement will be looked at more and more as
an option to meet part of the water needs where
proper conditions for cloud seeding exists.
• It was strongly emphasised that the planning of
precipitation enhancement projects (PEPs)
requires a thorough study of cloud and
precipitation climatology, knowledge of cloud
microphysics and proper project design (incl.
area and season selection, , reagent selection,
delivery system, criteria for seeding and
assessment method of the results, prospective
water management and environmental impact).
• Therefore to facilitate the planning work by
interested countries WMO was requested to
prepare guidance based on the PEP Reports
(most of which are now out of print), and to
stimulate interested countries to do their
planning on a solid scientific base.
2 . From numerous reports, results from
experiments in Mexico, Morocco, U.A.E. and the
most recent National Academy of Sciences and
Weather Modification Association statements, it
became clear that there are strong probabilistic
evidences that PE is working with good
cost/benefit ratios. However, many components of
the PE process still have to be clarified and
proven. The current challenge is to provide a
credible scientific footing for the planning for
any PEP. Publication in the open literature of
results of existing PEPs with their critical
assessments would improve the scientific
credibility of successful experiments.

• Numerical 3-D modelling experiments in the
last ten years grew to point that some are now
able to explain large parts of the cloud
processes including cloud seeding. Therefore,
WMO should ask members to e s t a b l i s h
information on available 3-D models and
encourage their use.
• The cloud physicists familiar with PE should
persistently explain the science-based
methods of PE to interested meteorologists
and the broader public in order to stimulate
support and avoid incompetent criticism.
• WMO should encourage its members, possibly
with participation of European Commission, to
establish a “data-bank” of relevant to PEP
information at least in the Mediterranean-SE
Europe-Middle East (MEDSEEME) region. This
will directly benefit number of EC affiliated
countries as well as most of the Arab states.
3. It was recognised that there is an acute need
for training in cloud physics for application in
weather modification. Capacity building
requirements in the areas of cloud physics,
precipitation climatology, aerosols, radar
meteorology, cloud modelling, remote sensing,
water management, and planning of weather
modification projects are the main fields of interest
for which there are not sufficient capabilities
available. Therefore, it is necessary to mobilise
international efforts for:
• Arranging short-courses for updating the
information available to the meteorologists
actively involved in WM. It would be beneficial
to all parties if University departments are
connected with experimental PEPs to combine
the academic knowledge with the practice of
PE and to get students interested in the field of
WM.

• Having fellowships available for systematic
training of specialists able to use and interpret
the data from new tools now available (e.g. a/c
instruments, radars, satellites). This is an
essential need without which many projects will
be bound to suffer inadequate planning and
execution.
• WMO should coordinate dissemination of
knowledge from the few existing advanced
centres (and experiments) to the countries that
have interest in WM.
• Well-planned and conducted experiments (e.g.
Mexico, Morocco, U.A.E.) should offer the
possibility for training. They should also
provide guidance for interested neighboring
countries having similar climatological
conditions.
4. There is a need for a regionally planned PEP
like the WMO promulgated planning for
Mediterranean-SE Europe and Middle East
(MEDSEEME) -PEP. International funding for
such a coordinated approach will facilitate transfer
of knowledge, provide a scientific basis for the
planning of a PE in the region, and save funds
and efforts.

Therefore, it was felt that the
MEDSEEME-PEP, which is of direct interest to
more than 20 countries of the region, should be
resubmitted by WMO to the E.C for funding. Other
sub-regional projects after due consideration of
financial requirements and
opportunities could
also be initiated. For example:
- Expanding the Moroccan Al-Gait PEP to NW
Africa, the U.A.E. project to Oman, and the
Bulgarian PEP to share efforts jointly with
Northern-Greece and the European part of
Turkey, etc;
- Explore the possibility for inclusion of a PE
component, which could be carried jointly by
meteorologists from Syria, Iraq and Turkey as part
of the Italian project-proposal for contribution to
the agro-meteorological reclamation of the Jazirah
Plateau.
5. It was recognised that with the eminent water
shortages it is the responsibility of the
meteorologists and their national Meteorological
Services in the semi-arid regions to inform their
Governments that the UN Convention to Combat
Desertification (Art.17) calls for PE as one of the
methods for water management. The two most
recent WMO Congresses expressed similar views.
Advances and limitations of PE should be clearly
stated. Only well-informed governments would
provide adequate funding needed for

beneficial application of PEPs. The League of
the Arab States from its side should explain to
their member-governments the possibility of PE in
their region of interest and encourage joint
planning of PEPs and their incorporation in the
national water management strategy.
6. Precipitation Enhancement is a subject in the
centre of the science of cloud physics. Focusing
on better understanding of the aerosol-cloud
interactions (natural, anthropogenic and seeded
aerosols) and cloud microphysical and dynamical
processes will bring progress also in solving
problems related to the role of clouds in
precipitation forecasting and climate change.
Advances in cloud physics could clarify the human
influence on the environment (e.g. brown-cloud,
precipitation change issues) and are not only
beneficial to the field of weather modification but
also to weather forecasting and climate issues.
Furthermore, there is need for guidance on
practical issues such as:
•

Ground equipment required for basic
operations in rain enhancement (e.g. narrow
angle Doppler radar with polarisation, upper air
balloon sounding, automated meteorological
stations) need to be evaluated and those
satisfying the WM requirements be
recommended
• Seeding
and
research
aircraft
characteristics
and
essential
instrumentation for cloud microphysical
measurements and description of seeding
material (both AgI and hygroscopic) required for
proper cloud seeding have to be specified for
different conditions for easy reference to
countries starting and/or planning WM projects.
• Preparations of environmental impact study
including related socio-economic issues in
consultations with water managers and users in
order to maximize the positive effects of
eventual precipitation enhancement as result of
the cloud seeding
• WMO to initiate an evaluation of promising
operational projects with due emphasis on the
physical criteria in order to disseminate useful
information beneficial to all interested in
Precipitation Enhancement.

Damascus, 20 October 2003

STATUS and PROPER
PLANNING of
PRECIPITATION
ENHANCEMENT

Status of the scientific approach to weather modification WMO activities and international collaboration
Rumen D. Bojkov
WMO and Dresden University of Technology, e-mail rbojkov@wmo.int and bojkovr@aol.com

1. International aspects
modification (WM) activities

of

weather

At the international level, WMO has the lead
role in co-ordination of activities related to weather
modification. WMO has always encouraged its
Member countries to study all scientific aspects of
proposals for the modification of weather. In
response to WMO Members’ requests the
Organisation’s Commission for Atmospheric
Sciences has maintained a working group of
international experts continuously for 50 years! In
USA the American Meteorological Society (AMS),
the National Academy of Sciences (NAS) as well
as the Weather Modification Association (WMA)
are issuing from time to time position statements
based on the prevailing scientific and operational
knowledge at the time.
The data reported to the WMO Register of
National Weather Modification Activities during the
last two decades show that more than 70 countries
have expressed an interest. In more than 40 there
are, every year, ongoing 100-130 experiments for
precipitation enhancement (PE),

hail suppression (HS) or fog dispersal (FD). It is
known however, that this is only part of the active
WM projects because a large number of them,
especially those not connected with the national
meteorological and hydrological services, are
seldom reported in the Register (R. Bruintjes
mentions the existence of >200 experiments). The
agricultural needs are driving the biggest support
for the majority of the projects. The total area
covered by reported projects has grown in the
time-period 1975-77 to 1999-2001 as follows: for
3
2
3
2
HS from ~200.10 km to >1,200.10 km , and for
3
2
3
2
km
PE from ~900.10 km to 1,800.10
respectively. The delivery of seeding material was
predominantly carried out for PE by aircraft (>65%)
and for the HS by rockets and shells (>50%).
Aircraft is used also for HS (>30%). Ground based
generators are least used 7 and 12% respectively
for PE and for HS. In the last two decades the type
of clouds mostly seeded for PE have been
convective clouds (35 to 41 %). Seeding of
convective clouds in combination with orographic
or stratiform clouds has increased from ~30 to 53%

World map of schematic
distribution of projects on
precipitation enhancement
(gray), hail suppression
(black) and where both PE
and HS activities were
taking place (light gray with
black dots). Based on
reports obtained during the
last ten years.
NOTE: The borders are only
indicative and due to the small
scale might be not correct.

In response to the widespread interest and
recognition of the economic and social importance
that many countries attributed to effective PE and
th
HS, the WMO 7 Congress in 1975 established

Weather Modification as a major Programme.
The Congress endorsed the view that WMO
should move towards promoting an internationally
planned, conducted and evaluated experiment and

funded activity for the planning of an exemplary
Precipitation Enhancement Project (PEP). The
Members carrying out research activities in the
field were urged to exchange information and to
collaborate at an international level in resolving the
number of outstanding scientific questions. After
the site-selection phase involving sites proposals
by six countries for location of the PEP, the Project
was started in the area of Valladolid, Spain. Two
years of elaborate climatological, synoptic, cloudmicrophysical and radar studies and analyses
were carried out with the participation of scientists
from 12 countries. This truly international project
produced 34 reports published by WMO
addressing every step in the planning and
execution of a science based PEP. These reports
provide a unique guidance for countries interested
in initiating PE activities (see complete listing in Appendix
E of this Report).

The main long-term objective of the adopted
WMO Programme is to promote research in the
physics and chemistry of clouds and their
application to weather modification, prediction and
effects on atmospheric composition and pollution.
The Programme strives to provide the rationale
underlying all aspects of weather modification.
WMO arranges for and issue reviews, formal
statements on the state of weather modification,
guidance on planning, and assessments of
experiments – identifying uncertainty and their
possible resolution (see Appendices C and D of this
Report).

The preference of the scientific approach is to
carry well-designed, long-term experiments
involving proper physical and statistical controls
and cloud physics measurements prior to and
during the operations. At each stage in the
planning, execution and evaluation of a weather
modification experiment, it is necessary to consider
meteorological and cloud physics aspects,
statistical aspects, and economic, social and
environmental aspects.
The 187 Member countries that now comprise
the WMO have maintained strong interest in the
possibilities of beneficently modifying the weather
and thus contributing to the mitigation of the
adverse effects of drought, hail, fog and severe
th
weather. The 13 World Meteorological Congress
(May, 1999) “….noted the emerging new aspects
of weather modification activities, that of its
possible application to water resources
m a n a g e m e n t …” and call the meteorological
community to offer advice on the efficacy of cloud
seeding. In responding to this interest, WMO
continues to maintain its Programme, which strives
to promote a sound scientific foundation for
weather modification and to facilitate the exchange
of information on both operation and research in

this field. The Programme is stimulating
international collaboration and participation in
basic research and encourages the application of
this research. It provides information to Members
on the rationale underlying all aspects of WM and
the role of clouds in atmospheric processes. It
strives to identify uncertainties and encourage
activities for their resolution. Member countries
carry out the Programme with general guidance
provided by groups of world-renowned experts and
it is co-ordinated by the WMO Secretariat.

2. Status of the scientific approach to WM
The desire to modify the weather is as old as
mankind. Now we know that only a small fraction
of the available moisture in clouds is transformed
into precipitation reaching the ground. Even within
the thunderstorm cloud less than 20% of the influx
of water vapour falls as rain on the ground (Braham,
1952). If more water could be transformed into
precipitation, the potential benefits would be
enormous. Perspectives for modern weather
modification started with the experiments by
Langmuir and Schaefer who in 1945-48 used dry
ice pellets to produce cloudless-holes in
supercooled stratus-cloud by snow-out (Schaefer,
1946). This experiment was a very convincing,
visual proof that seeding works; it encouraged
the start of rain enhancement and hail prevention
projects all over the world. At the same time
Vonnegut introduced AgI crystals as nuclei of ice
formation. However, WM has been progressing
very slowly in the past decades because of the
enormous complexity of the problem and the fact
that the precipitation process is far from being
understood. Considering that rain increases are
attempted within a range of 10-20%, the lack of
knowledge at corresponding accuracy is
particularly evident in the fields of cloud physics,
cloud dynamics, mesoscale weather forecasting,
numerical modelling of cloud processes and
measuring technology. Operational projects should
be conducted with recognition of the uncertainty
inherent in a technology that is not totally
developed.
Objective consideration of the entire body of
evidence, ranging from a-posterior analyses in
operational project reports to carefully designed
and conducted research-oriented operations and
analyses led the WMA scientific panel to conclude
that cloud seeding, when properly conducted, can,
in appropriate atmospheric conditions, have a
positive effect on precipitation (see WMA, 2004).
While cloud physics is at the core of the
formation of precipitation, nearly all other
branches of atmospheric physics/meteorology
have a stake in the formation of precipitation.

They are synoptic and dynamic meteorology,
radiation, weather forecasting, numerical
modelling, etc. All play a role at many scales (from
-6
7
10 to 10 cm) and they all need to be better
understood.
Observational
technology,
instrumentation and observation platform designs,
seeding agent characteristics and delivery
methods round out the technical aspects, with
statistics in the wings for evaluation. Modelling and
related parameterizations are needed at all scales
to deal not only with clouds but to clarify other
related issues such as meso- and synoptic-scale
effects of seeding on precipitation, forecast and
climate models. The success of weather
modification depends on the understanding of
these related disciplines. This really explains why
progress has been slow: we are dealing with one
of the most complex problems of atmospheric
sciences (see also later in this Report the papers by
Bruintjes, Curic and Prodi).

The current view, as reflected in the WMO
Statement on the Status of Weather Modification
(as updated 2001), is that the most realistic
approach to weather modification (WM) is to work
with the natural energies prevailing in the
atmosphere. Conditions of instability are therefore
sought wherein a relatively small human-induced
disturbance in the system can substantially alter
the natural evolution of atmospheric processes.
The ability to influence cloud micro-structures in
certain simple cloud systems such as fog, thin
layer clouds, orographic clouds, and small
cumulus clouds has been demonstrated i n
laboratory, simulated in numerical models, and
verified through physical measurements in some
natural systems. Two seeding concepts for cold
cloud seeding have been proposed, namely, the
static and dynamic seeding (see short description in the
WMO Statement in Annex C to this Report).

Silver iodide (AgI) and to a lesser extent dry
ice (frozen CO 2 ) are the most widely used
glaciogenic cloud seeding materials. Both are
enhancing the ice crystal concentrations in clouds
by either nucleating new crystals or by freezing
cloud droplets. Hygroscopic seeding is utilized
mainly to affect warm rain processes. The goal is
to enhance rainfall by promoting the coalescence
process. That is done by the direct introduction of
“appropriately” sized CCN that can act as artificial
raindrop embryos. They are introduced at the
cloud base using water sprays, dilute saline
solutions, and grinded salts. Recently randomized
seeding with pyrotechnic flares that produce
smaller salt particles (~0.5 _m diameter) in the
updraught region of the growing mixed-phase
continental convective clouds have provided
statistical evidence of increases in radarestimated rainfall. An important aspect was the

replication of the statistical results of a few similar
experiments in different geographical regions.
However, the observed results especially some
delay in the rain events is not yet sufficiently
understood.
The WMO Statement referred to above
distinguishes the various types of weather
modification and the degree of confidence one
has in obtaining the desired effect from cloud
seeding. The confidence level is very high for
operational dissipation of supercooled fog and
moderate for increasing snowfall from orographic
clouds, and for increase of precipitation from
stratiform clouds. It is stated that the glaciogenic
seeding of clouds formed by flowing over
mountains offers the best prospects for increasing
precipitation in an economically viable manner.
Experiments have suggested a positive effect on
individual convective cells but conclusive
evidence that such seeding can increase rainfall
from multicell convective storms and over large
areas has yet to be established. The confidence
level is not high for suppressing major hailstorms.
The complexity and variability of clouds result
in great difficulties in understanding and detecting
the effects of WM attempts. The expected effects
of seeding are often within the range of natural
variability (low signal-to-noise ratio) and our ability
to predict the natural behaviour is still limited.
Randomization m e t h o d s
(target/control,
crossover or single area), in parallel augmented
by physical predictors are considered most
desirable for detecting cloud-seeding effects.
Coupling of physical experiments with ongoing
operational projects for exploratory experiments
would be a productive and cost-effective approach
to collect information for the clarification of a
number of questions related to WM.
Precipitation formation mechanisms can
differ dramatically from one location to
a n o t h e r , and depend on the concrete
meteorological situation. Precipitation growth can
take place through coalescence or ice process, or
a combination of the two. The number
concentration and size spectrum of cloud droplets
can vary substantially, depending on the cloud
condensation nuclei (CCN) size distribution. The
temperature levels at which the ice crystals
nucleate make another important distinction. In
0
cold-cloud-bases (<+10 C) ice tends to develop
0
0
between –9 to –12 C. In clouds with “warm
0
bases” (>+10 C), coalescence usually occurs
together with an active multiplication process in
0
0
the –5 to –8 C region (see Bruintjes, 1999). The
hexagonal plate ice crystals will dominate in the
former case and large frozen drops and columns

in the latter. In the latter case ice crystals
concentrations are higher than in the former case.
It is clear that response to seeding will differ and
have to be tailored according to the
predominant situation at the time.
The observations and theoretical studies have
suggested that there are temperatures “windows
of opportunity” for cloud seeding. For AgI the
0
0
optimum is starting at colder than –6 C to –25 C.
For dry ice the window is extended to just below
0
0 C. A “time-window of opportunity” in orographic
cloud seeding is related to the time takes a parcel
of air to condense to form supercooled liquid
water and ascend to the mountain crest.
The rain formation plays a major role in all
precipitation events and needs to be better
understood to tackle all categories of WM. It is
necessary to understand the differences and
identify covariates that describe the different
meteorological conditions in order to include these
factors in the evaluation of cloud seeding
experiments. Field experiments conducted in
combination with numerical modelling would offer
the greatest opportunity for understanding and
asses PE potential and later for evaluation of the
results of such PEP.
Currently they is less than a handful of
research WM projects ongoing in the world,
however the number of ongoing operational
projects has increased in the past decade (NAS,
2003; WMA, 2004). This emphasizes the fact that
although scientific cloud seeding has shown
mixed results, based on the high level of proof
required by the scientific community, there is
satisfaction by part of the users, water managers
and administrators in view of the ever-increasing
need for additional water resources in many parts
of the world. There are positive results from the
orographic cloud seeding project, some of which
have been carried out for more than 40 years. In
the Weather Modification Association recent
report (WMA, 2004) a number of examples of
projects are given that have demonstrated
positive results of the cloud seeding. Exploratory,
post hoc analyses of some experiments have
suggested positive effects of seeding under
restricted meteorological conditions. There are
indications for positive results also from a few
randomized hygroscopic seeding experiments
although the physical explanation of the results is
still lacking (see papers by Bruintjes; Terblanche et all.;
Berger and Terblanche in this Report, as well as Silverman,
2003 and WMO-WMP Report No 35, 2000).

The decision of whether to implement or
continue an operational project is a matter of

cost/benefit risk management and raises the
question of what constitutes a successful PEP.
This question may be answered differently by
scientists, water managers, or economists and will
depend on different factors considered and on
who is answering the question. Numerous studies
have demonstrated that a 10-15% increase in
precipitation can provide sizable benefits to a
variety of beneficiaries at a very favourable
cost/benefit ratios of 1/5 to 1/10 or higher (WMA,
2004).

With reference to hail suppression (HS) an
issue that might not be so acute for the semi-arid
areas in the Middle East, it should be noted that
extensive research has been accomplished
regarding hailstorms and hailstone growth and the
related numerical simulations since the 1970’s.
There are nearly 1500 literature citations keyed to
these issues in the twenty years period 19761996. The main growth of the ice particles occurs
in the high liquid water regions of the cloud
0
0
between –10 and –25 C. The most popular HS
concept is intended to increase the number of hail
embryos, and thus, through competition, reduce
the amount of supercooled water available to
grow hail. The other concept is based on initiation
of the ice-phase precipitation process earlier in
the lifetime of supercooled convective cloud
0
(when cloud top temperatures are –5 C rather
0
than –15 C) causing early rainout.
There are a number of operational projects,
which report beneficial results of HS summarized
in the Report of the WMO Meeting on HS held in
Nalchik in September 2003 (WMO Hail Report No 6,
2004) as well as in the report by WMA, 2004. Models
are now available that simulate the development
of hail in realistic hailstorm environments. They
show the effects of beneficiary competition and
early rainout in reducing hail. Also operational HS
projects show that the most effective seeding is
done on smaller, younger, feeder cells clouds (see
WMA, 2004). Two papers
are included in this
Seminar Report (by Karacostas and by Simeonov)
describing positive results of HS experiments
carried out in Northern Greece and in Bulgaria.
When supercell storms are considered the weight
of scientific evidence to date is neither affirming
nor denying the efficacy of HS activities.
Faced with some uncertainty associated with
hail suppression (HS), the WMO Statement on the
State of Weather Modification (2001) notes that
our understanding of storms is not yet sufficient to
allow confident prediction of the effects of seeding
for HS. It concludes however, that the significant
advances in technology including sophisticated
measuring capabilities during the last decade

have opened new avenues to document and
better understand the evolution of severe
thunderstorms and hail. New experiments on
storm organization and the evolution of
precipitation including hail are needed and could
bring significant advances in the HS.
Any consideration of precipitation
enhancement demands a clear understanding of
the processes involved in condensation and
precipitation. The transformation from water
vapour to rainfall requires a few interrelated
stages: adequate supply of water vapour,
vigorous uplift of air and the resultant
hydrometeors to grow and fall to earth by gravity.
If progress in establishing our capability to modify
the weather is to be made, intellectual and
technical resources must be brought to bear on
the key uncertainties that currently hamper
progress. For example, there are critical gaps in
our understanding of the complex chain of
physical processes that start with the
condensation of water vapor and end with
precipitation. The processes that lead to the
formation of a hailstone are equally complex and
difficult to understand, especially when placed in
the context of the convective field of motion of a
violent thunderstorm.

precipitation increases attributed to increasing the
lifetime of the rain-producing systems. There are
strong suggestions of positive seeding effects in
winter orographic glaciogenic systems (i.e., cloud
systems occurring over mountainous terrain).
Satellite imagery has underlined the role of
high concentrations of aerosols in influencing
clouds, rain, and lightning, thus drawing the
issues of intentional and inadvertent weather
modification closer together. Changing levels of
background aerosols associated with inadvertent
weather modification can influence the potential for
deliberate weather modification. Recent studies
have highlighted critical questions about the
microphysical processes leading to precipitation,
the transport and dispersion of seeding material in
the cloud volume, the effects of seeding on the
dynamical growth of clouds, and the logistics of
translating storm-scale effects into an area-wide
precipitation effect. By isolating these critical
questions, which currently hamper progress in
weather modification, future research efforts can
be focused and optimized.

The growing evidence that human activities
can affect atmospheric composition and the
weather on scales ranging from local to global (e.g.
see WMO – IPCC Reports and Ozone Assessments) has
added a new and important dimension to the place
of WM in the field of atmospheric sciences. There
is a need, more urgent than ever, to understand
the fundamental processes related to intentional
and unintentional changes in the atmosphere. The
question of how well current technology, practice,
and theory are equipped to meet these broader
goals of weather modification has to be answered
in order to look for successful WM. The challenge
to find the right balance between assured
knowledge and the need for action is one that must
guide the future actions of scientists, operators,
and administrators concerned with weather
modification.

In the past, the only way to measure the
moisture content and other characteristics of a
cloud was to mount instrumentation on a plane and
fly it into the cloud. Measurements were therefore
limited to the path of the plane. The n e w e s t
remote-sensing
and
in
situ
equipment—advanced by urgent needs in the
areas of severe storm warnings, detection of
aircraft icing conditions, and climate
change—offers higher resolution “pictures” of
clouds and cloud systems than ever before
possible. These tools can now estimate in-cloud
particle shapes and sizes, track the dispersion of
seeding aerosols, and more accurately estimate
precipitation. Millimeter-wave cloud radar can
describe non-precipitating clouds. The USA
Doppler radar network (NEXRAD) provides
opportunities for examining the evolution of radar
signatures in all regions of the country and for
applying cell-tracking capabilities in field
experiments. Although they have been nominally
used in cloud-seeding observations, these tools
have not yet been used as integral components of
experiments designed to test and evaluate specific
scientific hypotheses in weather modification.

Despite the lack of definitive scientific proof of
the efficacy of WM, there are strong indications of
seeding induced changes. Our scientific
understanding has progressed on many fronts in
the last twenty years. For instance, there have
been substantial improvements in the icenucleating capabilities of new seeding materials.
Recent experiments using hygroscopic seeding
particles in water and ice (mixed-phase) clouds
have shown very encouraging results, with

Additional advances in observational,
computational and statistical technologies have
been made over the past two - three decades.
These include, respectively, the capabilities to
detect and quantify relevant variables on temporal
and spatial scales not previously possible; to
acquire, store, and process vast quantities of
data; and to account for sources of uncertainty
and incorporate complex spatial and temporal

3. Recent developments

relationships. Computer power has enabled the
development of models that range in scale from
microphysics of a single cloud to the global
atmosphere.
Numerical
modelling
simulations—validated by observations whenever
possible—are useful for testing intentional
weather modification and corresponding largerscale effects. Few of these tools, however, have
been applied in any collective and concerted
fashion to resolve critical uncertainties in weather
modification.
Examples of use of new tools
Use aircraft and automated surface
measurements to look for average differences
between seed and control samples.
Use sensitive Doppler radar, polarizationdiversity radar and perhaps lidar to examine:
- Rainfall-rate differences that might
otherwise be masked or misrepresented
because of seeding-induced Z-R changes
- Downdraft size
- Average and peak divergence in the
downdraft
- Gust-front convergence characteristics
like strength and area of convergence
Use advanced numerical modeling to: better
simulate and understand the different processes
in the clouds.

According to the NAS Report already
mentioned above (NAS, 2003) there are some
especially p r o m i s i n g r e s e a r c h b a s e d
possibilities where substantial further progress
may occur. These include:
o Hygroscopic seeding to enhance rainfall. The
small-scale experiments and larger-scale
coordinated field efforts proposed in the WMO
report on the Workshop on Hygroscopic
Seeding (WMO-WMP No. 35, 2000) could form a
starting point for such efforts.
o Glaciogenic cloud seeding to enhance
precipitation. A randomized program that
includes strong modelling and observational
components,
employing
advanced
computational and observational tools could
substantially enhance our understanding of
seeding effects and winter orographic
precipitation.
o Studies of specific seeding effects. This may
include studies such as those of the initial
droplet broadening and subsequent formation
of drizzle and rain associated with natural,
hygroscopic seeding and anthropogenic
sources of particles.
o Improving cloud model treatment of cloud and
precipitation physics. Special focus is needed
on modelling cloud microphysical processes.

The same Report (NAS, 2003) identifies areas
of critical uncertainties where future research
efforts should be focused. These are discussed in
more details in the paper by Bruintjes later in this
Report and are only highlighted below:
-Cloud and precipitation microphysics issues:
Background concentration, sizes, and chemical
composition of aerosols that participate in cloud
processes including evolution of the droplet
spectra in clouds;
-Cloud dynamics issues: Cloud-to-cloud and
mesoscale interactions as they relate to updraft
and downdraft structures and cloud evolution and
lifetimes;
-Cloud-modelling issues: Combination of the
best cloud models with advanced observing
systems in carefully designed field tests and
experiments including precipitation forecasts,
trajectories of seeding material;
-Seeding issues: Targeting of seeding agents,
diffusion and transport of seeding material, and
spread of seeding effects throughout the cloud
volume and outside the seeded area;
-Mechanisms of transferring the storm-scale
effect into an area-wide precipitation effect and
tracking possible downwind changes at the single
cell, cloud cluster, and floating target scales.
These uncertainties do not challenge the
scientific basis of weather modification concepts.
Rather these show that it is the absence of
adequate understanding of critical atmospheric
processes that, in turn, lead to a failure in
producing predictable, detectable, and verifiable
results.

4. On the evaluation and acceptability of
the results of WM
Acceptance of results of any WM project will
depend on the degree of scientific objectivity and
consistency with which the experiment was carried
out, its physical plausibility and the degree to
which bias in conduct and analysis is excluded and
statistical significance is achieved. The criteria for
acceptance of the results of weather modification
experiments are not very simple and not always
commonly agreed.
For setting the bases for later evaluation it is
most desirable that once the decision has been
made to explore the possibility for precipitation
enhancement conduct thorough climatological and
synoptic studies and elaborate a project design
using latest scientific concepts. This is absolutely
necessary in order to consider systematically the
aspects of setting up and properly conducting the
project and design based on up-to-date knowledge
and is a prerequisite for objective evaluation.
Function of desirable location, climatology, season
etc. there could be slight differences in the

preparations. In the design of the seeding phase
preferably a randomized programme with
concurrent measurements and physical studies to
quantify increases, and impact studies (agriculture,
hydrology, environment etc.) should be started.
(More on the planning of a WM projects see later in this
Report the papers by Berthoumieu; Bojkov; Burger &
Terblanche; Karacostas; and by Simeonov).

A scientific evaluation of cloud seeding for
rainfall enhancement requires several efforts
designed to systematically characterize clouds and
precipitation in order to determine their potential
response to seeding. The evidence that is required
to establish that cloud seeding is “scientifically
proven” should be considering its two aspects:
statistical and physical evidence.
It has been frequently mentioned and
discussed in detail recently (see List, Bull. Amer. Met.
Soc., 2004) that in the 1970’s the WMO-CAS experts
in planning for PEP assessments have been
promulgating four criteria. They are:
a). The experiments have to be randomized
and evaluated by statistical methods;
b). Success has to be judged on the basis of
the rain obtained at the ground;
c). Statistical success of an experiment has to
be supported by physical understanding;
d). Success has to be repeated in other areas
of the world (transferability).
One should consider these only as an ideal
approach. From experience and current
understanding it is clear that all four are difficult to
accomplish and one should not use them in order
to reject success of a well planned and conducted
WM experiment. While the first two could be wellmeaning principles, the other two are physically
not realistic. The clouds even from the same
meteorological type are nevertheless v e r y
different; they are not subject to averaging over
space and time. Applying a of formal statistical
approach over arrays of data with imbedded large
uncertainty is bound to produce fictitious results.
The physical understanding could be restricted to
single clouds but not to entire experiment’s
assemble. Transferability of results, as analogy to
results of laboratory physical measurements is
unachievable in WM considering the great
variability in cloud structures and geographical
conditions.
The biggest problem in assessing the results
of WM is the measurement of precipitation at the
ground, particularly for rain from convective
systems. Both radar and existing raingaugenetworks are insufficient. Their errors of estimate
could be in some cases higher than the 10-20%
increase in precipitation that one is aiming to
detect. Assimilation models are needed which can
integrate the information from these systems with

mesoscale meteorological and remote sensing as
well as hydrological data. Massive improvements
in science, technology and computer capacity is
required to handle these problems.
The truth is that our inability (yet) to compare
the observed amounts and those that would have
occurred without seeding because the latter
amounts are unknown makes it necessary to turn
to the statistical analysis. This is one technique
that is commonly used to extract a signal from the
noise of series of data. Recently a d v a n c e d
observational techniques and modelling results
have permitted to augment the information on the
physical processes in the seeded clouds and to
evaluate and support the seeding hypothesis
applied. Inclusion of related physical-response
variables is a step forward from total dependence
on the plain statistics. However, still randomization
remains the elaborate (long-time requiring) but
reliable way to separate possible effects from
natural noise although it adds very little to the
understanding of the underlying cloud physics
processes. Therefore, as an additional tool more
importance is being, and should be given to a
parallel physical evaluation, including numerical
simulation of weather modification utilizing real
time cloud physics data to compute the
modification results. “Unfortunately, there are still
some major gaps between the modellers and
experimentalists and important limitation in the
numerical parameterization of the microphysical
phenomena in clouds. There is clearly a lot of
room for the infusion of bright new ideas and
brilliant minds in this field” (List at 8th WMO WM
Conference in Casablanca).

Many of the PE and HS projects have failed to
demonstrate the desired beneficial effect with
sufficient statistical significance. In most cases,
they were neither designed properly nor were
carried out according to the basic scientific
requirements in order to withstand rigorous
statistical evaluation. There are however, a
number of experiments where the cause and
resulting beneficial effects were possible to be
documented, even more so in recent years when
more physical parameters have been incorporated
in the evaluation exercise (see Bruintjes, 1999; WMOWMP No.39, 2003; WMA, 2004)

The scientific approach to weather modification
experiments should be based on the proven
sequence of steps: development of a conceptual
model, site selection process, exploratory field
studies, micro-physical in situ measurements with
meso-scale analyses within a randomized
experiment, followed by evaluation. Field studies
should involve the best available equipment and
make use of all the know-how from all scientific
and operational sectors with their vast experience
and competence. Seeding should already be

incorporated into the exploratory project in order to
test if the perceived understanding is supported by
appropriate changes in the clouds following
seeding (detecting seeding signatures). On the
planning of a WM project see later in this Report
also the papers by Berthoumieu, by Bojkov, by Burger &
Terblanche, by Karacostas and by Simeonov.

Notwithstanding some uncertainties of weather
modification, rain enhancement or hail suppression
remain a real potential and WM should be viewed
as a part of an integrated water resources
management strategy. Each project should be
treated as a possible tool among others for water
resource management and should be considered
as a scientific project with four phases as was
elaborated in the plans for the WMO Precipitation
Enhancement Project:
a. Study of the climatology of clouds and
precipitation at the site (exploring are the
conditions favourable for PE at a cost lower
than the socio-economic benefit that is likely
to result);
b. Design of experiment as a function of this
climatology and the present knowledge of
cloud physics and available weather
modification techniques;
c. Implementation of an experiment preferably
with randomization, using modelling,
extensive physical measurements and
statistical controls;
d. Objective and independent evaluation of
Government decision-makers and funding
agencies should be aware that such projects
need considerable funding and personnel
resources, as well as time to obtain conclusive
results. (see complete list of PEP Reports in Appendix E)

5. Towards international collaboration in
weather modification
It has been recognized that planning of
regional projects could increase their rate of
success if they were designed on a scale defined
by existing local meteorological conditions and not
by national borders. Of course the best planning
cannot substitute the presence of perceptible
clouds. If there are no clouds there is no
potential for Precipitation Enhancement !
In the past few years the idea for a common
approach to the precipitation enhancement in the
Mediterranean, South-East Europe and Middle
East region was promulgated (see WMO-WMP Report
No. 33, 2000). The main objectives of possible
MEDSEEME-PEP include:

- To contribute to the alleviation of the
shortage of water and insufficient natural
precipitation in the broad region of MEDSEEME
through a programme of precipitation
enhancement which should complement other
tools of water management;
- To provide advice, guidelines and training for
the general planning, preliminary assessment of
precipitation
enhancement
potential,
implementation and evaluation of PEP in the
MEDSEEME region, and to promote development
of a national and Regional data base of information
on PE;
- To promote scientific research and
application of relevant to PEP studies (e.g. cloud
physics, remote sensing, water management,
prediction of precipitation), to facilitate the transfer
of technology related to PEP among the
MEDSEEME countries, and raise public
awareness of the possibility offered by a well
planned PE experiment;
- To make relevant PEP information available
to other Member countries of the EU and WMO (in
accordance with the established WMO methods
and procedures for exchange of meteorological
information) and to stimulate collaboration between
MEDSEEME countries.
The overall goal of the proposal is to make a
contribution to the establishment of a scientific
base for conduct and assessments of the PE
potential, to improve the capacity building and
establish the planning principles and requirements
for PEP experiments in the MEDSEEME region.
The Project beneficiaries will be all countries
of the Partners in the consortium consisting of
interested institutions located in EU Member
States, and/or in the area of the Mediterranean
Partnership, in particular the national
Meteorological and Hydrological services and the
Water and Agricultural authorities. Results of the
Project will be beneficial also to the wider
international community interested in utilising nonconventional and cost effective methods of
precipitation enhancement (PE), where feasible.
Such a Project will improve mutual
understanding, trust and co-operation in a modern
approach to water management utilising nonconventional water resources. It could lead to
partial alleviation of the shortage of fresh water
and contribute to water management in the
MEDSEEME Region. It will improve the Regional
policy and technical know-how for PE and will lay
the foundation for future development and funding
pertinent to the priority issues at regional, national
and local levels. As a whole, the Project will
increase the visibility of the Euro-MediterraneanMiddle East partnership, which could bring socio-

economic benefits to the water sector. It was
expected that the development of scientifically
sound PEPs involving multinational cooperation
could lead to substantial economical and
technological benefits.
Sustainable use of atmospheric water
resources and mitigation of the risks posed by
hazardous weather are important goals that
deserve to be addressed through a coordinated,
sustained research effort. Questions such as the
transferability of seeding techniques can only be
addressed through sustained research of the
underlying science combined with carefully crafted
hypotheses and physical and statistical
experiments.
“Because weather modification could
potentially contribute to alleviating water resource
stresses, because weather modification is being
attempted regardless of scientific proof supporting
or refuting its efficacy, because inadvertent
atmospheric changes are a reality, and because
an entire suite of new tools and techniques now
exist that could be applied to this issue, it is
recommended that there be a renewed
commitment to advancing our knowledge of
fundamental atmospheric processes that are
central to the issues of intentional and inadvertent
weather modification” (see paper by Bruintjes in this
Report).

6. Concluding remarks
In many countries the traditional supplies of
surface and underground water, are projected to
become increasingly scarcer. By 2025, nearly
two-thirds of the worlds population will
experience severe shortage of fresh water.
Considering that the apparent climate change will
lead to intensification of the hydrological cycle
(more droughts and/or floods), it is obvious these
will impose extra requirements to the fresh water
management. Adequate alternative water supplies
must be found to sustain the needs of therapidly
increasing world population.
Many times during this Seminar it was
recognized that the scientific community has an
obligation to advance our understanding o f
issues related to weather modification. This
obligation stems from the profound potential
societal benefits of enhancing atmospheric water
resources and mitigating weather hazards.
Furthermore, operational activities are under way
without the guidance of a careful scientific
foundation, and also inadvertent atmospheric
changes are a widespread occurrence. The basic
science that will be learned in pursuing questions
related to weather modification undoubtedly will
lead to knowledge and capabilities in many areas

such as climate and environmental studies as well
as in fundamental science of weather formation
and changes. The potential societal benefits of PE
are too important to be ignored!
Planning and execution of WM projects should
take advantage of recent related research and
advances in observational, computational, and
statistical technologies. The project should attempt
to capitalize on new remote and in situ
observational tools to carry out exploratory and
confirmatory experiments in a variety of cloud and
storm systems utilizing existing computational and
data assimilation capabilities. Improvements in
model treatment of cloud and precipitation physics
is necessary along with developing partnerships
among research groups and selected operational
programs. Education and training in cloud physics
and chemistry, and other associated sciences
should be an essential component of weather
modification projects. Thus, a great opportunity
exists for coordinated research efforts to address
the fundamental questions that will lead to credible
scientific results.
It should always be kept in mind that
precipitation enhancement (PE) is a technology
applicable only to very specific meteorological
c o n d i t i o n s . There is a need for thorough
climatology studies and clear understanding of the
cloud physics and dynamics processes before one
engages in precipitation enhancement
experimentation. Even then, only with realistic
seeding hypotheses and objectives, could one
have credible results. The PE is economically
viable and may contribute to alleviating the
adverse effects of severe water shortages but this
is still to be demonstrated to the national water
managers.
Any PE project, in order to be on the way to
success, should combine the efforts of funding
administrators, scientist planning and working as
seeding operators and/or evaluators. They all
should all work close together with mutual
understanding. The basic measurements to
evaluate and/or support seeding hypotheses
should be vigorously carried out. Operations
should include measurements of physical
response variables and be randomized when
possible to allow independent evaluation, and last
but not least the education and training in cloud
physics and associated sciences should be an
essential component.
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Abstract
Cloud physics has achived such a voluminous literature since the experiments by Langmuir and
Schaefer in the late 1940s suggested that seeding of certain types of clouds could release additional
precipitation. The major focus of these studies has been on the microphysical processes involved in
individual cloud formation and the production of precipitation particles. As the studies have explaned
much about the detailed microphysics of clouds, it has become increasingly apparent that these
processes are affected greatly by the macroscale dynamics and thermodynamics of the cloud
systems. Also, it is learned that the microphysical processes can alter the macroscale dynamic and
thermodynamic structure of clouds.
In view of the natural interdependence of various aspects of cloud physics, we have found it
necessary in this lecture to touch briefly upon a few simple and basic concepts of cloud dynamics
and thermodynamics. First, we describe some of the mechanisms by which air is caused to rise and
hence cool. There is of course a very great range of variations in cloud type arising from variations,
sometimes only slight, in the ambient atmospheric conditions in which air is forced to rise and the
nature of the air motions. In what follows the main dynamical processes involved the formation of
cloud are outlined. The simple distinction is drawn between convective and stratiform clouds.
We then describe some of the basic microphysical processes that are involved in the formation,
grouth, shrinkage, breakup, and fallout of cloud and precipitation particles. We examine the
microphysics controlling warm clouds and then extend the review of microphysical processes of cold
clouds, in which both ice and liquid particles may exist. We have also included a chemical composition
and morphological description of atmospheric aerosol, without which clouds would not form in the
earth's atmosphere.

1.

Introduction

Clouds occur when air containing water
vapour rises, expandes under the lower
pressures which exist at higher levels in the
atmosphere, and thereby cools until some of the
vapour condenses into a cloud composed of tiny
water droplests. The mechanisms by which air is
caused to rise and hence cool are often
complex, being three-dimensional and on a
range of scales. Sometimes the clouds form a
vast sheet hundreds of kilometers across,
indicating a steady ascent of air over large area.
At other times they are scattered over sky in
isolated puffs revealing irregular local updrafts
with clear spaces in between. These are
respectively the stratiform and convective
clouds.
The prolonged ascent of air leads to
successively deeper and denser clouds, which
finally produce rain. Widespread continuous rain
occur from the layer clouds and shower from the
convective clouds.
Cloud particles may grow by various
processes to form precipitation. Whilst the

subject of this paper is clouds and precipitation
in general we will discuss the dynamics and the
microphysics of how precipitation is formed.

2.

How air become saturated

It is possibe to indentify three ways in
which air may become saturated. From the
equation for relative humidity,U, or saturation
ratio, and from Clausius-Clapeyron equation we
obtain (Curic, 2001a)

dUdqdTdp
=
UqTp
A
+
,

(1)

where q is specific humidity, T temperature of
air, p pressure and A is constant in the
Clausius-Clapeyron equation.
It is obvious that relative humidity will
increase when
the water vapor
and
atmospheric pressure increase and temperature
decrease.

The temperature of air will change due to
the adiabatic and diabatic processes as well as
by mixing. If air adiabatic expands, it cools,
tending to approach saturation. This increase of
saturation is reduced because the vapor density
decreases as the atmospheric pressure
decreases. This means, for condensation to
occur in the updraft, the saturation vapor
pressure must decrease more rapidly than the
real water vapor pressure. This is easy to see
from the Poisson equation

0pcdTdp
α
,

(2)

c
p

is specific heat of air and

where

is specific

volume. Using the Clausius-Clapeyron equation,
under condition that latent heat is not a function
of temperature, after integration of (2) we obtain

p
()

p

,

(3)

e
s

where

and

are saturation and real vapor

pressure respectively,
5.7 for typical
temperature in earth's troposphere. The
subscript zero denotes the value on the lower
level in the atmosphere.
For condensation in downdrafts, the
condensing gas must have a low molar latent
heat and the carrier gas must have a high molar
specific heat.Condensate amounts would tend to
be low and precipitation rare, since the
condensate vapor density would likely decrease
with heigh (Bohren, 1986).
By diabatic process the heat may be
removed from an air parcel by any of the three
basic heat transfer processes: conduction,
convection and radiation. It is not so easy to
distinguish between molecular diffusion
(conduction) and turbulent diffusion (convection)
in many cases.Due to this reason these are
grouped together.
The conduction and convection occur
when warm air overlies a colder surface. This
situation may result in the transfer of heat from
the air to the surface.
The cooling of air due to the emission of
infrared radiation is important in producing
clouds. It has a marked effect on cloud particle
growth under certain conditions. This is
specifically important within the atmosphere
where gradients of emitting (absorbing) gas
occur. The principal absorbing gas is water
vapor. The aerosols may consist of water or ice
and any of the wide variety of chemical species,
both solid and liquid, soluble and insoluble.

Any mixture of two saturated parcels of air
having different temperatures must become
supersaturated because the average vapor
density of the mixture is greater than the
saturation vapor density at the average
temperature. Also, it is possible to mix two
subsaturated
parcels
and
atain
a
supersaturation condition, under condition that
their difference in temperature is great enough.
In many regions of the world mixing
produce supersaturation in two ways. The first
one is when two saturated or nearly saturated air
masses come together from different source
regions. The second way in which this process
operates is when the moist air overlies water of
a different temperature.

3.

Cloud particles formation

Atmospheric cloud particles are formed
on a wide variety of airborne particles (aerosols)
on which the water vapor may condense when
the air is only very slightly supersaturated or
even
slightly
undersaturated
(the
supersaturation is defined as U-1). This takes
places preferentially on small aerosol particles of
soluble material . These nuclei are termed cloud
condensation nuclei (CCN). The number of
these particles which are activeted increases as
the supersaturation increases in the updraft.
When droplets grow they deplete the
water vapor exess above water saturation.After
some times the depletion rate will equal and
then exceed the rate at which vapor is produced
available in the updraft due to the updraft
cooling. At that time there are no further
activation of CCN. The number droplets
formed
3cm
,depending
range from 30 to 3000 per
largely on the CCN characteristics and the cloud
type (or updraft velocity).
In nature updrafts are rarely very steady in
space and temporally. Accordingly, the
supersaturation fluctuate. Also, different mixing
processes tend to bring environmental air into
the cloud , along with more CCN, which tend to
reduce the supersaturation. The depletion of
available water vapor is supported by presence
of larger drops, formed earlier in the cloud and
falling into the nucleation zone. These larger
drops serve to remove the smaller droplets by
collecting them. This has a tendency to increase
the supersaturation.
The growth rate of individual droplets
depends not only on the hygroscopic and the
surface tension forces and the humidity of the
surrounding air but also the rates of transfer of
water vapor to and heat of condensation from
the droplet. Cloud
µ droplets grow rapidly to sizes
radius. The rate of change
on the order of 5
of its radius (dr/dt) by diffusion decreases as 1/r.

The growth of droplets by diffusion to sizes large
enough for the drops to fall as rain would require
many hours, even days, under typical
supersaturations which exist within clouds.
In reality, we have to deal with a
population of droplets, when the problem
becomes more complicated. All the droplets
compete for the available water vapor. Their
growth rate will depend upon the concentration,
size and nature of CNN, the rate of cooling of
the air which controls its temperature and
supersaturation, and the scale and the intensity
of the turbulent motions in the cloud.

4.

The formation of precipitation

There are two mechanisms by which a
cloud consisting of small droplets can produce
significant numbers of precipitable particles.
When some droplets growing
µ by condensation
the spectrum
approach a radius of 20
becomes increasingly deformed and extended
towards larger droplet sizes by the collision and
coalescence of droplets of dissimilar sizes. This
mutual collection of water drops is commonly
referred to as the warm rain process. Langmuir
(1948) is generally credited with the first
quantitative formulation of the coalescence
process.
The growth of these larger droplets by
collision with smaller ones is critically dependent
on collision cross-section and the coalescence
efficiency. The poduct of these two parameters
determines the growth rate of the drops and is
termed the collection efficiency. Collision
efficiencies can be calculated theoretically, with
some problems connected with computation of
relative motions or trajectories of two
approaching drops under the combined action of
hydrodinamical, gravitational and electrical
forces.
The process of the collection of droplets
which allows a drop to grow is also the process
that ultimately limits the drop's growth. The final
size of raindrops is determined by the breakup
processes. Different modes of drop breakup
have been proposed (Low and List, 1982). The
interaction between the coalescence and
breakup processes results in an approximately
exponential drop size spectrum.
The second mechanisms of production of
larger drop is ice crystal mechanism which relies
on the difference between water and ice
saturation
water vapor densities at temperatures
o
0C
. This growth of ice particles in a
below
predominantly superclloed water cloud is
commonly referred to as the cold rain process.
It is also known as a Wegener-FindeisenBergeron process. Bergeron (1935) is most

often credited with advancing the concept of the
ice crystal process.
This mechanism can only operate at
temperatures below freezing and should be
C the
12
,
most efficient at the temperature near where the difference between water and ice
saturation vapor densities is the greatest.
Obviously, the introduction of ice particles into a
supercooled water allows the ice particles to
grow as the water drops evaporate.
0C
the
At temperature only a little below
concentrations of ice crystals which form in
clouds are extremly low, and the difference in
the saturation vapor pressures over ice and
liquid water is small. So, the growth rate of a
crystal appearing in a supercooled cloud is little
different from that of
the cloud droplets. At
o
C
12
crystals may appear
temperature below in concentrations which are significant for the
production
of appreciable precipitation. At o
C
10
air saturated with respect to liquid water is
supersaturated
relative to ice by 10% and, at o
C
20
by 21%. In such conditions the ice
crystals will grow much more rapidly than will
the cloud droplets for which the supersaturation
will usually be less than 1%.
In order to produce precipitation particles
the mass of the largest410particles
must be
510
to
. If cloud
increased by a factor of
droplets concentrations
is on the order of 100
3cm
to 1000

this implies that ice particles
1l

concentrations on the order of 1 to 10
are
required for producing precipitation. If 1 ice
crystal per liter were 3cintroduced
into a cloud
m
containing 500 drops
, when the process
of growth is complete,
the
ice
crystal would have
510
droplets. In this case it would
a mass of 5 x
have an appreciable fall velocity, allowing it to
reach the ground. If the number of introduced ice
crystals were, under
same other conditions, on
3cm
−
each crystal would have a
the order of 10
mass of only 50 droplets, and the fall velocity not
much greather than the existent droplets.
Natural clouds tend to produce low
concentrations of ice particles, which are able to
grow to sizes large enough to reach the ground
as precipitation.

5.
The air motions associated with
clouds
It is recognized that cloud microphysics is
only one branch of cloud studies. The
microphysical processes are largely controlled
by the atmospheric motions that are manifest in
clouds. The dynamics provide a framework of

environmental conditions confining the rates and
duration of the microphysical events.
The atmospheric motions which produce
the lifting necessary to trigger cloud and
precipitation are organised on various scales.
Localised convection may produce precipitation
from single clouds in the lower atmosphere or
from convective generating cells within larger
scale systems. They may occupy a large depth
of the troposphere, in which case are referred to
as thunderstorms.
The widespread layer clouds associated
with cyclonic depression near fronts and in other
bad-weather systems are frequently composed
of several layers extending up to 9 km or more,
separeted by clear zones which become filled in
as the rain or snow develops. These clouds are
formed by slow but prolonged ascent throughout
a deep layer of air with a few centimeters per
second. In the neighbourhood of fronts the
vertical velocities become more pronounced and
may reach abouth 10 cm/s. Shematic diagram of
the airflow in an cyclone is shown in Fig.1.

If the atmosphere is unstable, then vertical
motion will occur, giving rise to condensation
level. Such cloud may grow to a height of
several kilometers in 20 minutes or so. The
convection may develop from low-level
dynamical instability. Fig.2. shows a depiction of
the development of such one thunderstorm with
heavy precipitation as the storm reaches
maturity.

Fig.2. Conversion of horizontal vorticity of the
environment to vertical vorticity of cloud. Rain is
shown by vertical hatching (Klemp, 1987).

Fig.1. Schematic diagram of the airflow in an cyclone.
Lower clouds are shaded. (Kuo et al., 1992).

Usually cumuliform clouds appearing over
land are formed by the rise of discrete masses of
air from near the sun warmed surface. These
rising lumps of air, or thermals, may vary from a
few tens to hundreds of meters as they ascend
and mix with the cooler, drier air of their
immediate surroundings. This mixing of the
thermal with the surrounding air which occurs
mainly across the advancing cap is
fundamentally important in life of cloud (Curic
and Janc, 1989). The thermal continually sheds
its outer layers as fresh material emerges at its
front surface and thereby warms and dampens
the immediate surroundings. The thermal thus
becomes more dilute, less buoyant, and
therefore slower moving than would be the case
if it did not mix.

This life cycle will occur only when
sufficient vertical wind shear exists, and strong
convective instability is present. It is known as a
supercell. In supercells vertical motions and
rotation are very strong, and giant hail and
tornadoes may occur. Small arc clouds
characterize the inflow region, and in severe
thunderstorms there may be several bands of
cloud marking this region.
Thunderstorms may organize themselves
leading to multicell storms in which new cells are
regenerated as the outflow from the initial cell
interacts with the surrounding air (Curic, 2001b).
The impression is given that the thunderstorm is
moving as a single cell, whereas new cells are
constantly being generated at the leading edge
of the system. As the cells dissipate, the
convective cloud tends to collapse into areas of
stratiform cloud which may merge into a single
large area of stratiform cloud which often
produces precipitation. The anvils of
thunderstorm cloud sometimes display
dynamically unsignificant cloud known as
mamma.

6.
Microphysics of warm and cold
clouds
The particles in a cloud form by a process
named as nucleation, in which water molecules
change from a less ordered state. The vapor
molecules in the air may come together by

chance collisions to form a liquid-phase droplet.
The survival of that droplet is determined by a
balance between condensation and evaporation.
The equilibrium between the droplet and
surrounding vapor is described by the Gibbs free
energy. To see how this process takes place
consider the conditions required for the
formation of a droplets of pure water from vapor.
This case is called homogeneous nucleation.
Under some conditions it is obtained that
the equilibrium vapor pressure, , over the
surface of a droplet of pure water of radius r
exceeds that over a plane water surface, , at
the same temperature according to the equation

ρ

,

(4)

σρ
,M
,L

where

are respectively the surface

tension, density and molecular weight of water,
R the universal gas constant and T the absolute
temperature. Thus, if such a droplet is to remain
in equilibrium with its surroundings, that is it
neither evaporates nor grows, the vapor
pressure of the surrounding air must equal
and will be supersaturated. The degree of
supersaturation required will be higher the
smaller the droplet.
Under supersaturated
cr
the condensation is more
conditions if r
efficient than evaporation and droplets one
formed grows spontaneously. The (4) is known
as Kelvin’s formula.
When water vapor condenses onto
existing CCN it is named heterogeneous
nucleation. Such particles support condensation
at supersaturation well below those required for
homogeneous nucleation. Particles that are
wettable allow water to spread over their
surfaces. Such particles provide ideal sites for
condensation. If other conditions are equal,
larger nuclei will activate sooner than small
nuclei.
The more effective are hygroscopic
particles, like sodium chloride and ammonium
sulfate.
) In the presence of moister NaCl and
S
absorb vapor and readily dissolve.
(N
The resulting solution has a saturation vapor
pressure below that of pure water.
The equilibrium vapor pressure,
, over
a droplet of solution of radius r is very nearly
given by the equation

ρ

,

(5)

where m is the mass of the dissolved salt in
grammes,
the molecular weight of the salt
and other symbols are same as in (4). The
equilibrium relative humidity (or supersaturation)
as a function of droplet radius for solutions
containing specified amounts of solute is called
Köhler curves. The presence of NaCl sharply
reduces the equilibrium supersaturation below
that for a pure-water droplet.
A small fraction of tropospheric aerosol
actually serves as CCN because many particles
are too small and not wettable. CCN in maritime
clouds are composed chiefly of sulfate particles,
which through anthropogenic production have
nearly doubled globally. Sulfate aerosol may be
formed
through
condensation
of
dimethylsulphide, which is emitted by the
phytoplankton at the ocean surface.
Ice particles in clouds may be nucleated
from either the liquid or vapor phase. Theoretical
and empirical results indicate that homogeneous
nucleation of liquid water occurs
at temperatures
o
C
40
. In a natural
lower than about –35 to cloud we have supercooled drops. When
the
o
C
40
temperature in the cloud is below about any liquid drops will freeze spontaneously by
homogeneous nucleation.
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Extended Abstract
Increasing demands for water require that the potential for enhancing the sources, storage, and
recycling of freshwater be examined carefully. In addition, there is ample evidence that human activities, such as
the emission of industrial air pollution, can alter atmospheric processes on scales ranging from local precipitation
patterns to global climate. Documentation of anthropogenic effects on the weather strengthens the physical
basis for deliberate attempts to alter the weather. These inadvertent impacts on weather and climate require a
concerted research effort, yet the scientific community has largely failed to take advantage of the fact that many
of the scientific underpinnings of intentional and unintentional weather modification are the same (see also the
article by Al-Mangoosh et al., in this volume).

Weather modification should be viewed as
a fundamental element of atmospheric and
environmental science. Due to the growing
demand for freshwater, the increasing levels of
damage and loss of life resulting from severe
weather, and the reality of inadvertent atmospheric
changes, there is an unprecedented responsibility
on the scientific community to assess the potential
efficacy and value of intentional weather
modification technologies.

Distribution of ice and water in the atmosphere. The
0
temperature decreases with height (10 C /km in a dry
0
environment and ~6 C/km in a cloud.

In order to enhance precipitation the
concept of seeding is to seed with appropriate
cloud condensation nuclei (CCN) or ice nuclei (IN)
to stimulate growth of cloud droplets to make
precipitation develop more efficiently. The aerosol,
CCN and IN concentrations and effectiveness are
function of temperature.

Inadvertent weather modification –
composition, sizes and concentrations of
nuclei
1. Biomass burning and industrial particles are
mostly sub-micron with KCl dominant initially in
flaming fires.
2. Initial particles through chemical processes
transform from potassium chloride to potassium
sulfate and nitrate and are usually smaller.
3. Ultimately in regional haze ammonium sulfate
particles dominate by far and are submicron.
4. The larger than 1 µm diameter particles
primarily are comprised of NaCl and mineral dust.
Closer to the oceans NaCl dominates and further
inland mineral dust dominates.
5. Near ocean NaCl also transforms to sodium
sulfate and nitrate in polluted environments.
Operational weather modification
programs, which primarily involve cloud-seeding
activities aimed at enhancing precipitation or
mitigating hail fall, exist in more than 50 countries.
Despite the large number of operational activities,
less than a handful of weather modification
research programs are being conducted
worldwide.
We know that human activities can affect
the weather, and we know that seeding will cause
some changes to a cloud. However, we still are
unable to translate these induced changes into
verifiable changes in rainfall, hail fall, and snowfall
on the ground, or to employ methods that produce
credible, repeatable changes in precipitation.
Among the factors that have contributed to an
almost uniform failure to verify seeding effects are
such uncertainties as the natural variability of

precipitation, the inability to measure these
variables with the required accuracy or resolution,
the detection of a small induced effect under these
conditions, and the need to randomize and
replicate experiments.
A scientific evaluation of cloud seeding for
rainfall enhancement requires several efforts
designed to systematically characterize clouds and
precipitation in order to determine their potential
response to seeding. Two fundamental questions
that needed to be answered during the first phase
of the program are:
1. Is the frequency of cloud occurrence
sufficient to warrant the investment in a
cloud seeding program?
2. Are the clouds that do occur amenable to
hygroscopic seeding?
If the answers are positive (yes) then second
phase preferably randomized program with
measurements to quantify increases, and impact
studies (agriculture, hydrology etc.) should be
started.
In parallel number of physical studies should be
carried out. These include:
 Determine conditions and locations favorable
for convective development and document
subsequent evolution of convective clouds.
 Characterize the CCN spectrum and its
variability over the range of these convective
conditions.
 Determine the primary precipitation
mechanism and the natural variables that
change or modify it.
 Document microphysical signatures, such as
aerosol characteristics, cloud droplet
distribution, drop formation, or echo
development, in seeded clouds.

The objectives could be met thanks to the
existing new opportunities which include:
 Development of new equipment – remote
sensors (ground based and satellites),
airborne, etc.
 Increased computer capabilities to conduct
better simulations of cloud processes.
 Basic problems in weather modification closely
related to problems in effects of clouds in
climate change and quantitative precipitation
forecasting.
 Recent new exciting results in hygroscopic
seeding but still lacking physical explanations.
 Recent results from ship-track and biomass
burning experiments indicating changes in
cloud processes that is closely related to the
work in hygroscopic seeding.

Additional advances in observational,
computational, and statistical technologies have
been made over the past two to three decades.
These include, respectively, the capabilities to (1)
detect and quantify relevant variables on temporal
and spatial scales not previously possible; (2)
acquire, store, and process vast quantities of data;
and (3) account for sources of uncertainty and
incorporate complex spatial and temporal
relationships. Computer power has enabled the
development of models that range in scale from a
single cloud to the global atmosphere. Numerical
modelling simulations—validated by observations
whenever possible—are useful for testing
intentional
weather
modification
and
corresponding larger-scale effects. Few of these
tools, however, have been applied in any collective
and concerted fashion to resolve critical
uncertainties in weather modification.
New tools
Use aircraft and automated surface
measurements to look for average differences
between seed and control samples.
Use sensitive Doppler radar, polarizationdiversity radar and perhaps lidar to examine:
Rainfall-rate differences that might otherwise
be masked or misrepresented because of
seeding-induced Z-R changes
Downdraft size
Average and peak divergence in the
downdraft
Gust-front convergence characteristics like
strength and area of convergence
Use advanced numerical modeling to:
Better simulate and understand the different
processes in the clouds.
Although there still is no convincing
scientific proof of the quantitative efficacy of
intentional weather modification efforts,
probabilistic evidence for seeding-induced
changes is strong in some instances. The reasons
for limited convincing proofs are many and include
the lack of scientifically demonstrable success in
modification experiments, extravagant claims,
attendant unrealistic expectations (i.e., pressure
from agencies to meet short-term operational
needs rather than to achieve long-term scientific
understanding), growing environmental concerns,
and economic and legal factors. Within this
context, it became difficult to distinguish legitimate
and important research from some cloud-seeding
programs claiming success with little or no

substantiation. This does not challenge the
scientific basis of weather modification concepts.
Rather it is the absence of adequate








understanding of critical atmospheric processes
that, in turn, lead to a failure in producing
predictable, detectable, and verifiable results.

Operational weather modification projects
Currently there are less than a handful weather modification research programs ongoing in the world.
The ongoing operational programs emphasize the fact that although scientific cloud seeding
experiments have shown mixed results based on the level of proof required by the scientific
community, many operational cloud seeding programs are still ongoing.
The fact that many operational programs have been ongoing and have increased in number in the
past 10 years indicates the ever-increasing need for additional water resources and mitigation of
severe weather in many parts of the world.
It also suggests that the level of proof needed by users, water managers, engineers and operators for
the application of this technology is generally lower than what is expected in the scientific community.
The current scientific basis for many of these programs is weak and it emphasizes the need for
continued and more intensive scientific studies to further develop the scientific basis for this
technology.
Should emphasize the fact that the potential technology of weather modification is very closely linked
to water resources management and severe weather mitigation and that these will remain so in the
future.
•The decision of whether to implement or continue an operational program becomes a matter of
cost/benefit risk management and raises the question of what constitutes a successful precipitation
enhancement program.

Some especially promising research based
possibilities where substantial further progress
may occur include:
• Hygroscopic seeding to enhance rainfall. The
small-scale experiments and larger-scale
coordinated field efforts proposed by the WMO
report on the workshop on hygroscopic
seeding could form a starting point for such
efforts.
•
Glaciogenic cloud seeding to enhance
precipitation. A randomized program that
includes strong modelling and observational
components,
employing
advanced
computational and observational tools could
substantially enhance our understanding of
seeding effects and winter orographic
precipitation.
• Studies of specific seeding effects. This may
include studies such as those of the initial
droplet broadening and subsequent formation
of drizzle and rain associated with natural,
hygroscopic seeding and anthropogenic
sources of particles.
•
Improving cloud model treatment of cloud and
precipitation physics. Special focus is needed
on modeling cloud microphysical processes.
Some successful hygroscopic cloud
seeding experiments (see also the slides-presentation
samples on the last page of this paper) could have a
profound implication for the planning of future

precipitation enhancement experiments where
proper conditions exist:
 Hygroscopic seeding could be used to help
clouds quicker produce rain and offset the
effect from pollution.
 Glaciogenic seeding should possibly attempt
to freeze liquid water between 0 and -5oC to
enhance growth of the clouds.
 It must be emphasized that these are very
preliminary analyses and seasonal changes
may occur that have not been accounted for.
It is also important to characterize the type of
pollution particles emitted in the region.
Results of the Statistical Analyses (Coahuila)

A positive seeding effect is evident in nearly all the
variables.
Results are very similar in both magnitude and
timing with those found in the South African
experiment.

Although statistical significance was observed for
most variables as specified in the Experimental
Design, the number of cases (94) is still marginal
and multiplicity have to be taken into account.
Additional data are needed to extend these results
and establish statistical significance.
The statistical results did not support the physical
hypothesis and dynamic effects had to be invoked
to explain the statistical results.
Understanding and documenting the physical
chain of events (microphysical and dynamical
responses) remains an important step toward
acceptance of the statistical results.
Cost-benefit calculations
1. Determining the benefit-cost ratio and
translating the individual storm effects into area
effects and impacts on runoff, groundwater and
agriculture is crucial to the funding organizations.
2. Preliminary theoretical studies in by the
hydrological community have projected a ~25%
increase in annual run-off in typical catchments if
the annual rainfall could be increased by 7%.
3. If attainable, this would result in additional water
at about 1/5 the cost of the cheapest alternative in
some countries.
4. It is important to note that these study was
based on a hypothetical increase of 7% in areawide rainfall.

Concluding remarks
In closing, I feel strongly that the scientific
community has an obligation to advance our
understanding of issues related to weather
modification, because the potential societal
benefits of enhancing atmospheric water
resources and mitigating weather hazards are
profound, because operational activities are under
way without the guidance of a careful scientific
foundation, and also because i n a d v e r t e n t
atmospheric changes are a widespread
occurrence. The basic science that will be learned
in pursuing questions related to weather
modification undoubtedly will lead to knowledge
and capabilities in unexpected areas.
In order to advance the science and
benefits of weather modification it is necessary to:


Increase efforts to establish a better scientific
basis for weather modification both from a
statistical and physical point of view.






Develop of new and better methods to
evaluate existing operational programs.
Ensure closer collaboration between the
scientific and operational community in terms
of guarding against unsubstantiated claims
and developing increased capabilities in terms
of planning, execution, and evaluation of
weather modification programs.
Integrate the participation of potential users in
the planning stages of the experiments.

Because weather modification could
potentially contribute to alleviating water resource
stresses, because weather modification is being
attempted regardless of scientific proof supporting
or refuting its efficacy, because inadvertent
atmospheric changes are a reality, and because
an entire suite of new tools and techniques now
exist that could be applied to this issue, it is
recommended that there be a renewed
commitment to advancing our knowledge of
fundamental atmospheric processes that are
central to the issues of intentional and inadvertent
weather modification.
Sustainable use of atmospheric water
resources and mitigation of the risks posed by
hazardous weather are important goals that
deserve to be addressed through a coordinated,
sustained research effort. Questions such as the
transferability of seeding techniques or whether
seeding in one location can “steal” rain from other
locations can only be addressed through sustained
research of the underlying science combined with
carefully crafted hypotheses and physical and
statistical experiments.
Despite the lack of scientific proof, our
scientific understanding has progressed on many
fronts in the last twenty years. The scientific
community should capitalize on new remote and in
situ observational tools (e.g., Doppler/polarimetric
lidars, radars and satellites, microwave
radiometers, new cell-tracking software, and new
airborne in-situ instrumentation, etc.) and plan to
carry out exploratory and confirmatory
experiments in a variety of cloud and storm
systems.

Experiences in Cloud Seeding with Hygroscopic Nuclei
Roelof Burger and Deon Terblanche
South African Weather Service, Private Bag X15, Bethlehem, 9700 South Africa
roelof@theburgerweb.com deon@metsys.weathersa.co.za

Abstract
Seeding with hygroscopic nuclei attempts to enhance the warm rain processes through the introduction of large nuclei in the
updraft region of developing continental cumuliform clouds. Modeling studies confirm that the introduction of large cloud
condensation nuclei lead to a broadening of the initial droplet spectra. Statistical significant differences in seeded and non-seeded
cloud groups indicate a significant increase in radar-estimated precipitation. The most important differences occur 30 minutes after
cloud base seeding. This dynamic response has not been sufficiently explained by the seeding hypothesis. The results have been
duplicated in different parts of the world. Preliminary cost-benefit estimates of cloud seeding with hygroscopic nuclei appear to be
attractive. The chain of physical events that is responsible for the observed seeding effects need to be understood for the results to
be fully accepted by the scientific community. Better understanding is also necessary to determine the capabilities of the seeding
method to produce the desired effects under various conditions.

1.

Introduction

The dominant process for precipitation
formation in warm clouds is collision and
coalescence. This is true in clouds with substantial
liquid water contents as well as maritime clouds.
Collision and coalescence are also important
contributors to rain formation in many mixed phase
clouds. The presence of supercooled drizzle-drops
and raindrops enhances the rate of precipitation
formation in supercooled portions of the cloud.
Apart from a few inconclusive warm cloud
experiments, the main focus of precipitation
enhancement projects has been enhancing the ice
processes in clouds. An ongoing glaciogenic
research program in South Africa (Mather et al.
1996) turned its attention towards hygroscopic
seeding after observing large liquid raindrops at
–10°C and a broadening of the droplet spectra at
cloud base in the vicinity of a Kraft paper mill
(Mather 1991). These type of observations have
been made before by Hobbs et al (1970), but in the
South African case led to the development of
pyrotechnic flares that were then used to deliver
hygroscopic particles at cloud bases (Mather et al.
1997).
The new method of delivering hygroscopic
seeding material reduced a number of technical
difficulties associated with preparing, handling, and
delivery of very corrosive salt particles. Compared
to conventional methods of salt delivery, the flares
also produce smaller-sized particles with an
approximate mean size of 0.5µm diameter. The
proposed seeding

hypothesis postulated that hygroscopic
seeding at cloud base accelerates the growth of
large hydrometeors in the treated clouds and
thereby increases the efficiency of the rainfall
process (Mather et al. 1997).
The new approach was evaluated in
different steps. First there was a search for
microphysical changes in seeded clouds using
instrumented aircraft. Second a 5 year randomized
cloud seeding experiment was conducted. Thirdly
numerical condensation coalescence calculations
were done using the observations as input. Finally
a semi-operational rainfall enhancement program
was launched over a fixed target area with the aim
to test the operational application of the
technology, to quantify the logistical requirements
for a full operational application and ultimately
estimating the cost-benefit ratio.
After seeing the positive results of the South
African hygroscopic randomized experiment, the
National Center for Atmospheric Research in
collaboration with the Mexican state of Coahuila
tried to duplicate the results. Bigg (1997) and
Silverman (2000) independently re-evaluated the
South African results confirming the initial findings.
The following section will give a brief
summary of the methodology used in the abovementioned experiments. After that the results of
the different experiments will be discussed and
current research efforts will be discussed.

2.

Methodology

The size of most of the 1kg flare combustion
products was estimated at between 0.2 and 0.6µm
with less than 5% of the particles having diameters
between 100 and 180µm. Table 1 shows the
combustion products of the first seeding flares as
determined by laboratory tests and deduced by
Hindman (1978).
Material
Sodium Chloride
(NaCl)
Potassium Chloride
(KCl)
Lithium Carbonate
(LiCO3)
Magnesium Oxide
(MgO)

Hindman
(%)
19

Laboratory
(%)
21

65

67

1

-

15

12

Table 1 Combustion products of the first South African flares.

Aircraft have proven the most effective way
of delivering the hygroscopic particles to cloud
base at the right place at the right time. Seeding is
done by flying an aircraft just below cloud base in
the updraft region while burning electronically
ignited flares from the cockpit. This is a much
cheaper alternative to cloud top seeding since
single engine un-pressurized aircraft can be used.
A weather radar is used to identify
developing storms in the area of interest as well as
tracking the seeding response of the target storms.
The position and basic parameters of the aircraft
are relayed back to the base station through radio
telemetry. This enables the radar operator to
effectively navigate the aircraft to the appropriate
storm. When the aircraft reaches the storm, the
pilot makes the final judgment on the suitability of
the storm by the visual appearance of the cloud
base (clear, well defined base) and the presence
of an updraft region. If seeding commences, the
pilot will try and stay in the updraft region of the
cloud with guidance from the radar operator.
The minimum set of instruments for a cloud
physics aircraft would be state measurements,
Global Satellite Positioning system (GPS), a
Forward Scattering Spectrometer Probe (FSSP),
Two dimensional optical array cloud and
precipitation imaging probes (2DC and 2DP) and a
liquid water content instrument (for example: The
King Liquid Water Content probe). The seeding
aircraft would at least have a GPS and a radio
telemetry system.
For the randomized experiments a third
party prepared a set of paired envelopes which

were utilized for a double blind procedure. Once a
suitable storm was selected, the radar operator
would open his envelope and broadcast his
decision (seed or no-seed) to the pilot of the
seeding aircraft. A case would be declared and the
decision time noted. The seeding pilot would then
open his matching envelope. The possible
outcomes are listed in table 2.
Radar
Seed
Seed
No seed
No seed

Aircraft
No
Yes
No
Yes

Action
No Seed
Seed
No Seed
Seed

Table 2 Seeding instruction strategy employed to make sure the
radar operator and cloud physics sampling pilots were 'blind' as
to treatment (seed or no seed)

Since the radar operator and cloud physics
crew were ‘blind’ as to the decision the possibility
of any biases in the collection of the radar and
cloud physics data are eliminated. The pilot of the
seeding aircraft will then stay with the selected
storm for a minimum of 15 minutes no matter the
outcome of the seeding decision. A second storm
had to be at least 20-km away from any previously
treated storms.
When doing the semi-operational program, it
was not desirable to miss any cases. The
randomized strategy would therefore not serve as
a viable evaluation method. A non-seeded group
was build by matching the initial growth properties
(before seeding) of the seeded storms with any
other non-seeded storms that occurred during the
season (Terblanche et al. 2000).
Storm properties were calculated from the
radar data utilizing an objective storm-tracking
algorithm. This algorithm has developed into a
system known as TITAN (Thunderstorm
Identification Tracking and Analysis) now used
widely for weather modification evaluation and
radar based climatologies (Dixon and Wiener
1993).

2.

Results

Microphysical measurements showed a
broadening of the droplet spectra around -10°C
around 6 minutes after seeding commenced.
Droplets greater than 32µm was measured, which
is large enough for continued growth by the
process of coalescence. Distributions of this type
were not previously encountered in updraft regions
at these levels in local clouds. Figure 1
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shows a comparison of the droplet spectra of
seeded and non-seeded storms. The droplet
spectra broadening hypothesis was thereby
confirmed
by
in-situ
microphysical
measurements.
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Figure 1. Size distribution of natural and seeded
storms.
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Figure 4. Results of the semi-operational hygroscopic
seeding experiment in South Africa (Terblanche et al. 2000)
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Figure 2 Results of the 5 year randomised hygroscopic
seeding in South Africa .

A total of 127 cases (62 seeded and 65
non-seeded control storms) were treated during
the 5 year South African randomized experiment.
Storms were tracked at the 30 dBZ level joining
together storms from each scan based upon
distances between centroids, speed and
directions of movement, relative changes in
volume etc.
Figure 3 Results of the Mexican hygroscopic seeding
experiment (Bruintjes et al 1999)

Figure 2 shows the results of the South
African randomized experiment. Comparisons of
the time evolution between the first (small
storms), second (median storms), and third
quartiles (big storms) of the seeded vs. nonseeded storms are shown. The same approach
was followed to display the Mexican (figure 3)
and semi-operational South African results
(figure 4).
Statisticaly significant differences in the
seeded and non-seeded groups in all three
experiments strongly suggested an increase in
radar-estimated precipitation. It is also very
encouraging that the same results were obtained
in different parts of the world, and also under a
different experimental plan (as in the case with
the semi-operational South African experiment).

intense dynamic responses as proposed by
Biggs, suggesting that seeding with smaller
hygroscopic particles may have some
advantages.

Figure 5 The diurnal distribution of storm occurrence for the
target area used in the semi-operational South African
experiment

The large difference between the seeded
and non-seeded storm properties after about 35
minutes suggests that the hygroscopic seeding is
affecting the dynamics of the storms. This was
not envisaged at the design of the experiment
and no physical evidence that supports such an
effect was made.

Figure 6 Numerical simulation of the early development in
non-seeded convective clouds (Cooper et al. 1997).

Mather et al (1997) suggests that the
reason for the dynamic effect is a more efficient
rainfall process whereby loading the initial
updraft region with larger particles, leads to an
increase in the downdraft magnitude. This
dynamic effect might trigger new and more
vigorous cloud growth on the flanks of seeded
storms by undercutting the warm inflow in the
storm.
An independent analysis by Bigg (1997)
also found a clear longer lifetime of seeded
storms versus non-seeded storms. He also
suggested that the initiated precipitation lower in
the cloud would not be dispersed so much
horizontally by vertical wind shear. This would
lead to more intense downdrafts.
Numeric simulations by Cooper et al.
(1997) of the low-level evolution of droplet
spectra in seeded and unseeded plumes
confirmed the acceleration of the collision and
coalescence process as observed by the South
African experiment (figure 6 and figure 7). If the
hygroscopic particles were approximately 10µm
in size, precipitation was initiated faster.
Additional hygroscopic particles ingested into the
seeded cloud caused concentrations of drizzle
droplets. Evaporation rates are then greater in
the subcloud layer. This could lead to more

Figure 7 Numerical simulation of the early development in
seeded convective clouds (Cooper et al. 1997).

Streamflow and crop production costbenefit analysis was performed on an
hypothesized 5.7% dry season and 7.2% wet
season annual rainfall for a specific catchment
area in South Africa (Görgens and Rooseboom
1990) (Howard and Görgens 1994 ). An average
increase in mean annual runoff of 32%, reservoir
water yield of 27% and timber yield of 22% was
predicted. Even though very conservative

assumptions were made (that require further
research), the benefits of hygroscopic cloud
seeding seem to outweigh the costs by a
significant margin.
From the observed increases in seeded
storms, an estimate of 75 seeded storms would
increase the area-wide rainfall of that specific
target area with 10%. A 24-hour cloud climatology
database for one season was obtained for the
target area of the semi-operational South African
experiment. Figure 5 shows the diurnal distribution
of all the potential convective cells that could be
possible seeding candidates over the target area.
These calculations indicate the feasibility of an
operational hygroscopic seeding experiment.

3.

Current Work

A recent initiative sponsored by the Office of
His Highness the President of the United Arab
Emirates under the Department of Water
Resources Studies (DWRS) have been
undertaken to evaluate the opportunities of
hygroscopic cloud seeding in the middle east.
Initial studies characterizing the cloud
condensation nuclei population of the area, as well
as other chemical agents have been completed. A
randomized hygroscopic seeding experiment
based on the same approach used in South Africa
and Mexico has started in the summer of 2003.
Details of this work will be presented at this
symposium.
Experiments with different kinds of flares
have been conducted under the UAE sponsorship.
These experiments attempts to optimize the size
distribution of the hygroscopic particles emitted by
the flares by changing the chemical composition
and therefore the burning temperature of the flares
based on modeling estimates. It has been found
that higher temperatures result in bigger particles.
A size dependency on the cooling rate of the
resulting particles is also suspected. The new
‘improved’ flares are being used in the UAE
randomized experiment.

4.

Conclusions

There are some exciting new results of
hygroscopic seeding with flares. This work is still
very exploratory and is a long way from proving
that such techniques can make significant
increases in rainfall on the ground for a variety of
weather and climate regimes. The strong observed
link between microphysical and dynamical
processes also holds some significant implications
for inadvertent weather modification.

The possibility of cloud seeding with
hygroscopic seeding looks promising, but
fundamental questions need to be answered. Key
steps in the chain of physical events have not
been measured and the reason for the delayed
effect of hygroscopic seeding is not known. It must
also be shown that the radar-derived rainfall is not
only the result of a changed droplet size spectra of
precipitation, but an increase in liquid water yield
as a result of a more efficient rainfall process.
The available technology now makes it
possible to answer the outstanding questions.
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Process for planning and implementation
of a Precipitation Enhancement Project (PEP)
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1. Introduction
In many countries the traditional supplies of
surface and underground water, are projected to
become increasingly scarce. By 2025, at least one
third of the world population will experience severe
shortage of fresh water. Considering that the
apparent climate change could lead to
intensification of the hydrological cycle (more
droughts and/or floods), it is obvious that these
fluctuations will impose extra requirements on
fresh water management. Adequate alternative
water supplies must be found to sustain the
needs of the rapidly increasing world population.
Precipitation enhancement (PE) is a
technology applicable only to very specific
meteorological conditions. There is a need for
thorough climatology studies and clear
understanding of the cloud physics processes
before one engage in precipitation enhancement
experimentation. Even then, only with realistic
seeding hypothesis and objectives, can one hope
to have credible results.
Notwithstanding some uncertainties, weather
modification (WM), rain enhancement (RE) or hail
suppression (HS) remains a real potential and
WM should be viewed as a part of an integrated
water resources management strategy. Each
project should be treated as a possible tool among
others for water resource management where
proper conditions exist. It should be considered as
a scientific project. After identification of the needs
for PE and defining its goals, the project should
include the next four phases as was elaborated in
the plans for the WMO Precipitation Enhancement
Project (see WMO-PEP planning Reports #3, 11, 34) :
a. Feasibility study using climatology of
clouds and precipitation in the process of siteselection;
b. Design of experiment as a function of this
climatology and the present knowledge of cloud
physics and weather modification;
c. Implementation of an experiment with
randomization, using extensive physical
measurements and statistical controls;
d. Continuos management assuring objective
and independent evaluation of the results.

Therefore, an experiment based on scientific
requirements should plan for having:
• A c l i m a t o l o g y to assess cloud
characteristics, rainfall distribution and prevailing
synoptic conditions for wet periods essential for
selection of site and seeding season;
• Experimental design incorporating the
field programmes using an instrumented cloud
physics aircraft and weather radar with datarecording capability, during the months with the
largest occurrence of clouds and rainfall in the
region of desirable region. Establish preferable
seeding material and strategy for seeding (cloud
base or cloud top, etc.);
• Assessment and improvements in the data
collection procedures for the weather radar
network, including implementation of similar to
NCAR-TITAN and Central Integrated Data Display
(CIDD) software systems for analysis, display and
archival of quantitative radar data;
• Analysis of the collected ground based
and satellite, aircraft, radar, and air-chemistry data
to determine the natural precipitation processes,
and the effect of seeding on these processes;
• Provision of real-time high-resolution
numerical model forecasts during the field
project periods;
• Atmospheric modeling studies of the
formation of clouds and rain in the specific
meteorological conditions for evaluating and
assessing the potential for cloud seeding;
• Hydrological, environmental and socioeconomic studies to determine the impact of
possible rainfall increase on surface- and
groundwater, on the environment and establish
cost/benefit ratio
Government decision-makers and funding
agencies should be aware that such projects
need considerable funding and personnel
resources, as well as time to acheive conclusive
results.
At present it is accepted that single clouds can
be artificially altered. There are, however, only few
experiments which demonstrate to the satisfaction
of the majority of specialists that the precipitation
of cloud systems can be enhanced. If a thorough
climatological survey of clouds, precipitation and

synoptic situations favoring rain, establishes that
the frequency of occurrence of seedable clouds is
warranting the application of existing seeding
methods for PE, then the most important step is to
elaborate on the project design. This is absolutely
necessary in order to systematically initiating the
setting up and properly conducting the project
function of desirable location, climatology, season,
seeding material, delivery criteria etc. The results
of many “rain-making” projects have been
inconclusive because of the lack of sound scientific
planning, operation and evaluation. Although there
could be slight differences in the preparations of
different projects there are general guidelines that
could be deduced from the elaborate planning of
the WMO–PEP which could help in properly
designing of a PE project.
PE could be economically viable and may
contribute to alleviating some adverse effects of
severe water shortages but this is still to be
demonstrated to the national water managers.
Therefore, should be clear statements how the PE
will be carried and who will benefit. The later
requires preparations of cost/benefit indications
including an environmental assessment study of
the effects of PE.

2. The Objectives of PE project
In many instances the country (or an agency)
is interested in precipitation enhancement and do
not intend to carry out a research experiment.
Nevertheless, there are few basic requirements
necessary to be met in order for the activity to be
based on the current scientific understanding and
to permit the results to be independently
evaluated. The objectives of PE can best be
fulfilled if the experiment is based upon what is
already known about the possibilities of modifying
cloud and precipitation processes.
It should be recognized that there are two
different types of PE experiments; exploratory and
confirmatory. The first is aimed to explore existing
physical and meteorological conditions and after
multiple analyses to develop a seeding hypothesis
for achieving positive results. The confirmatory
experiments are rigorously testing one or more of
previously established specific hypothesis aimed at
PE. To properly carry out any PE it is necessary to
prepare a Project Design in advance.
Justification for starting PEP (e.g. human
needs of more fresh water) should be clearly
explained based on national (regional) facts. The
proposal should be subject to political and
multidisciplinary institutional considerations of
the area, period, goals of PE (i.e. assist water
management, agricultural production, hydropower

etc.). To be prepared for the consideration it is
necessary to have a feasibility study ready
indicating whether PE is at all possible. The study
should be based on existing long-term data of
climatology of clouds, precipitation, and synoptic
conditions, and could be augmented with details of
some microphysical characteristics of the
predominant cloud systems. Any well-designed
experiment must have a clearly stated physical
hypothesis relating a known and well-developed
seeding technology for modification of existing
natural cloud processes to the desired PE effect.
The scientific objectives of a precipitation
enhancement project should represent a logical
development of the rationale guiding the PEP
planning by WMO carried out in Spain (see WMO PEP Report # 3) summarized here as follows:
a) To provide the country with reliable
information about the probabilities of successful
artificial intervention in meteorological processes
with the object of increasing the amount of
precipitation over an area of the order of up to
2
10,000 km . There is also the need for at least one
control area with instrumentation and
characteristics similar to those of the target area.
b) To demonstrate at a satisfactory statistical
significance level over a relatively short
experimental period (~5 years) that any increase
observed is not a chance event but is associated
with the seeding. The principal evaluation of such
experiment would be in terms of precipitation at the
ground, supplemented by use of modern radar
estimations;
c) To obtain sufficient understanding of the
meteorology and cloud physics in the area of the
experiment to ensure that the statistical
association of seeding and any increase in
precipitation will be generally acceptable as a
cause-and-effect relationship;
d) To make an examination outside the target
area in order to determine whether any benefits of
seeding extend over areas greater than the target
a r e a , or whether there has merely been a
comparatively local redistribution of precipitation;
e) To make systematic measurements varying
from mesoscale to cloud microstructure in order to
develop additional co-variates to strengthen the
power of the statistical analysis;
f) To obtain well documented scientific
evidence that may lead to the optimization of the
effects of seeding. For this purpose a series of
systematic cloud physics measurements should be
taken on a routine basis. This would allow the
application of statistical stratification techniques to
relevant physical parameters, and could shed
more light on the quantitative aspects of the
seeding technique;

g) To be able to make some recommendations
about the applicability of the PEP procedures to
other areas of the world.
h) To make an assessment of the social and
environmental impact of precipitation enhancement
activities both within and outside the experiment
target area.
3. Planning for PE project starts with a
feasibility study: Is PE possible?
A PE project must be planned free of nonscientific influences especially in selecting the
location and the season for conducting the
experiment. Detailed feasibility studies of
meteorological, climatological, hydrological, social
and environmental considerations, including
availability of logistic support, are the prerequisite
for selection of an appropriate site and season that
maximizes the chances of achieving the objectives
of a PE project.
The PE project-site should be located in a
relatively homogeneous area for two reasons: to
minimize errors in estimates of mean precipitation
in the target and control areas, and to decrease
the natural spatial rainfall variability, which is very
important for estimating the results of seeding. It
should be extensive enough to have at least one
control area with characteristics similar to those of
the target area.
Based on the precipitation characteristics,
PE conditions usually exist in sites with average
annual precipitation between 400 and 600 mm,
especially if the bulk of the annual precipitation is
falling during a period of about 3-4 months.
However, even in sites with annual rainfall of 200250 mm suitable situations could occur. The
frequency of appearance and synoptic conditions
of these situations should be well established
before starting the experiment. Precipitation
climatology should be prepared using the longest
observational record available (longer than 50
years if possible). Information from both individual
stations and from group of stations covering the
desirable area should be used to prepare statistical
analyses including:
• Establish the long-term monthly and
annual averages their standard deviation (_) and
coefficient of variability (_/mean) and prepare
appropriate graphics;
• Plot average precipitation distribution
maps (monthly and seasonal) for easy
identification of regions with higher natural
precipitation probability;
• Frequency of days with rain-classes
(>0.1, 1.0-4.9, 5.0-9.9, 10.0-14.9, 15.0-19.9 and
>20 mm) for each month and per season;

• Probability for precipitation occurring in
each of the above classes during the different
months (or specifically desired season);
• Diagram of frequency of occurrence
distribution of different classes of precipitation;
• Average precipitation per days with rainfall
>0.1mm;
• Select season with frequent natural rain
events (preferably >>5mm/event) and calculate the
mean, _ and _/mean and the probability of their
occurrence;
• Extract wind direction at surface, 850 and
700 hPa and plot “wind-roses” of the days of
occurrence of the above precipitation classes.
These should be analyzed together with the
synoptic climatology of atmospheric systems
bringing precipitation;
• Region-average length of wet spell
periods (>1, 5, 10, 15, 20 mm), and of periods of
consecutive days without any precipitation (dry
spells).
Numerical analyses of historical rainfall data
should be used to establish on a purely statistical
basis, a guide on possible duration of PE
operations in order to obtain given level of
significance (i.e. 0.90 or 0.95) of the expected
changes in precipitation. PE project should not be
launched unless the probability of detecting
precipitation increases of a given magnitude (e.g.
10-20%) at given significance levels can be
estimated by these methods. This requires an
adequate existing raingauge-network with a
reasonably even distribution over the whole area of
interest. The density of the existing network could
be increased for the experimental period, but at
least 5 to 10 gauges with long-term records (at
least 30 years) should be available on a computercompatible form for the desired area. To conduct a
numerical analyses based on these data in order
to determine the probability of detecting
precipitation increases of 10-20% would be a
necessary step before final selection of a site. In
analyzing the results of the numerical simulation, it
would be necessary to consider what part of the
variance in the historical data was due to
inadequacies of the raingauge network.
The minimum cloud climatology information
needed for PE project design includes:
• Monthly mean number of days with clear
sky (cloud cover <0.2 or <2/8);
• Monthly mean number of cloudy days
(cloud cover >0.8 or >7/8)
• Occurrences of different type of clouds
(low C L , middle C M and by type) and their
distribution in every month. Emphasis should be
given on precipitating clouds and clouds with
vertical development (e.g. Ns, Cb). Their

appearance during the day and night should be
study separately;
• Determination of cloud types from satellite
observations (e.g. single cell convection, imbedded
convection, stratiform and multi-stratiform) and
comparing these classes with the type of
precipitation occurred (light, moderate, heavy);
• Temperature at the base of precipitating
clouds as well as the height of the freezing-level
(from rawinsonde and/or from aircraft);
• Frequency distribution of the altitude of the
0
0
0 and -5 C isotherm on rainy days from minimum
of 20-years of upper-air rawinsonde data.
It is probable that measurements of the height
of the cloud base and top and the temperatures at
these levels could best be made from an aircraft
and/or advanced radar interpretation programme
(e.g. TITAN). The latter could compile a radar
“storm climatologies”
Synoptic weather patterns during the season
planned for PE should be thoroughly studied using
synoptic charts of at least the past 20-years. The
information needed to be summarized include:
• Identification of all synoptic situations
during rainy periods, determine their frequencies
and attempt to group them;
• Plots of the main trajectories of the centers
of low-pressure zones, which are bringing typical
precipitation situations along with air trajectories
over the desirable PE site;
• Identify intensity of the rain bringing
Mediterranean cyclones and related variations of
the macro-circulation regime;
• Classify the natural rain events according
the type of the frontal system with which they
occur.
In addition to extensive climatological
precipitation and cloud characteristics including
related synoptic system-studies, it is necessary to
search for physical characteristics, which as
predictors, would improve understanding of the
precipitation and seeding phenomena, and assist
in acheving success. This task could be facilitated
by detailed analyses of the historical rawinsonde
data from the proposed PE project site Information
0
0
0
on the height of the 0 , -5 and –10 C isotherm is
important in planning for seeding operations. Along
with the synoptic climatology study of the rainysystems, it would be desirable to have additional
data from weather radar and sets or instrumented
aircraft observations of the cloud microstructure of
the prevailing clouds during the planned season for
PE.
As a minimum requirement, during the
preparatory period cloud microstructure
measurements should be made of the amount and
distribution of liquid water, particularly at levels

0

above the -0 C isotherm, together with the
concentration of ice crystals as a function of space
as well as the droplet concentration just above the
cloud base. These factors are of vital importance
in connection with the seeding technique to be
selected. These measurements are likely to give
a good indication of whether the coalescence
process alone could produce rain, or whether the
ice phase was necessary. Moreover it is of
significance in relation to the ice crystal
multiplication process. The above microphysical
(and dynamic) observations must be carried out
sufficiently frequently to give a representative
measure of the properties of the cloud or cloud
system. The availability of an experienced aircrew
(including a cloud physicist) would greatly help in
developing highly efficient in-flight observing
procedures.
During the experiment the microphysical
measurements should be expanded by specially
equipped aircraft and advanced radar (preferably
Doppler) which should provide (in-situ and by
remote sensing) cloud overall characteristics
like type of cloud, its size, extend and structure;
heights and temperatures of the cloud top and
cloud base. Information gathered on cloud
microstructure should include: amount and
0
distribution of liquid H 2 O above -0 level,
concentration of ice crystals – in space, ice nuclei
(also CCN and IN at the cloud base), atmospheric
aerosols and spectrum of large hygroscopic
particles, droplets concentrations and size
spectrum throughout the cloud (preferably above
0
0
the cloud base, at –5 and –10 C isotherm levels).
The latter could help to understand whether
coalescence process alone could produce rain or
ice phase introduction is necessary. Combining the
aircraft, radar and rawinsonde information on a
daily basis should determine the stability and
updrafts distribution throughout the cloud and the
intensity of convection cells.
The PE seeding should not be undertaken
unless the above mentioned analyses of
meteorological and cloud physics elements
indicate that conditions suitable for the seeding
technique to be used occur with reasonable
frequency and that the results will be of
substantial benefit to the area it is desired to
affect.
Infrastructure facilities essential for the selected
PEP site include:
- Extensive near-real-time reporting raingauge
network (preferably automated), radar (preferably
Doppler) with advanced software for following the
clouds development (e.g. TITAN), balloonrawinsonde site, meteorological forecasting and
other related meteorological facilities;

- A 24-hour open airfield with support for
instrument flights and no severe restrictions on
flights over the site. An alternate airfield should be
available at short range;
- At least one aircraft properly instrumented for
seeding and simultaneously caring a minimum of
cloud physics measurements (in an optimal case
there should be seeding and a research aircraft);
- Adequate communications, including roads,
telephones and computing services. There should
be no restrictions on access to the site;
- An operations control center (OCC) as the
focal point of the entire project. It should host the
experts coordinating the flow of information from
ground based, aircraft and satellite data, analyzing
the suitability of the situations for seeding, decision
taking by the Field Director. This site should also
be the centre for cloud modelling and preliminary
data analyses;
- Rawinsonde data must be available two
times per day and more frequently at request by
the OCC throughout the season.
These
observations are necessary for determining the
atmospheric stability and humidity structure, and
possibly for use with seedability models;
- Satisfactory working conditions, including
nearby housing, medical and cultural facilities.
The area selected should be such as to attract and
retain competent scientists and technical staff for
extended periods of time.
The final decision on a site for the PEP
experiment will therefore depend upon an analysis
of the special data obtained and the assessment of
climatological data, the results of the numerical
analyses experiments mentioned in this chapter
and on the availability of proper infrastructure.

4. Experimental Design
Based on thorough climatological and synoptic
studies described above, and once the decision
has been made to explore possibility for
precipitation augmentation, the most important
step is to elaborate a project design. To carry out
a PE project is a long-term commitment. Therefore,
it is absolutely necessary in the design to consider
systematically all the aspects of setting up and
properly conducting and evaluating the PE
project. Function of desirable location, climatology,
season etc. there could be slight differences in the
preparations. However, the Project Design must
address at least the following nine issue:
1. Statement on the goals of the project (is it for
agro, hydro or general needs);
2. Whether the climatology of clouds and
precipitation is favorable for PE in the desirable
project area (define target and adjacent control
sites);

3. Selection of an operational period (function of
the cloud and precipitation climatology !);
4. Specification of cloud seeding hypothesis
and modes (choice of seeding agents, rates of
substances used, and method of their delivery in
the proper place of the cloud);
5. Facilities requirements (incl. radar, aircraft,
extra meteorological stations, in situ p h y s i c a l
characteristics, information from specialized
satellites);
6. Criteria for cloud seeding (radar echo,
0
freezing point, t -profile distribution, type of clouds,
seeding target vs. control area or random, blind
seed/not seed etc) corresponding to the selected
hypothesis;
7 . How will results of the seeding be detected
(measurements at the ground and in-situ
observations of cloud-changes, radar estimates).
Criteria to be followed for evaluation the
significance of results (statistical and physical
characteristic analyses);
8 . Implementation scientific control and
possibility for recommending changes in the
method for optimization of PE including defining
condition at which it is not worthwhile to continue
and seeding operations should be suspended;
9 . Economic, social and environmental
aspects of the PE project, especially whether the
cost of PE activities in the long-term will be
acceptably lower than the likely socio-economic
benefit and that there are not undesirable negative
environmental effects.
It has been proven that the success of PE, in
addition to selection of a suitable site, depends
mostly upon the preparation of a p r o p e r
experimental design which includes closely related
physical and statistical aspects. The final design of
PE project should emerge from the results of
climatological studies, numerical analyses, and onsite investigations. Points that should be
considered during the process of the experimental
design of PE project will now be discussed briefly.
The basic physical design must provide for
facilities for recognition of seeding opportunities,
delivery of seeding agents to specified cloud
systems, and collection of data for evaluation
purposes (see also above listed infrastructure facilities).
Previous experiments in weather modification have
shown the value of a n operation control centre
(OCC) located in or near the target area. Decisions
on seeding opportunities (declaration of
experimental units) and on the details of each
seeding operation would be made at the OCC on
the basis of available meteorological data and
transmitted to the seeding aircraft. The OCC
would also serve as the main collection point for
data gathered for evaluation purposes. The centre
ideally should be located at the airport where the

PEP aircraft were based, with a completely
equipped weather office and direct access to the
radar observations. In planning specific project
some compromises may be required.
The physical design of the project must also
provide for preferably automated raingauge
networks and advanced type radar on which the
main evaluation will be based. The density of the
raingauge network as finally specified will be
strongly influenced by the results of numerical
analyses on historical data. It must include
specification of seeding agents and delivery
s y s t e m s , as noted above. The selection of
optimum seeding techniques is a complex one and
to certain degree depends upon the statistical
design of the project.
The statistical design of a PE project
includes as a minimum the specification of physical
response variables, the designation of target areas
and control areas, and the specification of
experimental units. Since the PE project plan
usually call for statistical evaluation on the basis
of rainfall measurements at the ground, a number
of supplementary response variables should be
examined for their potential value. These include:
radar/raingauge observations, streamflow and the
levels of lakes or reservoirs, and soil moisture.
Because of the power of the randomized crossover
(RCO) design in the statistical evaluation, it
appears desirable to investigate its possible use in
a PE project. However, the RCO design has a
peculiar disadvantage in addition to the possibility
of control area contamination, which affects all
target-control designs. The peculiar disadvantage
is a lack of no-seed cases to generate test
statistics applicable to the natural rainfall. This
lack is especially troublesome in attempts to study
large-area effects.
In addition to laying out target and control
areas, statistical design involves choice of an
experimental unit. There are some conflicting
requirements that must be taken into
consideration.
- the duration of an individual experiment should
be comparatively short in order to increase the
number of units and to avoid significant variations
in values of cloud and precipitation parameters and
in wind direction within a unit;
- the duration should be long enough to ensure
some correlation of conditions over target and
control areas. A further argument for long
experimental units is the need for the "purging" of a
target area on going from a "seed" to a "no-seed"
experimental unit. If the purge time amounts to a
significant fraction of an experimental unit, it is
necessary that experimental units be separated in
time.

The choice of the experimental unit affects the
operational requirements of the project. In some
projects, experimental units have been limited to
daylight hours to avoid the necessity for night time
operations. Such limitations would increase the
time required to obtain conclusive results. Ideally,
the experimental unit should be based not on
operational limitations but on the precipitation
patterns in the area for PE. An experimental unit
could range from several hours for seeding of
convective clouds to few days for a synoptic scale
system.
It is assumed that evaluation of modification
results will be primarily based on the data from the
randomized
modification
experiments
(experimental units). Correlations between
precipitation amounts in different target and control
areas should be exploited. If raingauges are
scarce, these correlations will be more reliable if it
is possible to find statistical relationships between
precipitation amounts measured with the
raingauge network and by radar. Software should
be developed for establishing most expediently
time and space averaging of precipitation amounts
so as to maximize the correlation between target
and control precipitation, as well as between target
precipitation and different combinations of
individual meteorological parameters and cloud
characteristics tested as covariates.
Successful choice of covariates can provide
quite close correlations with precipitation in this or
that territory in this or that time. Thereby, the effect
of the natural precipitation variability (i.e. noise
level) will be substantially suppressed. In selecting
covariates, it will be important to keep the physical
processes of precipitation in mind. Possible
covariates include variables (to be measured in
control area) closely connected with precipitation
and whose values in the target area would change
as a result of seeding.
Numerical models
Numerical simulation analyses for changes in
precipitation processes as a result of cloud
seeding can be very useful for the evaluation of
modification results (as well as planning for
experiments). However, the construction of such
models requires detailed information on synopticand mesoscale processes underlying cloud
development, and also on a number of cloud
parameters which may be unknown at the
beginning of the experiment. The possibility of
development of the above models should be
considered after the selection of a site for PE and
the obtaining of data on mechanisms of cloud and
precipitation formation in this area. If numerical
models can not be created by the beginning of the

experiment their construction should be considered
as the required information is accumulated.
A statistical approach to the analysis of
experimental results using predictors based on the
physics of precipitation-forming processes is
essentially an integration of physical and statistical
methods of evaluation. This integration may allow
the development of more efficient schemes for
evaluation of experimental results, which can be
put in practice during different phases of the PEP
experiment.
Selection of seeding techniques
Here one needs to decide on seeding agents,
their delivery, dispersion and on the rate of
seeding. The seeding technique for a PE project
should be chosen keeping in mind effectiveness,
toxicity, and cost. In considering these matters, the
delivery system should be considered. Pending
final selection of the site, it would be premature to
say whether the seeding should be conducted to
initiate precipitation by the ice process, to produce
dynamic effects in convective clouds, or for both
purposes. It would not be worth pursuing dynamic
seeding effects unless it could be shown that
clouds susceptible to such effects contributed
significantly to the precipitation in the proposed
target area during the season for PEP operations.
What seeding agent to use: Glaciogenic,
Hygroscopic, Liquid propane, or Organic?
Heterogeneous nucleation imitates natural
process; use AgI in acetone solution producing
9
~10 of 0.1 to 1-mm crystals/gr which are most
0
effective glaciogenic at temperatures < -5 C
Homogeneous dry ice (CO2) 0.6 to 1.0 cm
diameter pellets should be inserted directly in the
supercooled part to fall 1-2 km and releases 2 to
11
8x10 ice particles/gr.
Hygroscopic (various compositions exists
e.g. 12% NaCl, 63% KClO4 , 9% Mg, 4% Li2CO3
12
and 12% organic binder) produces ~9.6x10
particles /gr (2-10 _)
Liquid propane is suitable only for ground
generators
Organic effective freezing nuclei (e.g.
Cl3benzene, melamine, metaldehyde) have higher
temperature threshold, low cost but are little tested
in field operations).
At present, silver iodide (Agl) appears as the
most suitable glaciogenic seeding agent. For
seeding of warm (and mixed phase) clouds a
number of experiments using hygroscopic material
reported positive results. (See papers by Bruintjes;
Burger and Terblanche in this Report). When Agl is used it
should be kept in mind that the number of active
ice nuclei among a population of Agl crystals
increases by about one order of magnitude for

each 4°C drop in temperature down to near -20°C.
This means that larger amounts of Agl may be
required to seed clouds with cloud top
0
temperatures a few degrees below 0 C than to
seed larger clouds with colder tops.
In specifying seeding rates, one must balance
the need for ice nuclei active at temperatures of -5
to -10°C against the possibility of overseeding the
colder portions of the clouds. In any case, the ice
nucleus concentrations required in the supercooled
cloud regions can only be estimated on the basis
of previous experiments and crude numerical
models. One may assume that concentrations up
1
to 10 1~ of nuclei effective at -5°C to -10°C will be
desired to initiate precipitation and that higher
concentrations may be needed in some cumulus
clouds to promote dynamic effects.
Delivery and dispersal of seeding material
For effectiveness, all suitable clouds passing
over the target area during each operational unit
randomly declared to be a "seed" unit should be
seeded, yet contamination of the control area must
be avoided. The requirement, then, is to be able to
seed an area of 100 x 100 km continuously, even
during stormy weather with a risk of icing
conditions, with a maximum position error of no
more than a few kilometers. This positioning
requirement applies to the seeding agent as it
arrives in the supercooled cloud region.
Uncertainties about wind direction, updraught
speeds, etc, will contribute to the errors unless the
seeding agent is injected directly into the
supercooled clouds.
The choice between airborne, rocket or
ground-based generators determines the accuracy
of targeting the seeding. Depends on the location
of the area and available resources. The specially
equipped aircraft has proved to be the most
effective, although not the most economic method
(choice of AgI generators, ejectable flares or burnin flare racks also with hygroscopic compositions).
Aircraft would permit more precise placement of
the seeding agent and reduce concerns about
deactivation. The relative advantages of cloud
base, in-cloud, and on-top seeding would depend
upon the capabilities of the aircraft provided, the
precision of available instrumented flight control
systems, and the characteristics of the clouds to
be seeded. Ground-based generators offer the
advantages of low cost and the possibility of
continuous operation over long periods, and their
operation by night may present no particular
difficulties. The disadvantages of ground-based
seeding include uncertainties concerning the
location of the plume of ice nuclei produced, the
possibility of the plume being trapped near the
ground by a stable layer, and the problem of

potential deactivation if ascent to the supercooled
cloud regions were slow.
Criteria for seeding
Success cannot be achieved in a PE project
without the development and strictly adhering to
number of seeding criteria. Some criteria, such as
the presence of supercooled water greater than
3
1gr/m , are obvious, but other variables will enter
the seedability model. The thickness and structure
of clouds are important. If the concept of seeding
for dynamic effects is incorporated into the
physical design, the lapse rate will strongly
influence the possibility of successful cloud
modification. The final set of criteria specified may
well include synoptic-scale predictors, local airmass parameters which correlate with the amount
and duration of precipitation, cloud model
predictions and the character of radar echoes for
the particular project site. It would be helpful if
some preliminary seeding trials could be
conducted before the beginning of the formal
experiment in order to refine seeding criteria as
well as to devise feasible operational procedures.
Last but not least an essential feature of the
design of a weather modification experiment is to
determine in advance how and when to implement
“seed” or “not-seed” decision or to use “blind”
seeding. The possibility of using “target” and
“control” areas are suitable when similarity in the
background meteorology and climatology are
nearly identical and the Project is willing to limit the
seeding only to a “target” area. These are
elements that should be considered and included
in the Project Design. Then they should not be
changed until suitable evaluation of the results is
available after some years. Following the
determination of which approach for seeding will
be followed it is also important to decide on the
experimental (seeding) units as event, day-night or
hours.
Data handling
It is apparent from the discussion above that
large quantities of data would be generated by a
PE project. Much of the data will be used more
than once in systematizing and classifying
experiments as well as in evaluating results from
the physical and statistical point of view. Close
attention must be given to methods of recording,
storing and retrieving the information, especially
that generated at high rates by instrumented
aircraft and radar systems. Reduction to computercompatible format and processing by computer at
the site is essential.

not interfere with the main objectives.
Investigations should be carried out during the PE
project of individual links in the natural and
modified processes of precipitation formation. For
example, a limited physical evaluation might be
performed through comparisons between the time
and space distributions of concentrations of
seeding agent in precipitation at the ground and
the time and location of the cloud seeding. It would
be understood that this evaluation is related to the
problem of targeting, including avoidance of
contamination of control areas, rather than to
determining how much rainfall was produced by
seeding. The timing of any obvious seeding effects
upon cloud structure should be noted.
Investigations of natural and modified cloud
system parameters, of interactions of clouds with
each other and with ambient air, and of
precipitation character (precipitation amount and
intensity, raindrop size spectra, precipitation zone
structure), would all contribute to the interpretation
of the results of the experiment as well as to
improve models of precipitation processes.
Environmental Assessment
A necessary part of the preparatory study is
the assessment of the possible environmental
impact of the project upon each of the sites
subjected to detailed study. This assessment
should take into account the ecological effects of
residues of compounds used as seeding agents in
tracer experiments. It should also examine the
ecological, economic, social and legal aspects of
weather changes likely to be induced by the
seeding. Fortunately, the limited ecological studies
so far available show that no detectable damage
to the environment is likely from quantities of Agl
used on a typical seeding project. The possibility of
ecological damage due to increases or
redistribution of precipitation depends in part upon
the extent to which the site is subject to floods,
mud slides, etc. Choosing a site relatively free of
such hazards would reduce the chance of damage
to the environment.
The economic impact of an enhancement of
precipitation at the site finally selected would
presumable be favorable as the intention is to
locate PEP in a semi-arid region. Differences in
impact would arise depending on whether the
additional precipitation were intended for use
where it fell or for increased runoff and resultant
benefits down-stream. Such factors would affect
the perception of PEP on the part of the people
living in the proposed site.

5. Management of the experiment
Physical studies and evaluations
The PE project design should provide for all
feasible additional learning opportunities that do

The PEP will involve the declaration of
experimental units meeting established criteria, the

conduct of seeding treatments, the collection and
analysis of observations. These activities should
be performed in a consistent manner throughout
the years and, depending on the statistical design,
may be conducted on a 24 hour per day, 7 day per
week basis each seeding season. It was stated
already that an professional direction of PE project
requires an operations control centre in or near the
site. At any given moment, there would be a
designated operations director on duty, who
would be responsible for integrating information
from the weather office, radar sets, instrumented
aircraft, and cloud models to make all necessary
operational decisions according to the scientific
design. The decisions would be relayed to persons
operating seeding equipment and meteorological
instruments.
Decisions on declaration of experimental
units (start seeding) will be based on the synoptic
situation, interpreted in the light of background
observations carried out within the area of the PE
project. Detailed synoptic and upper-air charts as
well as vertical profiles should be compiled
routinely. These will be analyzed together with
satellite data and detailed data on the state of the
atmosphere and clouds over the PE project area
obtained from aircraft, ground, aerological and
radar observation. On the basis of the analysis,
forecasts will be provided for air mass
characteristics and structure, stage of cyclonic
developments and associated fronts (if any), stage
of cloud- and precipitation-development processes,
nature of clouds and moisture supply, possibility of
precipitation and its nature and intensity. These
and other parameters included in the accepted
model of so-called "seedability" will determine the
decision on cloud modification.
When an individual experimental unit is over,
the operation as such should be evaluated
immediately. One would consider here
organizational defects (if any), the reliability of the
weather forecasts and any malfunctions of seeding
equipment or of any meteorological instruments.
The preliminary operational report might well
include recommendations for the following
experimental unit, provided the recommendations
did not violate the already established statistical
design. One could also make p r e l i m i n a r y ,
qualitative estimates of seeding effects, such as
changes in the micro-physical structure of clouds,
especially for cases where special observations
were taken, as long as the statistical analyses are
not compromised in the process. Relationships
between seeding events and precipitation patterns
could be noted, with the estimated rate of
spreading of the seeding agent taken into account.
Precipitation parameters at target and control
stations should be compared, and the possible

occurrence and nature of side-effects, such as hail,
lightning, or very heavy showers should be
considered. The physical measurements of the
meteorological and clouds characteristics of the
weather processes attempted to be modified have
to provide two important inputs:
- Determine whether the change associated with
the seeding was caused by it, or was a chance
event (according the statistics), and
- Basic information on the results of the seeding
which can be applied also to other areas with
similar meteorology as well as in the evaluation
process.
One of the most important m a n a g e m e n t
functions that should be foreseen for a PE project
is to organize systematic scientifically based
implementation control. A Science Advisory
Committee (SAC) for independent control of the
project proceedings could supervise this. Based on
all available data, the SAC should frequently
evaluate the scientific integrity of the project and
recommend corrective measures when necessary.
An expanded function of the Board should include
judgement and evaluation of the economic, social
and environmental aspects of the project. On
advice by the SAC the management should decide
on alternative seeding approach or suspension –
criteria to be implemented for the project. This will
be facilitated if in the Project Design is included
flexible mechanism for decisions on optimization of
the seeding as well as well-thought uniform
evaluation.
The Project management should organize
continuous monitoring of all activities and ways
(e.g. evaluation bulletins) for informing both the
funding organizations and the broad public of the
developments and preliminary results. Periodic
calibrations and inter-comparisons of various
instruments used in the PE project should be
organized. Constant checking of seeding control
procedures and of the quality of data collected will
be required if the project is to fulfill its objectives.
Each year's data should be analyzed in more detail
after the operational season is completed. The
analysis would be intended to check the efficiency
of the applied criteria for cloud seedability and of
the modification technique. The data obtained for a
season would provide a more significant physical
control of seeding than the results of individual
experimental units, and would support preliminary
statistical estimation of seeding results.

6. Concluding remark
Any PE project in order to be on the way to
success should combine the efforts of funding
administrators, scientist planning and working as
seeding operators, the scientific committee which

look for scientific integrity of the PEP and/or
evaluators. They all should work close together
with mutual understanding. Even then, only with
realistic seeding hypothesis and objectives, one
could have credible results.
The basic measurements to evaluate and/or
support seeding hypothesis should be vigorously
carried out.
Operations should include measurements of
physical response variables and be randomized
when possible to allow independent evaluation,
and last but not least the education and training in
cloud physics and associated sciences should be

an essential component. The PE is economically
viable and may contribute to alleviating the
adverse effects of severe water shortages but this
is still to be demonstrated to the national water
managers.
*
*
*

*Numbers of issues related to the preparations for
PE projects are discussed also in the papers by
Berthoumieu, Bojkov, Burger and Terblanche, Karacostas and
Simeonov published in the next pages of this Report.

Essential steps for planning and conduct of PEP
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•

IDENTIFY NEEDS for PEP and DEFINE its GOALS
Justification for starting a PEP (human needs…)
Political and multidisciplinary institutional considerations incl. water management, socio-economic, &
environmental aspects;
Define the goals of PEP (i.e. agro, hydro)
Assure funds and public interest in potential benefits from PEP
FEASIBILITY STUDY - is P.E. POSSIBLE ?
Establish climatology of clouds, precipitation, synoptic conditions, aerological cross-sections for
temperature, wind-rose etc
Investigate prevailing CCN and IC spectrums in desirable for seeding clouds
Identify suitable area, the optimum season, precipitation mechanism that will be changed and duration
period of PEP for obtaining significant results
Clear statement how PEP will be carried, understand how the PE will work and who will benefit incl.
cost/benefit indications
SCIENTIFIC DESIGN and CONDUCT of PEP
Based on state of seeding technology and feasibility study results should determine:
Methods of seeding (air or ground, randomization/cross-over, experimental unit, top or bottom
seeding; which reagent and rate of dispersion)
Define criteria for seeding (e.g. radar echo, temperature, water content, CCN,); The selected WM
hypothesis has to be supported by models
Collection of real-time microphysical and radar data and physical & statistical characteristics for
detection and interpretation of results (incl. aerosol characteristics, cloud droplet distribution, drop
formation, echo development, in natural and seeded clouds).
Assure long-term commitment and provisions for optimization
PEP IMPLEMENTATION CONTROL and EVALUATION
Science advisory board for control of PEP proceedings, considers and recommends corrective
measures to the science-based design
Supervise systematic collection of data for evaluation of effectiveness, economic, social, &
environmental aspects;
Evaluate significance of results, confirm cost/benefit estimates
Decide on corrective measures, alternative approach or invoke suspension-criteria
Arrange for publications of paper(s) and release data for further analyses
PROJECT MANAGEMENT
Project operational control center for daily conduct of PEP design;
PEP officers continuously monitor all activities, care for professionals upgrading, and inform funding
agency and public by periodic bulletins…
Based on results – to be flexible for decision on optimization
Facilitate conduct of uniform evaluation vs. time, and distribute reports of assessments.

How to Plan a Precipitation Enhancement Project
Roelof Burger and Deon Terblanche
South African Weather Service, Private Bag X15, Bethlehem, 9700, South Africa
roelof@theburgerweb.com deon@metsys.weathersa.co.za

Abstract
The perceived success and acceptance of a precipitation enhancement project by the international
scientific community are largely controlled by the overall strategy and design of the project. Thorough
planning and design is therefore central to any precipitation enhance project. The aim of this presentation
is to provide guidelines on planning a precipitation enhancement project using the experiences of the
South African weather modification effort and the WMO recommendations.

1.

Introduction

More than 100 weather modification
projects are operated by dozens of nations. Most
of these emphasize to modify the precipitation
process, rather than to understand it. A sound
scientific basis with independent evaluation is
presently the only known way to quantify the
possible positive economic effects and allow
growth in the knowledge and technology that is
used.
Weather modification projects are often
greeted by skepticisms of the international
scientific community. Although there have been
some fascinating findings, more questions still
remain unanswered. The World Meteorological
Organization (WMO) statement (WMO 2001a)
summarizes the current status of Weather
Modification technology. It states “despite
statistical and physical evidence of radar
estimated precipitation changes in individual
cloud systems in both glaciogenic and
hygroscopic techniques, there is no evidence
that such seeding can increase rainfall over
significant areas economically”. The main focus
of future experiments should build on current
knowledge and technology and attempt to solve
the remaining puzzles.
There are exciting possibilities in finding
solutions to the nagging questions of weather
modification using the extensive array of new
technologies, including advanced, multi
parameter radars, satellite, aircraft platforms,
numerical models and many others. These
efforts will also help to better understand and
predict atmospheric phenomena. However,
precipitation enhancement is still a developing
science and its capabilities should not be over
stated. The difficulties and frustrations of working
with incomplete scientific knowledge, using
advanced and temperamental technology on a

chaotic system like the atmosphere, should be
recognized. Regional cooperation, international
collaboration and effective knowledge transfer
are therefore central to the success of any
precipitation enhancement project.
2.

Planning a PEP

Precipitation enhancement should be seen
as part of a bigger strategy to effectively manage
water resources. Figure 1 shows an example of

Better
Storage

Reduced
Pollution

Water Resources

Alternative Sources

Transfe

Desalinatio

PEP

Etc

Figure 1 PEP forms a small component of a bigger
water resources management plan.

such a management system. Using better
storage facilities that minimize evaporation,
contamination and leakage should optimize
existing water resources. Reducing water
pollution should also protect the quality of water
resources.
Before PEP is commenced, studies should
be conducted to verify that the climatology of
clouds and precipitation indicates the possibility
of precipitation enhancement at particular time of
the year (see related articles by Bojkov, Karacostas and
Simeonov in this volume). The suitable modification

hypothesis should be tested through modeling
studies. It can then be estimated if an operational
PEP could be carried out at a cost acceptably
lower than the socio-economic benefit that is
likely to result. The necessary infrastructure can
then be implemented to facilitate a carefully
planned PEP.

precipitation enhancement project. This can be a
very complicated and expensive task.
International and regional collaboration is
therefore very important.

Feasibility

Only after these steps are completed
should the operational application of the project
be tested. A semi operational approach can be
used to quantify the impacts, logistical
requirements and cost-benefit ratio. If a PEP is
operational, continued evaluation and research is
essential to ensure the effectiveness and
credibility of the project.

Design & Evaluation

Assessment of success of PEP should
follow few principles including:

Need



Implementation


Semi-operational
Operational





3.

Figure 2 Different steps in planning a precipitation
enhancement project.

Figure 2 shows the different steps in
planning a precipitation enhancement project
(these are elaborated also by Bojkov in this volume). Once
the need has been identified and a suitable water
resources management strategy is in place, a
feasibility study should be conducted. The
feasibility study must verify that the climatology
of clouds and precipitation indicates the
possibility of precipitation enhancement at
suitable frequencies. The envisaged changes
induced by precipitation enhancement activities
should be bigger that the natural variability of
rainfall.
The next step would be to design the
experiment and evaluation strategy. Evaluation
of the results should occur through physical
measurements as well as statistical controls
associated with some randomization of the
seeding events. Although scientific evaluation is
difficult and expensive, it’s the only way to
quantify positive economic effects and improve
the understanding of the process and
methodology used (WMO 2001b). Acceptance of
the results depends on the scientific objectivity
and consistency of the project. Independent
evaluation will also increase the credibility of the
project.
The necessary infrastructure can then be
implemented to facilitate a carefully planned

Aim for acceptance by Scientific Community:
•Scientific objectivity •Consistency•Determine
degree of statistical significance.
Follow the Golden Steps: •Physical Evidence
•Modeling •Statistical Evidence•Confirmation.
International Collaboration through WMO.
Publish Results in Scientific Journals!
Ensure Capacity Building.

Conclusions

Local capacity building is a key feature to
a sustained weather modification effort in any
country. Skilled managers, scientists,
technicians, pilots and operators form the
backbone of successful project. An environment
free of political and financial pressure will ensure
that the focus of the project is to produce
answers instead of results.
A long-term commitment is necessary in
order to verify the possible small, induced effect
of precipitation enhancement against the
background of natural variability. The success of
the South African Experiment (see Terblanche et al.,
in this volume) can be ascribes to a stable work
environment and many years of research that
gave scientists with a passion for the field of
weather modification the freedom to find
solutions.
In the future we should aim more toward
Regional collaboration for planning, for sharing of
resources, for training, for answering of key
questions and determining of impacts.
References:
World Meteorological Organization, 2001a, WMO
Statement on the Status of Weather Modification Executive Council - 53 - ANNEX III, 94-98. Geneva,
Switzerland,
World Meteorological Organization, 2001b, Guidelines
for Advice and Assistance Related to the Planning of
Weather Modification Activities - Executive Council 53 - ANNEX IV, 98-99. Geneva, Switzerland,

Assessing the meteorological pre-conditions (incl. clouds &
precipitation climatology) in planning of cloud seeding projects
Petio Simeonov
National Institute of Meteorology and Hydrology, Blvd. Tsarigradsko chaussee 66, 1784-Sofia, Bulgaria
e-mail: petio.simeonov@meteo.bg

Abstract
The good understanding of meteorological pre-conditions concerning precipitable cloud formation is one of
main requirement regarding the site selection for cloud seeding projects. Usually the water scarcity and the
increasing need of additional water supply for melioration, power resources and drinking water enforce the
selection of region for PEP. The climatologists have to provide the resent results of their study on cloudiness,
precipitation and water runoff, whether the decreasing trends were observed. The approach using the
standard meteorological observations needs sufficiently long series of data (of minimum 30 years and more
2
for precipitation data) and appropriate density of stations (for example, the desired density is 20 km per 1
raingage station in case of convective precipitation). The available radar data for cloud and precipitation
characteristics are also useful for pre-condition cloud classification and assessments of effects after cloud
seeding.

1.

General description of prospective region for cloud seeding project (CSP)
General description of region should include:
• Physical characteristics: geographical location of the region, area, topography, river
basin features, number and location of state meteorological and raingage stations, upper air
sounding and radar centers.
• Social-economic characteristics: counties, settlements and inhabitants, existing
industry, communication and agriculture, as well as chemical industry and other sources of air
pollution that may impact cloud-precipitation processes.
• Climatic characteristics: the type of climatic zone and sub-zones (continental, subtropical, Mediterranean etc.); frequency of main circulation systems bringing precipitation or
dry weather (such as Genoa depression, Azores anticyclone, the Icelandic and African lows);
complete rainfall regime components (e.g. monthly and seasonal frequency distribution of
precipitation and rain days). Particularly, the cyclogenesis in Mediterranean and its movement
and variability is most important for the precipitation regime in the countries closed to the
region.
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Fig. 1. Precipitation anomalies in Bulgaria during
the potential crop-growing season relative to
1961-1990 (Alexandrov and Eitzinger, 2003).
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Fig. 2. Anomalies of annual river runoff in
Bulgaria, relative to 1961-1990 (Alexandrov and
Genev, 2002)

The samples of time distribution of annual and seasonal (April-September, important for agriculture)
precipitation for 20th century and the last several decades the in Bulgaria that show the tendency for
precipitation decrease and river runoff down trend (more proper in South plant area) are presented
in Fig.1 and Fig.2. Such research results as well as the obtained (Marinova et al, 2003) decreasing
in number of Mediterranean cyclones moving over Bulgaria in 1980-1999 (see Table 1) was the
reason that the Upper Thracian valley (with Maritsa river basin) was selected as target for a cloud
seeding project.
Table 1.The number of Mediterranean cyclones for
different periods
Observed
period

Total
number

Average
annual
number

Blagoev (1961)

1951-1960

295
283

29
28
18
15
8

Author

Radinovic(1987)

1951-1960

Martinov(1983)

1958-1966

Marinova et al

a)1980-1989

165
148

Marinova et al

b)1990-1999

84

2.

Fig. 3. Areas of generation and paths of movement
of Mediterranean cyclones (Popova et al, 1975)

Climatology of clouds and precipitation

The long-term basic (standard) surface meteorological data for cloud and precipitation have
to be processed to follow CSP purposes:
• choice of suitable site (target and control) selection;
• prediction of the potential for precipitation enhancement during the field experiment;
• determination whether the seeding criteria have been met;
• physical and statistical evaluation of the experiment.
2.1. Climate of clouds using surface, upper-air sounding, and radar data
Cloud types, cloud organization, frequency, area extent, base and top heights and
temperatures are the main climatological characteristics which have to be well studded primarily
before CSP conducting. The cloud reports from synoptic weather stations represent one source of
information which, together with the height of the freezing-level, obtained from upper-air sounding,
provide the first useful indication of the type and physical structure of clouds in a given region.
•
•
•
•

Statistical studies of cloud data from synoptic stations can provide:
Frequency of low (CL), middle (CM) and total cloudiness (and different cloud types - Ns, Cb,
Sc, St, Cu);
Frequency of clouds with vertical development (Cu cong and Cb);
Frequency distribution of clear, cloudy and overcast days.

Some samples (given in the next Tables and Figures) use data from the Spanish (PEP),
Bulgarian and Libyan regional studies illustrate such approach for pre-condition assessment (see
Table 2 and Table 3). This data can be used for the preliminary (climatic) classification of cloud
types in classes: A, B, C and D (according to WMO PEP Rep. No.10 and No.26) and completed
variants using additional upper-air sounding and radar data. The assembled data enable to do this
in the general classes shown in Table 4. Those general classes are extended by mixed cases
used in Bulgarian region (Boev, 2003)

Table 2.Frequency of occurrence (in %) of different cloud types and sky covering from synoptic observations
(1951-1970) in Spanish PEP site selection (WMO PEP Report No.10)
Cloud type
CL - Night
CL - Day
CM- Night
CM - Day
CL or CM- Night
CL or CM - Day
Clear days
Cloudy days
Overcast days

Jan
49
70,5
33,5
44,2
63,3
79,8
11,2
47,7
47,1

Feb
51,2
72,7
35,9
16,3
66
83
15,8
49,7
34,4

Mar
49,9
73,1
46,6
48,2
70,3
83
38,9
45,5
15,6

Apr
47,7
79
50,1
42,93
69,2
85,2
13,4
56,4
30,2

May
42,5
78,1
42,9
37,99
62,1
83,6
17,2
59,3
23,5

Jun
40,9
80,2
41,2
34,6
58,2
84,1
22,7
59,4
17,9

Jul
23,7
64,5
25,3
21
38,4
69,2
51
45,6
3,4

Aug
27,6
56,5
35,6
29,9
48,8
65
42,5
51,5
5,97

Sept
40,5
66,4
47,8
44,58
64,7
77,4
23,5
59,4
17,1

Oct
42,4
68,9
47,7
48,2
66,6
80,1
19,7
54,9
25,4

Nov
50,4
71,4
41,8
49,9
67,8
83,1
15
49
35,9

Dec
47
68,4
32,9
44,9
60,9
79,4
8,8
45,5
45,7

Table 3. Percentage of some cloud types and clear sky appearances over Tripoli during the climateobservations (1893-1939) (source: Prof. R. Bojkov for Tripoli –see this Report)
Month

Jan

Feb

Mar

Apr

Sep

Oct

Nov

Dec

Cb

12.9

10.9

6.7

4.3

2.4

6.3

9.8

11.3

Ns

5.9

3.9

3.5

2.8

1.4

3.2

5.0

6.1

_Cb+Ns

18.8

14.8

10.2

7.1

3.8

9.5

14.8

17.4

Sc

7.1

6.7

5.6

5.9

4.8

7.0

7.6

7.3

St

4.4

4.2

4.5

5.4

2.5

3.5

3.4

4.0

Cu1,2

11.9

12.0

9.6

8.0

7.6

10.8

12.4

11.9

clear

29

31

37

41

54

36

28

27

Table 4. Classification scheme of cloud systems (according to WMO PEP Rep. No.26)
Cloud classes
Aw
Ac

B
C
D
AwC, AwD AcC,
AcD

Type of clouds
Ns; merging layers of Cs and As, or Cs and Ac, non-convective with cloud top
temperatures warmer than -18° C
Ns; merging layers of Cs and As, or Cs and Ac, deep non-convective with cloud top
temperature colder than -18° C. The clouds from classes Aw and Ac generally
produce widespread precipitation of relatively low intensity but of long duration
St, Cu, smaller Cu con, Ac-As, Sc, Ac shallow clouds. They usually produce very
little or no precipitation
Cu med, Cu con (isolated or in system), Cb cal, small Cb cap. Precipitation is
usually spotty and showery
Cb cal and Cb cap - large convective storms producing heavy showers
cloud systems that contained simultaneously non-convective cloudiness from
classes Aw and Ac and convective clouds from classes C and D

More detailed classification of clouds and cloud systems and some of their characteristics
(shown in Table 5), which takes into consideration the regional features, is available using the
radar observation and upper-air data in 424 cloudy days in South Bulgaria (Boev and Petrov,
1992, Boev et al, 1999). The variables are denoted as follows: Hm is the top of cloud’s radar-echo;
H g is the level of cloud base; t m is the temperature at the level H m ; t g is the cloud base
temperature; DH is the vertical cloud depth; MDH is the depth of supercooled cloud layer; S 0 is
the total cloud area; S20 is the cloud area at reflectivity Z ≥ 20 dBZ); SQ e is the effective

precipitation (the amount of precipitation during radar observations); Qh is the average
precipitation per hour.
Table 5. Classes of cloud systems and their averaged characteristics in South Bulgaria
Variable
Hm, km
Hg, km
tm, °C
tg, °C
DH, km
MDH, km
2
S0, km
2
S20, km
Z0, dBZ
SQe, mm
Qh, mm/h

Aw
3.8
0.9
-10.9
3.4
2.9
2.1
4900
183
9
480
142

Ac
5.2
1.9
-22.7
-1.6
3.3
3.0
5520
89
8
348
48

Aw/Ac
4.7
1.3
-16.5
2.3
3.3
2.8
5585
206
9
392
56

Aw/C
5.3
0.9
-14.5
13.0
4.3
2.4
2913
482
14
524
56

Aw/D
7.8
0.8
-25.9
19.4
6.8
4.0
3234
516
17
655
94

Ac/C
6.1
1.0
-21.8
11.6
5.0
3.4
3925
458
15
616
66

Ac/D
8.1
1.3
-32.3
15.2
6.8
4.7
4313
845
17
780
86

B

C

D

3.1
1.5
-10.4
-1.5
1.6
1.4
1784
1.5
7
71
15

5.8
0.8
-15.3
19.5
5.0
2.4
1266
257
17
150
26

9.2
0.7
-34.9
21.4
8.4
5.2
1549
510
21
139
23

The sample of seasonal distribution of that cloud classes and their frequency in each class is
shown in (Simeonov, 1999). The combined use of radar observations on clouds and precipitation
during autumn-winter months (1993 -1999) allowed Boev (2003) to obtain the pre-conditions for
cloud seeding in the project area presented in Table 6.
Table 6. Distribution of clouds into classes in South-Western Bulgaria: number
of cases (N), frequency (n) and the relative portion of total precipitation (m)
Parameter
N

_w
569

_c
234

_
289

_
63

_
55

_w_
62

___
88

__D
70

Total
1430

n (%)

39.8

16.4

20.2

4.4

3.8

4.3

6.2

4.9

100

m (%)

11.1

21.0

0.2

0.7

3.7

3.6

23.6

36.1

100

• A separation of cloud systems into important groups and calculation of the portions of
total precipitation in each group can be done by the use of the next main criteria:
• Group 1: non suitable for seeding: TH5 > -8ϒC and/or Zm < 20 dBZ ;
• Group 2: suitable for seeding: -8ϒC ≥TH5 > -23ϒC and 20ϒC< Zm ≤ 30 dBZ ;
• Group 3: precipitable: TH5 ≤ -23ϒC and Zm > 20 dBZ
where TH5 is the cloud top temperature and Zm is the maximum radar reflectivity
Upper-air soundings could provide additional and suitable characteristics (such as frequency
of wind direction and velocity at the 850 and 700 hPa level, wind shear, mean level and variability
of cloud base, and the location of several important isotherms like freezing level 0°C, as well as 5, -10, and -15°C isotherms) concerning the type of are mass flow, type of cloud systems and
cloud potential for seeding, as well as the choice of means and material for seeding and
forecasting during cloud seeding project. The example presented in Fig.4 shows that 85% of air
mass flows are associated with westerly component in Spain PEP site selected (WMO PEP
Report No.10).
The monthly variations of averaged isotherm levels, connected with cloud physics and cloud
seeding technology, obtained from representative (1200 UT) soundings in NIMH-Sofia station, are
presented in Fig.5. As can be seen from in Table 7, the isotherm levels vary significantly in the
cold half of the year (due to more cases with temperature inversion) and from the winter to
summer time. Such characteristics are necessary to calculate rainy cases. The study of pre-

conditions for CSP includes obtaining of several appropriate instability indices and thermodynamic
characteristics for the convective situations also.

Table 7. Monthly means of important isotherm levels and their coefficients of variability
Isotherm
0C
-5 C
-10 C
-15 C
Month

Hmean
(m)

d=m/_

Hmean
(m)

d=m/_

Hmean
(m)

d=m/_

January
February
March
April
May
June
July
August
September
October
November
December

1444
1411
1659
2162
2865
3435
3728
3785
3485
2813
2053
1590

0.13
0.10
0.16
0.13
0.08
0.05
0.08
0.05
0.08
0.09
0.15
0.12

1983
2074
2371
2870
3619
4282
4624
4724
4424
3695
2964
2279

0.14
0.14
0.16
0.10
0.07
0.04
0.06
0.04
0.04
0.07
0.12
0.12

2856
2835
3227
3736
4484
5118
5437
5514
5230
4624
3958
3329

0.11
0.13
0.13
0.06
0.04
0.03
0.05
0.03
0.04
0.05
0.08
0.08

35
30
25
20

High (m)

Relative frequency (%)

30

17

15

12

10

10

9

7

6
3

5

3

1,5 0,75 0,75
SE

E
EN
E

E

ES

NE

SS

W
NN
E

NN

W

NW
W

SW

SS

NW

W

SW

0

Hmean
d=m/_
(m)
3949
3698
4090
4502
5222
5892
6238
6294
6043
5515
4844
4226

0.10
0.09
0.12
0.06
0.04
0.03
0.04
0.02
0.02
0.03
0.05
0.07
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Fig. 4. Frequency of flow direction at 850 hPa
associated at the 138 rainy periods (1951-1960)
for PEP site in Spain (WMO PEP Rep. No.10)

Fig. 5. Monthly distribution of mean isotherm
levels according to 1200 UTC upper-air soundings
in Sofia (1972-1992)

2.2. Climate of precipitation
The procedure of CSP site selection needs more detailed studies of precipitation distribution
using long time data records from sufficiently dense raingage network. The choice of target and
control area should also be taken into consideration. The spatial distribution could show the area
with insufficient precipitation quantity (see Fig.7).

Fig.7. Map showing the average
annual precipitation (1941-1970)
in the Duero River basin of Spain
(WMO PEP Rep. No.10)

Such general climatic information has to be obtained from long-term observations:
•
•
•

Monthly and seasonal variation of mean and maximum of precipitation and wet days (P≥ 0.1
mm) with standard deviations and coefficient of variation;
Frequency of rainy periods (number of days by classes of precipitation (more detailed class
intervals in mm are preferable for the regions with less precipitation quantity such as [0.1-0.4]
[05-1.0] [1.1-5.0] and so on (see the data in Table 8);
Monthly and annual percentage distribution of precipitation amounts in class intervals as
follows in mm: ≤200. [201-300] [301-400]… [501-600]. ≥601.
Table 8. Monthly mean precipitation (in mm) the distribution of wet days in daily precipitation intervals
and probability (Pw) for wet days in 1961-2000 period in Plovdiv station (by P.Neychev)
Month

mean
mm

0.10.4

0.51.0

1.15.0

5.110.0

10.115.0

15.120.0

20.125.0

25.130.0

30.135.0

35.140.0

>40.1

Jan
Feb
Mar

39
34
40

49
53
70

69
73
47

134
117
130

49
49
55

21
14
17

13
12
15

5
4
1

1
0
6

0
0
1

2
1
1

2
2
2

0.28
0.29
0.28

Apr
May
Jun
Jul

40
63
51
46

63
91
57
41

72
68
65
54

130
176
132
105

50
67
73
41

20
29
32
23

10
25
13
12

2
7
8
7

4
4
6
4

3
3
3
3

1
2
0
3

2
4
1
4

0.30
0.38
0.32
0.24

Aug
Sep
Oct

34
30
32

33
35
48

36
38
42

83
61
92

37
42
46

11
20
18

14
10
9

1
1
6

4
2
2

2
0
1

2
3
0

4
1
1

0.18
0.18
0.21

Pwd

Table 9. Long-term precipitation and related characteristics for Plovdiv (Bulgaria) and Tripoli (Lybia):
monthly mean, probability of “wet days” (Pwd) and mean “clear sky days” (< 0.2 cloudiness)
Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Ann.

Plovdiv

mm
Pwd,

43
0.29

32
0.26

39
0.26

41
0.29

59
0.36

60
0.33

45
0.23

34
0.16

37
0.18

42
0.25

52
0.31

46
0.30

528
0.27

1906-1960

>0.1mm
Clear sky 3.4
days

3.5

4.3

5.1

4.4

5.3

11

14

11.5

8.6

3.9

3.8

79.2

Plovdiv

mm/m

39

34

40

40

63

51

46

34

30

32

45

44

496

1961-2000

Pwd.

0.28

0.29

0.28

0.30

0.38

0.32

0.24

0.18

0.18

0.21

0.26

0.31

0.27

>0.1mm
Clear sky 4.6
days

4.9

5.3

5.1

5.5

7.8

11

13

10.9

8.7

6.1

4.6

87.4

Tripoli

mm

62

32

30

14

5

1

-

-

17

47

58

67

334

1961-1990

Pwd.

0.26

0.19

0.17

0.18

0.21

0.25

±0.035

>0.1mm

Table 10. Percentage distribution of annual averaged precipitation amount (in mm) in the two
deferent climatic regions (Bulgaria and Libya)
City

Years

<200

201-300

301-400

Plovdiv

1906-1960

0

0.0

16.4

27.3

23.6

32.7

Plovdiv

1961-2000

0

2.5

22.5

22.5

32.5

20.0

Plovdiv

1906-2000

0

1.1

18.9

25.3

27.4

27.4

7.3

31.8

31.8

18.2

7.3

3.6

Tripoli

1879-1990

401-500 501-600

>601

The comparison of data in Table 9 and 10 obviously shows: the shift of precipitation toward
low intervals in the new period for Plovdiv and significant difference in the climate of precipitation
between Plovdiv and Tripoli. The overall precipitation was significantly lower (32 mm or 6%) during
the 1961-2000 periods than the mean annual before 1960's. As a result of this classical cloudsprecipitation statistics (probabilities for precipitation and wet days) tone can define the most
suitable months and seasons for cloud seeding in different climate regions.
Another opportunity to study the climate of precipitation is based on a two-state first-order
nonstationary Markov model, describing the process of daily precipitation (developed by Zucchini
et al, 2001). This methodology uses the Generalized Linear Models (GLMs) to model precipitation
occurrence (probability) and intensity (amount when it rains in a specified timescale). Rainfall
models of this kind have been found to be adequate in many different regions. The Markovian
structure of the model preserves the frequency and seasonal variability of runs of wet and runs of
dry days. A visual assessment of the fit of the finite Fourier series to the probability of occurrence
for several climate stations in South Bulgaria (Plovdiv and Chirpan) is given in Fig.8.

Fig. 8. Estimated daily probabilities of rainfall occurrence (1960-2000) compared with actual
frequencies (tiny circles) for 2 meteorological stations (by N.Neykov and P.Neychev, NIMH)
3.

Concluding remarks

Every country interested in CSP has to perform well defined and standardized activities
toward PEP requirements, like
• Summarizing the climatological researches concerning the regional sustainable
tendencies to decreasing of precipitation, precipitable clouds and cloud systems and using
all available source of data as synoptic archives, meteorological base of data, radar and
other remote-sensing records;
• Development of cloud/precipitation classification to facilitate the comparison in site
(target and control) selection for cloud seeding;
• Preliminary assessment of regional physical-climatological features of potential clouds
for rain enhancement and evaluation of the expected social-economical effect;
• Involvement of a hydrological study on water resources and base of data, representative
for cloud seeding effect indication;
• Use of the experience of WMO (PEP in Spain), Italy, Russia, USA and other countries in
climate researches (incl. clouds and precipitation);
Acknowledgements: The author is grateful to Dr. R. Bojkov from WMO for his contribution with
climate data for Tripoli, to the Drs. V. Alexandrov, T. Marinova, P. Boev, N. Neykov and P.
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(iii)

(iv)

(v)

More active participation of research satellite
agencies in operational coordination and
planning groups must be encouraged and
expanded;
Opportunities need to be fostered for satellite
remote-sensing capabilities to evolve;

(vi)
(vii)

R&D satellite operators must identify and
confirm an intention to provide data for an
identified period of time;
There be continuity of calibration of datasets
(bias estimations);
Responsibility for long-term maintenance of
datasets be identified.

ANNEX III
Annex to agenda item 5.6 of the general summary

WMO STATEMENT ON THE STATUS OF WEATHER MODIFICATION
INTRODUCTION
For thousands of years people have sought to modify
weather and climate so as to augment water resources
and mitigate severe weather. The modern technology of
weather modification was launched by the discovery in
the late 1940s that supercooled cloud droplets could be
converted to ice crystals by insertion of a cooling agent
such as dry ice or an artificial ice nucleus such as silver
iodide. Over 50 years of subsequent research have greatly
enhanced our knowledge about the microphysics,
dynamics and precipitation processes of natural clouds
(rain, hail, snow) and the impacts of human interventions on those processes.
Currently, there are dozens of nations operating
more than 100 weather modification projects, particularly in arid and semi-arid regions all over the world,
where the lack of sufficient water resources limits their
ability to meet food, fibre, and energy demands. The
purpose of this document is to present a review of the
status of weather modification.
The energy involved in weather systems is so large
that it is impossible to create artificially rainstorms or to
alter wind patterns to bring water vapour into a region.
The most realistic approach to modifying weather is to
take advantage of microphysical sensitivities wherein a
relatively small human-induced disturbance in the system can substantially alter the natural evolution of
atmospheric processes.
The ability to influence cloud microstructures has
been demonstrated in the laboratory, simulated in
numerical models, and verified through physical measurements in some natural systems such as fogs, layer
clouds and cumulus clouds. However, direct physical
evidence that precipitation, hail, lightning, or winds can
be significantly modified by artificial means is limited.
The complexity and variability of clouds result in great
difficulties in understanding and detecting the effects of
attempts to modify them artificially. As knowledge of
cloud physics and statistics and their application to
weather modification has increased, new assessment criteria have evolved for evaluating cloud-seeding
experiments. The development of new equipment —
such as aircraft platforms with microphysical and

air-motion measuring systems, radar (including Doppler
and polarization capability), satellites, microwave
radiometers, wind profilers, automated raingauge networks, mesoscale network stations — has introduced a
new dimension. Equally important are the advances in
computer systems that permit large quantities of data to
be processed. New datasets, used in conjunction with
increasingly sophisticated numerical cloud models, help
in testing various weather modification hypotheses.
Chemical and chaff tracer studies help to identify airflow in and out of clouds and the source of ice or
hygroscopic nucleation as the seeding agent. With some
of these new facilities, a better climatology of clouds and
precipitation can be prepared to test seeding hypotheses
prior to the commencement of weather modification
projects.
If one were able to predict precisely the precipitation from a cloud system, it would be a simple matter to
detect the effect of artificial cloud seeding on that system. The expected effects of seeding, however, are
almost always within the range of natural variability
(low signal-to-noise ratio) and our ability to predict the
natural behaviour is still limited.
Comparison of precipitation observed during seeded periods with that during historical periods presents
problems because of climatic and other changes from
one period to another, and therefore is not a reliable
technique. This situation has been made even more difficult with the mounting evidence that climate change
may lead to changes in global precipitation amounts as
well as to spatial redistribution of precipitation.
In currently accepted evaluation practice, randomization methods (target/control, crossover or single area)
are considered most reliable for detecting cloud-seeding
effects. Such randomized tests require a number of cases
readily calculated on the basis of the natural variability
of the precipitation and the magnitude of the expected
effect. In the case of very low signal-to-noise ratios,
experiment durations in the range of five to over 10
years may be required. Whenever a statistical evaluation
is required to establish that a significant change resulted
from a given seeding activity, it must be accompanied by
a physical evaluation to:

ANNEX III

(a) Confirm that the statistically-observed change is
likely due to the seeding; and
(b) Determine the capabilities of the seeding method to
produce the desired effects under various
conditions.
The effect of natural precipitation variability on the
required length of an experiment can be reduced through
the employment of physical predictors, which are effective in direct proportion to our understanding of the
phenomenon. The search for physical predictors, therefore, holds a high priority in weather modification
research. Physical predictors may consist of meteorological parameters (such as stability, wind directions,
pressure gradients) or cloud quantities (such as liquid
water content, updraught speeds, concentrations of large
drops, ice-crystal concentration or radar reflectivity).
Objective measurement techniques of precipitation
quantities are to be preferred for testing weather modification methods. These include both direct ground
measurements (e.g. raingauges and hail pads) and remote
sensing techniques (e.g. radar, satellite). Secondary sources,
such as insurance data (as have in the past been employed
to show changes in hail intensity) are, at least by themselves, not held to be satisfactory in most situations.
Operational programmes should be conducted with
recognition of the risks inherent in a technology which
is not totally developed. For example, it should not be
ignored that, under certain conditions, seeding may
cause more hail or reduce precipitation. However, properly designed and conducted operational projects seek to
detect and minimize such adverse effects. Therefore,
weather modification managers are encouraged to add
scientifically-accepted evaluation methodologies to be
undertaken by experts independent of the operators.
Brief summaries of the current status of weather
modification are given in the following sections. These
summaries were restricted to weather modification activities that appear to be based on acceptable physical
principles and which have been tested in the field.

FOG DISPERSAL
Different techniques are being used to disperse warm
(i.e. at temperatures greater than 0°C) and cold fogs. The
relative occurrence of warm and cold fogs is geographically and seasonally dependent.
The thermal technique, which employs intense
heat sources (such as jet engines) to warm the air directly and evaporate the fog, has been shown to be effective
for short periods for dispersal of some types of warm
fogs. These systems are expensive to install and to use.
Another technique that has been used is to promote
entrainment of dry air into the fog by the use of
hovering helicopters or ground-based engines. These
techniques are also expensive for routine use.
To clear warm fogs, seeding with hygroscopic materials has also been attempted. An increase in visibility is
sometimes observed in such experiments, but the manner and location of the seeding and the size distribution
of seeding material are critical and difficult to specify. In
practice, the technique is seldom as effective as models

95

suggest. Only hygroscopic agents should be used that
pose no environmental and health problems.
Cold (supercooled) fog can be dissipated by growth
and sedimentation of ice crystals. This may be induced
with high reliability by seeding the fog with artificial ice
nuclei from ground-based or airborne systems. This
technique is in operational use at several airports and
highways where there is a relatively high incidence of
supercooled fog. Suitable techniques are dependent
upon wind, temperature and other factors. Dry ice has
commonly been used in airborne systems. Other systems
employ rapid expansion of compressed gas to cool the
air enough to form ice crystals. For example, at a few airports and highway locations, liquid nitrogen or carbon
dioxide is being used in ground-based systems. A new
technique, which has been demonstrated in limited trials, makes use of dry ice blasting to create ice crystals
and promote rapid mixing within the fog. Because the
effects of this type of seeding are easily measured and
the results are highly predictable, randomized statistical
verification generally has been considered unnecessary.

PRECIPITATION (RAIN AND SNOW) ENHANCEMENT
This section deals with those precipitation enhancement
techniques that have a scientific basis and that have
been the subject of research. Other non-scientific and
unproven techniques that are presented from time to
time should be treated with the required suspicion and
caution.

Orographic mixed-phase cloud systems
In our present state of knowledge, it is considered that
the glaciogenic seeding of clouds formed by air flowing
over mountains offers the best prospects for increasing
precipitation in an economically-viable manner. These
types of clouds attracted great interest in their modification because of their potential in terms of water
management, i.e. the possibility of storing water in reservoirs or in the snowpack at higher elevations. There is
statistical evidence that, under certain conditions, precipitation from supercooled orographic clouds can be
increased with existing techniques. Statistical analyses of
surface precipitation records from some long-term projects indicate that seasonal increases have been realized.
Physical studies using new observational tools and
supported by numerical modelling indicate that supercooled liquid water exists in amounts sufficient to
produce the observed precipitation increases and could
be tapped if proper seeding technologies were applied.
The processes culminating in increased precipitation
have also been directly observed during seeding experiments conducted over limited spatial and temporal
domains. While such observations further support the
results of statistical analyses, they have, to date, been of
limited scope. The cause and effect relationships have
not been fully documented, and thus the economic
impact of the increases cannot be assessed.
This does not imply that the problem of precipitation enhancement in such situations is solved. Much
work remains to be done to strengthen the results and
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produce stronger statistical and physical evidence that
the increases occurred over the target area and over a
prolonged period of time, as well as to search for the
existence of any extra-area effects. Existing methods
should be improved in the identification of seeding
opportunities and the times and situations in which it is
not advisable to seed, thus optimizing the technique
and quantifying the result.
Also, it should be recognized that the successful
conduct of an experiment or operation is a difficult task
that requires qualified scientists and operational personnel. It is difficult and expensive to fly aircraft safely in
supercooled regions of clouds. It is also difficult to target
the seeding agent from ground generators or from
broad-scale seeding by aircraft upwind of an orographic
cloud system.

Stratiform clouds
The seeding of cold stratiform clouds began the modern
era of weather modification. Shallow stratiform clouds
can be under certain conditions made to precipitate,
often resulting in clearing skies in the region of seeding.
Deep stratiform cloud systems (but still with cloud tops
warmer than –20°C) associated with cyclones and fronts
produce significant amounts of precipitation. A number
of field experiments and numerical simulations have
shown the presence of supercooled water in some
regions of these clouds and there is some evidence that
precipitation can be increased.

Cumuliform clouds
In many regions of the world, cumuliform clouds are the
main precipitation producers. These clouds (from small
fair weather cumulus to giant thunderclouds) are characterized by strong vertical velocities with high
condensation rates. They can hold the largest condensed
water contents of all cloud types and can yield the highest precipitation rates. Seeding experiments continue to
suggest that precipitation from single cell and multicell
convective clouds have produced variable results. The
response variability is not fully understood.
Precipitation enhancement techniques by glaciogenic seeding are utilized to affect ice phase processes
while hygroscopic seeding techniques are used to affect
warm rain processes. Methods to assess these techniques
vary from direct measurements with surface precipitation gauges to indirect radar-derived precipitation
estimates. Both methods have inherent advantages and
disadvantages.
During the last 10 years there has been a thorough
scrutiny of past experiments using glaciogenic seeding.
The responses to seeding seem to vary depending on
changes in natural cloud characteristics and in some
experiments they appear to be inconsistent with the
original seeding hypothesis.
Experiments involving heavy glaciogenic seeding of
warm-based convective clouds (bases about +10°C or
warmer) have produced mixed results. They were
intended to stimulate updraughts through added latent
heat release which, in turn, was postulated to lead to an

increase in precipitation. Some experiments have
suggested a positive effect on individual convective cells
but conclusive evidence that such seeding can increase
rainfall from multicell convective storms has yet to be
established. Many steps in the postulated physical chain
of events have not been sufficiently documented with
observations or simulated in numerical modelling
experiments.
In recent years, the seeding of warm and cold convective clouds with hygroscopic chemicals to augment
rainfall by enhancing warm rain processes (condensation/collision-coalescence/break-up mechanisms) has
received renewed attention through model simulations
and field experiments. Two methods of enhancing the
warm rain process have been investigated: first, seeding
with small particles (artificial CCN with mean sizes
about 0.5 to 1.0 micrometres in diameter) is used to
accelerate precipitation initiation by stimulating the
condensation-coalescence process by favourably modifying the initial droplet spectrum at cloud base; and
second, seeding with larger hygroscopic particles (artificial precipitation embryos about 30 micrometres in
diameter) to accelerate precipitation development by
stimulating the collision-coalescence processes. A recent
experiment utilizing the latter technique indicated statistical evidence of radar estimated precipitation
increases. However, the increases were not as contemplated in the conceptual model but seem to occur at
later times (one to four hours after seeding), the cause of
this effect is not known.
Recent randomized seeding experiments with flares
that produce small hygroscopic particles in the
updraught regions of continental, mixed-phase convective clouds have provided statistical evidence of
increases in radar-estimated rainfall. The experiments
were conducted in different parts of the world and the
important aspect of the results was the replication of the
statistical results in a different geographical region. In
addition, physical measurements were obtained suggesting that the seeding produced a broader droplet
spectrum near cloud base that enhances the formation
of large drops early in the lifetime of the cloud. These
measurements were supported by numerical modelling
studies.
Although the results are encouraging and intriguing, the reasons for the duration of the observed effects
obtained with the hygroscopic particle seeding are not
understood and some fundamental questions remain.
Measurements of the key steps in the chain of physical
events associated with hygroscopic particle seeding are
needed to confirm the seeding conceptual models and
the range of effectiveness of these techniques in increasing precipitation from warm and mixed-phase
convective clouds.
Despite the statistical evidence of radar estimated
precipitation changes in individual cloud systems in
both glaciogenic and hygroscopic techniques, there is
no evidence that such seeding can increase rainfall over
significant areas economically. There is no evidence of
any extra-area effects.

ANNEX III

HAIL SUPPRESSION
Hail causes substantial economic loss to crops and property. Many hypotheses have been proposed to suppress
hail and operational seeding activities have been undertaken in many countries. Physical hypotheses include
the concepts of beneficial competition (creating many
additional hail embryos that effectively compete for the
supercooled water), trajectory lowering (intended to
reduce the size of hailstones) and premature rainout.
Following these concepts, seeding methods concentrate
on the peripheral regions of large storm systems, rather
than on the main updraught.
Our understanding of storms is not yet sufficient to
allow confident prediction of the effects of seeding on
hail. The possibilities of increasing or decreasing hail
and rain in some circumstances have been discussed in
the scientific literature. Supercell storms have been recognized as a particular problem. Numerical cloud model
simulations have provided insights into the complexity
of the hail process, but the simulations are not yet accurate enough to provide final answers. Scientists in
operational and research programmes are working to
delineate favourable times, locations and seeding
amounts for effective modification treatments.
A few randomized trials have been conducted for
hail suppression using such measures as hail mass, kinetic energy, hailstone number and area of hailfall.
However, most attempts at evaluation have involved
non-randomized operational programmes. In the latter,
historical trends in crop hail damage have often been
used, sometimes with target and upwind control areas,
but such methods can be unreliable. Large reductions
have been claimed by many groups. The weight of scientific evidence to date is inconclusive, neither
affirming nor denying the efficacy of hail suppression
activities. This situation is motivation for operational
programmes to strengthen the physical and evaluation
components of their efforts.
In recent years, anti-hail activities using cannons to
produce loud noises have re-emerged. There is neither a
scientific basis nor a credible hypothesis to support such
activities.
Significant advances in technology during the last
decade have opened new avenues to document and
better understand the evolution of severe thunderstorms
and hail. New experiments on storm organization
and the evolution of precipitation including hail are
needed.

OTHER SEVERE WEATHER MODERATION
Tropical cyclones contribute significantly to the annual
rainfall of many areas, but they are also responsible for
considerable damage to property and for a large loss of
life. Therefore, the aims of any modification procedure
should be to reduce the wind, storm surge and rain
damage, but not necessarily the total rainfall. Hurricane
modification experiments were conducted in the 1960s
and early 1970s. However, there is no generally accepted
conceptual model suggesting that hurricanes can be
modified.
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While modification of tornadoes or of damaging
winds is desirable for safety and economical reasons,
there is presently no accepted physical hypothesis to
accomplish such a goal.
There has been some interest in the suppression of
lightning. Motivation includes reducing occurrences of
forest fires ignited by lightning and diminishing this
hazard during the launching of space vehicles. The concept usually proposed involves reducing the electric
fields within thunderstorms so that they do not become
strong enough for lightning discharges to occur. To do
this, chaff (metallized plastic fibres) or silver iodide have
been introduced into thunderstorms. The chaff is postulated to provide points for corona discharge which
reduces the electric field to values below those required
for lightning, whereas augmenting the ice-crystal concentration is postulated to change the rate of charge
build up and the charge distribution within the clouds.
Field experiments have used these concepts and limited
numerical modelling results have supported them. The
results have no statistical significance.

INADVERTENT WEATHER MODIFICATION
There is ample evidence that biomass burning, and agricultural and industrial activities modify local and
sometimes regional weather conditions. Land-use
changes (e.g. urbanization and deforestation) also modify local and regional weather. Air quality, visibility,
surface and low-level wind, humidity and temperature,
and cloud and precipitation processes are all affected by
large urban areas. As environmental monitoring and
atmospheric modelling capabilities are improved, it is
increasingly evident that human activities have significant impacts on meteorological parameters and
climatological mechanisms that influence our health,
productivity and societal infrastructure. Inadvertent
effects need to be considered in the design and
analyses of weather modification experiments and operations (e.g. changes in background aerosol distributions
affect the cloud structure and may affect precipitation
processes).

ECONOMIC, SOCIAL AND ENVIRONMENTAL
ASPECTS OF WEATHER MODIFICATION
Weather modification is sometimes considered by countries when there is a need to improve the economy in a
particular branch of activity (for example, increase in
water supply for agriculture or power generation) or to
reduce the risks that may be associated with dangerous
events (frosts, fogs, hail, lightning, thunderstorms, etc.).
Besides the present uncertainties associated with the
capability to reach such goals, it is necessary to consider
the impacts on other activities or population
groups. Economic, social, ecological and legal aspects
should be taken into account. Thus, it is important to
consider all the important complexity and recognize the
variety of possible impacts, during the design stage of an
operation.
Legal aspects may be particularly important when
weather modification activities are performed in the
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proximity of borders between different countries.
However, any legal system aimed at promoting or
regulating weather modification must recognize that
scientific knowledge is still incomplete.
The implications of any projected long-term weather modification operation on ecosystems need to be
assessed. Such studies could reveal changes that need to
be taken into account. During the operational period,
monitoring of possible environmental effects should be
undertaken as a check against anticipated impacts.

SUMMARY STATEMENT AND RECOMMENDATIONS
To answer the need for more water and less hail in many
regions of the world, some progress has been made during the past 10 years in the science and technology of
weather modification. Large numbers of programmes in
fog dispersion, rain, snow enhancement and hail suppression are in operation. Several research experimental
programmes are supported in some countries and
include randomized statistical evaluations. Improved
observational facilities, computer capabilities, numerical
models and understanding now permit more detailed
examination of clouds and precipitation processes than
ever before, and significant advances are consequently
possible. New technologies and methods are starting to
be applied and will help to lead to further understanding and development in this field.
In the light of this review of the status of weather
modification, the following recommendations are made
to interested Members of WMO:

(a) Cloud, fog and precipitation climatologies should
be established in all countries as vital information
for weather modification and water resource studies
and operations;
(b) Operational cloud-seeding projects should be
strengthened by allowing an independent evaluation of the results of seeding. This should include
measurements of physical response variables and a
randomized statistical component;
(c) Education and training in cloud physics, cloud
chemistry, and other associated sciences should be
an essential component of weather modification
projects. Where the necessary capacity does not
exist, advantage should be taken of facilities of
other Members;
(d) It is essential that basic measurements to support
and evaluate the seeding material and seeding
hypothesis proposed for any weather modification
experiments be conducted before and during the
project;
(e) Weather modification programmes are encouraged
to utilize new observational tools and numerical
modelling capabilities in the design, guidance and
evaluations of field projects. While some Members
may not have access or resources to implement
these technologies, collaboration between Member
States (e.g. multinational field programmes, independent expert evaluations, education, etc.) are
encouraged that could provide the necessary
resources for implementing these technologies.

ANNEX IV
Annex to agenda item 5.6 of the general summary

GUIDELINES FOR ADVICE AND ASSISTANCE RELATED TO THE PLANNING OF WEATHER
MODIFICATION ACTIVITIES
1. These guidelines are addressed to Members requesting advice or assistance on weather modification
activities. They include recommendations that are based
on present knowledge gained through the results of
worldwide theoretical studies as well as laboratory and
field experiments. A synthesis of the main basic concepts and main results obtained in the weather
modification programmes is given in the WMO
Statement on the Status of Weather Modification. This
Statement was revised during the twentieth session of
the Executive Council Panel of Experts/CAS Working
Group on Physics and Chemistry of Clouds and Weather
Modification Research and was approved by the fiftythird session of the Executive Council in June 2001.
2. Members wishing to develop activities in the field
of weather modification should be aware that research
and operational applications are still under development. It should not be ignored that under certain
conditions, seeding may be ineffective or may even
enhance an undesirable effect (increase of hail, reduc-

tion in rain). However, properly designed and conducted projects seek to detect and minimize such adverse
effects. It is recognized that scientific evaluation may be
a difficult task, but this is the only way presently known
to avoid negative results, quantify positive economic
effects and allow improvements in the understanding
and methodology that is used. The revised WMO
Statement on the Status of Weather Modification
referred to in paragraph 1 distinguishes the various types
of weather modification and the degree of confidence
necessary to obtain the desired effect from cloud seeding. The confidence level is very high for operational
dissipation of supercooled fog and moderate for increasing snowfall from orographic clouds. The confidence
level is not high for suppressing hail.
3. WMO recommends that operational cloud seeding
projects for precipitation modification be designed to
allow evaluation of the results of seeding through physical measurements and statistical controls associated
with some randomization of the seeding events. The
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physical measurements should include characterization
of the seeding material. Care should be taken to engage
qualified operators. The objective evaluation should be
performed by a group independent of the operational
one. Such programmes should be planned on a longduration basis because precipitation variability is
generally much greater than the increases or decreases
claimed for artificial weather modification. The use of
appropriate numerical models may help in reducing the
time required to evaluate the project.
4. WMO recommends that a detailed examination of
the suitability of the site for cloud seeding should be
conducted similar to that done in the Precipitation
Enhancement Project, for which WMO reports are available. To increase the chances of success in a specific
situation, it should be verified through preliminary studies that:
(a) The climatology of clouds and precipitation at the
site indicates the possibility of favourable conditions for weather modification;
(b) Conditions are suitable for the available modification techniques;
(c) Modelling studies support the proposed weather
modification hypothesis;
(d) For the frequency with which suitable conditions
occur, the changes resulting from the modification
technique can be detected at an acceptable level of
statistical significance;
(e) An operational activity can be carried out at a cost
acceptably lower than the socio-economic benefit
that is likely to result.
All prospective studies require expert judgement and the
results are expected to depend on the site chosen and on
the season.
5. There are no quantitative criteria for the acceptance
of the results of a weather modification experiment.

99

Acceptance will depend on the degree of the scientific
objectivity and the consistency with which the experiment was carried out and the degree to which this is
demonstrated. Also important are the physical plausibility of the experiment, the degree to which bias is
excluded from the conduct and analysis of the experiment, and the degree of statistical significance achieved.
There have been few weather modification experiments
that have met the requirements of the scientific community with respect to these general criteria. However, there
are exciting possibilities now for making progress in our
understanding of weather modification issues using
modern research tools, including advanced radar, new
aircraft instruments and powerful numerical models.
6. Weather modification should be viewed as a part of
an integrated water resources management strategy.
Instant drought relief is difficult to achieve. In particular, if there are no clouds, precipitation cannot be
artificially stimulated. It is likely that the opportunities
for precipitation enhancement will be greater during
periods of normal or above normal rainfall than during
dry periods.
7. The Members should be aware that the scope of
efforts involved in the design, conduct or evaluation of
a weather modification programme precludes the WMO
Secretariat from giving detailed advice. However, if
requested, the Secretary-General may assist (by obtaining advice from scientists on other weather modification
projects or with special expertise) on the understanding
that:
(a) Costs will be met by the requesting country;
(b) The Organization can take no responsibility for the
consequences of the advice given by any invited
scientist or expert;
(c) The Organization accepts no legal responsibility in
any dispute that may arise.

ANNEX V
Annex to paragraph 7.2.6 of the general summary

STATUS OF THE HYCOS COMPONENTS UNDER IMPLEMENTATION OR DEVELOPMENT
MED-HYCOS
1. The implementation of the first phase of the
MED-HYCOS project, funded by the World Bank, has
continued under the agreement between WMO and the
French Institute of Research for Development (IRD)
which hosts the project Pilot Regional Centre (PRC) at
its premises in Montpellier (France).
2. The major output of the first phase has been the
establishment of the Mediterranean Hydrological
Information System (MHIS) (http://medhycos.mpl.ird.fr),
which has been developed by the PRC with the
contribution of experts seconded from participating
countries. The MHIS provides information on
the project, the participating NHSs, the observing
network, etc. The MHIS core is represented by the

regional data bank and the related tools for data
retrieval and display. The regional database contains
data from 94 stations, including 31 equipped with DCPs
within the project’s framework. Copies of the MHIS on
CD-ROM are updated regularly and distributed free of
charge.
3. A project document is being developed for a second
phase of the project with focusses on the regional
approach to hydrological problems, on real-time data
collection, on technology transfer and on Internetoriented outputs. In particular, it would aim at
transferring to the NHS of the participating countries the
tools and the skills developed at the regional level, with a
view to promote the establishment of national
hydrological information systems.

APPENDIX B
Permanent Committee on Meteorology of the League of Arab States
in collaboration with
Italian Ministry of Foreign Affairs' Development Cooperation
and the

World Meteorological Organization
REGIONAL SEMINAR ON CLOUD PHYSICS AND WEATHER
MODIFICATION
(Damascus, 17 - 21 October 2003)
Local organization by the Syrian Meteorological Department

PROGRAMME*
Friday, 17 October:

Arrival of participants (registration in International Hotel, Bahsa Street 4)

Saturday, 18 October
First session
Opening Ceremony

09:30
Presided by H.E. Dr. Adel Safar
Minister of Agriculture,
Syrian Arab Republic

(in the National Library Al Assad)

Statements by :
Mr. Imad Eddin Al-Beik

General-Director, Meteorological Department,
Syrian Arab Republic

Mr Abdo Bejjani

Chairman, Permanent Committee on Meteorology
of the League of Arab States

Dr Salem Al-Lozi

Director-General, Arab Organization for Agricultural
Development (AOAD)

Eng. Noury Rahomi

Director-General of Arab Centre for Studies of Arid Zones
and Dry Lands (ACSAD)

Dr. Elena Manaenkova

Director WMO Atmospheric Research and Environment
Programme, Address on behalf of the World Meteorological
Organization

H.E. Dr. Laura Mirachian

Ambassador of Italy to the Syrian Arab Republic

H.E. Dr. Adel Safar

Minister of Agriculture, Syrian Arab Republic

coffee/tee

10:30 - 11:00

The papers presentation session starting at 11:15 - in International Hotel

*As at 18 October

Second session
11:15 - 13:30

Chairman:

Mr. Imad Al Dean Khalil,
Meteorological Department of Syria

Opening Lectures
- Status of the scientific approach to
weather modification - WMO activities
and international collaboration

Prof. Rumen D. Bojkov
Advisor to the Secretary-General of WMO
on Global Environmental Issues
also with Dresden University of Technology

- The physics of clouds and precipitation

Prof. Mladjen Curic´
University of Belgrade, Serbia

- Motivation for scientifically based precipitation
enhancement experiments

Dr. Roelof T. Bruintjes
Advisor to DWRS, Abu Dhabi, U.A.E.

Break for lunch
Third Session

15:00 - 18:15

Chairman:

Prof. Franco Prodi, Director of ISAC,
Bologna, Italy

- Rain Enhancement Project
in Syrian Arab Republic 1991-2002

Dr. Ali Abbas
Director, Syrian Precipitation Project

- Rain Enhancement
in the Middle East

Dr. Jury V. Melnichuk
Central Aerological Observatory-Moscow

- Experience of cloud seeding with hygroscopic
nuclei

Mr. Roelof Burger and Dr Deon Terblanche,
South African Weather Service, also advisors
to DWRS, Abu Dhabi, U.A.E.

- A computerized approach to point out
cause-effect relationship in cloud seeding

General Abele Nania Former Director
of the Italian Meteorological Service and

operations and quality of the results

Former Scientific Coordinator of the
Italian Rain Enhancement Project

- Design and overview of the feasibility study
for rainfall enhancement in the U.A.E.
- Classification and physics of clouds
observed in Syria

Mr. Abdulla Mangoosh, Director, DWRS
Abu Dhabi, U.A.E.
Mr. Imad Al Dean Khalil
Syrian Meteorological Department

Manufacturer of some hydrometeorological and atmospheric environment monitoring
instruments has arranged exhibition (on Saturday/Sunday in the lobby of the hotel)

Sunday, 19 October
Forth session
09:00 - 13:30

As at 18 October

Chairman:

Mr. Abdulla Mangoosh, Director, Department
of Water Resources Studies/ Office of H.H.
The President of UAE, Abu Dhabi
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Opening lectures
- Scientific requirements and results of
precipitation enhancement experiments in
the semi-arid regions incl. the Middle East

Prof. Albert Chernikov and Boris Koloskov
Director, Central Aerological Observatory,
Moscow

- Process for planning and implementation
of a Precipitation Enhancement Project (PEP)
and Precipitation and cloud characteristics
for planning of PE in the Southern coast of
Mediterranean: few examples

Prof. Rumen D. Bojkov
Advisor to the Secretary-General of WMO
on Global Environmental Issues
also with Technical University Dresden

- Assessing the meteorological pre-conditions
(incl. clouds & precipitation climatology)
in planning of cloud seeding projects

Dr. Petjo Simeonov
Head of Meteorology in the Bulgarian
Institute for Meteorology and Hydrology

-Synoptic, dynamic and cloud microphysical
characteristics related to PEPs

Prof. Theodore S. Karacostas
University of Thessalonici, Greece

- Physical methods in evaluating rain
enhancement projects

Prof. Franco Prodi, Director, Institute
for the Sciences of the Atmosphere and
Climate (ISAC), Bologna, Itally

- Socio-economic and environmental
aspects of precipitation enhancement

Dr. Jean-Francois Berthoumieu
Director ACMG, Aerodrome d’Agen, France

- How to plan a precipitation enhancement
project

Mr. Roelof Burger and Dr Deon Terblanche,
South African Weather Service, also advisors
to DWRS, Abu Dhabi, U.A.E.

- Aircraft requirements for cloud seeding

Eng. Andrea Adani Independent Consultant,
Lugano, Switzerland

Break for lunch
Fifth Session

15:00 - 17:30

Chairman:

Dr. Ali Abbas Director Syrian Rain
Enhancement Project

Case Studies
- Rain Enhancement in Morocco
the Al-Gait project

Mr. Abdellah Mokssit and Laidi Grana
Meteorological Service of Morocco

- Rain Enhancement
developments in Algeria

Mr. Lazreg Benaichata, Research Station
Tiaret, National Meteorological Service

- Assessing meteorological conditions for Rain
Enhancement in the I. R. of Iran

Dr. Ali M. Noorian and J.B. Jamali,
I.R. of Iran Meteorological Organization

- Rain Enhancement in Iraq

Dr. Rasheed Al-Naimi
Iraqi Meteorological Organization, Baghdad

- Rain Enhancement in Jordan

Mr. Nabil Kafawin

Meteorological Department of Jordan
- Hydrometeorological equipment used in rain
enhancement and atmospheric monitoring

Dr. Giancarlo Pedrini
Independent Consultant, Bologna, Italy

Monday, 20 October
As at 18 October
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Sixth session

09:00 – 13:30

Chairman:

Dr. Ali Abbas Kais, Director-General
Iraqi Meteorological Organization, Baghdad

Opening lectures
- How to build up knowledge needed for
weather modification experiments

Prof. Mladjen Curic, University of
Belgrade, Serbia

- Which university education and experimentation
is recommended for cloud physicists for work
in precipitation enhancement

Prof. Franco Prodi, Director of ISAC,
Bologna, and University of Ferrara, Italy

- Automated climate database for a sustainable
productivity and management of agricultural
systems in Lebanon

Dr. Fadi Karam
Dept. of Agro-meteorology, Agricultural
Research Institute of Lebanon, Tal Amara

- Irrigation water management in the Mediterranean: Prof. Aref Hamdy and Giancarlo Mimiola
The precipitation enhancement perspectives
Director of Research in the Mediterranean
in the Region
Agronomic Institute – Bari, Italy
Case Studies
- Weather modification experiments in
Bulgaria

Dr. Petio Simeonov
Head of Meteorology in Bulgarian Institute
for Hydrology and Meteorology

- Planning for PE in Libyan A. J.

Mr. Ahmed Alamre, CPRP - Tripoli Airport
Break for lunch

Seventh session

15:00 - 16:15

Chairman:

Prof. Aref Hamdy, Director of Research
CIHEAM, Bari, Italy

Feasibility Study:
- Plans for rain enhancement in Egypt

Dr. Rabie S. Fouli,
Egyptian Meteorological Authority, Cairo

- Importance of agro-meteorology for reclamation
of drought areas in the Jazirah Plateau in Syria

Mr. Gianni A. Crema, Independent
Consultant, Verona, Italy

- Open Discussion on the Rationale for a rain
enhancement project for the Jazirah Plateau
and surrounding area

Dr. Ali Abbas (Syria)
Dr. Rasheed Al-Naimi (Iraq)

Eighth concluding session

16:30 - 18:00
Round-table discussion with Co-Chairmen:
Consideration of possible recommendations

Dr. Ali Abbas, Prof. Rumen D. Bojkov,
Dr. Roelof Bruintjes, Prof. Aref Hamdy,
Dr. Ali Kais, and Prof. Franco Prodi

Closing ceremony of the presentations at 18:00

Tuesday, 21 October - a field trip to the meteorological station in Palmira
As at 18 October

4

APPENDIX A

LIST OF PARTICIPANTS
Regional Seminar on Cloud Physics and Weather Modification
(Damascus 17-21 October 2003)

__

Invited keynote speakers
_
Dr. Jean-François BERTHOUMIEU
Director of ACMG
Aérodrome d'Agen
47520 LE PASSAGE, France
Tel: +33 553 77 08 48
Fax : +33 553 68 33 99
e-mail: acmg@acmg.asso.fr
Prof. Rumen D. BOJKOV
CIPSEM – Dresden University
Lossnitzgrund Strasse 8
01445 RADEBEUL, Germany
Tel: + 49 351 833 6074
Fax: + 49 351 833 6075
e-mail: bojkovr@aol.com

Prof. Theodore KARACOSTAS
Department of Meteorology
Aristotel University of Thessaloniki
54006 THESSALONIKI, Greece
tel: +302.310.998-456
fax; +302.310.995-392
e-mail: karak@geo.auth.gr
Dr. Fadi KARAM
Department of Irrigation and Agro-meteorology
Lebanese Agricultural Research Institute
Tal Amara P.O. Box 287 – ZAHLE, Liban
Tel: +961 8 90 00 37
Fax: +961 8 90 00 77
e-mail: fkaram@lari.gov.lb

Dr. Roelof J. BRUINTJES
c/o Dept. Water Studies Resources Studies
Office of H.H. the President of UAE
P.O. Box 4815
ABU DHABI, United Arab Emirates
Tel: +97 12 642 77 77
Fax: +97 126 42 77 11
e-mail: roelof@ucar.edu

Gen. Abele NANIA
Italian Rain Project
via Flores 1
72011 BRINDISI, Italy
Tel: +39 08 31 418 574
Fax: +39 08 31 418 574
e-mail: pipabel@libero.it

Prof. Albert CHERNIKOV
Director Central Aerological Observatory
Pervomayskaya 3
141700 Dolgoprudnaja,
Moscow Region, Russian Federation
Tel: +7 095 408 6148
Fax: +7 095 576 3327
e-mail: albert@orm.mipt.ru

Prof. Franco PRODI
Director Institute for
Atmosphere and Climate
Via Gobetti 101
I-40129 BOLOGNA, Italy
Tel: +39 051 639 9618
Fax: +39 051 639 9658
e-mail: f.prodi@isac.cnr.it

Prof. Mladjen CURIC
Institute of Meteorology
University of Belgrade
P.O. Box 368
11000 BELGRADE, Serbia
Tel: +38 111 625 981
Fax: +38 111 328 2619
e-mail: curic@ff.bg.ac.yu

Dr. Petio SIMEONOV
Deputy Director for Meteorology
Institute of Meteorology and Hydrology
Blvd Tsarigradko chaussee 66
1784 SOFIA, Bulgaria
Tel: + 3592 975 3585
Fax.+ 3592 . 988 0328
e-mail: petio.simeonov@meteo.bg

Invited lecturers
Eng. Andrea ADANI
c/o Aerotech SA
Via Laubertenghi 5
69000 LUGANO, Switzerland
Tel:+ 4191.923-3822
Fax: + 4191 923 8627
e-mail: aerotech@bluewin.ch

Mr. Gianni CREMA
Via Carlo Cattaneo 24
37121 VERONA, Italy
Tel:+ 39 338 528 2227
Fax: + 39051 528 2227
e-mail: gc@aes2002.com

Dr. Salem AL-LOZI
Director-General of Arab
Organization for Agricultural Development
P.O. Box 474
KHARTOUM, Sudan
Tel: + 249 11 471 374
Fax:+ 249 11 471 050
e-mail: info@aoad.org

Prof. Atef HAMDY
Director of Research
Mediterranean Agronomic Institute - Bari
Via Ceglie 9
70010 VALENZANO, Italy
Tel + 39080 460 6287
Fax + 39080 460 6206
e-mail: hamdy@iamb.it

Dr. Rasheed AL-NAIMI
Chief Rain Enhancement Project
Iraqi Meteorological Organization
Almansoor
P.O. Box 6078
BAGHDAD, Iraq
Tel :
Fax :
e-mail :

Dr. Boris P. KOLOSKOV
Central Aerological Observatory
Pervomayskaya 3
Moscow Region, Russian Federation
Tel: +7095 408 6163
e-mail: bkoloskov@yahoo.com

Mr. Abdo BEJJANI
Chairman Committee on Meteorology of LAS
c/o Service Météorologique
Aéroport International de Beyrouth
BEYROUTH, Liban
Tel: +961 1 628 187
Fax: +961 1629 046
e- mail: meteolb@meteolb.org
Mr. Roelof BURGER
Department of Water Resources Studies
Office of H.H. the President of UAE
P.O. Box 4815
ABU DHABI, United Arab Emirates
Tel: +97 12 642 7777
Fax: +97 12 642 77 11
e-mail: roelof@theburgerweb.com

Dr. Yuri V. MELNICHUK
Central Aerological Observatory
Pervomayskaya 3
141700 DOLGOPRUDNY,
Moscow Region, Russian Federation
Tel: +7 95 408 7719
Fax: +7 95 576 3327
e-mail: yumel@orm.mipt.ru
Dr. Giancarlo PEDRINI
Via Murri 49
40137 BOLOGNA, Italy
Tel + 39 051 345 289
Fax + 39051 345 289
e-mail: pedrini@tin.it

Country nominated participants (listed by country alphabetical order)
Mr. Lazreg BENAICHATTA
Office National de la Météorologie
Station de recherche en
physiques des nuages
BP 45, TIARET- RP 14000, Algeria
Tel: +213 4644 0650
Fax: +213 46 44 02 17
e-mail: I.benaichata@caramail.com
and I.benaichata@meteo.dz

Mr. Hocine DICHE
Office National de la Météorologie
Avenue Khemisti
BP 153
DAR EL BEIDA, Algeria
Tel: +2132 50 73 93
Fax: +2132 50 88 49
e-mail: h.diche@meteo.dz

Mr Ali Khalaf YUSIF
Bahrain Meteorological Service
Civil Aviation Affairs
BAHRAIN International Airport
P.O. Box 586, Bahrain
Tel: + 973 966 4688
Fax: + 973 32 06 30
e-mail: amhisa@bahrain.gov.bh
Mr ADEL Tarrar Mohamed
Bahrain Meteorological Service
Civil Aviation Affairs
BAHRAIN International Airport
P.O. Box 586, Bahrain
Tel: + 973 32 11 70
Fax: + 973 32 06 30
e-mail: amhisa@bahrain.gov.bh
Dr. Rabie Sayed FOULI
Egyptian Meteorological Authority
Kobry El-Quobba
P.O. Box 11784
CAIRO, Egypt
Tel: +2 02 684 9858
Fax: +2 02 684 9858
e-mail: rabiesf@yahoo.com
Mr. Wahid Mousfufa MOHAMED
Egyptian Meteorological Authority
Kobry El-Quobba
P.O. Box 11784
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Importance of agro-meteorology for the reclamation of drought areas:
The Ras-El-Ein Project in the Jazira plateau in Syria
Gianni Crema
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Abstract
PART I : Agro-meteorology and drought
1. Introduction on agro-meteorology and its
increasing importance for a balanced and
sustainable agricultural development;
2. Agro-meteorology as an essential help for
drought combat;
3. Relations between agro-meteorological
practices and rain enhancement, to
improve agricultural yields, reducing water
consumption for irrigation; preventing plant
diseases, etc.;
4. Outline of agro-meteorological modelling:
most common types of models, inputs
needed and expected outputs;
5. Present status and future plans of agrometeorology in Syria.

PART II: The Jazira Plateau (Ras-El-Ain) Project
as a case study:
1. The Al Jazira plateau area: environmental
features (climate, temperature, rain
stability, water availability, socio-

economy,etc), and problems to be faced
(subsidence of water layer, drought,
decreasing yields, etc..);
2. Present conception of Ras-el-Ain
Agricultural reclamation project:
objectives, contents, institutional setting,
expected results;
3. Agro-meteorology as an essential tool for
the agricultural reclamation in the Jazira
Area (Hassakè Province);
4. Possibility for using rain enhancement
when proper conditions exist as one of the
elements for water management;
5. The proposed agro-meteorological
monitoring system for Ras-El-Ain;
6. Working scheme and institutional setting;
7. Project monitoring and T.A. to farmers:
importance of an effective extension
service, data collection and dissemination;
8. A short cost/benefit analysis: preinvestment and investment costs;
operating costs; expected benefits

Automated Climatic Database for a Sustainable Productivity and
Management of Agricultural Systems in Lebanon
Fadi Karam
Department of Irrigation and Agro-Meteorology, Lebanese Agricultural Research Institute, Tal Amara,
P.O. Box 287 – Zahlé – Lebanon, fkaram@lari.gov.lb

Introduction
In the Mediterranean region, the pressing
problem of progressive drought is becoming more
and more a priority consideration. Prolonged
cycles of drought due to water shortages,
associated to environmental restrictions, such as
low precipitation and high temperatures, have
resulted in a reduction of vegetation cover and by
consequence enhanced soil erosion and
degradation. Drought is defined as a
meteorological and environmental event where
absence of rainfall for a period of time is enough to
cause depletion of soil moisture and damage to
plants.
In these circumstances, the risk of
environmental degradation through losses of water
and soil has also reduced crop yield reliability. To
know why certain species and varieties survive or
even thrive in habitats where others fail requires a
better understanding of how their physiological
processes are affected by environmental factors.
Physiological studies have been shown to give
adequate responses of the vegetation adaptation
mechanisms to stress in relation to soil and
climate uniformity. The latter can be defined in
terms of mean temperature and rainfall pattern.
Potential evapotranspiration, which reflects the
water deficit of the atmosphere, may also be
relevant.
Weather data originating from automated
meteorological stations are representative of the
meteorological conditions at the station site and its
immediate surroundings only. The radius, within
which the station data can be regarded, as directly
representative, depends on the climate of the
region. The purpose for which the data are used,
the accuracy required and the rate of
environmental changes over space vary greatly
with topography. While at terrain level, data from a
weather station can be applicable within a radius
of several kilometers, at mountains level, this
radius can be shrunk to a few hundred meters,
even less if altitude differences are of concern.
Spatial interpolation of the data from the nearest

neighbor station is sometimes required in
order to enable predictions of weather-driven
variables for other sites. Since the spatial
interpolation of daily weather data is often difficult
to do, in many cases the need arises to use a
weather generator whose coefficients can be
spatialized. This involves fitting statistical models
to the climatic data.
The main consideration resulting from the
analysis of weather data can then be used for
producing maps of eco-zones, i.e. homogenous
land classes for physical-climate characteristics,
and maps of desertification classes of risk. These
are based on the calculation of a Desertification
Risk Index (DRI), using mean annual temperature,
mean annual precipitation, mean monthly
precipitation, and the Normalized Difference
Vegetation Index (NDVI).
The Lebanese Agricultural Research
institute (LARI), through the department of
Irrigation and Agro-Meteorology (DIAM), has
started in 1997 a collaboration project with the
National Meteorological Service (NMS) of the
International Airport of Beirut. The aim is at
providing weather information to permit the
analysis of climatic variability over the country, in
combination with advanced spatialization
techniques, and to create space-time models of
climate for the evaluation of drought risks on land
cover and agricultural development.

The Climate of Lebanon
The climate of Lebanon is typically
Mediterranean, humid to sub-humid in the wet
season to sub-tropical in the dry season. The wet
season coincides with winter period that lasts from
15 November till 15 April. In winter, the
atmospheric pressure perturbations originating
from South Europe cause abundant rainfall at the
coast and on the mountains parallel to it. The dry
season coincides with summer period, which starts
in June till the end of September. During this

period, no rain is recorded and a state of high
pressure dominates the whole country, with a
general tendency toward Northeast. In summer
period, the occidental winds coming from Greece
humidify the air on the coast and in the mountains
and lower slightly the temperatures.
The National Meteorological Service
(NMS) defined eight eco-climatic zones. The
principal criterion for zonation was rainfall.
According to their geographical situation, the ecoecological zones are distributed as follow (Figure
1):
1. The coastal strip, including northern, central
and southern coastal zones;
2. The mountains, or the Mount-Lebanon, which
are divided into two zones; northern and
central, as indicated;
3. The inland divided into three zones: northern,
central and southern Bekaa Valley.
While the coastal and mountainous areas
are characterized by abundant rainfall distributed
over winter season, the Bekaa Valley has a semiarid to continental climate with unpredictable
rainfall and recurrent drought. The rural
communities who live in this area are mostly
dependent on rainfed cropping. In the central part
the climate is semi-arid, whereas in the northern
part it is almost arid to continental, since it is
separated from the sea effect by the presence of a
high and ridge mountain chain, which height near
3000 m a.s.l. In the southern Bekaa Valley, a subhumid Mediterranean climate is dominant, with
more reliable rainfall.

In the coastal lands, rain is caused by the
accumulation of heavy saturated clouds, or
“cumulonimbus”, the rain received by the
mountains is mainly due to the difference in land
topography and to the fast variation of climatic and
environmental conditions between the sea and the
mountains. This is very typical of the northern and
central coastal areas, where the high chain of
surrounding mountains constitutes a natural
barrier to the clouds in the way before reaching the
inland.
Precipitation
Average annual precipitation on the
coastal strip ranges between 700 and 1000 mm,
with an increase tendency northward (Figure 1).
The northern and mid parts of Mount-Lebanon
chain form a natural barrier to the transversal
movement of the clouds and result in heavy rains,
which sometimes exceed 1500 mm, most of them
fall as snow. Whereas the western foothills of
Mount-Lebanon are climatically Mediterranean, the
eastern foothills are less humid, with subMediterranean climatic conditions, in which rain
average 600mm.
As a result, there is a season of stable
rainfall between November and April, with
maximum amounts in January, ranging from 50
mm in at El Qaâ in the Northern Bekaa Valley, to
150 mm at Ksara in the Central Bekaa Valley. On
the mountains, average rain recorded in January
varies between 350 mm at Laqlouq in the Northern
Mountains, to 300 mm at Jezzine in the Central
Mountains. At the coast it is around 200 mm
(Figure 2).
Temperature

Figure 1. Geographic location of Lebanon

Mean annual temperature varies on the
coast between 19.5 °C and 21.5 °C. It decreases
approximately 3°C for each 500 m elevation. At
1000 m a.s.l. mean annual temperature is around
15 °C and becomes 9°C at 2000 m a.s.l (Figure 3).
The lowest temperatures recorded in January vary
from 7°C at the coast to –4°C on the mountains.
On the contrary, the highest temperatures are
obtained in July, where maximum daily
temperatures exceed 35°C in the Bekaa Valley.
Similar temperature values can also obtained at
the coast, with less adverse effects due to the
relatively high relative humidity. Figure 4
summarizes average annual maximum and
minimum temperatures in climatically different
locations.
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Figure 2. Map of precipitation ranges

Figure 3. Map of temperature classes

(From Careaux-Garson, in International Workshop on "Desertification in the Mediterranean Drylands: results and perspectives in
monitoring and application", Trieste, Italy, 6-8 September 2001)

Weather data generation
The Lebanese Agricultural Research
Institute (LARI) has started in 1997 an action
aiming at characterizing the agro-climatic zones in
Lebanon, with the objective to provide weather
information that permit to expand the analysis of
the climatic variability over the country. The
National Meteorological Service (NMS) supported
the action. The approach was based on spacetime climate software, called CATRA, which used
a stochastic climate model, called CAOBS. The
later plays the role of a spatial weather generator.
CAOBS, in combination with advanced
spatialization techniques, is used to create spacetime models of climate and to create maps of static
land properties of various weather-driven
phenomena for the evaluation of drought risks.
The resulting maps are amenable to postprocessing using Geographic Information System
(GIS) software.
Weather data originating from the
automated meteorological stations are
representative of the meteorological conditions at
the station site and its immediate surroundings
only. The radius, within which the station data can
be regarded, as directly representative, depends
on the climate of the region. The purpose for which
the data are used, the accuracy required and the
rate of environmental changes over space vary
greatly with topography. While at terrain level, data

from a weather station can be applicable within a
radius of several kilometers, at mountains level,
this radius can be shrunk to a few hundred meters,
even less if altitude differences are of concern.
Spatial interpolation of the data from the nearest
neighbor station is sometimes required in order to
enable predictions of weather-driven variables for
other sites. Since the spatial interpolation of daily
weather data is often difficult to do, in many cases
the need arises to use a weather generator whose
coefficients can be spatialized. This involves fitting
statistical models to the climatic data.
A study of the ecological characterization
should therefore be planned for Lebanon. The
study covers climates, soils, topography and landcover. This in practice involves compiling and
adapting of public-domain spatial data sets that
can be integrated and implemented through a GIS
project, using adequate and accurate software.
Spatial data sets include altitude, slopes, agroclimatic zones, soil type, land cover and weather
information. For land cover, global or regional data
sets could be in some cases insufficient. For this
reason, a new methodology can be developed
using the Normalized Difference Vegetation Index
(NDVI). This methodology for land cover
classification is built on the hypothesis that for a
country like Lebanon, with many different climatic
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domains, it is not possible to adopt a single set of
NDVI threshold for different land cover types.

Weather data and agricultural water use
estimation

The current method relies on linking NDVI
indicators with climate and land-use information.
Through this approach, it would be possible to
identify, with a high degree of accuracy, the
different land cover types, and to select among
them what are the most vulnerable ones to
drought risks. For this reason, data sets of climatic
information from the national spread weather
stations can be used as a part of the National
Meteorological
Database.
Potential
evapotranspiration can also be computed using
one of the methods recommended by the FAO
Consultant Group. The data sets can then be
converted into Excel spreadsheets, which allow
the users to access easily to individual stations
data, and to visualize the derived agro-climatic
information, such as climate charts, heat and
water balances of specific regions.

Several methods are available to estimate
the crop water requirements, based on weather
variables, soil and plant parameters, deduced from
direct field measurements. This paper describes
two main methods, the first is that one proposed
by the FAO and is based on the estimation of daily
potential evapotranspiration by the empirical
formula of Penman-Montheith. Actual crop
evapotranspiration is then calculated by
introducing crop coefficients (Smith, 1992). The
second method refers to the water balance of crop
simulation models, such as CERES (Jones and
Kiniry, 1986) and WOFOST (Diepen et al., 1988).

The main consideration resulting from the
analysis of weather data can then be used for
producing maps of eco-zones, i.e. homogenous
land classes for physical-climate characteristics,
and maps of desertification classes of risk based
on the calculation of a Desertification Risk Index
(DRI). For this one is using mean annual
temperature, mean annual precipitation, mean
monthly precipitation, and the Normalized
Difference Vegetation Index (NDVI), the latter is
defined as:

NDVI = (ρ NIR − ρ RED ) (ρ NIR + ρ RED )
Where ρNIR is the reflectance in the near-infrared
band and ρ RED is the reflectance in the red band.
NDVI permits to detect the changes and trends of
the vegetation in last years by means of highresolution spatial sensors.
DRI is then calculated as:

T
DRI =
PxNDVIxJ ′(P)
Where

T=

t
t max

(t = average annual temperature,

tmax= max annual temperature);

P=

p
p max

(p= average annual precipitation, pmax=

max annual precipitation);
J’(P) =Pielou’s precipitation evenness.

The procedure developed by the FAO is
largely described in Doorenbos and Pruit (1977)
and has been found to be the most practical
worldwide:
ETm = ETo × Kc

The crop coefficient Kc is highly dependent
on soil and crop conditions. ETm is measured
directly using weighing or drainage lysimeters, or
indirectly by simulation of the water balance
equation, whereas ETo is estimated by one of the
several empirical formulas largely described in
literature that use climatic data, such as the
Penman-Monteith equation. It can be also
determined from the evaporation of water from a
standard-size pan:
ETo = Eo × Kp
E o is evaporation from a free-water surface and Kp is
the pan coefficient (0.7 to 1.1).

More recently, CROPWAT (Smith 1992), a
computer program to calculate crop water
requirements and irrigation requirements from
climatic and crop data, was developed on the
basis of the procedures described by Doorenbos
and Pruit (1977) and Doorenbos and Kassam
(1985). CROPWAT adopts the method of
Penman-Montieth for estimating reference crop
evapotranspiration as recommended by the FAO
Expert Consultation in 1990.
CROPWAT utilizes a set of input data
including climate data for the calculation of
reference evapotranspiration (ETo ) at a monthly
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basis. It also utilizes crop data, such as the length
of the individual growing stages and crop factors
(Kc). For this reason it distinguishes four growing
stages: Initial phase, development stage, midseason and late season. The model considers for
each crop during these stages a rooting depth,
representing the effective soil depth from which
the crop abstracts its water, and an allowable
depletion, which represents the critical soil
moisture level below it water stress, affects
evapotranspiration and crop production.
All water balance models tend to
determine the volume of water that is applied at
time t on a given area. The water balance of a
system is the difference between inputs and
outputs which represents the storage of water
within the system itself. The inputs are generally
precipitation and irrigation. Outputs are drainage,
runoff and evapotranspiration (James et al., 1982):
P + I – Dr – Ro – ET + θe - θb = 0
Where P is precipitation, I is irrigation, Dr is
drainage, Ro is runoff, ET is evapotranspiration, θe
is the soil water content at the end of a time
interval, θb is the water content at the beginning of
the same time interval. In most water balance
models,
all
components
are
measured
experimentally and ET is obtained by difference.

that can be transmitted in real or near time to
national and regional databases. Such network will
undoubtedly facilitate the dissemination and use of
water-related information by mean of a friendlyuser web of Internet.
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The advantages of the soil water balance
approach are the ease of data processing and
their integration in the soil water reservoir. The
disadvantages are the low level of measurement
accuracy and the difficulty of assessing ET during
periods of rain. Especially for large areas where
this method is discounted by the lack of good
spatial averaging of inputs and outputs due to
variation in rainfall and to a lack of soil
homogeneity.

Concluding Remarks
The sustainable and efficient management
of the water resources requires a better
understanding of their availability and variability
both in space and time. This knowledge is based
on hydrological and meteorological information
systems, which allow an easy access to reliable
data on rainfall, river flow and water quality.
For this reason, national hydrological and
meteorological monitoring systems are needed
with the aim to improve the knowledge of the water
resources for a better development, through the
intervention of the technical, institutional capacities
of the hydrological services. The establishment of
a national hydrological network can achieve this.
The first task is to provide consistent information
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Introduction
Although still many aspects of climatic changes to be expected in the near future are debated,
there is a general consensus that significant increases in global temperature and in extreme events
are almost certain.
Such two undisputed points lead to two conclusions: on one hand crop potential
evapotranspiration, as a response to a greater evaporative demand, will be increased and on the
other hand precipitations will be more localized in time, with less but more intense events, and
ultimately with less available water.
In this regard, the possibility of obtaining additional precipitations, when needed, through precipitation
enhancement by means of cloud seeding can be welcomed as a promising non-conventional
alternative resource in irrigated agriculture, which unlike brackish water and waste water poses no risk
to the soil fertility and the environment.
Furthermore, precipitation enhancement can be a support to rainfed agriculture by smoothing
the peaks of water stress, which all too often put at risk the yield of unirrigated crops.
In conclusion precipitation enhancement can be a precious support to water balance, provided that it
fits into an integrated water management framework, permitting to take the highest possible
advantage from its adoption.
The fast evolving changes in global climate are a matter of serious concern to scientists, policymakers and environmentalists, since they can impact human health and well being as well as the
environment, including the wildlife habitat, the coastal zones, the forests and the agricultural activity
(US Global Change Research Program, 2003).
The agriculture in particular can be affected by the forecast climate changes mainly through The
enrichment in atmospheric CO2, the increase in temperature and the change in precipitation patterns
(e.g. IPCC, 2001): such three factors are in some way interlinked since any unbalance in any of them
inescapably affects the way that crops respond to the others.
A reduced amount of useful precipitations as well as their increased localization will unavoidably
concur to exacerbate the risk of drought, while the carbon fertilization depending on increased
atmospheric CO2 and the higher temperature will require ever more water input.
The possible responses of agriculture to such new challenges can be of various orders and can
be basically organized in two categories: 1) reduction of crop water requirements, and 2) procurement
of more water supplies; of course the two categories of actions can, and ideally should, be combined
and simultaneously applied to the possible extent; this will be fully emphasized in the present paper.

Climatic changes and water related risks
Internationally, managing water related risks posed by climatic changes, has been
recognised as one of the key challenges we are now facing. This was highlighted in the
World Water Vision session (Cosgrove and Rijsbeman, 2000), at the second World Water
Forum in the Hague in March 2000, the United Nations Millennium declaration (September
2000), the International Conference on Freshwater in Bonn (2001) and the World Summit on
Sustainable Development (Johannesburg 2002)
Climatic changes and trends in water related disasters
Water related disasters result in large socio-economic losses: social effects are direct –
for example, human deaths or the destruction of infrastructures. Economic effects include
damage to property and other assets and adverse effects on stock market prices in and
around the affected areas because of damage to industry and agriculture.
Environmental effects are relatively direct and sometimes last for decades or even centuries:
(water pollution from accidental or deliberate discharges of heavy metals or organic
chemicals) causing serious long-term damage to all kinds of water bodies and their
ecosystems.

In the recent few years (1992 – 2001), the world experienced more than 2400 hydrometeorological disasters; of these, 39 percent were caused by floods and 10 percent by
droughts.
Water related hazards vary with the regions in the Middle East, Mediterranean region
and North Africa droughts are frequent occurrences. In this regard, available statistical data
indicate that during the last 10 years (1992 – 2001), such meteorological events (flood,
drought) accounted for 85% of the deaths resulting from all natural disasters: floods
accounted for 63 percent of the people affected by all natural disasters, and droughts for
nearly 22 percent. However floods were less deadly, causing 18 percent of deaths from all
natural disasters compared with 52 percent from droughts.
Economically, hydro-meteorological disasters caused an estimated $446 billion in
economic losses in 1992 – 2001 such, the economic impact is much greater for developing
than for industrial countries because of their greater vulnerability and low capacity to cope
with emergencies.
Threat of climate changes
According to the Intergovernmental Panel on Climate Change, between 1990 and 2100
average surface temperatures will increase by 1.4-5.8 degrees Celsius, the average sea
level will rise by 9-88 centimeters, while the average annual number of people flooded by
coastal storm surges will increase several-fold by the year 2080 (IPCC, 2001a)
These changes will have serious implications for people, for the places they live, and
for the environment. In regions such as Central Asia and the Mediterranean climate change
could further reduce river flows as well as the rate at which underground aquifers recharge,
worsening the water stress in many countries.
The combined effect of the irregular rainfall pattern and intensity and the rise in the sea
level will bring about more intense floods and erosions, unbalance in wetlands and intrusion
of saltwater into freshwater aquifers, thus posing ever greater challenges. In the
Mediterranean region it is needed to take urgent adaptation measures and precautionary
actions to cope with climate change and its crucial impacts.
This leads us to the question: what needs to be done to meet such perspective
changes in available water resources due to global warming and associated climate changes
in all water use sectors and in particular the irrigation one?
Water related risks: actual situation and needed actions
Worldwide, there is a shortage of adequate disaster prevention, preparedness and
mitigation measures. This shortage stems from several factors, including the following:
• risk reduction is not always treated as an integral part of water resources
management;
• major approaches and plans for risk reduction have been mainly directed to the
technical aspects ignoring the social ones;
• political support to take adequate risk reduction measures is insufficient or missing.
Disaster prevention, preparedness, and mitigation need to be integrated into socioeconomic development planning, including strategies for environmental conservation and
especially for poverty alleviation.
To mitigate floods, both structural and non-structural measures are needed. Structural
ones include dikes, levees, flood control dams, forestation… etc., whereas land use
planning, flood forecasting and flood emergency response plans are among non-structural
measures.
Compared to the other water related disasters, drought, on the onset, is generally slow
but the associated human and socio-economic losses are significant.
It is claimed that our failure in competing successfully against drought conditions and the
resulting famines are generally a consequence of a lack of know-how, organizational
capacity, human and capital resources as well as of poorly organized interventions.

However to mitigate droughts a range of short-term measures are available, including
relief programmes, crop insurance schemes, change in land use practices, activation of
conjunctive irrigation practices from both surface and underground water and protection of
priority water users. On the long-term, other measures could be implemented such as
changing crop pattern, building storage reservoirs (water harvesting) and decreasing risk
rates for communities and families.
Equally, more attention should be given to seasonal and long-term climate prediction
due to its important role in greatly facilitating drought management. Furthermore, adaptation
measures can be made more effective through accurate prediction of climate change and
scenarios building and through greater collaboration and dialogue between water managers
and the climate community.
Measures to mitigate water disasters in agriculture
Estimating water requirements and drought risk
For irrigation purposes rain distribution is at least as important as its total amount.
Ideally, rains should match crop needs throughout the year to avoid stresses depending on
water excess or insufficiency; short of that, an efficient modern agriculture should act to
correct both extremes with drainage and irrigation.
A rational, economically effective planning, however, must be based on the knowledge
of the inherent risk as well as an accurate estimation of crop reaction to climatic vagaries and
resulting stress. Combining the evaluation of risk and related losses in yield and/or soil
fertility, it is possible to obtain a platform for the estimation of the "threshold cost" (namely of
maximum acceptable cost) of protective structures and practices, according to the desired
safety degree (Haan and Bunn, 1971).
Drought, which occurs whenever available water in the soil is insufficient to satisfy
plant needs, is defined according to S (severity), M (magnitude) and duration (D); being
magnitude the average water deficit, and severity the cumulative deficit, we can define:
However it must be noted that it is not only the drought itself to imperil crop production, but
also the more or less sensitive phenophase of the crop during the drought period, as clearly
stated by Hiler and Clark as early as over three decades ago (Hiler and Clark, 1971).
Thus, in order to correctly estimate the “threshold cost” it is necessary that a reliable
estimation of the risk of a more or less severe drought spell during a more or less sensitive
crop phenophase be available, along with a sufficiently reliable provision of concomitant
reference evapotranspiration. Only such set of information can enable the operators to work
out a valid trade-off between expected crop losses and the costs of protective structures
such as those for water procurement and distribution.
Reducing crop water requirements
Many adaptive strategies can be adopted, including the selection of less waterdemanding varieties and the change –as far as possible- of planting dates. The adoption of
new varieties with a shorter life cycle can help to better adapt crops to harsh environmental
conditions by permitting them to escape the periods of more probable or severe drought
events.
Practically, it has been suggested to encourage soil enrichment in carbon, thus
obtaining the twin achievement of capturing and sequestering CO2 and enhancing soil water
capacity (e.g. Follett, 2001; Halvorson et al., 2002); substituting conventional mouldboard
ploughing with conservation tillage or zero tillage.
Furthermore conservation tillage by maintaining organic matter in the soil and a plant
residue cover on the surface, encourages water infiltration and reduces the overland flow
(e.g.Lal, 1973; Derpsch, 1999).
A reduction in water consumption can be obtained by improving the efficiency of water
conveyance systems as well as the application efficiency of irrigation systems, since
combined water losses in such segments can exceed the value of fifty per cent (Hamdy and
Lacirignola, 1999; Hamdy et al., 2001). An accurate irrigation management can help to
considerably reduce water consumption per unit of yield by enhancing water crop

productivity: for this reason the “demand management” is of a paramount importance
(Hamdy, 2001)
Combining reduced demand and non conventional resources: water harvesting
Water harvesting is a practice midway between water requirement reduction and water
availability increase. The term "water harvesting" was coined by Geddes (1963) to indicate
"the collection and storage of any farm waters, either runoff or creek flow, for irrigation use".
Water harvesting structures are of a special interest to face the forecast climate changes: in
fact they are useful to combat both the impact of more intense precipitations and that of
longer drought periods.
In Mediterranean climate, microbasins (otherwise called "diked furrows" or "tied
ridges") are particularly suitable for application in tree crops since they can be implemented
soon after harvesting, before the rain season at fall and can be canceled, if required, at
springtime. Furthermore, such techniques not only permit to capture all the incoming
precipitations and enrich in water the soil and the aquifer, but have also the parallel
advantage of eliminating or drastically reducing runoff and soil erosion.
Other solution for water harvesting is the injection or artificial seepage into suitable
aquifers of excess surface water to be recovered when needed, but it requires additional
energy costs for lifting when re-used.
A very interesting “mixed” solution of a different kind has recently been found at the
Mediterranean Agronomic Institute of Bari for the supplemental irrigation of wheat and
barley. A research conducted there, simulating rainfed conditions in a greenhouse has
demonstrated that yields can be stabilized, with a modest loss relative to the fully irrigated
control, by irrigating only in the critical post-flowering stage with a brackish water having an
EC of 9 dS/m (Farrag Ghanem, 2003). This solution, combining a reduction in water demand
with a supply of non conventional water, permitted in fact to obtain an average of 73% of the
maximum yield applying only 35% of the freshwater applied in the fully irrigated control. This
implies that almost a triple area can be irrigated with the same amount of freshwater, losing
only 27% of yield.
Non-conventional water resources
Basically, only two non-conventional water resources can be proposed at present,
namely brackish waters and urban wastewater, both of them entailing some degree of risk
and in need of further research.
•

Brackish water
Using brackish waters is risky for the crop and in a more or less long term also for the
soil fertility, unless provisions are made for an adequate salt leaching; also the aquifer can
be damaged if an appreciable amount of salts pollutes it.
The problem is that the existing guidelines, which were worked out in a period of
unlimited freshwater resources, are very conservative and therefore in need of being
profoundly revised. They do not take into account the complex relationships in the soil-plantatmosphere continuum nor give sufficient emphasis to the type of management, which has a
considerable impact on plant response. In addition, ranking plant response to salinity
according to a generic “yield reduction” has been criticized as a non-scientific approach and
the adoption of more soundly based approaches has been suggested (Behboudian et al.,
1979; Everard et al., 1994; Steduto et al., 2000).
"Irrigation practices which are important in the management of saline water are: irrigation
scheduling (amount and interval), leaching scheduling (amount and timing), irrigation method
and management of multi-source irrigation water of different qualities" (Hamdy, 1996).
The management of multi-source water can basically be reduced to blending or
alternating freshwater with saline water: the second option is generally recommended, with
the water selection to be done according to plant phenophases and expected precipitations
(Hamdy, 1999).

•

Urban wastewater:
Urban wastewaters are a very promising non conventional resource, deserving full
consideration for at lest three good reasons:
 their use permits to free freshwater resources to satisfy more pressing uses
(domestic, industrial);
 they are presently a costly burden for their treatment;
 they are rich in organic matter and fertilizers (which can be a blessing to the crops
but
 pollute the environment if released without control).

On the other side the uncontrolled use of urban wastewaters implies risks to the health
of irrigators and consumers and is potentially harmful to the soils, the aquifers and the water
bodies for the heavy metals, the parasites and the pathogens that they can carry. As a
consequence it is necessary an a priori evaluation of the level of treatment needed for a safe
use, as well as the total maximum daily load (TMDL), namely the permissible amount of
pollutants for any particular environment.
The ever-shrinking freshwater availability encourages the reuse of wastewaters for
irrigation: for instance Tunisia is planning to irrigate 30.000 hectares with them, while Egypt
has a program to treat nearly 3 billion m3 by the year 2010 (Hamdy, 2002).
However a major problem with the reuse of wastewaters for irrigation is the
determination of the treatment level in order to make them safe. Worldwide, the trend has
been to follow the stringent guidelines set initially by the Environmental Protection Agency
(EPA) in California, making them ever more stringent, in the assumption that “more stringent
means more advanced”. The trouble is that these guidelines were elaborated in an age of
abundant freshwater resources and that the underlying philosophy is “better safe than sorry”.
This is actually a major problem, seriously impacting the diffusion and the safe reuse of
wastewaters. It will be necessary to collect and elaborate the results of the ongoing research
to obtain those data that are required to revise and update the existing standards. In parallel
to this it is necessary that the responsible authorities abandon their exceedingly conservative
approach trading the principle that “more stringent is more advanced” in favor of “more
advanced is as lenient as possible”.
Precipitation enhancement
Artificial rain is an alternative non-conventional resource, which unlike brackish- and
waste wasters poses no threat to soil fertility. It was first experimented in the late forties of
last century in the USA and Australia (Ryan and Sadler, 1995) and, although the results are
not constant and sometimes have been questioned, it is being looked at with revived interest.
According to Hanif (Hanif, 2000) different chemicals are sprayed in the clouds in
summer and in winter. In summer, sodium chloride or calcium chloride (hygroscopic nuclei)
are sprayed near the base of the clouds; the salt is then carried to the center of the clouds by
the upward moving warm winds were it is expected to cause increase of cloud droplets to
form rain. In winter dry ice (solid CO2) at – 40 °C or more frequently silver iodide (AgI) are
sprayed on the top or inside the clouds, where temperature should be colder than –5 °C. The
chemicals provokes ice formation that turns vapors into raindrops. Of course the success
depends on the presence of water vapor and ultimately on the kind and microstructure of
clouds.
Chemicals can be applied by means of specially equipped aircraft designed to place
seeding material into convective-cloud towers. The seeding is achieved by burning either
ejectable flares dropped in the proximity of cloud top or wing-mounted flares just below cloud
base (TDLR, 2002).
One shortcoming with this approach is the uncertainty of results: according to Hanif, 30
experiments were successful out of 48 conducted in Pakistan and an even higher variability
is reported in Australia by Ryan and Sadler.
Other countries strongly interested in artificial rain are Israel, China (where
experiments have been successful in easing drought in Beijing and in the Yellow River
region, Anonymous, 2001 and 2003); India, Niger, Morocco, South Africa and Thailand. In the
latter the notoriously conservation-minded king Bhumibol was granted a patent for having

developed a special rain-making technique (BBC News 2003); the bulk of experiments is
presently conducted in the USA, particularly in California and Texas.
The artificial rain presents a number of advantages over the other possible solutions:
 under favorable conditions the price per cubic meter of water produced is cheaper
than most other freshwater sources;
 water is practically salt-free;
 there is no distribution cost to crops, unless overland flowing water is not stored in
reservoirs;
 it is particularly useful for leaching salts accumulated with irrigation.
Main shortcomings are the impossibility of targeting rains. This makes possible that
some crops are damaged from untimely rains, thus originating some litigation, and the need
to insert the practice into an appropriately integrated set of management practices, including
water harvesting: short of this, in fact, artificial rain would lose of its utility.
To get the maximum benefit from artificial rains, appropriate structures must be
implemented at various scales, from watersheds (as in the case of the Yellow River upper
reaches, where an area of approximately 30.000 square kilometers is interested by the
artificial rain project), which require appropriate damming not to lose the rain benefits, down
to farm level, with the adoption of microbasins or strip farming.
Such structures, on the other hand, must not be seen as a burden peculiar to artificial
rain adoption, since are also useful in collecting natural rains and in reducing overland flow
and the related soil erosion. This is of particular interest in the light of the forecast higher
precipitation intensity depending on climate changes.
While very useful to irrigated agriculture, artificial rain can be a blessing to rainfed
agriculture, since it is expected to permit to stabilize production and combat the vagaries
typical of Mediterranean climate without any additional expense for irrigation structures and
water application to the crops.
It seems probable that to get the best from artificial rain preliminary intense
investigations with the use of Geographic Information Systems will be required, aimed both
to locate those areas were cloud seeding is more profitable and to highlight the conditions
and requirements for water storing and land protecting.
Conclusions
There is no doubt that the challenges presently facing agriculture, originating from the
need to produce more food while protecting the environment and saving water for more
urgent priorities under ever harsher climatic conditions, oblige to abandon the traditional
paradigms and look for new strategies.
It is probable that no single new technique will be able to offer an all-inclusive solution
as a panacea to the enormous problems agriculture is facing, with particular reference to
those stemming from the forecast climate changes. It is rather likely that solutions will be
found in a judicious, integrated combination of practices and techniques.
Artificial rain is certainly one of the most promising tools in the quest for new strategies.
It can be advantageously integrated with the use of brackish and waste waters, helping to
leach the accumulated salts, and it can be combined with water harvesting structures, thus
improving the efficiency of natural rains while reducing the risk of runoff and soil erosion.
The appropriate combination of protective structures able to capture and store
precipitations with artificial rain will certainly permit to better face the challenges deriving
from the forecast more intense precipitations and longer drought periods.
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1.

Introduction

The Greek National Hail Suppression
Program (NHSP) is the first weather modification
program in the modern times of Greek history. It
began in 1984, and it was designed as an
operational, and at the same time, as a research,
cloud seeding program. The main objectives were
to reduce hail damage over three distinct
agricultural areas in Northern and Central Greece,
and simultaneously, to examine and study the
dynamic and microphysical characteristics of the
potential hail producing clouds. This randomized
cross-over design, being a "piggy-back" venture on
the overall operational project, was highly
desirable, because it provides the means for
monitoring the optimal treatment for the given
situation and conditions and an opportunity to
improve the meteorological understandings of the
hail process present in this area of Greece (Flueck,
1976). The NHSP was carried out for five
consecutive hail seasons, that is, from 1984 up to
1988. The exploratory stage covered the first three
years, while the confirmatory stage the last two.
The relevant background and the overall
design were first touched upon in Karacostas
(1984). An analysis of the first two years of the
exploratory randomized cross-over experiment was
present by Flueck et al., (1986). Detail descriptions
concerning the operations, data collection and
analysis, evaluations, training procedures of Greek
personnel, etc. are provided within the Interim
Reports issued by Atmospheric Incorporated and
Intera Technologies. The objective of this
contribution is to discuss in some details the crossover design of the statistical randomized
experiment, the adopted conceptual model, the
cloud seeding hypothesis, the seeding procedures,
the randomization scheme, the evaluation method,
and present some preliminary results of the NHSP.

2.

Background

Following the progress of weather
modification, a hail suppression program was
started in Greece at the end of 1981 hail season,
and went on and during the 1982 hail season. The
program was solely conducted as an operational
cloud seeding effort, to reduce hail damage to an
2
agricultural area of approximately 2000 Km in
Northern Greece. This program was conducted by

the American company Atmospheric Incorporated
and the French company Ruggieri.
The experience gained during the past two
seasons, provided information necessary to put
forward, after a year of cease (1983 hail season), a
new and considerably improved, randomized
cross-over hail suppression experiment, known as
the "National Hail Suppression Program".
This program started on May 1984 and
terminated at the end of September 1988. It was
designed to run on a 24 hours per day - 7 days per
th
week - basis, for the period between April 15 and
th
September 30 . The program was sponsored by
the government of the Republic of Greece, through
the National Agricultural Insurance Organization.
The most important reasons for the creation
and implementation of the NHSP were: (i) the
direct benefit of the Insurance Institute, (ii) the
indirect benefit of the agricultural, and hence, the
national economy, and (iii) the moral support and
motivation to the farmers.

3.

The Design

3.1 Experimental Area
The NHSP was designed to protect three
distinct agricultural areas in northern and central
Greece. The common characteristics of those is
the surrounded mountainous topography, which
seems to play an important role on the convective
clouds development and also to provide some
difficulties during the operational procedures.
Taking into consideration several factors, such as:
storm motion, hail frequency, cultivated crop types,
etc., the area A1 was divided into two sub-areas
(North and South), in order to accommodate the
target and control areas, for the randomization and
support to the research section of the cross-over
design (Karacostas, 1984). Terrain constraints and
proximity to international borders forced in the use
of a floating "buffer zone" of 20-min travel time,
according to the extrapolated storm motion.
Contamination problem and "carry-over" effect,
both associated with the cross-over design and the
floating buffer zone, can somehow be minimized
with a very careful handling of the statistical data
information (Brier, 1974). It should be noted that
the other two areas, A2 and A3, were treated only
on the operational basis.

3.2. Conceptual Model
The cloud seeding hypothesis, which was
adopted at the NHSP, was relied upon the
conceptual model of the "beneficial competition of
hailstone embryos” (Foote and Knight, 1977).
Under this concept, the total amount of
supercooled water available for hailstone growth is
considered to be fixed. It is also assumed that
there is a lack of natural ice nuclei in the
environment and the injection of AgI will result in
the production of a significant number of "artificial"
ice nuclei. Hence, the competition among the
natural and artificial ice crystals for the available
supercooled water is increased. Thus, the
hailstones formed within the seeded cloud volumes
will be smaller and would fall more slowly, losing a
larger fraction of their mass by melting, thereby
decreasing the total hail mass.
3.3. Cloud Seeding Hypothesis
Knowledge of hailstorm processes was so
crude that there seemed little physical basis for
choosing one seeding scheme over another,
particularly with regard to the placement of the
seeding material and the amount of reagent to be
used. However, based upon the conceptual model,
the seeding was conducted within the embryo
forming area (EFA), either at cloud based or at
cloud top. The factors which determine the cloud
based or cloud top seeding were: storm structure,
cloud base height, visibility (day or night), etc.
Cloud base seeding was conducted by seeder
aircrafts, flying at the up-shear side of multi-cell
storms within the secondary inflow area, or within
the main inflow area of a single cell storm. The
desirable seeding rate was one 150 grams flare
every 4 minutes. A slightly higher rate was used for
particularly intense storms with stronger updrafts.
Cloud top seeding was conducted within the
o
o
layer between the -8 C and -15 C, by penetrating
the up-shear sides of the tops of the daughter
clouds of multi-cell storms. In case of single cells,
the aircraft penetrations were conducted at the upshear edges of it. The desirable seeding rate was
one to two 20 grams flare every 5 seconds,
depending upon the intensity of the storms.
In cases with embedded cells or convective
complexes, where no clearly defined turrets were
visible, side skim seeding was conducted, by
penetrating the storm edge on the up-shear side
and burn an end-burner flare and/or inject
droppable pencil flares when updrafts are
encountered.
It should be noted that the seeding within the
updrafts and/or in the presence of supercooled
water was continued as long as the seeding criteria
were met. In other words, the seeding was
effective only during the developing and mature

stages of the storm, according to the conventional
thunderstorm conceptual model.
As it is understood, the used seeding material
was AgI pyrotechnic flares of the NEI-TBI type.
12
The effectiveness of this type was about 3x10
o
nuclei per gram of AgI at the -10 C, as it was
determined by the Colorado State University.
3.4. Randomization
To demonstrate a hail suppression effect, it is
necessary to perform a randomized experiment, in
order to establish, within acceptable confidence
limits, the working ability of the model. This was
the belief involved deigning the NHSP.
The experimental unit was determined to be
any "declared hail-day". A day was declared as a
hail-day, and therefore it was included in the
statistical sample, when the following two criteria
were met:
1. A cell either existed over the research area Al
or it was within twenty minutes of entering the
area, according to an extrapolation of its
movement, and
2. The cell was exhibited an S-band radar
reflectivity factor of greater or equal to 35 dBz
o
o
at an altitude between -5 C and -30 C in the
cloud (Karacostas, 1984).
3. The "clearing period" between two
consecutive experimental units was defined to
be 6 to 7 hours in day-light.
The experimental unit was not randomized.
On the contrary, the target and control areas of A1
2
(each being about 1000 Km ) were randomized, for
each declared hail-day. This adoption of the
randomized target-control cross-over design
greatly reduces the uncertainties over target and
control comparability and permits a shorter
evaluation period.
The choice of the 35 dBz was based upon the
idea to seed early in their life, before damaging hail
was formed, and most importantly, not to miss any
day with hail.
Some advantages of the declared hail-day
chosen as the experimental unit of the NHSP are
the following:
(i) meaningfully handles the diurnal cycle,
(ii) provides a natural clearing period,
(iii) allows for both day and night-time treatment,
and
(iv) typically provides for considerable replication
of the treatment (Flueck and Mielke, 1977).
It should be noted that it is very desirable to
be able to gain a finer resolution of the "action"
than that provided by the experimental unit. Hence,
each one cell, which reached the seeding criteria,
was defined as the "observational unit". That is a
device which can be used to secure this desirable
finer resolution and, at the same time, to allow one
to collect information on a subject of the

experimental units and hopefully to produce a
better picture of the process. However, the
adoption of the observational unit, or even the use
of a shorter and therefore more frequent
experimental unit, at the NHSP was not possible.
That was due to contamination effect and to the
lack of digitized radar for the identification of
individual cells, at least, during the first three years
of the program.
In addition to the experimental unit, the
operational days were defined to include days on
which hailpad damage occurred in the target area,
but on which there was no seeding. This was
adopted to allow for the practical limitations of an
operational program. Including these days will
serve to dilute the calculated seeding effect by
counting as seeded some storms or days that were
not actually seeded. This category also included
days on which seeding was conducted, but on
which no hailpad damage was observed. The
rationale for including these days was to allow for
the possibility that on some days seeding
completely eliminated detectable hailpad damage.
Finally, operational days also included days on
which hail may not have occurred in the target or
control, but on which operations were conducted.
These cases could have occurred due to the low
value of the 35 dBz seeding threshold. These latter
days serve to add both target and control zeros to
the data set, obscuring target-control distinctions in
parametric analysis.
3.5. Evaluation
The NHSP was designed such that to be
statistically evaluated by the end of the 1988 hail
seasons. In spite of the design, the official
evaluation has been delayed to the point to be
accomplished just last year, that is within the 2002.
The designed statistical null hypothesis of the
NHSP, which would be compared against the
alternative hypothesis, was similar to the one used
in the National Hail Research Experiment (NHRE)
in the U.S.A. (Foote and Knight, 1977). The null
hypothesis states that the seeding conducted
according to the adopted scheme prescribed
above, had no effect on hail at the ground.
The response variables, which had to be used
for the statistical evaluation of the NHSP, would
primarily be based on measurements obtained
from the hailpad network system, since they are
the most thoroughly documented and they consist
an objective set of data. Another important reason
for the use of this set of data is that they are
directly related to the hail damage. Additional
sources of data include: manually tabulated and
digitally obtained radar measurements, aircraft
collected microphysical data, synoptic information
from weather maps, surface reports and sounding
observations.

During the first three years of the exploratory
stage, a number of potential primary response
variables, secondary response variables and
auxiliary (or predictor) response variables, had to
be identified, specified and studied. All the
response variables had to be chosen based upon
the physical appropriateness, the magnitude of the
calculated seeding effect, the estimate number of
cases required to confirm the seeding effect, and
finally, the general behavior of the variable itself as
a function of time.
The selected primary response variable would
then be used in conventional statistical tests, which
had to be specified a priori, to formally calculate
the seeding effect of the NHSP, during the
confirmatory stage. The statistical analysis and
calculation of the seeding effect, based upon the
secondary response variables, would support and
not replace, the results of the primary response
variable. It is desirable, but somehow risky, to
define one, and only one, primary response
variable. This way, the multiplicity problem can be
avoided.
Due to the lack of a permanent and extensive
buffer zone, a "pre-screening" procedure is
necessary to be used. Therefore, an auxiliary (or
predictor) response variable needs to be chosen
among the mean tropospheric motion or
trajectories of the observational units, taking
always into consideration the target-control
randomization. This way, the heterogeneity of the
data set will be minimized, and the contamination
problem will be eliminated.

4.

Instrumentation

4.1 Radar
To meet the objectives of the NHSP, three
weather radars were utilized. Two EEC-band (10
cm) radars and one EEC-band (5 cm) radar
comprise the set. The S-band radars were supplied
by the National Agricultural Insurance
Organization, with one each located at the airports
of Thessaloniki and Larissa.
The C-band radar was provided by the
contractor, and it was used to cover the area A2.
Each radar was equipped with and L-band aircraft
transporter to provide secondary surveillance radar
coverage of the aircraft. The operation of the radar
systems was completely manual. However, during
the last hail season, two Wx-Vue radar recording
systems for the depiction of PPI recording to 100
km range, CAPPI computations and display,
maximum reflective map display and storm track
procedure, were used.

4.2. Aircraft
The cloud seeding was conducted by using
five twin-engine aircrafts equipped with flare racks.
Three of the aircrafts were permanently based at
the Thessaloniki airport and provided support for
the areas A1 and A2, while the remaining two were
based at the Greek Airforce Base at Larissa and
provided support for the area A3. The aircrafts
were pressurized, turbo-charged and equipped
with a weather avoidance radar system. In addition
to the navigation/communication instruments, each
aircraft could carry pencil flares and end-burning
flares. The flare racks were non re-loadable during
the flight, while the electronic ignition of the fares
was accomplished from inside the aircraft cabin.
One of the aircraft based at Thessaloniki
airport was specially equipped with an airborne
data acquisition system, which recorded at 1
second intervals the measurements of the
following parameters: aircraft position - location,
aircraft heading, pressure altitude, true airspeed,
air temperature, dew point, liquid water content
and ice particle counts. This aircraft, called
Research-Seeder, was used as the tool to provide
the environmental sounding during the initial
ascent to seeding altitude, and also to measure the
convective cloud base temperature and altitude. Its
flight missions were intended to collect data from
penetrations of the first convective clouds of the
day.
4.3. Hailpad Network
The hailpad network was consisted of 236
hailpads and it was covering the total area under
study. The original network, during the first two
seasons, contained approximately 130 hailpads,
irregularly spaced, with an average linear spacing
of 4 Km. Since 1986, two additional "dense"
networks of 65 hailpads each (linear spacing of 1
Km), were implemented on either side of the buffer
zone, providing additional information. A detailed
description of the hailpad network system itself, is
presented by Dalezios et al., (1991).
Each hailpad consists of a piece of a
Wallmate-CW styrofoam, which is leveled and
oriented. Its dimensions are: 27 cm x 27 cm x 2.5
cm. Hailpad calibrations were conducted to check
the consistency of the hailpad material and provide
a basis for comparison of hailpad damage for each
year. The hailpads were replaced immediately after
each hail day. The hailpads were then analyzed,
either by using a digital scanning system for the
first two seasons (Henderson, 1986), or by using
computer-digitizing tablet, during the following
three seasons (Rudolph et al., 1989). Either way,
the hailpad data reductions provide objective
measurements, with a high degree of accuracy and
a good resolution.

5.

The Evaluation of the Greek NHSP

5.1 Sampling procedure
Each experimental unit was thoroughly
examined for its validity, reliability and
homogeneity -and most importantly- against the
contamination and carry over problems. The
detailed data examination resulted, after many
elimination steps, to a very final set, consisting of
thirty-seven (37) final experimental units. The size
of this final set used for the evaluation of the Greek
NHSP can be regarded as completely satisfactory
within the framework of the statistical evaluation
procedure. It is -by no means- a very large sample,
as it would be hoped, but neither can it be
regarded as a small one.
Considering the precise and discrete manner
by which the final experimental units were chosen,
the final for evaluation set constitutes the least
sample, for which, positive results are attributable
to successful application of the Greek NHSP, while
negative results would be related to the non
possible application of the “competing embryo”
conceptual model to the treated clouds within the
area of interest.
Consequently, the evaluation results, whether
positive or negative, will be of particular
significance and require sound mathematical
notion, correct statistical procedure and will
represent an indisputable and trustworthy
evaluation.
5.2 The Statistical Evaluation
There are various ways to evaluate a weather
modification program. However, in order to achieve
a trustworthy and desirably objective evaluation, it
is good strategy to use a two-fold approach,
combining a theoretical and a graphic application,
whereby the one complements the other. In this
particular case, the lately modified modern Ratio
Statistics theory is applied, coupled with the
Wilkoxon Signed-Rank test, in order to accomplish
the theoretical component. Moreover, the box-andwhisker plot approach, together with the doublemass graphs, are used in order to compliment the
initial component. The results of the economic
evaluation of the Greek NHSP are stated for
verification purposes.

Table 1: Treatment effects (Root Double Ratio (RDR)
and Root Quadruple Ratio (RQR)) and corresponding
probabilities (p-values), calculated through the Ratio
Statistics theory.
_/_

Parameters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Number of Pads Hit
Stone Counts (Total)
Stone Counts (Averag)
Point Severity Index (T)
Point Severity Index (A)
Stone K. E. (_)
Stone K. E. (_)
Mean Dent Diameter
Median Dent Diameter
% Dent Area (_)
% Dent Area (_)
Mean Dent Area (_)
Mean Dent Area (_)
Median Dent Area (_)
Median Dent Area (_)
Mean Stone Diameter
Median Stone Diameter
% Stone Area (_)
% Stone Area (_)
Mean Stone Area
Median Stone Area

RDR RQR
0.32
0,45
0,54
0,68
0,72
0,70
0,51
0,36
0,35
0,63
0,41
0,42
0,22
0,38
0,16
0,35
0,35
0,58
0,48
0,39
0,37

0.32
0,45
0,53
0,68
0,72
0,70
0,50
0,36
0,35
0,63
0,40
0,43
0,20
0,38
0,13
0,35
0,35
0,58
0,47
0,39
0,37

p-value
0.093
0,019
0,010
0,007
0,006
0,007
0,014
0,057
0,061
0,010
0,030
0,033
0,106
0,041
0,127
0,042
0,047
0,009
0,021
0,051
0,050

The Ratio Statistics theory has been applied
lately to many weather modification programs
(Gabriel, 1999; List at al., 1991). Gabriel (1991)
presented a thorough mathematical description of
the Ratio Statistics theory. It is considered a
powerful technique, because through it, even a
combined result of seeding -between target and
control- could be accomplished. Although, all the
possible to be calculated treatment parameters of
the Ratio Statistics have been obtained for the
evaluation of the Greek NHSP (Karacostas, 2002),
only two of those, the Root Double Ratio (RDR)
and Root Quadruple Ratio (RQR), are presented
on Table 1. They have been calculated for 21
parameters-predictors, from the dataset of the 37
final experimental units, used for the evaluation of
the Greek NHSP. The RDR and the RQR depict
the percentage of the treatment effects, resulted
from the application of the Greek NHSP during the
examined period 1984-88. The corresponding twotailed probabilities (p-values), strongly suggest that
the treatment effects are not due to the chance.
Actually, it is proven, that 18 out of 21 parameters,
that is 86% of them, exhibit positive treatment
effect -ranging between 35% and 72%- with pvalues being accepted within the 5% confidence
limit. Detailed information concerning the Ratio
Statistics evaluation procedures are presented by
Karacostas (2002).

Table 2: Wilkoxon Signed-Rank test two-tailed p-values,
for sixteen of the parameters-predictors.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Parameters
Number of hailpads hit
Stone counts (total)
Stone counts (Average)
Mean stone diameter
Percent stone area (Total)
Percent stone area (Average)
Mean stone area
Mean dent diameter
Percent dent area (Total)
Percent dent area (Average)
Mean dent area (Total)
Mean dent area (Average)
Point severity index (Total)
Point severity index (Average)
Stone kinetic energy (Total)
Stone kinetic energy (Average)

p-value
0.883
0.054
0.033
0.323
0.054
0.025
0.274
0.383
0.040
0.014
0.107
0.255
0.034
0.015
0.033
0.014

The Wilkoxon signed-rank test was also used
for the evaluation of the Greek NHSP. This
approach was chosen, because of its
nonparametric character and robustness and
because the randomized cross-over design
produced target-control paired values. Table 2
depicts the Wilkoxon Signed-Rank test two-tailed
probabilities, for 16 of the parameters from the
dataset of the 37 final experimental units, used for
the evaluation of the Greek NHSP. The underlined
and bold p-values designate that 10 out of 16
parameters, that is 63% of them, are being
accepted within the 5% confidence limit. It is worth
mentioning, that parameters encountered high
treatment effects (Ratio Statistics), correspond to
low p-values (Wilkoxon test), and vice versa,
indicating harmonic agreement.
Box-and-whisker plots, together with
cumulative distribution analyses, were applied to
all examined parameters, with the objective to
provide a visual or a graphical depiction of the
statistical characteristics, between the seeded
(target) and non seeded (control) cases, of the
Greek NHSP. Figure 1 illustrates, through the boxand-whisker plot analysis, the statistical
characteristics of the hailstone kinetic energy
parameter, for all the seeded cases or target (left)
and all the non seeded cases or control (right), as
those are encountered during the application of the
Greek NHSP. The differences between the two
categories are very large, justifying thus the high
(70%) treatment effect value.
Similar conclusions can be drawn from Figure
2, where a “double mass” plot, of the seeded cases
or target (abscissa) and the non seeded cases or
control (ordinate), for the hailstone kinetic energy
parameter, as they are encountered during the
application of the Greek NHSP. The detectable
large differences, between target and control, or

seeded and non seeded cases, depicted through
the cumulative distribution graph of the hailstone
kinetic energy parameter, supports its high (70%)
treatment effect value.

NHSP has an acceptable and scientifically
approved design, a scientifically sound correct
methodology, a modern technology, and now, an
indisputable and trustworthy evaluation.
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Abstract
1.

Introduction

The interest of Bulgarian meteorologists to the results of theoretical and experimental
study on cloud physics and precipitation applied to the weather modification has grown up
from early 1960’s. Academician Krastanov initiated the first studies on cloud and precipitation
microphysics in Bulgaria. Some years later Dr. Stanchev concentrated on studying synoptic
and thermodynamical conditions of convective clouds and hail. They have encouraged a new
generation meteorologists to be involved in research and operational activities in this field for
weather modification purposes.
2.

Hail Suppression experience

2.1. Researches in hail suppression field
Earlier climatological studies have shown that the average annual number of days with
hail causing damages in agriculture is about 65 (during the warm half of the year). This large
number of hail occurrences encouraged the initiation of operative Bulgarian Hail Suppression
Project (BHSP) in 1969 with target area about 1000 km2 expanded to 15 600 km2 in the 1980s.
The first methodology for seeding hail danger clouds was based on hypothesis of “beneficial
competition“ as introduced by former Georgian SSR (Institute GIAS) and developed during the
years on the basis of local data of cloud observations and modelling. Delivery system was
ground based anti-hail rockets.
Extensive investigations and field experiments on cloud physics and weather
modification were performed during the following 30 years. These included:
• Climate of hail phenomena;
• Cloud and precipitation resources in regions of Bulgaria;
• Forecasting of hail events and severity of hail storms;
• Structure, evolution and classification of hail storms;
• Methods for radar detection of hail dangerous clouds and schemes for cloud seeding;
• Climatology and morphology of hail embryos;
• Ice nuclear activity of seeding pyrotechnic mixtures;
• Numerical modelling of convective clouds;
• Objectivity of hail suppression activities;
• Hail suppression efficiency.
In the frame of the Scientific Coordination Programme (1981-1988) the larger part of
results of these investigations was obtained simultaneously with operative hail suppression
activities and was published in a book (by Simeonov et al, 1990). As an example the climate of
thermodynamic state and wind conditions in the free atmosphere for 355 hail days is illustrated

in Fig. 1 and Fig.2. Certain complex of synoptic situations was associated with different type of
hailstorms.

Fig. 1. Seasonal stratification of averaged air
temperature, dew point and positive energy of
instability (E) for 355 hail days in South
Bulgaria using morning (1) and afternoon (2)
sounding data.

Fig. 2. Seasonal distribution of averaged wind
direction and wind velocity for 355 hail days
(denoted with dashed line -1) and for all days (2)
in South Bulgaria

The prevailing storm and severe storm moving directions are in the West sector. The mean
monthly level of isotherm 0°C and -10°C (very important for seeding procedure) vary between
2.8 km (for May) and 3.7 km (for August) and between 4.7 km (for May) and 5.7 km (for August)
respectively.
2.2. Structure and classification of convective clouds
Convective clouds location and determination of their internal and space structure is made
by interpreting the standard contour values, measured by automated MRL-5 radar (Petrov et al,
1994):
• Contour of 15 dBz: outlines cloudiness boundary, determined by the radar;
• Contour of 25 dBz: outlines convective cell boundary;
• Contour of 35 dBz: outlines rain potential area;
• Contour of 45 dBz: outlines a hail dangerous cell in the supercooled cloud part;
• Contour of 55 dBz: outlines hailfall area in the cloud’s warm part and down to the
ground. If this contour exists only in the supercooled cloud part, there is a great
likelihood for hailfall.
According to the tendency of growth and movement of the hail potential zone (HPZ), the
hail potential cells are separated into three groups:
• Group I - hail dangerous cells have not any or are with undefined HDZ tendency;
• Group II - hail dangerous cells with a defined HDZ tendency in forward development,
following the main stream (MS), forward and to the right of from MS, forward and to the
left from MS.
• Group III – hail cells (the storms with one supercell) with a clearly defined HPZ
tendency in development forward and to the right or only to the right from MS.
Some geometrical characteristics of the radar echo, representing internal cloud structure,
was also used as follows:
• _25, _35, _45 - altitudes,
• DH25 = H25 - Ho, DH35, DH45 – the supercooled part of the cloud;
(Ho is the zero isotherms’ height)
• S25, S35, S45, S55 – horizontal cloud cross section area at the level -5°C and -10°C
temperature;
• Zmax – radar reflectivity maximum.
The selection of hail-dangerous clouds for hail suppression seeding is defined according to
the following criteria:
• DH25 ≥ 4.0 km, DH35 ≥ 3.8 km, DH45 ≥ 2.0 km, with additional criteria: S35 ≥ 8.0 km2,
(or radius of S35 ≥ 1.5 km);
• Availability of isolated convective cells aloft (first radar echo, i.e. defined contour 25
dBZ);
• DH25 ≥ 2.0 km;
• DH25 ≥ 4.0 km. and DH35 ≥ 3.8 km.
By both cases: 25 dBZ < Zmax < 45 dBZ.
The RHI contoured area for seeding is shown in Fig. 3.

Fig. 3. The outer rectangle (white line) outlines the cloud or cloud cell. And the inner one
(dashed black line) outlines and fixes its seeding area

The obtained results from the above mentioned studies encouraged the technological
development and territorial extension of the BHSP:
• 1982-1988: MRL-5 along with method for detection of hail dangerous clouds and
schemes for cloud seeding;
• 1985-1990: Programme for objectivity of hail suppression operations;
• after 1994: Changing of the seeding material PbI2 with AgI;
• 1998-2000: Anti-hail rocket system MTT-9M and LOZA (The test of ice nuclear activity
of this reagent as initial production is (3.07 ± 0.14) x 101 3 particles per gram
pyrotechnic mixture (at –10ºC average yield);
• 1993-2003: Using of automated radar system (MRL-5) for cloud observations, research
and experiments;
Now BHSP includes 10 hail suppression ranges in Northwest and South Bulgaria managed
by the Agency of Hail Suppression at the Ministry of Agriculture and Forestry. Fig.4 shows the
protected area comprising approximately 10 000 km2 of crop area.

Fig.4. Hail Suppression target area in Bulgaria and the 10 ranges at 2003: 10 MRL-5 Radar
Centres (R) and one perspective HS range (contoured area is denoted by dashed line)

Seeding hypothesis used is beneficial competition. Technology of seeding includes use of:
- Radars MRL-5 (10 cm);
- Physical-statistical method for detection of hail dangerous clouds;
- Schemes for cloud seeding, depending on the structure and evolution of the hail storms;
- Rocket system LOZA for cloud seeding;
- Automation of some hail suppression operations;
- Physical and statistical methods for evaluation of hail suppression efficiency.
A new weather modification project is planned to start in 2004:
2.3

Evaluation of the hail suppression efficiency

2.3.1 Physical-statistical method for evaluation (Simeonov 1996, 1999)
a) Evaluation of the season's hail risk by comparing the frequency and the intensity of
hailstorms and hail days.
The set of thermodynamic and synoptic characteristics (such as stability indices of atmosphere
and frontal/air mass ratio) are used for each hail season classification in three degrees: slight,
moderate and severe.
b) Using of obtained regression relationships between thermodynamic indices of
atmosphere and hail damaged area DA and RDA (from historical 120 daily data) for hail
damage evaluation in the hail suppression period. (RDA is the hail damaged area
equivalent to 100 % damages). The significant effect was not obtained as for crop hail
damage reducing in the case of severe storms seeding (Simeonov, 1996).
Results:
• A reduction range between 43 and 55 % in the mean annual hail damaged area DA
and RDA related to three hail suppression ranges for the evaluated period 1972-1980. The
reduction range of hail damaged days was similar: 46 - 55 %.

2.3.2 Comparison with historical data and control area and results (Simeonov, 1992, 2003):
• A reduction of 45 % in loss-to-risk ratio L/R at a significant level p = 0.01 (using
bivariate test and double mass ratio). Evaluated period is 1972 – 1979;
• A reduction of 75 % (or about 4 times) in crop hail damaged area at a significant level p
< 0.01 for evaluated period 1972 -2001 compared to historical period 1952 – 1971,
presented in Fig.5. Statistical unit: annual value of ratio RDA/CA, where RDA is the hail
damaged area equivalent to 100 % damages and CA is the crop area (Simeonov, 2003).
This comparatively high value is questionable because of:
a) Observed downward trend of 16% (from the 1952-1971 average) in summer
precipitation after 1979, i.e. less frequency of severe storms;
b) Gradually including of new target areas, later beginning of HS seeding in 1993, 1995,
1997 and 1999 (missed some severe storms);
c) Subjectivity in field assessment of crop damages, structural changes in agriculture and
insurance.
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Fig.5. Crop hail damaged area (equivalent to 100% damage) normalized to crop area (RDA/CA) and
summer (May-August) precipitation (Q-mean per station) for hail suppression area in Bulgaria

2.3.3 Results after changing of the seeding material PbI2 with AgI
The comparison between similar hail seasons before 1994 and after 1994 shows a
reduction of the rocket consumption in the range 3 - 6 times per seeded day and 5 - 7 times per
seeded cell (Simeonov, 2003). The hail suppression results were the same or better than before.

3.

Rain enhancement from convective clouds

Preliminary studies on climatology, structure and evolution of cloud system based on radar
(automated MRL-5 system, Petrov et al, 1994) data, synoptic and upper-air sounding data
allowed assessing of the pre-conditions for cloud seeding. The observation of full spectrum of
clouds and precipitation over a territory with radius 200 km in the Upper Thracian Lowland (see
the HS ranges in South Bulgaria in Fig. 4) provided with quality and quantity data to classify the
clouds and cloud systems according to their precipitability. That classification follows the

schemes recommended in WMO/WMP reports on PEP, enriched by the inclusion of some mixed
cloud’s system (Boev et al, 1999). That additional fact provoked the efforts to design a
convective cloud seeding experiment for rain enhancement on the base of available equipment
and staff in hail suppression area
A randomized experiment for precipitation enhancement (PE) from convective clouds has
been conducted in 1991-1994 (April-September) over territory of 2000 km2 (2500 km2 during
the second experimental stage) in the Upper Thracian Lowland. The field experiment
programme included an investigation and seeding experiment of rain potential of single
convective clouds (Cu cong and non-hail bearing Cb).
Suitable clouds for seeding and non seeded clouds were chosen randomly according to
criteria:
• TH5 is from -10 to -30°C (when 4.0 < H5 < 9.0 km) and Ze > 35 dBZ, where
H5 is the cloud top at the reflectivity threshold of 5 dBZ, TH5 is air temperature at the level H5,
and Ze is radar reflectivity in dBZ.
The seeding reagent has been injected using anti-hail rockets into cloud layer between -3
and -10°C, after random procedure of seeding using ground based anti-hail rockets supplied
with ice nucleating reagent (AgI). The analyses and evaluation of effect were performed on the
base of follow basic radar (automated MRL-5) characteristics of cloud and precipitation:
Dt – live time of cloud during the observation;
S125 – area of convective cell at 1 km level (the reflectivity is ≥ 25 dBZ)
S135 – area of precipitation potential zone;
Qo– total precipitation of convective cloud;
Q25 – amount of precipitation from connective cloud cell;
Q35 – amount of precipitation from precipitation potential zone
So – total (integrated) area of cloud rainfall at about 700 m above sea level;
Qs – mean amount of precipitation per unit area of So;
Is – mean intensity of precipitation per unit area;
Ims – mean precipitation intensity per total period of observation;
Imax – maximum of precipitation intensity;
The change of the parameters Dt, So, and additional involved ratios (K30=Q35/Qo, and
K32=Q35/Q25) provide an idea of space and time redistribution of precipitation
The effect of seeding was obtained comparing two samples of clouds. The summary effect
shows:
• The increasing of rainfall duration at about 20%;
• The enhancement of total precipitation (Qo) at 30–40 %;
• The increasing of precipitation intensity at 10–12%;
• The expanding of total precipitable cloud area 30–35 %;
• Changes in field structure of precipitation.
All these changes are obtained at the significant levels p ≤ 0.05.
As a result of physical and statistical analyses of cloud and precipitation characteristics
and their evolution changes after applied seeding method the hypothesis of precipitation
acceleration in rain potential convective clouds was explained on the base of cloud physics.

In the course of second phase (1993-1994) the data for 2276 clouds with deep convection
(Cu cong - Cb) was analysed (Boev and Petrov, 2003) and separated into several groups and
classes:
• Ist group with 74 seeded clouds for precipitation enhancement (randomly chosen from
III class);
• IInd group with 66 seeded clouds for hail suppression;
• IIIrd class with suitable clouds for PE seeding;
• IVth class with 562 non-seeded shower-producing clouds;
• Vth class with 152 non-seeded hail clouds;
Using t-test for zero hypothesis verification (for the equality between mean values of
seeded and non-seeded cloud characteristics) as a result rejects Ho at significant level 0.05.
Summarizing the evaluated relative changes in precipitation characteristics (and taking in
mind that 50-60% of the observed suitable clouds are available for PE seeding with such
described technology), as well as simultaneous PE and HS projects implementation, has
shown:
-The project implementation on precipitation stimulation from convective clouds only in real
conditions over defined area leads to an increase of convective rainfalls with 17-21%;
-The combined implementation of the two projects leads to an increase of convective
precipitation by 11 to 15 %,
This experiment was the first step to further design of combined seeding experiments for
precipitation regulation as hail suppression and rain enhancement of convective clouds.
4.

Some problems
• Unsatisfactory results from seeding of severe hailstorms still exist. The main reasons
are: incomplete knowledge about the cloud's physics and the processes in these storms in
different regional scale, using of only one hypothesis and the use of only one type of
rockets for hail suppression seeding.
• Limitations for maximal flight height of anti-hail rockets, forced by the air traffic controls
of the air force and civil aviation.
• Permanent changes in the structure of agricultural and insurance system since mid90’s that lead to great limitations of the opportunities for evaluation of hail suppression
operations.
• Funding difficulties for hail suppression operational and research activities since 1990
have caused:
- the hail suppression season to start later in 1993, 1995, 1997 and 1999; and there
were no hail suppression activities in 1996;
- considerable shrinking of the research programmes and experiments (including
radar-hailpad measurements) in the sphere of weather modification;
- the scientific meteorological support of the weather modification activities and
scientific independent evaluation of operative works are inadequate;
• Pressing need of present cloud model for implementation to assess of dynamical and
microphysical effects (case studies) after seeding technology change.

5.

Concluding remarks

The results from hail suppression activities combined with convective cloud seeding
experiment in Bulgaria are considered economically useful and there is optimism for future
development of the weather modification activities on better scientific base. The modest
economical resources of Bulgaria confine considerably the possibilities for independent research
and technological development of the problem of weather modification.

The future studies and field experiments in this field have to be carried out mainly through
international or regional co-operative projects. The projects should be designed after
international scientific standards, as recommended by WMO experts (2001), and Bojkov (2003).
Bulgarian researchers consider that the results from the realization of such projects could
contribute to a reliable foundation for progress of the national weather modification projects.
Acknowledgements: The author is grateful to the Drs. P. Boev and R. Petrov from NIMH for
providing results and some illustrations of their resent publication on clouds and precipitation
modification and to L. Kostadinov from BAS for the translation help (editing).
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Abstract
The South African Rainfall Enhancement Program (SAREP) represents the most recent cloud seeding
campaign in South Africa. It was conducted from December 1997 to the end of December 2000. All in all
95 seeded cases were declared as part of SAREP between December 1997 and December 2000. Using a
time-of-origin analysis, which could be applied to 37 cases that were selected early in their lifetimes, large
differences were found between seeded and control storms. The seeded storms on average produced
about twice the radar-determined rainfall that their controls produced. A radar-based storm climatology for
the target area indicate that many more storms occur in the region during a season. It was found that
more than 2000 storm tracks that reached the 30 dBZ threshold for at least 15 minutes affected the 10
2
000 km target area during the 7 months from October 2000 to April 2001. Of these storm tracks 290 were
identified as legitimate candidates for seeding. Based on these preliminary findings, it is suggested that
optimally carried out cloud seeding, using the South African developed hygroscopic seeding flare
technology, could have a significant (~10%) increase in area rainfall over the target area. The further
development of this technology to enhance our understanding of the processes involved should remain a
high priority.

1. Introduction
1.1 A Short History
The South African Rainfall Enhancement Program
(SAREP) (1997-2000) was a semi-operational
seeding project building on the previous work of
the National Precipitation Research Program
(NPRP) (1990-1997) described by Mather et al.
(1997) and Terblanche et al. (2000).
After the demise of the NPRP in 1997, the
international interest in the South African
developments continued. Both Bigg (1997) and
Silverman (2000) presenting independent
reevaluations of the South African randomized
experiment results confirming the initial findings.
Cooper et al. (1997) presenting some theoretical
insight why the particles from hygroscopic flares
could have an affect on rainfall production
efficiency. A new hygroscopic flare-seeding
program was also initiated in Mexico under the
scientific guidance of the US National Center for
Atmospheric Research (NCAR). This experiment
was modeled on the South African randomized
experiment with the same randomizing procedure,
seeding flares and pilots that were used locally.
Bruintjes et al. (1999) presented some of the initial
results from this experiment at the same forum
that Terblanche (1999) provided additional

insights into the South African results. The fact
that the Mexican results were very similar to the
South African results and that encouraging results
were also obtained from the Thailand hygroscopic
seeding experiment, prompted the WMO to
arrange a special workshop in Mexico focusing on
hygroscopic seeding and how to proceed with the
further development and evaluation of the
technology. More or less at the same time
Bruintjes (1999) reviewed all cloud seeding
experiments to date and highlighted the results
from hygroscopic flare seeding as a new prospect
that deserved further development and testing.
Despite the encouraging results from the field
experiment and some support from numerical
models and microphysical measurements, the
scientific community is still unified in their
statement that further research is necessary to
improve the physical understanding of the
processes involved. To achieve this improved
understanding new multi-parameter radars and
other new observational techniques will have to be
used in conjunction with state-of-the-art numerical
models. It is obvious that significant progress will
only be possible through a coordinated
international program.

1.2 Randomized
operational seeding

experiments

versus

In a randomized experiment suitable storms for
seeding are selected before the decision is known
whether the will be seeded or not. Through a
randomized experiment a data set is compiled
with comparable seeded (treated) and control
(placebo) storms. Statistical tests can then be
performed on the data set to establish whether the
hypothesis stated before the experiment can be
rejected or not and with what strength / level of
significance. In exploratory experiments (where
the outcome is not known) it is customary to test
the zero hypothesis – that there is no difference
due to the treatment. A well-designed statistical
experiment is an important component of cloud
seeding experiments as the cloud seeding effect
is often overshadowed by the large natural
variability in storms. However, in isolation,
statistics do not prove anything, nor do they
provide much insight into the physical processes
involved. It is for this reason that it is important
that statistical results must also be supported by
physical measurements and numerical model
results to gain credibility (as was attempted in the
NPRP randomized experiment).
In non-randomized seeding the question of
evaluation becomes more complex as there is no
randomly selected control group. A control group
has to be determined through other means and
the procedure used is always open for criticism.
Statistical tests can still be applied but should be
interpreted differently. In these type of projects
statistical significance is only an indication of the
“strength” of the difference between the seeded
and control groups. It is however believed that in
the approach followed in South Africa where the
analysis of the non-randomized seeding was
compared to the randomized seeding as was
done by Terblanche et al. (2000) some credibility
is added to the non-randomized results. For
example, apart from the similarities in the
apparent effect of seeding on the radar estimated
rain mass between the two experiments, it was
also found that similar radar determined properties
reacted in a similar chronological sequence in the
non-randomized experiment as in the randomized
experiment.
Furthermore, despite the fact that a method was
designed to do an analysis for non-randomized
seeding, this method is only applicable to those
storms that were selected for seeding early in their
lifetime. This allows a time-of-origin analysis in
which storm properties of the seeded and control
storms can be compared from the time they were
first identified as storm tracks by TITAN. This

procedure is well documented by Terblanche et al.
(2000). To date no method exists for the storms
that were seeded long after they developed.
1.3 Infrastructure
The Pietersburg radar site, the areal coverage and
the 100 km X 100 km target area is shown in
Figure 1. All radar data were analysed using
TITAN (Dixon and Wiener, 1993).

Figure 1. The coverage, to a range of 200 km, provided by the
Enterprise radar at Pietersburg. Also shown is the square, 100
km X 100 km target area just to the east of Pietersburg.

The aircraft used for seeding were the two
Aerocommander 690A turboprop research aircraft
of the SAWS and the WRC’s Aerocommander
500S piston engine aircraft. These aircraft were all
equipped for hygroscopic seeding and with the
system to provide GPS positions to the radar site
in real-time.

2. Storm-based analysis of seeding effects
This analysis is restricted to those storms that
were seeded within 30-35 minutes of their time of
track origin, the so-called Type A storms. Thirtyseven of the storms were classified as Type A
storms.
Figure 2 shows the results of the quartile analysis
of the 37 Type A storms and their identified
controls.
The differences between the seeded and control
time series show statistical significance exceeding

compared to the 8 000 ktons of the controls, the
first question that comes to mind is how many of
these storms would have to be seeded to achieve
say a 10% increase in area rainfall over the target
area. Simple calculations show that about 1.25 of
the treated storms will be required to produce an
additional 1 mm on average over the target area.
Therefore if the seasonal rainfall of the target area
amounts to 600 mm, 75 seeded storms would
produce a 10% increase or 60 mm in area rainfall.
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Figure 2. Quartile analysis of radar estimated rain mass of the
37 type A storms for the Tzaneen and Pietersburg based data
sets.

95 % at 25, 30 and 35 minutes for the first
quartile. Similarly the differences are significant at
45 and 50 minutes for the median and at 50, 60
and 65 minutes for the third. For the 100-minute
interval from time of origin, the ratio between
accumulated arithmetic mean rain mass for the
seeded and control storms is 2.08 indicating an
average increase in rain mass of ~8000 kton /
108% which corresponds to just more than a
doubling in rain mass. For the 37 storms
6
3
analyzed it amounts to about 296 X 10 m of
3
additional rainfall at a cost of US$0.004 per m . If
this effect occurred for all 95 storms seeded the
benefit-cost ratio could be even more favorable.
The global parameters show consistency and the
“top-heaviness" of the storms is significant at the
97.5 % level. This observation forms a link to the
previous experiments and their results. It must be
stressed that the sample size of 37 is still small
(74 in total). However, the results are consistent
with those published for the randomized
experiments (sample size of 127, 62 seeded and
65 controls, see (Terblanche et al., 2000, Mather
et al., 1997).
As yet, no feasible way of objectively analyzing
the other storms has been found. Nevertheless,
the subset of type A storms appears to provide an
indication of the same observed trends as
published previously, with the statistical tests
strengthening as the sample size has increased.

3. Storm Climatology
Assuming that a seeded SAREP storm, on
average, produced about 16 000 kton of rainfall

TITAN was used to analyze the storms tracks that
affected the target area for the 7-month period,
October 2000 to April 2001. A storm track is
defined as a radar echo that exceeded the 30 dBZ
level for at least 3 volume-scans (15 minutes).
These are the typical radar properties of candidate
storms that might be considered for seeding.
For the whole season a total of 2174 such storm
tracks were identified that affected the 100 km X
100 km target area. The monthly values varied
between 90 and 540. For the total radar area to a
range of 200 km from the radar, a total of 16 726
such storm tracks were detected!
In order to relate the rain producing characteristics
of the 2174 storm tracks identified to those that
were seeded the following approach was followed:
The accumulated rain mass of each of the
quartiles of the control storms of the Pietersburgbased data set for October to December 2000
was determined. This amounted to 404 kton for
st
nd
the 1 quartile, 956 kton for the 2 quartile and 11
rd
423 kton for the 3 quartile. Using these values
and calculating the accumulated rain mass of
each of the identified storms that affected the
target area during the season, it was found that
about 15% (290 storm tracks) produced more rain
st
than the 1 quartile of the controls, 10% (217
nd
storm tracks) more than the 2 quartile and 4.3%
(93 storm tracks) more than the 3rd quartile.
These findings indicate that probably only 290 of
the storm tracks identified (those larger than the
st
1 quartile of the controls) could be considered as
legitimate candidates for seeding. On the other
hand the storms selected for seeding were
actually representative of the larger storms of the
total seasonal population and as the seeding
effect is quite pronounced on the large storms it
can probably be transferred to the 290 legitimate
storm tracks.
These calculations also highlighted the fact that
the largest 23 storm tracks of the season
contributed about 50% of the rainfall of all the
storm tracks. As can be seen from Figure 4, the
largest reaction due to seeding was from the large
storms in the sample but it remains to be proven

that there is no limit regarding size on seeding
effect and if this is so, whether there might be
requirements for more seeding material and / or
more seeding aircraft per storm.
Figure 3 shows the time of development of the
290 legitimate storm tracks. There is a distinct
peak that coincides with the diurnal peak in solar
radiation. 73% (212) of the identified storm tracks
originated in the daylight hours between 04:00 UT
to 17:00 UT with the period between 11:00 UT
and 13:00 UT the most active as almost a third of
the daylight storms develop in these 2 hours.

100 km target area to achieve a 10% increase in
area seasonal rainfall.
The Pietersburg radar, being operated on a 24hour basis, allowed a radar storm climatology to
be compiled for the period October 2000 to April
2001. The findings were as follow:




290 legitimate storm tracks, to be
considered as seeding candidates,
occurred over the 100 km by 100 km
target area during the season.
212 of these storm tracks occurred during
day light hours with a peak occurrence
between 11:00 UT and 13:00 UT.

From the above and despite all the assumptions
and issues that require further research, it is the
view of the authors that the hygroscopic seeding
technology holds much promise as a viable
method to augment water resources in South
Africa and many other regions of the world.
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Abstract
Research has shown that precipitation enhancement can cause extra cloud growth on
each side of the thunderstorm, resulting in a longer life for the storm system, which may
cause more rain to fall over a larger area, Precipitation enhancement has many private,
economic and social benefits. Private and economic benefits include the potential for
increased crop yields, improved grazing conditions for livestock and reduced irrigation
costs.
Social benefits of precipitation enhancement are increased rainfall runoff into
reservoirs using for drinking water supplies and recreational purposes, a reduction in
ground water depletion from the local aquifer, higher humidity which results in lower
evapotranspiration rates by growing vegetation, and improved water quality.
A very long time series of the total annual (seasonal) rainfall amount during the period
1961-2002 for all coastal Mediterranean Egyptian Meteorological stations will be
analyzed. Results will be used to put a plan for rainfall enhancement in the Northern
Regions of Egypt in order to fulfill some or all the mentioned above private, economic and
social benefits of precipitation enhancement.

1. Introduction
In many regions of the world, particularly in arid or semi-arid lands, traditional
sources and supplies of ground water, rivers and reservoirs are either inadequate or
under threat from ever increasing water demands. All fresh water, whether on the surface
or underground, comes from the atmosphere in the form of precipitation, and to a lesser
degree fog and dew. This has prompted atmospheric scientists to explore the possibility of
augmenting water supplies by means of cloud seeding as one possible mitigation strategy
among a multitude that could be considered (e.g., conservation, improved agricultural
practices, etc).
Cloud seeding experiments have been conducted in Israel since 1960 and are among
the few that have consistently indicated positive statistical evidence of precipitation
enhancements. The work in Israel has resulted in three randomized experiments: Israeli-I
(1961-67), Israeli-II (1970-75). The experiments were designed with a northern and
southern target area. Seeding has been conducted during the wet season (NovemberApril) using aircraft to release AgI at cloud base along a line upwind of the targets. Since
1975, seeding has been used operationally in the northern target area to enhance rainfall
in the catchment area of Lake Kinnert.
Gabriel and Rosenfeld [2] reanalyzed results from the Israeli-II experiment and found a
positive enhancement of 13% in the northern target area (significant at the 2.8% level)
and a non-significant decrease of 2.5% for the total target. This decrease contrasts with
the increase for the total target area that was originally reported. Rosenfeld and Farbstein
[5] continued analysis of the Israeli-II and Israeli-III experiments and reported that no
enhancement was evident in the southern target area.
Precipitation enhancement of winter orographic clouds continued to receive a great deal
of attention in the United States. Research related to the modification of these cloud
systems was conducted as part of the NOAA-AMP in Arizona, Nevada and Utah, and in
northern California by the California Department of Water Resources with technical
assistance from the U.S. Bureau of Reclamation. Most attempts to modify winter
orographic clouds to augment snowfall involved conventional ground-based release of
AgI, or aircraft releases of AgI or dry ice.

From dual-channel microwave radiometer, polarized lidar, and K –band (0.866 cm
wavelength) Doppler radar measurements, Sassen et al. ]6[ distinguished between storm
properties dominated by forced orographic lifting and those dominated by propagation of
mesoscale disturbances. More precipitation was produced when the orographic clouds
coupled with a propagating mesoscale system. They concluded that, when decoupled
from the mesoscale system, low-level orographic supercooled liquid water clouds were
generally inefficient precipitation producers.
In the period 1984 – 1994, a series of cloud seeding experiments has been done in Libya.
A climate study has been made to seek if there would be any influence of such
experiments on rainfall amounts over the North Eastern part of Libya in the same period. It
was found that the cloud seeding projects have no effect on the rainfall exterior with a
circle has a diameter of 200 km and its center is cloud seeding project site (Moursy and
Eissa [3]).
The objective of the present paper is to present some climatological characteristics of
precipitation in Egypt; to analyze a very long time series of total annual (seasonal) rainfall
during the period 1961-2002 for all coastal Mediterranean Egyptian meteorological
stations; and then to propose a plan for rainfall enhancement in the Northern Region of
Egypt.

2. Data and sites used in this study
The most regularly operated coastal Mediterranean Egyptian stations for a very
long period have been selected in order to have a very long time series of total annual
(seasonal) rainfall to be analysed. Table 1 shows the latitude, longitude, altitude and
available period of data for the stations used in this work.
Table 1: Latitude, longitude, altitude and available period of data for different met. stations
WMO
Number
62300
62306
62309
62318
62332
62336

Station Name
Sallum
Mersa Matruh
Dabaa
Alexandria
Port Said
Arish

Latitude
31.53
31.33
30.93
31.20
31.28
31.08

N
N
N
N
N
N

Longitude
25.18
27.22
28.47
29.95
32.23
33.83

E
E
E
E
E
E

Altitude (m)

N (years)

4.00
28.30
17.00
3.40
1
27.18

42
42
42
42
23
23

3. Climatological characteristics of precipitation in Egypt
Precipitation over Egypt is usually associated with unstable weather conditions
due to the invasion of cold air masses in the upper troposphere and low pressure troughs
in the lower layers. The rainy season in Egypt extends from autumn to spring. Maximum
precipitation occurs during winter due to the passage of the traveling Mediterranean
depressions. The north-west of Delta is distinguished by highest amount of precipitation
due to the characteristics of the topography where the prevailing air stream is mainly
perpendicular to the coast line. However the north coast of the country is distinguished by
maximum precipitation which decreases rapidly inland to Middle Egypt becoming too rare
in Upper Egypt and Western desert.
During autumn and spring heavy unstable conditions occur east of the country
when upper air cold troughs reaching from Europe and associated with extension of the
Sudan Monsoon low in the lower layers over the east of the country. The instability
increases over Sinai and the Red Sea mountains due to orographic effects causing
thunderstorms and heavy showers and sometimes extends to Middle and Upper Egypt.
These heavy showers can cause flash floods in some locations of these areas [1, 4, 7, 8].

No precipitation occurs during July and August and it is very little only at northwest coast during June and September.
It is known that maximum precipitation in one day during the year is concentrated
in the area located north- west of the country, and then rapidly decreases to Middle
Egypt and to the Red Sea coast.
Also, the normal of the annual number of days with precipitation > 0.1 mm is large
over north coast and decreases inland to the south. Also, number of days during the year
decreases as precipitation is > 1 mm and > 5mm respectively [8].

Nature of Precipitation in Egypt:
In Egypt rain falls in the form of showers. Its amount may vary considerably from
year to year in the same place and may also differ widely in two neighboring localities in
the same season or year. Furthermore, due to the low frequency of occurrence and high
intensity of the rain, a single heavy shower may affect the average of a certain locality for
many years.
At all stations it is possible to be almost dry. Alexandria, the rainiest city, may have
values as low as 5 mm during the winter months while in other years it may receive over
100 mm in a month. Sallum recorded the highest monthly total, 227.5mm, in November,
1947. Years of marked rainfall deficiency can cause disastrous effects on the crops along
the Mediterranean coastal strip which depends on rain for irrigation [7]. Therefore
Precipitation Enhancement is very necessary for this region.

Distribution of Rainfall:
The distribution of the mean annual total
of rainfall (see Fig. 1) shows a maximum over the
Mediterranean coast with a rapid decrease
inland. The area south of 28 N is practically
rainless. This distribution pattern is explained by
the fact that most of the rain is associated with
upper cold troughs which only affect Lower
Egypt, and in particular the coastal areas. The
uneven distribution along the coast is explained
by the configuration of the coast line. The
decrease from 180mm at Alexandria to only
80mm at Port Said is very striking.
Fig. 1 Mean Annual Rainfall
over Egypt

4. Time series of annual and seasonal rainfall:
Figures (2-7) show very long time series (1961-2002) of both annual and seasonal
rainfall over Sallum, Mersa Matrouh, Dabaa, Alexandria, Port Said and El-Arish
respectively. The corresponding linear trend is presented. The great variability from year
to year is very clear at all stations except El-Arish. Moreover, a comparison between
annual rainfall over these stations is presented on Fig. 8.
Analyses of these figures show that all stations have nearly constant or slowly increasing
trend except El-Arish which has a slowly decreasing trend.

5. Cloudiness:
As would be expected in a sub-tropical, semi-arid, country, the mean monthly total
cloud amount does not exceed 4 oktas. The cloudiness is greater in Lower Egypt
(especially on the Mediterranean coast ) than in Upper Egypt and reaches a maximum in

winter and a minimum in summer. In general there is a noticeable diurnal variation of
cloudiness, there being more cloud by day than by night, not only in convective type
clouds but also, to some extent, in medium and high clouds.

Thunderstorms:
Thunderstorms are most frequent in the area of Alexandria, where an average of 7
days of thunderstorms occur every year. This value decreases westwards to 2.5 at
Sallum, eastwards to 4 at El-Arish, and southwards to 1.8 at Cairo. On the Red Sea coast
the average is 1.2. Although the frequency of thunderstorms is small they are sometimes
very violent and accompanied by heavy precipitation of rain and hail. The rate of rainfall
may be of the order of 2mm or more per minute. For instance, Cairo has recorded 12mm
in five minutes and Alexandria 30mm in 15min.

Diurnal Variation of Thunderstorms:
Thunderstorms show a distinct tendency to occur during certain periods of the day. An
examination of the diurnal variation at the coastal stations: Sallum, Mersa Matruh,
Alexandria and Port Said and the inland stations: Cairo and Helwan showed the following
facts:
• All stations exhibit three maxima, the times of which are early morning, after
noon and evening.
• Not all coastal stations show the same pattern, Port Said had a marked maximum
in the afternoon while Mersa Matruh had maxima that were nearly equal.
• There is a common minimum of occurrence during the forenoon (08h00-12h00
local time) for all stations.
• Inland stations showed afternoon and evening maxima stronger than the morning
value.

Annual Variation of Thunderstorms:
In coastal areas the maximum frequency occurs in November and December while
in inland stations and the Red Sea area there are two marked maxima, in October and
May.

6. Proposed plan for rainfall enhancement in Egypt:
A research program is proposed to enhance rainfall in the Northern Regions of
Egypt, specially the north Mediterranean coastal strip which depends on rain for irrigation.
The proposed Egyptian research program is consisted of the following three phases
including both observational and modeling approach. The district hopes to operate the
program indefinitely.
Phase I (The first year of the proposed program):
• A detailed climatological study of the precipitation distribution in the North
Mediterranean Coastal Region.
• Lectures by invited scientists on basic cloud physics and dynamics, history of
cloud seeding, cloud-seeding techniques and statistical analyses procedures.
• Preliminary modeling studies to increase our understanding of the dominant
mechanisms of cloud and precipitation growth in the region.
• Training of Egyptian personnel to launch soundings, operate radar, conduct
seeding flights, and coordinate seeding operations.
Phase II ( The second year of the proposed programs):
• A field program during the prime rainfall season (December, January and
February) in the region, with the participation of Egyptian scientists.
• Preliminary seeding trials to be able to document the physical chain of events of
precipitation formation.

•

Analyses of data collected by the research aircraft and ground-based radar to
determine the physical chain of events leading to precipitation development along
the north coastal region.
• Strong collaboration between scientists in developed countries and Egyptian
scientists in the areas of cloud physics, data analysis and numerical modeling.
• Studies of the cloud responses using high-resolution numerical models.
Phase III ( The third year of the proposed program):
• Scientific statistical evaluation of the seeded and unseeded clouds in the region.
• Development of the seeding hypothesis in the case if the feasibility study indicates
the potential for precipitation enhancement in the region.
• Design and support of a randomized seeding
experiment to enhance
precipitation in the North Coastal Region of Egypt.
• Training of Egyptian personnel to execute this program.
Budget:
The overall costs of the three years feasibility study are estimated to be $ 4,750,000.
This amount includes manpower provided by developed countries including standard
overhead rates, travel, computer costs to run sophisticated numerical models; and design,
execution and observational platforms involved in the field program.
The main cost during the field program would be the research aircrafts and radar
deployment during the prime rainfall season. It is proposed to purchase 5 cm Dopler
weather radar. It is crucial to the studies proposed in Phase II and Phase III of this
program. Estimated cost of the radar is $ 2,200,000., including $ 400,000. for training and
300,000. for in-country coordination and services. This cost is included in the overall costs
given above.

7. Conclusions:
Rainfall is not sufficient for development in the North Coastal Region of Egypt and even
small increase could be of great benefit.
Training of Egyptian scientists, technology transfer, and strong collaboration between
scientists in developed countries and Egyptian scientists in areas of cloud physics, data
analysis and numerical modeling are essential for the success of the proposed program
for precipitation enhancement in the North Coastal Region of Egypt.
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ABSTRACT
The cloud seeding program started in Jordan
during the rain season of 1986 – 1987 as an
operational program with an interruption during the
season 1989/1990 due to lack of an equipped
aircraft. The data collected for the first three
seasons allowed only for a preliminary
assessment of results to help as measures for our
operational effectiveness for further improving
operations. The next study and analysis of data
was done at the end of 10th rain season.
In meteorological literature, one finds various
percentage changes in precipitation at high
significance level (Dennis 1980), as for Jordan;
there were good reasons for believing that a wellrun program has the potential of increasing rainfall.
The randomized cloud seeding programs which
conducted in the area, and with high levels of
statistical confidence where the experiments
showed that rainfall increased by 15% and 13%
Programme equipment
1.
Aerial seeding system
The operational cloud seeding and research
acquisition systems provided to the program were
installed on a 1969 Duce Beechcraft BE-60
Aircraft for the first 3 seasons of the project. In
1990 we purchased our seeding aircraft (Cessna
340 A), which was put in operation during the rain
season of 1990/1991.
Tow uniquely different types of dispensing
systems for releasing silver iodide within cloud
structure are used:
-WMI - LOHSE generator (Burner), which
consists of two mounted stainless steel pods.
Each pod carries 9 gallons (30 liters) of silver
iodide/sodium iodide (AgI/NaI) in an acetone
solution.
-A 102-position rack assembly mounted on the
undercarriage of the aircraft. It holds cartridges of
AgI/NH4I in a solid form. 20 gm cartridges are
used in the rack. They are used primarily for
seeding of deep convective cloud elements,
whereas the wing-mounted AgI solution burning
pods are used for convective cloud base and
stratiform cloud application. During aerial seeding
operations measurements are taken every second
during the whole seeding trip.

(Gagin and Neamann, 1967). Therefore, One can
conclude; if cloud seeding works successfully in
neighboring country, it should work next door in
Jordan.
On average, the total annual rainfall over the
country has been estimated at 8 billion cubic
9
3
meters (8X10 m ). Any small incremental
percentage of this number produces sizable
benefit. For example, 1% increase in total rainfall
translates in to 80 million cubic meters, which is
about the average capacity of the largest dam in
Jordan so far.
The study in Jordan after cloud seeding period
of 10 rain seasons showed an increase of rainfall
over hilly areas is about 12%, over desert is about
(15% – 20%), and over southern regions is about
4% - 7%, and the average increase of rainfall over
Jordan is about 13%.

2.
Six AgI ground–based generators were
installed during the first year of operation
(1986/1987). This number was increased to 14
during the next season (1987/1988). By the end of
the third season (1988/1990) a network of 20
generators has been employs\ed to support the
seeding program, and now the number is 30
generators, which is increasing by 3 generators
every season.
3. Doppler Weather Radar.

Rain enhancement projects in central part of Iran
Semsar Yazdi and Ali Asghar
Head of Iranian Precipitation Enhancement Project, National Cloud Seeding Research Center
e-mail semsar@mail.com

Abstract
Cloud seeding background in I.R. of Iran:
To increase the storage water capacity of the
Latian & Karaj dams located near Tehran, a fouryear cloud seeding project (1974-1978) was set up
in Iran sponsored by the Ministry of Energy. A
Canadian company supplied the equipment. Thirty
land generators and one aircraft were used to
inject silver iodide into cloud masses As a result
an increase of 13 percent precipitation was
reported.
In 1988, the remained equipment of the
mentioned project was transferred to Yazd region.
Following that, the cloud seeding project was
continued on the slopes of Shirkuh Mountains
applying some land generators in 1990,91,94,95 &
96. These operations covered a limited zone.
Recent cloud seeding activities in Central Iran:

After establishing a national cloud seeding
research center affiliated with the Ministry of
Energy, the project was performed in Central Iran
in winters (1999,2000 and 2001) in collaboration
with the scientists from the Central Aerological
Observatory - Moscow. The activities were
performed by using an aircraft capable of injecting
silver iodide or liquid Nitrogen into cloud masses.
In the winters of 1999 and 2000 one weather
radar was used and the project could cover an
area with the radius of 200 km. In 2001, installing
second weather radar the radius of operations was
extended to area with radius 300 km. Using a rain
gauge network and standard efficiency methods,
the amount of water enhanced by these projects is
calculated every year. (For some more details on
this experiment see the paper by Chernikov and
Koloskov in this volume)

Future programmes:
The future operations include the application of
two domestic aircrafts in winters 2003, 2004 and
2005. In winter 2003 an area with the radius of 350
km will be covered and the two weather radars will
be in operational use
In 2004 and 2005 operations, the weather
radars will increase to four and the area of
activities
will
increase
accordingly.

RAIN ENHANCEMENT IN IRAQ
Rasheed H.S. Al-Naimi*
Department of Atmospheric Sciences, College of Science, Al-Mustansiriyah University, Baghdad

Introduction
There is large number of attempts by
man to increase the rainfall by variety of
methods. However, it is regrettable to say
that the Arab world whose lands are mainly in
arid and semi arid zone and badly needs
extra water was not one of the pioneers and
did not give attention to the precipitation
enhancement experiments.
To the
knowledge of the author no experiments had
been conducted before 1970’s by any Arab
country except an attempt in Tunisia which
was terminated in early 1950’s with no results.
Other attempts were made since 1980’s by
Morocco, Libya, Jordan, Algeria, Syria, and
Iraq.

of seeding operations have been carried out
(1992/1993, 1999/2000, 2000-/01, 2001/02) in
irregular way due to the difficulties of getting
permission from the UN-observers for flying
the seeding aircraft.
Areas of Test Experiments and Operations
Figure 1 shows the areas of the Iraqi
project. The base of the experiment was in
Tallafar just above the 36o N latitude (80 km
west of Mosul) while the area of the
operations was in Baji (200 km south of
Mosul). The mean annual amount of rainfall
in Iraq is shown in Figure 2 billow.

The Iraqi Project
In 1989 Iraq has recognized the
importance of precipitation enhancement
experiments. It was planned the project to be
carried out for several years to determine the
best method that suits the local conditions.
Unfortunately, these relatively controlled
experiments were terminated after the first
season due to economical difficulties.

In wintertime Iraq is under the
influence of two types of weather systems
bringing rain: Mediterranean Sea front with
temperature from +6 to –12oC and Sudanese
depression with temperature usually above
zero. In general the dominated rain-clouds in
Iraq can be classified as “warm clouds”.
Methods and Equipment
On the basis of results obtained from the
above rather short-term experiment, a series

The development of rain in warm
clouds requires the natural appearance of

about 200 droplets per cubic m with radius of
at least 20 _m which is a size large enough to
grow by collisions and coalescence [1]. One
approach to stimulate rain in warm cloud is
therefore to introduce approximately this
concentration of large droplets into ascending
air above cloud base. An alternative method
for stimulating coalescence is to inject salt
particles around cloud base to provide centers
on which large cloud droplets can form [2, 3].
In the Iraqi experiment dissolving
different concentrations of ammonium nitrate
and urea in water combined the two methods.
Laboratory tests show that a nozzle with a
use of suitable air jets can give solution
droplets with a typical size distributions shown
in Figure 3.

remarks represent a personal view of the
author who has participated in the seeding
processes.
a) The experimental part
- In all seeding cases, the precipitation was
initiated after 12-15 minutes from the
beginning of the seeding process.
- In some cases, it was noted that the cloud
base descended and there were raindrops
falling from the cloud but these drops did not
reach the ground.
- In some other cases, a modification of the
cloud structures was apparent and cloud top
became higher
- Best results were obtained when seeding
was carried out at levels above the cloud
base.
- It was difficult to initiate precipitation that
can reach the ground, from seeded cloud of a
2 km thickness especially when humidity
underneath the cloud is relatively low and the
cloud base is more than 1 km above the
ground.
- Best results were obtained when solution of
concentration in ratios 5:3:7 of Urea: 3
ammonium nitrates: water was used.
- The results obtained with seeding by a fixed
wing airplane were better than those obtained
with use of a helicopter.

Two types of aircrafts were used in the
experiment, the MI-8 helicopter and the PC-7
fixed wing airplane. Ten sprayers were fixed
on each side of the planes. Radar and
satellite photos were used to assist
controlling, monitoring and directing the
seeding operations.

b) The operational part
The area of the project was divided
into two regions, a seeded region and none
seeded (control) region.
The long-term average was much
less (150 to 230%) than the mean
precipitation of the 1992-1993 season nearly
over all meteorological stations in Iraq.
Nevertheless that was a rainy year, from the
project-side observations there are indications
that the seeding operations had also an effect
on increasing the rainfall in the seeded region.

Some results
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1.

Introduction
For nearly two decades, the water
resource community in the United Arab Emirates
(UAE, Fig. 1) has had a growing concern about the
sustainability of its fresh groundwater resources
since groundwater levels and well yields in many
locations have declined substantially over this
period. Simultaneously, the search for new
groundwater resources has met with only marginal
success. Currently, the majority of freshwater for
municipal and industrial demand in the UAE is
derived from the desalinization of seawater, a
relatively expensive and somewhat vulnerable
approach to deriving freshwater for socioeconomic development.

2.

Water shortage in the UAE
The gap between demand and supply of
water is large and continues to expand. This has
developed into a crisis based on the following
contributing factors:
• Geographical location, topographical features
and the climate of the UAE.
• Over withdrawals.of groundwater supplies
• Rapid expansion of agriculture, tourism,
industry, and population increase.
• Non skilled labour, especially in the field of
agriculture.
• Water budget assessments for the UAE are
currently not available..
Total Mean Manth Rainfall (1969-1991)
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Figure 2: Annual mean rainfall for Abu Dhabi in
the UAE
Figure 1: Map of the United Arab Emirates

3.

The UAE is located in the subtropical
desert climate zone. The winters (December–
March) are historically the wet season in the UAE
Fig. 2). The extreme minimum temperature may
o
reach values less than 1.0 C in some places. The
summers (July–September) are characterised by
heat waves and sandstorms often associated with
convective outbreaks. Thunderstorms occur
frequently over the mountainous area along the
eastern border with Oman and less often over the
south-western parts of the UAE. The extreme
o
maximum temperature sometimes reaches 50 C in
some places.

•

•

•

Human induced causes for water
shortage in the UAE
The population has increased from ~560,000
in 1975 to 2,411,000 in 1995 and to 3,500,000
in 2001.
Domestic, Industrial and agricultural demand
3
for water has increased from~1,490 [mil m ] in
3
1990 to 2,180 [mil m ] in 2000 and is
3
projected to be 3.200 [mil m ] by 2025.
The tourism sector in the UAE has become an
important contributing factor to the countries
national income. The implication of the rapid
expansion of tourism has put additional
stresses on water demand (for instance, an
average inhabitant uses 250 litres per day

while the average tourist uses up to 880 litres
per day). The number of tourists has increased
from ~2 million in 1994 to ~5.5 million in 2002.
4.

Rainfall Enhancement via cloud
seeding
In 2001, the government of the UAE,
through the Department of Water Resources
Studies, initiated a study to assess the efficacy
and potential benefits of rainfall enhancement via
hygroscopic seeding as a means to support
freshwater resources. Several objectives were
identified and intensive data collection (field
projects) were carried out during the winter and
summer seasons of 2001 and 2002.
A scientific evaluation of cloud seeding for
rainfall enhancement requires several efforts
designed to systematically characterize clouds and
precipitation in order to determine their potential
response to seeding. Two fundamental questions
were addressed during the first phase of the
program. These were:
(a) Is the frequency of cloud occurrence
sufficient to warrant the investment in a
cloud seeding program?
(b) Are the clouds that do occur amenable to
hygroscopic seeding to enhance rainfall?
Different aspects of the study included:
1. Developing a cloud and rainfall climatology
over the UAE to assess cloud characteristics
and rainfall distribution. These studies were
important to determine if suitable clouds exist
and their frequency of occurrence.
2. Field program studies, using an instrumented
cloud physics aircraft and weather radars with
data-recording capability, during the months
with the largest occurrence of clouds and
rainfall in the UAE (winter) and during the
months with a high frequency of convective
clouds over the Oman Mountains (summer).
The objectives were to document the impact of
natural aerosol and pollution on cloud
processes and the microphysics and dynamics
of natural clouds. Initial seeding trials were
also conducted to study the effects of seeding
on clouds.
3. Analysis of the collected aircraft, radar, and
chemistry data to determine the natural
precipitation processes and the effect of
seeding on these processes.
4. Assessment and improvements in the data
collection procedures for the weather radar
network, including implementation of the
NCAR Thunderstorm Identification, Tracking,
and Analyses (TITAN) and Central Integrated
Data Display (CIDD) software systems for
archival, display, and analysis of quantitative
radar data.

5. Provision of real-time high-resolution
numerical model forecasts with the MM5
model during the field project periods.
6. Atmospheric modelling studies of the general
meteorological conditions and the formation of
clouds and rain to evaluate and assess the
potential for cloud seeding.
7. Hydrological studies to determine the impact
of possible rainfall increases on surface- and
groundwater.
5.

Results
The airborne sampling strategy during
2001 and 2002 was to fly over the entire UAE
region to obtain spatial and vertical distributions of
the measured trace gases and aerosols. Vertical
distributions of parameters were determined by
either flying in a spiral pattern above a particular
site or flying vertical profiles along a flight transect.
An example of the flight tracks (originating out of
Al Dhafra close to Abu Dhabi) can be seen in Fig.
3 for winter 2001.
During 2001, a Piper Cheyenne II (twinengine turboprop) aircraft was used for air
chemistry sampling, aerosol and cloud physics
investigations and hygroscopic seeding. An array
of research instrumentation was installed at
various times over the two field project periods and
included:
•

•

•
•
•
•

•
•
•
•
•

Forward Scattering Spectrometer Probe
(FSSP) - measures concentrations and sizes
of cloud droplets between 2 and 47 µm
diameter. (This probe has modified electronics
and is sometimes referred to as SPP.)
Passive Cavity Aerosol Spectrometer Probe
(PCASP) - measures concentrations and sizes
of aerosol particles between 0.1 and 3.0 µm
diameter
2D-C Optical Array Imaging Probe - detects
cloud and precipitation particles between 25 to
800 µm diameter
2D-P Optical Array Imaging Probe - detects
cloud and precipitation particles between 0.2
and 6.4 mm diameter
High Volume Precipitation Spectrometer
(HVPS) – detects precipitation particles 0.2 –
51 mm diameter (only in 2001 winter)
University of Witswatersrand “streaker”
sampler – collects aerosol particles on filters
for post-analysis in a laboratory setting (only in
2001 winter)
Cloud Liquid Water Content (LWC) sensor
Condensation Nuclei (CN) counter – measures
concentrations of aerosols roughly 0.01–1.0
µm
Cloud Condensation Nuclei (CCN) counter
Sulfur dioxide (SO2) analyzer
Ozone (O3) analyzer

•
•
•
•
•

Sensor for detecting oxides of nitrogen
(NO/NO2/NOx)
GPS system for determining position and
ground speed, and for estimating winds
Sensors for measuring temperature, static and
dynamic pressure and dewpoint
Cloud seeding racks for 24 hygroscopic flares
Data recording and telemetry system

During 2002, a Beechcraft King Air 200 performed
the same functions, but allowed for an extended
array of instrumentation to be carried at one time
(more electrical power and weight capability,
particularly at high temperatures). Besides all the
instruments listed above, an important addition in
2002 was a filter bank sampler that collected
aerosol particles on a grid for electron microscopy
analysis.

concentrations, show that CN particles were
indeed highest at identified SO2 sources. These
aerosols can be very effective CCN and therefore
have the potential to influence cloud microphysical
processes and rainfall production efficiencies (Fig.
4).
Measurements of CCN show enhanced
background levels throughout the UAE, due to
local pollution sources in the region (Fig. 5). When
mineral (desert) dust exists in conjunction with
sulfates (and possibly other pollutants), the dust
particles can become coated with sulfate, making
them more active as cloud condensation nuclei.
This is especially important in the UAE region
where both sources exist and likely have an
impact on the precipitation processes in clouds. In
2002, the filter bank sampler was added to
determine the composition of the aerosols and
assess whether sulfate coating of dust particles
occurred and was significant. Analysis is still
ongoing, but preliminary results suggest that
sulfate coating is not a significant process and
therefore may not be a complicating mechanism in
determining the natural variability of CCN.

SO2 emissions

Production of
sulphates

Figure 3 : Composite of all flight tracks during
winter 2001.
The suite of aircraft instruments combined
provided information about natural conditions
important to cloud and precipitation development.
For example, emissions of SO2 into the
atmosphere result in the production of aerosols
through oxidation. The condensation nuclei (CN)
counter measures the number of particles that fall
within the nucleation (0.01–0.1 micron) and
accumulation (0.1-3.0 micron) modes. Highest
concentrations of these particles were expected to
occur in the vicinity of the highest emissions of
SO2 in the UAE region. This is due to the fact that
the synoptic conditions over the UAE are
dominated by anticyclonic circulation, with low
wind speeds and stagnant air. In addition, the
afternoon and evening sea breeze could bring
many of these pollutants onshore. Maps of CN
aerosol concentrations, along with maps of SO2

Increased aerosol
concentrations

Modify existing
aerosol population

Increased CCN
concentrations

Modify CCN solubility
characteristics

Increase cloud droplet
concentrations

Modify cloud
droplet spectra

Figure 4: Graphical representation of impacts of
SO2 on cloud characteristics
The measurements indicated that the UAE
region has high concentrations of aerosols,
resulting in a continental (high concentrations and
narrow) droplet size distribution. Based on these
results two significant conclusions were reached.
They were:
a) that suitable cloud conditions (for
hygroscopic cloud base seeding) were
extremely limited during the winter season and
even then in areas of little interest; and
b) that potentially suitable convective clouds
occurred frequently over the Oman Mountains
during the summer season. This region is the
most important because it is the primary

recharge area for groundwater aquifers in the
UAE and, and may also be of benefit to Oman,
requiring close collaborations.
27

2500
26

2000
Dubai

25

Fujairah

Jebel Ali

Zirku Island

1500
Abu Dhabi
Al Ain

Jebel Dhanna

24

1000

Habshan
Bu Hasa

500
23

0
22
51

52

53

54

55

56

57

Figure 5: Averaged vertical column of CCN during
the winter of 2001
Air
chemistry
studies
included
measurements of trace gases such as Sulphur
dioxide (SO2 ), Oxides of nitrogen (NOx), and
Ozone (O3). Air pollutants (especially SO2 and
NOx transforming to sulfates and nitrates) not only
have health impacts, cause acid rain, reduce
visibility, but could also influence the cloud
microphysics by production of CCN and/or altering
existing CCN concentrations thus influencing the
precipitation efficiency in clouds and therefore
precipitation patterns. In addition, due to abundant
sunshine in the UAE low-level ozone formation
resulted in medium to high levels of ozone over
the region.
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hygroscopic making them efficient CCN. They may
also coat large (less soluble) dust aerosols
producing very efficient CCN.
The air chemistry component of the
project has confirmed that:
• It is important to understand the full
atmosphere system impacts on the cloud
microphysical processes – including chemical
processes in the atmospheric.
• It is important to evaluate the impacts of
pollution on atmospheric aerosols as well as
cloud microphysics (cloud droplet sizes)
• Air chemistry studies using aircraft also give
important insight into air quality problems.
6.
Conclusions
Results from these studies support the overall
recommendation to proceed with phase II of the
program – a randomized hygroscopic seeding
experiment with concurrent microphysical
measurements in seeded and unseeded clouds
during the summer months (June to September),
focusing primarily in the mountainous region of
eastern UAE and Oman. During 2001 and 2002 it
was found that thunderstorms occur on
approximately 40 days during this period with the
peak frequency in July and August. This phase will
assess quantitatively the increases in rainfall from
cloud seeding and initially address the overall
economical benefit of such a program. The
objectives of Phase II of the Rainfall Enhancement
Assessment Program in the UAE are to:
(a) Determine whether there is a quantitative
effect on radar derived storm-based rainfall
from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time
history of such effect and the probable cause.
(c) Test the concepts of the South African and
Mexican experimental approach in the UAE.
(d) Collect concurrent and separate physical
measurements to support the statistical results
and provide substantiation for the physical
hypothesis.
(e) Conduct initial cost-benefit analyses
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Figure 6: Averaged vertical column of SO 2
measured during the winter of 2001
The main sources of SO2 were found to
be oil refineries, the oil fields out gassing and
industrial activities (Fig. 6). The episodes of high
pollution are associated with a dominant highpressure weather system over the region. The
sulphates are especially important because
influence cloud properties. They are highly
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Résumé
Le service météorologique Algérien s’est intéressé sur la question de la modification artificielle du
temps depuis plus de deux décennies. En effet, au milieu des années 80, un projet a été initié dans
une des régions des hauts plateaux algériens pour mener des expériences scientifiques de pluies
provoquées.
La climatologie de cette région montre qu’on y observe une grande activité nuageuse, cependant il
n’est pas aisé de quantifier les résultats de cette période expérimentale car il a sévit durant celle-ci
une longue et sévère période de sécheresse avec une situation anticyclonique persistante.
Aujourd’hui l’Office National de la Météorologie déploie des efforts important pour créer une structure
de recherche en hydrométéorologie et physique des nuages dans la zone déjà ciblée par le premier
projet. Cette structure bénéficie aujourd’hui de moyens matériels (Radar et stations d’observations
automatiques) et surtout humains.
Des relations importantes sont également développées avec la structure de recherche nationale et
l’université de la région.
Aussi, à ce stade la présente communication, ne détaillera pas et n’évaluera pas les résultats
scientifiques, mais donne les détails du programme en cours de mise en œuvre de la station de
recherche.
L’objectif essentiel étant à terme l’augmentation des précipitations dans cette zone qui en accuse une
régression assez marquée. Une des méthodes à laquelle on accorde un intérêt particulier consiste
aussi au captage par des filets de l’eau des nuages en zone montagneuse.
Les différentes phases du projet se résument comme suit :
1. Actualisation de l’étude climatologique des nuages et des précipitations au-dessus de la zone
d’étude.
2. Prédétermination des saisons à activité nuageuse et propice à des ensemencements.
3. Amélioration et utilisation du traitement automatique des données radar .
4. Développement de la modélisation atmosphérique et hydrologique à une échelle réduite
(cellule orageuse).
5. Renforcement des capacités par l’échanges d’expériences et de coopération avec différents
partenaires.
·
Revue des études hydrologiques entreprises par les établissements pédagogiques afin
de déterminer l'impact des augmentations possibles de précipitations sur la zone
·
Plan de formation pour ce renforcement des capacités.

1.

Introduction

Les services météorologiques Algérien se sont
penché sur la question de la modification artificielle
du temps depuis assez longtemps. En effet durant
la saison agricole 1987/1988, un projet
d’augmentation artificielle des précipitations a été
initié dans une région des hauts plateaux accusant
une grande activité nuageuse. Plus précisément la
ville de Tiaret disposant de structures hôtelière,
d’un aéroport opérationnel, d’une station radar de
précipitation et d’une station météorologique
d’observation en surface et altitude.
Le radar est implanté sur une montagne (Figure 1)
à une altitude de 1177m dominant le plateau du
Sersou.

Site Radar

Figure 1 : Vue à partir de la l'aéroport de la montagne
abritant le site Radar de Tiaret.

Cette région est connue par ces terres fertiles sa
vocation est de l’agro pastoralisme. Cependant, les
deux dernières décades ont la particularité
d’accuser des rendements de blé très variables
allant de 2 à 35 q/ha, pourtant il fut un temps, les
agriculteurs de cette région exportés leur blé vers
la France. Plusieurs études climatologiques
confirment la diminution significative dans les
totaux de précipitations mensuels et annuels dans
cette région. La Figure 2 montre une tendance à la
baisse significative des précipitations par exemple
du mois de septembre à Tiaret.
En effet le climat de cette zone est semi-aride,
la croissance démographique semble imposer
un rythme de production intense aux terres
productives qui sont réellement menacées par
la désertification. La Figure 3, montre bien que
l’Algérie est sous des climats aride et hyper
aride selon la formule P/ETP où P étant les
précipitations et ETP l’évapotranspiration. Les
régions habitées ont en majorité un climat semiaride.

Figure 3: Carte indiquant la zone d'étude et les
délimitation climatiques basées sur P/ETP.
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Figure 2: Représentation de la courbe (a) des
précipitation de la station de Tiaret et de la courbe (b) de
la statistique progressive de Mann-Kendall au mois de
septembre.

L’Office National de la Météorologie (Algérie) ainsi
que d’autres partenaires sont sensibilisé vis à vis
des fléaux sécheresse et désertification et a créé
une station de recherche en hydrométéorologie et
physique des nuages dont les infrastructures sont
implanté dans la montagne abritant le Radar à 20
Km au sud de Tiaret (Figure 4).

Figure 4: Station de recherche en hydrométéorologie et
physique des nuages de Tiaret.

Cette station à pour objectif principal la
réalisation d’une partie du programme de
recherche tracé par l’Office National de la
Météorologie, de prendre en charge à moyen
terme les problèmes de développement des
régions arides et semi-arides, liés au climat. Le
plan d’ensemble du centre met essentiellement
l’accent sur l’approfondissement de nos

connaissances météorologiques en l'occurrence la
prévision
de
certains
phénomènes
météorologiques extrêmes capables de causer des
dégâts importants dans ces zones, la physique
des
nuages,
l’hydrométéorologie,
l’agrométéorologie
et
la
modélisation
atmosphérique. Les principaux instruments de la
station de recherche disponible actuellement sont :
le radar (Figure 5) et le réseau de postes
pluviométriques auxiliaires et les station
automatiques (Figure 6).

Figure 6: Type de station automatique utilisées dans le
réseau climatologique de la station de recherche.

Figure 5: Antenne du Radar de la station de recherche.

La station de recherche est entrain de recenser le
potentiel humain capable de mener des études et
des projets en partenariat avec d'autres
organismes de recherche scientifiques et
pédagogiques. Dans le but d’atténuer les effets du
manque d’eau et de la désertification. Cette station
oriente particulièrement ses axes de recherches
vers les domaines suivants:
o La modification artificielle du temps par
ensemencement des nuages ;
o Le captage de l’eau des nuages ;
o Le captage de l’eau de pluie ;
o La dissipation du brouillard.

3.
La modification artificielle du temps
par ensemencement des nuages
Augmenter les précipitations en zones semi-arides
constitue une des principales composantes du
plan d’action de la station. Bien que la réalisation
d’un tel projet soit très coûteuse, les services de la
météorologie Algérienne sont prêts à s’intégrer
parmi le groupe de pays qui tentent cette
expérience. Nous plaidons pour d’avantage de
recherche en laboratoire et nous souhaitons
l’acquisition d’un laboratoire. De telles études
seraient menées sur une base scientifique et d'une
façon respectueuse pour l'environnement. En ce
qui concerne les grands moyens tel que des

aéronefs, la possibilité de coopération avec des
partenaires étrangers est envisagée. Ce
programme est projeté sur une base de longue
durée car la variabilité de précipitation est
généralement beaucoup plus grande que les
augmentations ou les diminutions réclamées pour
la modification artificielle de temps.
Afin d’augmenter les chances de succès dans une
situation spécifique, des études préliminaires sont
entrains de ce réaliser :
• la climatologie des nuages et de la
précipitation de la zone d’étude (ayant des
conditions favorables pour la modification de
temps) ;
• les conditions qui conviennent aux techniques
connues de modification;
• occurrence des conditions appropriées, les
changements dans les résultats par rapport
aux techniques de modification doivent être
détecté à un niveau acceptable
de
signification statistique ;
une activité opérationnelle peut être effectué à un
coût acceptablement plus bas que le coût socioéconomique.

4.

Le captage de l’eau des nuages

En région semi-aride, l’eau est précieuse et la
majeur partie habitable de l’Algérie a un climat
semi arides ; seuls les côtes Est, ont un climat subhumide. Nous souhaitons acquérir une expérience
de cette technique considérée prometteuse pour
un pays en voie de développement tel que le
notre et où la pénurie d'eau potable est de plus en
plus préoccupante. En effet, "Il s'agit d'une source
d'eau peu coûteuse, renouvelable et exigeant un
faible niveau technologique.". Dans les régions
semi-arides, la densité de végétation étant faible,
les gouttelettes des brouillards persistants sont
normalement emportées par le vent et ne font que
passer au-dessus du paysage, sans jamais
l'irriguer.

5.

Le captage de l’eau de pluie

Les techniques de captage et de stockage de l’eau
de pluie à des fins domestiques intéressent les
activités de la station de recherche. Dans certaines
régions d’Algérie, ayant un climat assez rude, les

pluies sont rares mais ravageuses. La possibilité
d’en bénéficier est le rêve de tout habitant de ces
régions. Des expériences et des ouvrages seront
conduits dans plusieurs points des hauts plateaux
en suivant un protocole expérimental rigoureux.

6.

La dissipation du brouillard

Les opérations qui utilisent l'ensemencement
glaciogenique pour absorber le brouillard en
surfusion et les stratus bas, sont devenues très
courantes dans des aéroports. La possibilité
d'admettre plus de rayonnement solaire afin
réduire les besoins en chaleur pour la dissipation
des nuages et brouillards semble prometteuse.
La dissipation des brouillards dits chauds peut
souvent être accomplie par des techniques
thermiques coûteuses, mais semble rentable dans
certains aéroports principaux. Des techniques plus
fiables et plus économiques de dissipation de
brouillard dit chaud intéresse énormément nos
activités.

Conclusion
La réalisation du programme de recherche de la
station de recherche en hydrométéorologie et
physique des nuages exige l’évaluation continue
des techniques de modification de temps qui
seront expérimentées. L’amélioration des
équipements d'observation, la puissance des
moyens de calcul, les performances des modèles
numériques. Ainsi, les possibilités économiques
des méthodes de modification de nuage doivent
être déterminées. La coopération entre plusieurs
pays en coordination avec l’organisation
météorologique mondiale est nécessaire.
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RESUME:
Suite aux épisodes de sécheresses sévères affectant le Maroc à la fin des années 70 et au début des années 80, le
pays avait mis en place en 1984 un programme d’accroissement du taux de précipitations au dessus de la chaîne
montagneuse du Haut et Moyen Atlas.
Le but de ce rapport est de présenter un aperçu sur la méthodologie suivie durant les deux principales phases du
programme: Phase d’étude et de mise en place et la phase de confirmation.
Durant la première phase (1985-1995), on a essayé de définir les régions ayant un fort potentiel d’ensemençabilité se
basant sur les critères établis par l’OMM en Espagne durant la compagne PEP-1982. L’analyse de 210 épisodes nuageux
à l’aide de deux avions laboratoire montre que 70% des cas répondent aux exigences de l’OMM. Ensuite, il a été
question d’établir une caractérisation des nuages affectant le Maroc durant la saison hivernale qui a aboutit à l’existence
de trois classes principales avec prédominance des deux premières classes relatives aux perturbations classiques de
l’Atlantique Nord.
La zone cible est choisie sur une surface de 14300km2 centrée sur le relief du moyen Atlas comportant une
dizaine de barrages hydrauliques et de bassins de rétentions. Deux zones témoins ont été définies se situant
respectivement au Nord et au Sud de la zone cible et présentant une bonne corrélation avec les stations de la zone cible
en terme de débit.
On présentera ici les résultats de l’évaluation statistique réalisée utilisant différentes méthodes statistiques.
L’évaluation économique appliquée à la région de la plaine de Tadla montre un rapport coût/bénéfice de 3.37% pour un
taux d’accroissement de précipitation équivalent à 10%.
La deuxième phase est principalement une phase d’extension du programme vers d’autres régions du pays tout
en adoptant de nouvelles techniques d’inséminations. En effet, durant les trois dernières années, il a été constaté une
abondance des nuages associés aux remontées tropicales pour lesquels il serait judicieux de recourir aux cartouches
hygroscopiques. Cette phase a été caractérisée aussi par le démarrage des études de faisabilité concernant la mise en
place d’un projet de lutte anti-grêle au niveau de la région Est du pays.
L’expérience marocaine en matière de modification artificielle du temps a été sollicitée par de nombreux pays
africains tels que le Burkina-faso et le Sénégal.

ABSTRACT: SCIENTIFIC AND OPERATIONAL ASPECTS OF AL-GHAÏT PROGRAM
As a consequence of the severe episodes of drought affecting Morocco at the end of the Seventies and to the
beginning of the Eighties, the country had set up in 1984 a national program with the aim to enhance the rate of
precipitations over the mountainous chain of the Height and Middle Atlas.
The goal of this report is to present an outline (overview) on the methodology followed during the two principal
phases of the program: Phase of installation and study and phase of confirmation and extension.
During the first phase (1985-1995), we tried to define the areas having a strong potential of seedability referring
to the criteria established by the WMO in Spain during 1982. The analysis of 210 cloudy episodes with two laboratory
aircrafts shows that 70% of the cases studied fulfil the requirements of WMO. The second step was establishing a
characterization of the clouds affecting Morocco during the winter season. The study leads to the existence of three
principal classes with predominance of the first two classes relating to the traditional perturbations of the North Atlantic.
The target zone was chosen on a surface of 14300km2 centred on the relief of the middle Atlas including many
hydraulic dams and retaining tanks. Two pilot zones were defined respectively at the North and the South of the target
zone and presenting a good correlation with the stations of the target zone in term of flow.
We also present the results of the statistical evaluation carried out using different statistical methods. The
economical evaluation applied to the area of the Tadla plain shows a ratio of costs/benefits equivalent to 3.37% for an
additional rate of precipitation of 10%.
The second phase is mainly a phase of extension of the program towards other areas of the country while
adopting new techniques of seeding. Indeed, during the last years, it was noted an abundance of the clouds associated to
the tropical cloudy masses (class C3) for which it would be judicious to resort to the hygroscopic flares. This phase was
also characterized by the starting of the feasibility studies concerning the installation of a project of hail suppression in
the eastern part of the country.
The Moroccan experience in the artificial weather modification field was requested by many African countries
such as Burkina-Faso and Senegal.
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Introduction
La fin des années soixante-dix et le début des
années quatre-vingt ont été marquées par la
persistance des épisodes de sécheresse sévère qui
ont considérablement affecté les structures socioéconomiques du Maroc. A cet effet, des directives
royales ont été données pour une meilleure gestion
des ressources hydriques du pays comprenant la
volonté de construire un nombre important de
barrages hydrauliques et de bassins de rétention
ainsi que le recours aux nouvelles techniques non
conventionnelles d`exploration hydrique.
Ainsi, l`année 1984, a connu la mise en place d`un
programme national de modification artificielle du
temps nommé AL-GHAIT visant à accroître le
taux d’enneigement au niveau du relief de la
chaîne de l’Atlas.
Depuis sa mise en place le programme, est passé
par trois principales étapes :
- La phase d`expérimentation et de mise en place
(1984-1989). Cette phase a été conduite en
collaboration avec des chercheurs Américains et
l`appui de l`USAID et avait pour objectif l`étude
du potentiel d`ensemeçabilité et la caractérisation
des nuages abordant le pays, le choix de la zone
cible et des zones témoins, l`installation des
équipements et l`évaluation du projet.
- La phase de confirmation (1990-1995) a été
menée avec une expertise et prise en charge
nationale et visait à compléter l`évaluation faite
lors de la première étape.
- Durant la troisième phase dite opérationnelle, le
programme se penche vers une extension de ses
activités que se soit à une échelle spatiale ou au
niveau du domaine d`intervention où des
réflexions sont entamées ayant pour objet l`étude
de la faisabilité de mener des actions de lutte antigrêle dans la région Est du pays et le recours aux
nouvelles techniques d`inséminations (cartouches
hygroscopiques).

Par ailleurs, la zone cible contient d’importantes
structures hydrauliques qui desservent de
nombreuses villes et de grandes surfaces
Agricoles.
Caractérisation des nuages :
L`Organisation Météorologique Mondiale avait
établit, lors de la compagne PEP-1982 en
Espagne, les critères des régions potentielles pour
l’ensemencement et parmi lesquels on peut citer :
• Un contenu en eau liquide LWC > 0.1 g/m3 sur
une distance horizontale dépassant 10km ou
bien 0.3 g/m3 sur une distance plus petite;
• Persistance des valeurs du LWC plus de 10
minutes;
• Extension verticale du nuage > 1km.
Du fait de la proximité du pays de l`Espagne et
des similitudes climatiques entre ce dernier et la
moitié nord du Maroc, Une compagne de mesure a
été conduite à l`aide de deux avions laboratoires
dans l`objectif d`analyser les caractéristiques

physiques des nuages affectant le pays durant
la saison d`hivers et de déduire si ces derniers
répondent aux critères du PEP-82.
L`analyse de 210 épisodes nuageux a révélé
les constats suivants :
• 70% des épisodes ont un MLWC > 0.1
g/m3 ;
• 40% avec une moyenne excédant 0.2 g/m3 ;
• 50% ont des pics du MLWC > 0.5 g/m3.

Région cible :
La région prise pour cible a été choisie sur un
rectangle de 14300 km 2 situé dans la zone
montagneuse du Moyen et Haut Atlas entre les
31° et 33° Nord; 5° et 7° Ouest (Bassin versant
d ’OUM ERRABIA- Réservoir du plus grand
barrage de la région : Bin El OUIDANE).
La particularité de cette zone revient au fait que
les écoulements hivernaux d`air en provenance du
Nord-Ouest donnent naissance, en franchissant la
barrière montagneuse du Haut et Moyen Atlas, à
la formation de nuages orographiques et à la chute
des précipitations sur les bassins versants de l`un
des principaux fleuves du pays (Oum Errabia).
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Techniques d`évaluation adoptées :

LWC g / m3

Choix de la variable de réponse:
Le choix s`est porté sur la variable "Débit" vu la
disponibilité des données historiques couvrant une
période allant de 1955 à 1984. Il s`agit de mesures
quotidiennes pour 30 stations hydrologiques dans
8 bassins versants.

L’importance des valeurs du contenu moyen en
eau liquide MLWC observées peut être attribuée
au soulèvement orographique et à la Température
chaude à la base des nuages.
Le Maroc, de part sa position géographique,
connaît l`influence des perturbations qui
l`affectent selon deux axes principaux : axe NordSud lors des situations méridiennes et un axe
Ouest-Est en cas de fluctuations zonales.
Vue cette configuration et suite aux données
relevées durant cette analyse, trois catégories de
nuages ont été classées:
• Nuages stratiformes associés à des écoulements
d’Ouest et de Nord-Ouest avec possibilité
d’avoir de la convection noyée (C1) ;
• Nuages convectifs isolés associé généralement
à un ciel de traîne (C2) ;
• Amas nuageux associés aux masses d’air
tropical prises dans flux de Sud-Ouest (C3).
Les deux premières classes de nuage se rapportent
aux perturbations classiques du Nord Atlantique
abordant le pays par l`Ouest et le Nord-Ouest. La
troisième classe par contre est liée aux remontées
tropicales affectant généralement le pays en cas
de position élevée de l`anticyclone des açores.

Choix de la zone de contrôle :
Pour le choix des zones témoins, il a fallu
respecter les consignes suivantes :
• Région proche de la zone cible et subit le même
régime climatique;
• Non affectée par la procédure d’insémination
artificielle;
• Possédant des mesures couvrant une période
voisine de celles de la zone cible;
• Présentant une bonne corrélation avec la zone
cible.
Deux zones témoins ont été ainsi définies : la zone
témoin au Sud de la zone cible couvrant le bassin
versant de Haut Tensift et la zone témoin nord aux
voisinage du bassin de sebou.
Les résultats de l`analyse statistiques ont montré
une bonne corrélation en terme de débit entre les
stations des deux zone témoin et la région cible.
Bin El Ouidane - BEO
Bab Merzouka
0.72 (115 mois)
Pont de Mdez
0.81 (237 mois)
Aïn Timedrine
0.82 (257 mois)
Taferiat
0.78 (202 mois)
Sidi Rahal
0.75 (188 mois)
Jmim El Hamam
0.61 (115 mois)
Corrélation entre les débits mensuels de la station
de BEO et ceux de la zone contrôle Nord et Sud

Réparttion des pourcentages des trois classes de
nuages 87-88
C3
10%
C2
23%

C1
67%

T° top

C1
> -12°c

C2
Entre
-5°c et -16°c

Evaluation chimique :
Consiste en un carottage du manteau neigeux. Les
analyses s’effectuent au laboratoire d’analyses
techniques et scientifiques « LARATES » de la
Gendarmerie Royale.

C3
Nuages élevés,
Ts° <-15°c

3

Zone cible:
• Jbel azourki
• Jbel Laqroun
• Jbel Mouriq

En Surface

En profondeur

0.10
0.17
0.57

2.43 (à 33 cm)
0.12 (à 15 cm)
0.25 (à 27 cm)

résultat de l`évaluation et parmi lesquelles ont
peut citer:
• La succession d’épisodes de sécheresse (91-92,
92-93 et 94-95).
• L’installation de nouveaux générateurs au sud et
au nord de la zone cible (risque d’affecter la
zone témoin sud).

Zone témoin Sud
• jbel Oukaïmden
0.01
Concentration du Ag+ en µg/L

Evaluation économique :
Dans cette étude, il a été question de quantifier le
bénéfice due aux quantités d`eau additionnelle
rapporté en terme de gain en eau domestique et
d`irrigation et en matière d`énergie hydroélectrique produite. La zone objet de cette etude
correspond à la plaine de Tadla connue par le
nombre de terres irriguées. Le tableau suivant
résume les bénéfices acquis avec des taux de 5%
et de 10%.

Evaluation Statistique:
Lors de la première évaluation statistique
effectuée en 1990, ont été utilisées les méthodes
suivantes: la MRPP (multiresponse permutation
procedure), le double rapport (DR) et la régression
linéaire (LR). Pour ce qui suit, ils seront présentés
les résultats obtenus avec les deux dernières
techniques.
Avec le Double Rapport :
1

Période
a: 55-84
b: 85-91

DR= (Ts*C) / (T*Cs)
B.E.O m3/s
T =50.6
Ts=36.28
Ts/T = 0.71
71

%

Kansra +
Hassan 1er m3/s
C =15.8
Cs=9.46
Cs/C=0.60
60

Le taux additionnel fourni par le DR est donc de
18% (DR=1.18).
Avec la régression linéaire :
2

R(%)= ((Y0/Y) -1)*100

Y0 = 31.74 ; Y = 36.28
Donc un taux additionnel de R = 14.30%
Une deuxième évaluation a été réalisée pour la
période globale allant de 1986 à 1995 mais réserve
a été faite sur le taux additionnel calculé vu le
constat de certaines anomalies pouvant biaiser le

1

T: débit moyen saisonnier (nov-avr) du barrage Bin El
Ouidane, période 86-91 . Ts: période 55-84
C: débit moyen saisonnier (nov-avr) des barrages
Alkansra et HassanI, période 86-91 . Cs: 55-84

2

Y et Y0 : valeurs observées et estimées de la variable
de réponse (débit) moyennée sur la période
86-91

4

Les mélanges acétoniques utilisés sont à base de
l’iodure d’argent avec une concentration de 2% de
l’iodure de Soduim.
Le graphe suivant illustre la durée moyenne de
fonctionnement des générateurs pour les
différentes compagnes.

Pourcentage du bénifice par usage
Eau domestique
8%

Energie
Electeique
45%

Durée moyenne (en heures) de fonctionnement des
générateurs par compagne
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47%
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Moyens d`interventions par voie aérienne :
L`avion laboratoire KING-AIR :

Ainsi, le rapport coût/bénéfice est de 1,63 pour un
taux d`augmentation de 5% et de 3.37 pour un
taux d`eau additionnelle de 10%.
Le programme Al-Ghait : les moyens.
Depuis sa mise en place, le programme s`est doté
des moyens techniques les plus sophistiqués :
 Radars météorologiques Doppler (Khouribga,
Fès, Nouasser, Larache et Agadir) ;
 Réception satellitaire (HRPT et PDUS) ;
 Station de réception satellitaire mobile ;
 Stations de Radiosondage ;
 Spectro-pluviomètre ;
 Radiomètre ;
 Sorties des modèles numériques nationaux (ALBACHIR-9Km) et étrangers (ARPEGE. CEP
…) ;



Action sur les nuages chauds et froids;
 Collecte des données depuis le décollage ;
 Décollage à partir de la base aérienne de
Kénitra.
En septembre 2003, un nouveau système
d`acquisition des données a été installé sur le
King-air avec une série de capteurs :
 T et Td
 Sondeurs pour la mesure de la concentration des
gouttelettes: Cloud Droplet Probe & Cloud
Precipitation Probe

Moyens d`interventions par voie terrestre :
Le programme Al-Ghait dispose d`un réseau de 15
générateurs au sol fonctionnant en permanence et
gérés par les deux centre de Beni-Mellal et
d`Azilal.
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Spectromètres pour la mesure de la distribution
des particules: Forward Scattering Spectrometer
Probe & Passive Cavity Aerosol Spectrometer
Contenu en eau liquide du nuage
La vitesse de l’air
Unité de collecte et de calcul relié à un Pc &
une antenne de transmission
Lanceurs et brûleurs de Cartouches
pyrotechniques et hygroscopiques.

Néanmoins, de nombreux efforts sont à fournir
afin de:
• Reprendre les études d’évaluation: nouvelles
méthodes d’évaluation, choix de nouvelles
variables de réponse et de nouveaux sites de
contrôle;
• Refaire la classification des nuages ayant un
potentiel d’ensemencement;
• Tenir compte des effets des changements
climatiques sur le pays;
• Etudier le recours aux noyaux de condensation
hygroscopiques tenant compte du fait que durant
les années 2000, 2001 et 2002 la majeure partie
des situations pluvieuses affectant le Maroc était
de Sud-Ouest avec des températures
relativement chaudes.
• Participer massivement au développement d`un
programme régional de modification artificielle
du temps englobant les pays du Sahel surtout
après la réussite du programme SAAGA du
Burkina-Faso.

L`avion Alpha-jet :





En effet, le Maroc avait répondu favorablement à
la demande du Burkina-Faso pour la mise en place
d`un programme d`accroissement des
précipitations.
Les résultats de l’opération dénommée SAAGA
(mai-juin et septembre 1998) ont été plus que
satisfaisants. En témoignent, le taux de
remplissage des barrages et l’amélioration de la
situation pluviométrique de certaines zones
chroniquement déficitaires.
Les opérations été 2002 et 2003, viennent
consolider ce transfert du Savoir faire en matière
de modification artificielle du temps.
Une demande similaire a été formulée par le
Sénégal. Les pays du CIRLCS (Comité
InterRégional de lutte contre la sécheresse) sont
entrain de s`équiper en Radar météorologique ce
qui va permettre un suivi des perturbations
prenant naissance à l`ouest du lac de Tchad et se
déplacent vers l`ouest jusqu`à atteindre l`Océan
Atlantique. Entre temps ces perturbations
rencontrent des zones de comblement et de regénération*. L`étude conjointe de ces systèmes et
leurs suivi permettra de dégager une stratégie de
traitement et d`intervention commune unifiant
ainsi les moyens humains et techniques à
déployer.

Dotée de lanceurs de cartouches pyrotechniques
pour l’ensemencement des nuages
cumuliformes;
Le décollage se fait de la base aérienne de
Méknes.

Conclusion
Au vu des résultats de la période 1984-1995, on
peut estimer que le programme a répondu aux
objectifs scientifiques qu`il s`est posé à son
démarrage à savoir :
 Définir et mettre au point un programme
scientifique d’ensemencement des nuages
d’hivers;
 Étudier les nuages et le processus de formation
des précipitations;
 Évaluer la quantité d’eau additionnelle.
En effet, le programme a permis de réaliser les
points suivants:
• Un taux d’augmentation retenu pour toute la
période est de 17 % équivalent à un apport
d’eau additionnelle de 4.1m3/s (volume totale de
800 millions de m3);
• Un gain d’expérience en matière de conception,
conduite et évaluation des activités de la
modification artificielle du temps;
• Acquisition de nouvelles connaissances relatives
à la microphysique des nuages.
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Rain Enhancement Project In Syrian Arab Republic 1991 – 2002
Ali Abbas
Syrian Rain Enhancement Project, Ministry of agriculture, e-mail: osa-ag@mail.sy

Extended Abstract
Cloud seeding activities to enhance rainfall began
in Syria in 1991. The seding was carried for 6
months yearly (from November to May ) up till now,
2
covering the whole area of Syria (185000 km ). In
the beginning seeding was applied by 4 Russian
aircraft ( IL – 18, An – 12 , An – 26 and Yak – 40 )
and since 1992 by four Syrian aircraft (two An – 26
and two Yak – 40 ) which were equipped to
measure atmospheric parameters and cloud
characteristics as well as to seed clouds by
injecting silver Iodide (AgI) pyrotechnic flares pv –
26 and pv – 50 . Four MRL5 AKSOPRI –weather
radar stations with digitilized readings are used to
indicate cloud characteristics, measure
precipitation, and to control cloud seeding
operations
Cloud seeding occurs by injecting AgI pyrotechnic
flares from the top of the clouds (CuCong, Cb, NS )
when parameters of clouds are acceptable for
seeding, [temperature from – 10 to – 30 ,lwc more
than 0.3 g/L for stratoform clouds and more then
0.6 g/L when the airplane flies through the top of
cumulo-form clouds, thickness of the clouds more
than 3 km, the top of the clouds from 5 – 8 km.
Dynamic method of seeding is almost used for
convective clouds and some stratoform with
thermic convection, all clouds seeded are cold.
Aksopri stations are used to indicate clouds with
radius 250 km and more than 100 km for
measuring precipation

To estimate the results of seeding two methods are
used historical regression with its modification, and
the method of ratio.
Actual rainful for seasons 1991 – 1992 till 1996 –
1997, calculated for four months yearly varied from
3
3
37.8 km – 14,1 km by regression method and
3
from 35.3 – 25.7 km by ratio method. Effect varied
3
from 4.7 – 0.9 km [16.5% - 6.9%] by regression
3
method and from 0.6 – 2.7 km [16% - 10.4%] by
3
ratio method. The average of the effect is 3.02 km
3
(11.1%) by regression method and 3.75 km
(12.5%) by ratio method.
The economical effect varied from season to
3
season [ 0.026 – 0.183 sent/m ] by regression
3
method and ( 0.016 – 0.113 sent/m ) by ratio
method . The average effect for all seasons is 12%
3
and the average cost is 0.3 cent/m .
Conclusion :
 cloud seeding effect in Syria in general
is positive so that economic avail.
 it is important to pay more attention to
cloud seeding as a method of rain
enhancement in Syria.
 scientific research especially in cloud
physics and characteristics of seeding
materials used in seeding warm and
cold clouds is the key of success in rain
enhancement aims.
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Rain enhancement in the Middle East
Jury V. Melnichuk
Central Aerological Observatory, Moscow, e-mail yumel@orm.mipt.ru

Two precipitation enhancement projects
with the participation of the Central Aerologcal
Observatory have been launched during the last
decade. One was in Syria and the other in Iran. To
evaluate the efficiency of the two projects is a
problem of high importance.
The assessment of operational weather
modification efforts is difficult enough. It is not
sufficient only to have results of the atmospheric
research, but also special expertise is needed. A
modified version of the historical regression
method, which can be applied to operational
programs, was used to evaluate the Syrian
operational precipitation enhancement project.
The Syrian operational precipitation
enhancement project was initiated in 1991 in
accordance with an agreement between the
Ministry of Agriculture of Syria and the Central
Aerological Observatory (CAO), Russia. Cloud
seeding operations covering the whole of Syria
have been conducted to enhance cold season
precipitation (December-March) since 1991.
During the 1991-92 season, four Russian aircraft
(IL-18, AN-12, AN-26 and YAK-40) were used in
the project. Since 1992, four Syrian aircraft (two
AN-26 and two YAK-40) have been equipped and
employed to measure atmospheric parameters
and cloud characteristics as well as to seed clouds
with silver iodide pyrotechnic flares, PV-26 and
PV-50. A network of four weather-radar MRL-5
has been established to take radar data on cloud
and precipitation and to control aircraft operations.

The vast target area covered by the
2
Project (185,000 km ), its physicogeographic
unhomogeneities, and the necessity to benefit for
PE during any suitable weather situation have
necessitated a modification of the classical
scheme of historical regression used to estimate
cloud seeding effect. In the proposed evaluation
method, fixed target and control areas are lacking.
The variables or potential predictors in the
regression equation are the monthly and seasonal
rainfall recorded by 47 weather stations for which
30-year precipitation data sets are available. A
station is selected as a control one provided that
during operational months it was outside the area
affected by a two-hour transport of seeding
material from any "seeding line". The direction and
speed at which the seeding material was
transported were determined from radar
observations. This method of evaluation is referred
to as the "Floating Control Method". It deals with a
set of potential predictors that may vary from
month to month and from year to year. (See also the
articles by Chernikov & Koloskov and by Abbas in this volume)

Another modification of the historical
regression method has become necessary
because the cloud seeding operations are being
conducted over the whole territory of Syria,
including regions that greatly differ in
physicogeographic conditions. The Syrian territory
was divided into six sub-targets, depending on the
mean precipitation values recorded during a long
period of time.
The estimates of the monthly amount of
additional precipitation due to seeding for different
sub-targets in 1991-2000 seasons range between
-20% and 124%, and these effects are significant
at α=0.05 level for 4 sub-targets. The seasonal
amount of additional precipitation varied from 2%
to 21%, and the effects are significant for 3 subtargets.
The estimates of the monthly amount of
additional precipitation for the whole territory of
3
Syria range between -0.1 and 2.1 km (-2 to 50%),
and these effects are mainly insignificant at
α=0.05 level. The seasonal amount of additional
precipitation over the whole area varied from 0.9 to
3
3
4.8 km , with the mean value of 3.1 km . These
seasonal increases ranged from 7% to 17%, with

2

the mean value of 12% as compared to the natural
seasonal rainfall computed for Syria using the
regression equations. The seasonal effect was
significant at α=0.05 level for three seasons.

The physical and statistical design of the
R u s s i a n - I r a n i a n P r o j e c t was to enable
determining whether seeding with droppable AgI
o
flares at the tops (temperature from –4 C to
o
–21 C) of cold convective and stratiform clouds
would enhance precipitation over the central part
of Iran. The Russian AN-30, twin-engine,
turboprop, seeding and research aircraft was
employed in the Project. In order to achieve high
seeding effectiveness over the target territory, the
operations were conducted in essentially all
situations favorable for cloud seeding, including
nighttime. A modified technique of historical
regression, or "Floating Control Method" (FCM),
developed and approved during the RussianSyrian project, was used to evaluate the seeding
output.(See also the article by Chernikov & Koloskov in this
volume).

Scientific requirements and results of precipitation enhancement
experiments in semi-arid regions including the Middle East
Albert Chernikov and Boris Koloskov
Central Aerological Observatory, Moscow, e-mail: albert@orm.mipt.ru or bkoloskov@yahoo.com

Introduction
Two types of field projects in cloud seeding to enhance precipitation can be distinguished:
research and operational.
Research projects are far less numerous than operational. They basically aim at verifying the
validity of models describing precipitation processes in clouds of different types and identification of
conditions favorable for precipitation enhancement. Due to the insufficient knowledge of precipitationforming processes, present-day models are not capable to forecast precipitation fields under both
natural and artificially modified atmospheric conditions. The imperfection of models and high
variability of atmospheric processes make us use statistical methods for evaluation the results of
precipitation enhancement projects.
Operational projects should be build on the results of research efforts; however, their planning
and implementation largely depend on the customer’s requirements. Included in the overall planning
and implementation of any cloud seeding program is the so-called potential overriding factors in
relation to reality or societal aspects of the program: political, management, and review processes.
Most projects of the past 20 years, neglecting long-tern political reality, disregarding the local
management of the program and scientific review of the design, had been abandoned before any
real evaluation or interpretation of results could be made. Inefficient planning and implementation is the
origin of the discontinuance and/or misinterpretation of results of number of programs of precipitation
enhancement by cloud seeding.

Planning of PE experiments
The overall plan should be designed to satisfy all anticipated questions in the short
range and long term. In many cloud seeding projects of the past, it may have been
designed to take 10 or 20 years of data collection to study or evaluate all the program
alternatives. In fact, in a lot of cases, it took many years to analyze different viewpoints, to
debate the findings with politicians and to reach an agreement on the results of the
program. On the other hand, many projects commence overnight during the long-term
drought periods in many parts of the world. One can imagine the confusion when advance
planning has not been made, particularly with respect to the evaluation of such a program.
Generally, the planning of operational programs is based on advances made by
scientific projects. The numerous reports of the WMO Precipitation Enhancement Project
(PEP) have influenced considerably the planning and implementation of operational
precipitation enhancement programs in different countries, including the Middle East.
PEP was sponsored by WMO and planned for field implementation during the early
1980s. Silver iodide seeding from aircraft was planned to be used to try to enhance winter
season rain from depression-system clouds over a 104 km2 target area in the Duero River
Basin in Spain. The evaluation was to be mainly statistical, based upon data from a rain
gage network. A five-season project was contemplated. A meteorological feasibility study
was conducted during the winters of 1979-81. It was found that a lot of the seasonal precipitation came from deep, widespread layer clouds with limited seeding potential. On this
basis, it was determined that a seasonal, wide-area project needs to be carried out for a
decade in order to determine its success statistically, and the project was terminated before
entering the seeding phase. A lot of areas with seeding potential were found in shallow-layer
and convective clouds. It seems likely that a different type of experiment could be designed,

which would have a reasonable chance of achieving statistically and physically acceptable
results. Only with an actual seeding test could one be sure.
In the planning for PEP special attention has been given to preliminary studies (see
PEP Report No.3). These included the climatology of clouds and precipitation and the
determination of conditions which permit the use of available technical weather modification
aids, the use of numerical models to support the proposed weather modification hypothesis
and the elaboration of techniques for the statistical evaluation of weather modification
results.
To categorize cloud and precipitation systems according to their major distinguishing
features and to stratify cloud situations according to properties expected to influence their
potential for seeding-induced rain augmentation, cloud classification schemes were devised by
PEP team (PEP Report No.28, 1982). The primary basis of classification was direct
observation of clouds and of precipitation by visual and instrumental methods. This
classification is based on the visual appearance of cloud systems (as observed from aircraft
and from the ground), in-situ observations from aircraft of cloud microphysics and dynamics,
and radar signatures of the systems. Satellite imagery, precipitation amounts and patterns,
and the thermodynamic and dynamic state of the atmosphere were used to support the
validity of the classification in terms of synoptic and mesoscale features. This classification was
also used to prepare instructions for operators who choose clouds suitable for seeding.
Another PEP achievement was in the development of a radar technique to detect
potentially seedable zones. It is well known that during PEP, two such techniques were
tested: the Radar Vertical Profile Indicator (VPI) and the Radial Velocity Inhomogeneity Area
(RVIA) (PEP Report No.29, 1983). Comparisons between the aircraft detection of
supercooled liquid water (SCLWC) and SCLWC regions as predicted by the Vertical Profile
Indicator indicate that the degree of storm development and VPI outputs appear to be highly
correlated with regions of supercooled liquid water. The application of these techniques permits
fast detection of potentially seedable zones in frontal cloud systems extending over large areas.
PEP Report No.28 indicates that the radar methods proposed in PEP, combined with
aircraft data, can be used for the evaluation of a possible seeding effect and for the assessment
of the suitability of project territory for seeding experiments.
Randomized rain enhancement of convective clouds in Cuba
Based on the WMO PEP results, rainfall enhancement experiments in randomized
seeding of convective clouds were conducted in the tropical region (Cuba) and mid-latitude
areas of the Volga River Basin (Russia). The project in Cuba was undertaken in 1979 by the
Institute of Meteorology of the Cuban Academy of Sciences in collaboration with the Central
Aerological Observatory (CAO), Russia. During the earliest stages of the project, the efforts
were devoted to selecting an appropriate site and season (1979–1981) for preliminary
assessment of cloud physics and conducting an exploratory experiment (1982–1985).
During the six years from 1985 through 1990, randomized experiments were
conducted in the Camaguey experimental area (CEA) in Cuba. The response of tropical
convective clouds to cold-cloud seeding with silver iodide pyrotechnics in terms of their
morphological, microphysical, and dynamical properties were evaluated. Also criteria that
would allow an assessment of the suitability of clouds for treatment were laid down
(Koloskov et al., 1996).
The primary tools required to achieve these objectives in the CEA were two
instrumented aircraft, AN-26 and IL-14, equipped with sensors to measure microphysical
and thermodynamical properties of the atmosphere and evolving clouds. The AN-26 aircraft
was also used to seed clouds by ejecting silver iodide pyrotechnic flares when it was flying
through cloud towers. A number of parameters of clouds and precipitation were measured

from the IL-14 aircraft during its repeated passes through experimental clouds at 3–4 km
above MSL and near cloud bases. In addition to routine hydrometeorological
instrumentation, such as a rawinsonde station at the Camaguey airport, surface stations,
and a station for the acquisition of synoptic information, a ground-based data system
consisting of two radar sets (MRL-5 and ARS-3) was used to track clouds and precipitation,
thus providing important information about cloud characteristics. The radar data were
presented in an analog or digital format. In addition, two rain gauge clusters were located in
the southern part of the experimental area at distance of 20–30 and 40–50 km from the
radar in order to obtain rain gauge–adjusted radar estimates of the area-mean rainfall.
A total of 232 randomized experiments were carried out during this experimentation
period, and 117 individual clouds and 115 cloud clusters were studied during 136 ‘‘go’’ days.
Pyrotechnic flares containing silver iodide were ejected in a selected cloud when the seeder
aircraft was flying through its top. The MRL-5 radar monitored the seeding effects. That
radar was equipped with an automated system for digital data processing.
A total of 46 convective clouds, 29 seeded and 17 nonseeded, were studied during an
exploratory experiment in 1985. Analyses of the radar properties of seeded and nonseeded
clouds have indicated that the response of convective clouds to AgI seeding is dependent on
their type, and the treatment within the range of cloud tops from 6 to 8 km. That is the region
with cloud temperatures between –10 o and –20o C. There it was found the seeding to
increase the clouds maximum height by 13% and their lifetime by 30%, as well as to
enhance rainfall.
A confirmatory phase of the experiment in the Camaguey experimental area was being
conducted during 1986–90. A total of 46 individual convective clouds, 24 seeded and 22
nonseeded, were identified, and their properties were determined using three-dimensional
radar data. The results have shown that the AgI seeding of growing clouds with top
temperatures over the range from –10o to –20oC increases their lifetime by 24%, maximum
height by 9%, area by 64%, and rain volume by 120%, as compared to unseeded clouds.
The lifetime, area, and rainfall results are significant at better than 10%-level according to
the Mann–Whitney test. A total of 82 cluster cells, 42 seeded and 40 nonseeded, were
studied. An analysis of stratified data has shown that as in the case of individual clouds, the
greatest positive effect has been achieved when treating the cloud cells with top
temperatures between –10 o and –20o C. The seeding increased the lifetime by 21%,
maximum cell height by 17%, maximum cell area by 28%, and rain volume by 65% at better
than 5% level of significance.
The results of cold-cloud dynamic seeding in Cuba are largely consistent with those
obtained in Florida, West Texas, and Thailand.
Seeding of stratiform clouds in Volga River Basin
During 1981-1985, a research project to study the possibility of precipitation
enhancement from stratiform clouds was performed in the Volga River Basin (Russia), with
75 experiments fulfilled to study and seed winter clouds (Beriulev et. al., 1987). Research
airplanes IL-18 and AN-12 were employed to measure microphysical and thermodynamic
cloud characteristics. Three-dimensional digital radar and ground network observational data
were used to explore precipitation development processes in stratiform clouds and obtain
information for evaluating the seeding effect. The estimates of the seasonal amount of
additional precipitation over the project territory range within 10-30%. The experience gained
and the results obtained in the course of this research project have laid a foundation of an
operational technique to enhance precipitation from stratiform clouds.
Seeding for precipitation enhancement in Syria and Iran
Based on the results of the above mentioned research projects, two operational PEPs
have been launched in the Middle East area – one in the Syrian Arab Republic (Koloskov

et al., 1999) and other in the I.R. Iran (Koloskov et al., 2003). While preparing for operations
in Syria, the Russian IL-18 instrumented aircraft was employed to study atmospheric aerosol
composition and microphysical cloud properties. Similar studies using an AN-26 aircraft were
carried out in Iran. At the initial stage in 1991-1992, detailed studies of the regional features
of the origin and development of cloud and precipitation-producing processes in Syria were
conducted. The basic results of these studies have led to the following two main
conclusions. First, in essentially all types of precipitating clouds there are numerous zones of
supercooled liquid water in either purely liquid phase or in a combination with ice crystals.
Second, all precipitating clouds in that region are characterized by high concentrations of
cloud drops, which would sometimes reach 1300 cm-3. This can be accounted for by a high
background aerosol concentration in the atmosphere.
With respect to the distribution of precipitation by synoptic situations, most cases of
precipitation over the whole project period were associated with the passing of cyclonic
systems (about two thirds) or the existence of baric troughs. In 45% of the cases, the
precipitating cloud systems were characterized by a southwesterly, in 32% by a westerly,
and in 18% by a northwesterly transport. Very rarely, a southeasterly (1%) or an easterly
(0.5%) transport was observed. The basic precipitation-producing processes were
associated with nimbostratus (Ns), cumulus (Cu med, Cu con), cumulonimbus (Cb calv, Cb
inc, Cb cap), altocumulus (Ac op, Ac trans, Ac cast), or altostratus (As) clouds.
The Syrian operational precipitation enhancement project was initiated in 1991 in
accordance with an agreement between the Ministry of Agriculture of Syria and CAO. Cloud
seeding operations covering the whole area of Syria have been conducted to enhance cold
season precipitation (December-March) since 1991. The great extension of the target area
covered by this Project, its physical and geographical inhomogeneities, and the necessity to
profit by any suitable weather situations imposed a modification of the classical scheme of
historical regression used to estimate cloud seeding effect. In the proposed method of
evaluation, fixed target and control areas are lacking. The potential predictors in the
regression equation are the monthly rainfalls recorded by 47 weather stations for which 30year precipitation data sets are available. A station is selected as a control one provided that
during operational months it was outside the area affected by a two-hour transport of
seeding material from any "seeding line". The direction and velocity of the seeding material
transport were determined from radar observations. This method of evaluation is referred to
as the "Floating Control Method" (Koloskov et al., 1999). It deals with a set of potential
predictors that may vary from month to month.
Another modification of the historical regression method was necessary due to the
cloud seeding operations being conducted over the whole area of Syria, including regions
that greatly differ in physical and geographical conditions. The territory of Syria was divided
into six sub-targets, depending on the values of mean precipitation amount recorded during
a long period of time.
The estimates of the monthly amount of additional precipitation due to seeding for
different sub-targets in 1991-2000 seasons range between -20% and 124%, and these
effects are significant at α=0.05 level for 4 sub-targets. The seasonal amount of additional
precipitation varied from 2% to 21%, and the effects are significant for 3 sub-targets.
The estimates of the monthly amount of additional precipitation for the whole area of
Syria range between -0.1 and 2.1 km3 (-2 to 50%), the seeding effects being mainly
insignificant at α=0.05 level. The seasonal amount of additional precipitation over the whole
area varied from 0.9 to 4.8 km3, with the mean value of 3.1 km3. These seasonal increases
ranged from 7% to 17% with the mean value of 12% as compared to the natural seasonal
rainfall computed for Syria using the regression equations. The seasonal effect was
significant at α=0.05 level for three seasons.
Another long-term operational precipitation enhancement project, which is being
carried out in the central part of Iran, involving specialists from CAO, is now at its initial

stage. It has a lot of features in common, in planning and implementation, with the Syrian
project. Cold-cloud seeding operations to enhance precipitation over the Central part of Iran
were carried out during 1999-2001 under an agreement with the government of Yazd
province (Koloskov et al., 2003). In 1999, CAO’s specialists began regular operations to
increase precipitation over the territory of Yazd province and adjacent regions, i.e., over an
area of approximately 125,000 km2, using a Russian AN-30 seeding-research aircraft. The
aircraft was equipped with: 1) a measuring and data acquisition system enabling the
processing, recording, and real-time display of measured flight parameters, as well as
atmospheric and cloud characteristics; and 2) means for cloud seeding by ejecting PV-26
cartridges with AgI pyrotechnic flares and airborne liquid-nitrogen generators of fine ice
particles. For the effective organization and fulfillment of the operations, an automated
weather radar system, ACSOPRI-E, was installed on the project territory in 1999, with an
additional radar system deployed in the southeast of the target area at the end of 2000.
During the first field season (February-April, 1999), the work was conducted over an
area of radius 200 km around the radar site. To measure precipitation amount and estimate
the effectiveness of cold-cloud seeding operations, 42 meteorological stations with a 26years record of precipitation data were involved. During the second and third seasons
(January-April, 2000 and 2001), the target area was extended to 280,000 km2 in 2000 and
385,000 km2 in 2001, with 106 and 150 meteorological stations, respectively, employed for
precipitation measurement and statistical evaluation of the seeding effect.
In order to achieve high seeding effectiveness over the target territory, the operations
were conducted in essentially all situations favorable for cloud seeding, including nighttime.
This mode of operation hampers statistical evaluation of the results, since, in this case, it is
impossible to select a fixed control area within the project site which would not be affected
by seeding. In this connection, a modified technique of historical regression, or "Floating
Control Method", developed and tested by Russian specialists during the Russian-Syrian
project, was used for statistical evaluation.
The statistical evaluation of the effectiveness of regular cold-cloud seeding operations
carried out over the project territory in the Central part of Iran during the 1999–2001 seasons
shows that from 0.7 to 1.9 km3 of additional water was obtained. This is equivalent to about
22 - 40% of the natural seasonal precipitation amount. The results obtained during the first
three years of operations under this project seem optimistic.
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Hydrometeorological equipment used in rain enhancement and
atmospheric monitoring
Giancarlo Pedrini
Indipendent Consultant, Bologna, Italy e-mail pedrini@tin.it

Extended Abstract
First we should know which environmental
data are needed in preparation for and caring out
a Precipitation Enhancement Project (PEP). In
general one will need reliable time-series of
climatological data; Real-time data (incl. rain)
during meteorologically suitable conditions for
cloud seeding; Data for evaluation of results on
the soil, rivers, reservoirs and groundwater
recharge. Sources for such data should be
combinations of ground based meteorological
stations (incl. automated), meteorological aircraft
and radars and satellites (see presentation extracts on
the last pages)

Although radar and lately also satellite
systems are used in atmospheric monitoring,
ground based hydrometeorological equipment are
well suited to collect high-quality data in at least
five phases of atmospheric and hydrologic
monitoring, as a key support to a precipitation
enhancement project. These include:
- Historical data recording

- Detection of suitable conditions for rain
enhancement
- Ground-throut calibration of radar and satellite
data
- Recording of effective rainfall rate
- Evaluation of results.
At the Seminar will be presented an AWS
(Automatic Weather Station) system that can
provide affordable data in all climatic
environments, and will mainly cover:
-

-

Data collection network design
AWS structure
Hydrometeorological sensors technology,
including a new advanced sensor for
precipitation measurement
Data transmission
Data processing

A practical example of an implemented
drought measurement network will also be
presented.

Aircraft requirements for cloud seeding
Andrea Adani
Aerotech SA, Lugano, Switzerland. E-mail aerotech@bluewin.ch

Foreword
This presentation wants to be a basic guideline for
all those operators who intends to equip an aircraft
for precipitation enhancement programmes (PEP).
The target is to achieve the maximum efficiency at
minimum desirable cost.

1. Basics
If we want to attain these results we should bear in
mind that the key word of a successful cloud
seeding operation is “Response Time”.
The factors affecting the Response Time are:
- Early seedable cloud recognition
- Aircraft Readiness
- Distance between seeding area and airfield
- Aircraft Performances
- Visibility (weather conditions, day or night
activity)
- Air Traffic control/NOTAM
Once the seedable cloud is located what you need
is an airplane of sufficient power and
performances to allow you to climb to the required
altitude in short time and capable to fly in the area
for all the necessary time of seeding.
These requirements most of the time should also
cope with a low acquisition and operating cost of
the aircraft, therefore a compromise between
costs and performances may be necessary.
2. Aircraft vs type of seeding
Seeding altitude may vary extensively depending
on the type of cloud and seeding. As a general
assumption we can say that a base seeding does
not normally exceed 15’000 ft whilst top seeding
may reach 30’000 ft
The number of aircraft used is also critical to the
achievement of positive results.
These facts lead to different considerations of the
selection of a proper seeding aircraft.
A twin engine aircraft is the most suitable platform
to perform cloud seeding. A piston engine will be

selected for base seeding and a turbo prop or a jet
aircraft will be used for top seeding.
3. Aircraft Specifications
The following basic requirements should be
complied with:
- Easy installation/removal of seeding
equipment and instrumentation
- Endurance up to 6 hours
- Full de-icing system
- Avionics package: IFR, GPS, Radar Meteo
Accomodation for one pilot plus operator(s)
- Easy modification of the original airplane to
reduce costs and maintenance.
- Flexibility to use the aircraft for different kinds
of missions.
4. Airborne Equipment
We can identify three different kinds of equipment:
1. Seeding equipment may consists of:
- Silver Iodide generators
- Burn-in Flare racks
- Flare dispensers/Ejectable flare racks.
2. Data collection & storage
- CDP/CASP/FSSP/2D2-C spectrometers from
0.4 to 1.55mm range
- Liquid Water Content, droplets concentrations
& size spectrum
- Atmospheric aerosols
- Hygrometer/Dew Point; Air temperature &
pressure
- CCN and Ice Nuclei Counter
- Additional Air Chemistry equipment
3. Telemetry equipment
These data can be stored on board and made
available for playback on ground.
Each of this equipment requires a careful analysis
of where it can be installed to avoid influence of
the prop air stream or radio interference.
5. Aircraft layout
Airplane philosophy design must provide
accommodation for one pilot plus two operators.
One assigned to the monitoring of the output flow
of data and verification of proper operation of the

equipment. The second operator may assist the
pilot during the seeding procedures.
6. Mission cost overview
Once Precipitation Enhancement Programme
(PEP) is operative, the mission cost is mainly
related to the utilisation of the aircraft. This can be
summarised as follows:
a. Aircraft Direct Operating Cost including:
- Cost of Spare Parts
- Fuel/Oil & Consumables
- Scheduled & unscheduled maintenance cost
- Aircraft depreciation and interests
- Insurance
- Navigation charges and landing fees
b. Seeding Material
- Silver Iodide mixture
- Burn-in or ejectable flares
- Hygroscopic flares
c. Equipment Cost
- Maintenance cost of airborne cloud physics
instrumentation
The higher the class of the aircraft the greater the
operating costs.

One solution could be to assign different type and
instrumented aircraft for different seeding
operation tasks like:
- one instrumented aircraft to collect data and
identify seedable clouds
- second or more smaller aircraft to perform the
seeding in selected cloud base area
7. Aircraft cost
The cost of a new aircraft used for cloud seeding
can range from USD 700’000 for a twin piston
engine up to a few million dollars for a jet.
These aircraft need to be modified to install the
seeding equipment and instrumentation. The
degree of modification varies each time depending
on all the assumption previously described. For
civil operated aircraft the involvement of the local
Airworthiness Authority is a main issue.
Many customers have already their own fleet of
aircraft or may look for a more convenient lease of
aircraft already equipped to the purpose to carry
out an experimental campaign or a short term
seeding program
An accurate project design matched with the
evaluation of the PEP requirements and available
budget will greatly help to define the proper
aircraft platform and configuration for a successful
Precipitation Enhancement Programme.

TOP SEEDING WITH EJECTABLE FLARES
EJECTABLE AND BURN IN FLARES

Altitude mt

SILVER IODIDE GENERATORS AND BURN IN FLARES
12000
11000
10000
9000
Twin jet aircraft
8000
7000
6000

Twin turbo prop aircraft

5000
4000
3000

Twin piston engine aircraft

2000
1000

50

100

150

200

250

Distance km

SOME EQUIPMENT
for USE in WEATHER

MODIFICATION

The most advanced instrumentation to
detect physical effects of insemination of clouds are
the cloud radars and lidars. Specific training in
radar meteorology and atmospheric optics is
provided.
The instrumentation of research aircraft is
also essential and the problems in transforming

laboratory instrumentation into an airborne one are
faced.
Finally principles of satellite meteorology are given
which allow classification of clouds to be made so
that the operations can be planned according to the
general evaluation and study of the cloud fields.

Meteorology and environment at the Univeristy of Ferrara
(Italy)
Strong basis on mathematics and physics:

2 year common for most of the courses;

Five specific courses during 2nd and 3rd year;
Focus: basics of dynamic and physical meteorology, atmospheric radiation and remote sensing;
Strong laboratory work: cloud physics, aerosol, numerical analysis, synoptic meteorology, image
processing, radiation measurements.

I year
Differential calculus
Linear algebra
Laboratory of dynamics:
Millikan oil droplet
Drag on spheres
Dynamical similarity
Material point mechanics
Integral calculus
Elements of geometry
Mechanics of systems and thermodynamics
Chemistry
Basics of numerical computation

II year
Dynamical meteorology basics
Analytical mechanics
Differential and integral equations
Electricity and magnetism
Analogical electronics laboratory
Physical meteorology basics
Electromagnetic waves and optics
Optics laboratory
Study of function of physical interest

III year
Laboratory of meteorology
Laboratory of matter-radiation interactions
Atmospheric remote sensing
Laboratory of measurements and
programming
Introduction to atomic physics
Laboratory of atmospheric physics

Optional (suggested)
courses
Advanced mathematics (Hamiltonian
mechanics, physical mathematics)
Advanced computing (numerical calculus and
analysis, monte-carlo methods)
Application of atmospheric physics
(hydrology, solid earth physics,
environmental chemistry)

Dynamical meteorology
basics
Earth and sun, structure of the atmosphere.
Momentum equations on the rotating earth.
Forces on the air mass.
Geostrophic motion, gradient and thermal
winds.
Flux, vorticity and divergence.
Equation of barometric tendencies.
Isallobaric wind.
Fronts, Margulis rule.
Theorems of the circulation and of the
vorticity.
Long wave theory.

Physical meteorology basics
Water in the atmosphere, moist air state
equation.
Clausius-Clapeyron equation.
Adiabatic processes for dry and saturated air.
Thermodinamical diagrams, stability.
Nucleation.
Aerosol physics: spectrum, composition,
scavenging, motion equation, phoretic forces.
Diffusional growth and evaporation of
droplets.
Collision, coalesence and hydrometeror
growth.
Atmospheric ice physics (growth mechanisms
and characteristics).

Remote sensing of the
atmosphere

Electromagnetic waves: polarization.
Radiation variables and black body, Kirchhoff
law.
Molecular absorption of radiation, optical
properties.
Scattering and absorption by surfaces and
particles.
Radiative transfer equation, weighting
functions.
Atmospheric windows and opaque spectral
regions.
Meteorological satellites.
Analysis of satellite images for meterological
purposes.
Techniques for geophysical parameters
retrieval (WV content, precipitation).

Laboratory of Meteorology
Image processing and automatic pattern
recognition:
processing a satellite image.
Aerosol physics:
measure of aerosol particles size
distribution, measure of
thermophoretic velocities,
aerosol characterization by inertial
spectrometer.
Ice physics:
measure of ICN concentration.
Numerical computing:
implementation of euler+leap-frog
solution for a Lorenz system
Synoptic meteorology:
study of synoptic charts, fronts
drawing, synoptic data analysis.

Which university education and experimentation is recommended for
cloud physicists for working in precipitation enhancement
Franco Prodi
University of Ferrara, Italy and ISAC-CNR, Bologna, Italy, e-mail f.prodi@isao.cnr.it

Extended Abstract
The activity in precipitation enhancement involves
a deep knowledge both in meteorology and cloud
physics at the highest level. In fact the trend in
relying on physical verification in place of
statistical verification is now, and will be more and
more expanding in the future. The physical
verification should be well defined and requires
high level of knowledge, if we want to give
weather modification a real chance.
A deep understanding of cloud microphysical
processes and the ability to plan and use
advanced instrumentation will be the
requirements. The university education and
training needed to reach that goal will be
presented, taking the example of the scheme
adopted at Ferrara University, Department of
Physics.

The fundamental training is in common with
physics students, since a high level in
mathematics and general physics is considered a
prerequisite. Then specifically dynamic and
physical meteorology courses are given. With the
first one all basic equilibria in the atmosphere are
discussed, while with the second we enter in the
core of precipitation formation processes through
the thermodynamic of the moist air, the nucleation
theories, cloud microphysics and cloud dynamics.
An important role is assigned to remote sensing
and laboratory courses, the latter aiming at giving
the students confidence in the main processes
and in handling advanced instrumentation.
The aerosol physics is dealt with in great detail as
introductory to clarify the role of suspended
particles in cloud processes. The different
microphysical parameters are in fact related to
aerosol physic-chemical characteristics and to
supercooling processes. Different types of cloud
chambers are tested in the laboratory together
with optical instruments to characterise liquid
water content (LW and hydrometeor size
distribution. A cold laboratory made of three walkin cold rooms allows any process to be carefully
simulated (including hail generating vertical wind
tunnel, useful in hail prevention research).

Scavenging problem

Equation of Clapeyron:
Transition from phase 1 to phase 2

How to build up knowledge needed for weather modification
experiments
Mladjen Curic
Institute of Meteorology, University of Belgrade, Belgrade, Serbia e-mail: curic@ff.bg.ac.yu

Abstract
Weather with its clouds and storms is arguably the most important environmental factor faced by
humankind. Also, clouds are now recognized to be the major players in climate and the weather
modification. There can be no doubt that a large fraction of what is known to day about the physics of
clouds can be traced to research initially motivated by the prospects and promises of weather
modification. So, anyone involved in the weather modification activities may have knowledge
about
these findings.
Knowledge of the complex interaction that lead to the development and evolution of cloud
systems and precipitation is important for forecasting such events as well as for understanding cloud
modification. This paper chronicles some of the most important steps in this development.
Analytical description of the cloud and precipitation processes stress its fundamental nature, but it
is extremly difficult to find solutions. For this purpose numerical simulations can treat the more complex
features of clouds and precipitation. The equation of motion, of thermodynamic, of air and water continuity
are all needed to simulate a cloud and are extremly complex in interaction. A brief review is given of the
physical processes involved in the formation of clouds and precipitation. They include the interaction of an
extremly broad size range of discrete particles. In the case of convective clouds the discrete particles
sizes of importance at any instant may range from small aerosol particles of the order of

10!2 µ m in
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diameter to hailstorm particles as large as 10 µ m . Thus, the discrete particle size spectum of
importance may span through seven orther of magnitude. The range of dynamic fields, which result in the
formation and evolution of the visual cloud, may span from the dissipation scales, through the convective
scale to the synoptic scales of motion. Thus, models that permit varied nonlinear feedbacks between the
thermodynamic and dynamic fields and the precipitation span nine orders of magnitude over extremly
short time scales. This discussion forms the background of the scientific basis to the following
consideration, which is concerned with using of the mesoscale cloud resolving models in the evaluation
of the cloud seeding effects .
In order to reach the background necessary for better understanding of above described
mechanisms one should have basic university level of knowledge of physics and mathematics. It will be
necessary to take in addition a few university courses such as general chemistry, meteorology with
elements of dynamic and synoptic meteorology, cloud physics and weather modification.Examples of the
contain of such courses is provided.

1. Introduction
The observations of precipitating clouds
and the theory of mixing in clouds show that the
processes operating within real clouds are highly
complex and nonlinear (Curic and Janc, 1989;
1987). Simple analytical techniques and laboratory
experiments can not be expected to lend much
insight into the nature of clouds. For this reason is
introduced mumerical modeling.
Most cloud physicists
break into two
groups. First, who concentrate on the microphysics
of clouds and revel in making observations of
clouds and precipitation, and second, who
concentrate on the dynamics of clouds and on the
mathematical description of the subject. This

dichotomy may have existed in the early days of
the cloud studies. Now this break is exceeded.
Most recent research on the dynamics and
microphysics of clouds has employed numerical
simulation as a tool in understanding the behavior
of clouds.
As
computers
themselves
become
increasingly powerful and as computational
techniques become more refind, we may expect
increased use of this techniques. The main goal of
numerical simulation is to produce an analog of a
phenomenon that is faithful enough to the
phenomenon itself that the physics can than be
explored using the model output as a proxy for

real observations. But, this is hardly the ultimate
goal, of the phenomenon. The formulation of a
model of a cloud or field of clouds is, of course,
subjective, and requiree a number of values of
compromises.
The need for compromise becomes
obvious when someone is faced with the task of
formulating model. If a modeler with access to the
most advanced levels of computer power is
developing a 3- dimensional (3-D) cloud model he
is likely to come to the conclusion that
sophisticated, explicit prediction of the evolution of
cloud is either impossible or impractical. The
alternative is to develop a simple parameterization
of many cloud processes. If parameterization
capture the essence of the known physics of the
processes the model will well replicate
observations.
The great strength of models is that, if
they are successful, they can be used to make
further testable predictions about nature, and to
drive toward a true understanding by doing
sensitivity experiments in which initial or boundary
conditions are altered or certian physical
processes selectively omitted. Some exellent
datasets were developed with the appropriate
observations from aircraft, radar, and other surface
equipment.They can be used for comparisons of
results from model to model as well as with the
observations.
Models concerned with the prediction of
cloud and precipitation development are focused
on the advisability of using surface heat and vapor
fluxes in place of thermal bubbles for the initiation
of convection. These processes may be
considered in advanced mesoscale cloud resolving
prediction system (Xue et al.,2001; Curic et
al.,2003a)
The value od numerical simulations lies at
least as much in the application in the projects of
weather modification. Numerical models are most
successful when used in intimate conjuction with
observations. When used properly they may
constitute a powerful means of advancing
understanding of the cloud seeding effects ( Curic
et al., 2003b, Curic and Janc, 1993a; 1993b).

2. Basic equations suitable for cloud
models
Models designed to simulates the details
of cloud motions are usually confined to domains
that are small compared to the earth’s radius. It is
then convenient to work within a local Cartesian
coordinate system rather than the spherical
coordinates used in global weather models. The

which is to achieve a satisfactory understanding
Coriolis parameter, if it is considered at all, is
usually held constant since its fractional variation
across typical domain is very small. For numerical
reasons it is sometimes convenient to use fully
compressible equations (Klemp and Wilhelmson,
1978). The hydrostatic approximation is obviously
inappropriate in cloud models.
The basic equations are usually simplified
to make them more easily tractable, and so that
their solution contains only kind of motion system
required. The resulting equations have been
solved numerically to show how air with an
unstable stratification overturnes after being
subject to a small disturbance. The detail in the
results depends strongly on the manner in which
diffusion coefficients represent motions of a scale
than handled by the grid-spacing. The governing
equations
aredescribed
in
the
following
paragraphs.
2.1. Equation of motion
The quantitative study of the dynamics of
clouds begins with a fundamental equation based
on the Newton’s second law. An air parcel is
assumed to consist of a mixure of liquid ( Ql ) or
frozen ( Qi ) water as well as water

vapor.

Equation of motion in this case is (Curic, 1989)

dv
1
= " #p " 2$ % v - g(1+Ql + Qi )k + F (1)
dt
!
where F is the frictional force owing to viscous
stresses. The other symbols have their usual
meteorological meaning.
This equation tells us that the
acceleration is aided by the pressure gradient
force, the Coriolis force, graviti (this therm consists
of two parts, the first one representing the
acceleration of an unit clear air mass parcel and
the second one representing the weight of the
liquid and solid water in the considered parcel) and
friction. The general equation (1) is usually
averiged over approximate spatial scales for cloud.
If the density variations are retained only where
they are multipled by the gravity in the equation of
motion, the dynamic set of equations is
oftencharacterized as being unelastic. This
assumption excludes the acoustic waves which
allows longer times steps and less computer time
to be used.
When equation (1) is used in 1-D
numerical models the acceleration of vertical
component of velocity, dw/dt, take next form

is for shallow convection and

dw
= B ! µ w ! gl ,
dt

(2)

where B is a buoyancy force, µ is the logaritmic
rate of increase of mass flux in the air parcel with
height due to the entrainment and l the mixing
ratio of the total water in liquid and solid phase.
Sometimes, by taking three scalare
equations of motion into account, a vorticity
equations are used. The particular vorticity
equation is appropriate for an x-y; x-z and y-z
planes. In some situation the vorticity give us good
information about cloud dynamics. The particular
vortisity equation for an x-z spatial coordinates is
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for deep atmospheric convection. The components
of air velocities in xi directions are ui and ! 0 is
base state density of air.
2.4. Water conservation equation
In some models water and ice particles of
diferent size are used. One equation is needed for
each size category and tipe of particle. Other
parameterized technique consider some category
of water. Lin et al. (1983) consider five category
(water vapor, cloud water,cloud ice, rain and
precipitating ice).

(3)

where ! is vorticity on the y horizontal axis
(northward direction); u and w are components of
velocity in direction x and z, respectively. The first
and second terms on the right side are due to the
base state density variation in the vertical (z)
direction. The third and fourth terms are the
buoyancy terms. They are derived by breaking the
variables in buoyancy term into base state portion
(subscript zero) and a deviation from that base
state (subscript prime). The fifth term represent
contribution to the vorticity of the drag force of the
liquid and solid particles. The sixth term is
turbulence term which includes the nonlinear
effects of wind shear and thermal instability in
affecting greater mixing.
2.2. Thermodynamic equation
From the low of thermodynamic some cloud
modelers choose to separate the water vapor,
cloud water and temperature fields in model
calculation and some others treat these fields with
equation for entropy. Usually, in
the
thermodynamic equation the next terms are
represented: expansional cooling or compressional
heating; nonlinear advection of heat; turbulent
mixing and microphysical changes.

Fig.1. Cloud microphysical processes usually simulated
in the numerical models (Curic, 1989).

So, for example for the three phases of water the
comtinuity equations are:

!Q
= " AQ " C " D + FQ ,
!t

(6)

!Ql
= AQl + C + M " Pi + FQl ,
!t

(7)

!Qi
= AQi + D " M " Pi + FQi ,
!t

(8)

2.3. Continuity equation
For many simulations of clouds the
incompressible continuity equation is used, where

!ui / !xi = 0 ,

(4)

where is A advection, C condensation, D
deposition, F molecular diffusion, M melting and P
precipitation. The interaction between different
categories in models are shown in Fig. 1.

3. Mesoscale cloud resolving models
During the last decade the new classes of
cloud resolving mesoscale models have developed
rapidly. They become capable to simulate the life
cicle of individual convective clouds as well as the
cloudiness over an area (Lin and Joyse, 2001; Xue
et al., 2001; Curic et al. 2003a).

Fig. 2. Three –dimensional topography within the model
domain (Curic et al.,2003a).

The three-dimensional mesoscale model
which generates the simulated clouds integrates
the time-dependent, nonhydrostatic and fully
compressible equations. One of them is ARPS
model. The turbulence is treated by 1.5-order
turbulent kinetic energy formulation. The sound
wave terms are integrated in time with step a 2 s
time step, while other terms are computed with
large time step of 6 s. The wave-radiating condition

is used for lateral boundaries. For the top of the
domain the radiation condition is applied. The rigid
bottom boundary is treated.
The influence of surface on motion is
treated through the use of the drag coefficients for
momentum stress. Turbulent heat flux and
turbulent moisture flux at the ground surface is
taken too. Differential heating of the valley slopes
also takes into account. Coriolis force is used in
many simulations.
The model uses a special case of the fully
three-dimensional curvilinear coordinate system
with coordinates ( ! ," , # ), since the constants !
and ! remain the same as those of constant x and
y. The ! is the terrain-following coordinate. The
irregular grid associated with the curvilinear
coordinate in the physical space is transformed to
the rectangular computational grid using standard
procedure developed for Cartesian systems that
consists of two steps, terrain-following coordinate
transformation and vertical grid stretching.
The terrain preprocessor supports data
sets 0.65 x 0.65 km. It converts the original ASCII
files into unformatted binary direct-access files.
Later, these files are used for the creation of final
smoothed terrain field. One example of the threedimensional terrain within the model domain is
presented in Fig. 2.
The
model
microphysical
parameterization used is developed Curic and
Janc (1993,1997). It includes six categories of
nonprecipitating and precipitating elements: water
vapor, cloud water, rain water, cloud ice, snow
and hail. It differs from the other proposed bulkwater parameterizations in the treatment of the
accreation processes.

Fig. 3.Time-height cross-section of rain water mixing ratio (adapted from Curic and Janc, 1997).

Since some of the microphysical
characteristics of a cloud depend critically on the
accreation it is instructive to see how rain

precipitation ratio,
QR , is influenced by
considering the real hail spectrum. Fig.3 shows the
time-height cross section of QR .It is shown that

the model cloud with real hail spectrum
(Fig. 3 to the right) is more effective in removing
the rain in shorter time than in idealized case, to
the left, (Curic and Janc, 1997). The rain reach the
ground nearly at the same time, but later, rain
removes from the cloud faster. This result is in fair
agreement with observation.

In order to reach the background
necessary for better understanding of above
described mechanisms of interactions of dynamics
and microphysics in clouds the realizer should
have basic university level of knowledge of physics
and mathematics. It will be necessary to take in
addition a few university courses such as general
chemistry, meteorology with elements of dynamic
and synoptic meteorology, cloud physics and
weather modification. Examples of the contain of
such courses are as follow.
4.1. Education in the basic sciences
University education in the basic sciences
(physics, mathematics, chemistry) may vary from
country to country. Here, we will present the level
of knowledge required in this subjects in the field
of weather modification. The syllabus given list the
main topics, without going into detail.

Physics

Fig. 4. The model visual appearance from west of the
seeding agent field (dark) and cloud reflectivity (gray): a)
with wind shear; b) without wind shear; c) without wind
shear (activated agent) at 36 min. (Curic et al., 2003b).

The investigation of the seeding agent
dispersion inside a cloud can be conducted by time
dependent, mesoscale model. The seeding
concept can be proposed depending on the type of
weather modification experiments. Fig. 4 shows
the model visual appearance from west of the
seeding agent field inside a Cumulonimbus cloud
which is developed under different envinronmental
conditions. It is shown that the agent dispersion
depends strongly on cloud dynamics (Curic et al.,
2003b).

3. Necessary education of personnel
involved in weather modification
The science of meteorology has made
significant progress in recent years and the value
and variety of meteorological information available
to different users have increased. Every national
Meteorological Service is now under pressure to
streamline its operations. The principal objective of
this seminar is to provade those who are directly
involved in weather modification projects with
variouse issues related to the good conduction of
weather modification projects. Here, we intend to
enhance the capability of participants to plan and
execute one of the strategic needs, the education
of the weather modification projects realizers.

Particle dynamics (kinematics and
dynamics of a particles); Rigid body dynamics
(kinematics and dynamics of a rigid body); Elastic
media (equilibrium of elastic bodies, elastic
waves); Hydrodynamics (kinematics, statics,
dynamics); Thermodynamics (thermodynamic
system;close and open systems; variables of state;
definition of temperature; thermal expansion of
solids, liquids and gases; the lows of BoyleMariotte, Gay-Lussac, Avogadro and Dalton;
equation of state of a gas; perfect gas and Van der
Waal's gas; definition of heat, thermal conductivity,
specific heat,heat of change of phase; first low of
thermodynamics,various forms of energy, principle
of conservation of energy, cases of closed and
open systems, cases of sistems at rest and in
motion;internal energy; entalpy; Gibb's system;
work accomplished by the expansion of an ideal
fluid; reversible exchange of work and
heat;adiabatic transformations for perfect gas);
Electromagnetism (electrostatics, direct current,
magnetostatics,
alternating
current,
electromagnetism); Electromagnetic radiation
(geometric optics, wave optics, spectroscopy,
theory of electromagnetic radiation); Atomic and
molecular physics (concept of the composition of
matter, elements of wave and quantum mechanics
and atomic physics).

Mathematics
Algebra (clasic linear and non-linear
algebra, vectors and tensors, elements of modern
algebra); Differential and integral calculus
(theorems of Green, Ostrogradsky, Stoces and
Gauss,asymptotic value of integrals, functions of a
complex variable, clasical course in series, Fourier
series and orthogonal functions, Fourier integrals,
ordinary differential equations including linear and
higher order and degree equations, solutions in

series, special functions); Classical course in
differential and integral vector calculus;
Calculus of variation; Partial differencial and
integral equation; Probability theory and
statistics; Numerical and graphical calculation;
Machine computation (computers, flow diagrams,
programming languages; FORTRAN, C

++

).

Chemistry
General chemistry; Structure of the atom
and the periodic system of elements; Chemical
combination and the structure of molecules;
Kinematics and chemical equilibrium; Theory of
solutions; Basic principles of electrochemistry,
Organic combination; Hydrochemistry; Water as a
solvent, electrolyte solutions; Principles of physicochemical analysis; Surface phenomena and
absorption; Basic problems of colloidal chemistry;
Chemical
composition
of
natural
water,
Composition of precipitation.

4.2. Meteorological education
Work in field of weather modification
necessitate a cadre of well qualified and skilful
personnel. Such personnel must have a thorough
grounding in dynamic meteorology, synoptic, cloud
physics and weather modification. The complete
syllabus can be found in classical books in these
fields (Curic, 2002, 2001a,b,c Djuric, 1994).
Syllabus in these subjects are given below without
details.
Dynamic meteorology
Formulation of basic equation (equation of
motion in vector form transformed in different
coordinates; fundamental forces, apparent forces;
hydrostatic approximation; equation of quasihydrostatic motion; balanced flow, trajectory and
streamlines, thermal wind vertical motion;
Continuity equation; Hydrodynamic equation and
equation of state); Scale analysis; Principles of
dimensional
analysis;
Circulation,
vorticity,
divergence
and
deformation;
Static
and
hydrodynamic stability; Circular vortex Dynamics of
mesoscale phenomena; Atmospheric waves,
Linear
perturbation
theory;
Atmospheric
thermodynamics; Energetics of the atmosphere.
Synoptic meteorology
Characteristics
of
meteorological
observations; Patterns of atmospheric circulation;
Analysis of vertical sounding; Thermal properties of
the troposphere; Fronts; Air masses and weather;
Cyclones and anticyclones; Upper troposphere
and jet streames; Weather forecasting.
Cloud physics
Microphysics of clouds (nucleation of the
liquid phase from vapor, ice nucleation, growth of

cloud drops and ice crystals, formation of
precipitation); Cloud dynamics (dynamics od
shallow layer clouds, Nimbostratus, Cumulus
dynamics, thunderstorms, orographic clouds.
mesoscale convective systems.
Weather modification
Atmospheric aerosol; Concepts and
models for cloud modification; Project designs;
Cflimatological background study of the desirable
area; Generation and application of seeding
agents; Evaluation of the results of cloud seeding;
Impacts of weather modification on society.
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A computerized approach to point out cause-effects relationship in
cloud seeding operations and qualify the results
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1. Introduction
In the Italian rain enhancement Project (19861995), cloud seeding (random cross over) operations
have been carried out according the following
technologies:
- A random calendar was adopted to select daily
Target and Control areas;
- Seeding paths were selected normal to effective
upper wind direction measured in-flight by pilots;
- Silver Iodide (AgI) in acetone solution was used as
reagent;
- Dispersion of the reagent in up-currents by aircraft
at cloud base and freezing level.
The experiment took place in Puglia region –

responsible for beyond the target effects and area
contamination.

2. Cause-effect relationship using new
technology

Southeast part of Italy. The location of the Target and
Control areas is shown on Figure 1.
In the original scientific design imported from
Israel to Italy for the Rain Enhancement Project in
Puglia, a wind speed of 20 kts was assumed strong
enough for the seeding to cover the target area “
evenly and efficiently “ (Gagin 1979). Accordingly, the
seeding paths in the Puglia region were located in the
target area at a distance of about 40km upwind.
Attempts to move the seeding paths, according to
actual winds, were not approved by the Scientific
Committee of the Project because any modification to
the original statistical design would rend useless all
previously collected pluviometric data sets. During all
the operations from 1992 to 1994, a substantial
percentage of upper air wind speed measured in-flight
were in excess of 20 kts (Figure 2 below). Therefore
reasonable suspects gradually grew that the underestimation of wind speed aloft might have been

The new generation of digital weather
Doppler radar can provide nowadays-high possibilities
to show clear evidence of the chain of physical
events taking place in clouds when stimulated by
seeding. Extended use of radar in cloud seeding
projects has contributed in developing a refined
methodology for a deeper investigation into the
events triggered by the seeding. Through
computerized analysis of all available meteorological
and operational data sets collected during the Italian
Rain Project a new rationale gradually emerged,
namely that one should respect strictly the
principle of Cause – effect Relationship.
Therefore:
- No physical event (such as increased cloud tops
and rain streaks) in both operational areas was
taken in consideration if happened b e f o r e
seeding (Chronological Coherence) ;
- No rain event was taken in consideration if it
happened outside the Area Downwind from the
adopted
seeding path (Downwind Coherence).
Then, the following coherences were accepted and
strictly respected:
a). CHRONOLOGICAL COHERENCE
Radar observations make it possible to analyse all
rain events taking place immediately after seeding

starts. A Flexible Experimental Unit was adopted ,
starting simultaneously with seeding but lasting _t
(=1,2,…5 ) or more hours as an additional time
interval presumed necessary to the stimulated
cloud parcels to attain raindrop dimensions and fall
to the ground.
b). DOWNWIND COHERENCE
In line with the main rationale, the effects of a
successful seeding must be found within the Area
Downwind from the seeding path, at a distance (from
the line) coherent with the upper air wind speed and
direction. The rain-echoes revealed by radar within
the Areas Downwind, then, were considered valid
monitors of Cause-Effect Relationship, provided the
serial radar images showed chronological coherence
together with logic continuity.
Finally, the comparison of: total rain
amounts and total surface covered by rains (both in
the two Downwind Areas) with the Control area
gives possibilities to qualify the results. Examples
showing the positive effect of the cloud seeding are
shown on Figure 3 and 4.

3. Improvements during the operational
activities
• In 1992 an ad hoc high density pluviometric
network was installed by the Ministry for
Agricultural Resources (80 automatic raingauge,
spaced 10 km, capable to provide rain
measurements every 10 minutes) ;
• GPS navigation systems were installed on the
seeding aircraft ;
• A more sophisticated software became
operative in the weather radar ;
• Flexible Experimental Units, simultaneous with
seeding but lasting 3 more hours were adopted.
This additional time interval was presumed
necessary for the stimulated cloud parcels to grow,
attain raindrop dimensions and fall to the ground;
• A computerized approach was refined and used
to point out Cause-Effects relationship in cloud
seeding and qualify the large-scale results.
These and other improvements stimulated
and made possible deeper investigations into the
mesoscale weather phenomena triggered by seeding
in the operational area. More importance was given to
time and space coherence, while also the chain of
physical events taking place in the seeded clouds was
brought in evidence. The mesoscale analysis assisted
by weather radar required much more time than
expected since thousands of radar images and
observations had to be re-analysed with a new
computerized approach designed for specific
2
pluviometric needs (resolution of .25 km ). Those
investigations were supposed to go parallel with
statisticians work; but, when the Project was stopped,
(for lack of funds) although the minimum experimental
units necessary for the significance analyses of 15%

increase were not reached (only 260 out of 303), the
statisticians published a report in early 1999. At
Tecnagro, analyses and final qualifications were
produced, later, utilising all meteorological and radar
data (see schematic Figure 5) and by comparing the
results obtained from the Downwind Target data with
those from the Downwind Control area.
Some Advances to the Science of Rain
Enhancement: Based on the experience with the
Italian Rain Enhancement in Puglia region on several
occasions I have expressed my personal opinions
(see references for Meteorologist’s views) about
some criteria adopted by traditional statistical
methodology and applied to pluviometric data sets
collected during experiments of cloud stimulation.
Trying to apply pure statistical requirements looking
for high significance than the accuracy of the input
data offer is not appropriate. I also envisaged more
important roles for Meteorologists in considering the
physical characteristics of clouds, the mesoscale
synoptic situations etc in every phase of seeding
experiments.
Anyway, by making the best use of the
improvements listed above, the Project experts had
also the possibility to point out and record important
structural modifications taking place inside the
cloudiness under seeding. The post facto analysis
refined at Tecnagro (relative to 102 seeding hours in
the period 1992-1994) produces the following final
results demonstrating the significant differences
between the Downwind Target and Control areas with
positive results of seeding:
3
A. 231 ML m Rain measured by radar in the
Target Area;
3
54 ML m Rain measured by radar in the
Control Area;
2
B. 74.470 km Area with rain in Target Area;
2
25,400 km Area with rain in Control Area;
C. 3.1mm Normalized rain intensity in Target;
2.2 mm Normalized rain intensity in Control.

3

Fig.3: Total Rain amount (Millions m ) 18 January 1994

Since :
- Seeding operations have been respectful to the
randomised calendar;
- Cause-Effects relationship has been strictly
observed ;

- The Chain of Physical Events has been clearly
documented;
- The radar and pluviometric measurements used in
our analysis were subjected to due quality controls,
Therefore, the adopted methodology presents
significant scientific values and the overall results may
contribute to increase credibility to rain enhancement
science.

Support should be granted to Rain Enhancement
experiments as preventive actions in order that
population growth, environmental and/or climate
change caused damages (water scarcity and
desertification) should as a priority be mitigated
and/or rectified.
Reluctant to make more personal statements,
I prefer to close my talk by recalling a letter to
Tecnagro dated 11 June 1996 from Dr. Bernard
Silverman (scientist and well-known expert in weather
modification, who was member of Tecnagro Scientific
Committee) …“In view of the results of the exploratory
analysis, I firmly believe that the Puglia experiment, if
followed up as recommended, could turn out to be a
landmark precipitation experiment providing
significant advances to the science of precipitation
enhancement in general …”.
References:
A.

2

Fig. 4 Area (km ) covered by rain on 18 January 1994

4. Concluding remarks
Regarding the disagreement of our
conclusions with respect to the report published by
statisticians, I simply note that even if it was just a
statistical report, it contained very limited information
about important meteorological and physical findings.
The later since the beginning, appeared to be very
interesting and so promising to become quite soon
arguments for further investigations. As a side effect,
there is no doubt that, later on, the report contributed
to nourish, once more, negative quotations about rain
enhancement in general.
At present, population growth combined with
climate change is causing water scarcity and
desertification progressively acquiring dimensions of
natural disasters. Therefore, more public awareness
is stimulated in relation to possible strong
environmental impacts while renewed attention is paid
to Rain Enhancement Science. Surely scientific
knowledge is in progress in the Rain Enhancement
Science but at times, the enhanced complexity
renders it harder to attribute adequate practical values
to some exploratory project.
Furthermore, frequently it happens that even
experts forget that the real essence of Rain
Enhancement Science lays, mainly, on the social
need to produce more rain through the stimulation of
clouds by proper seeding. Under this aspect the
Science of Rain Enhancement is a science aimed to
public purposes and therefore it is a Policy - related
Science. In my opinion, even with the present lack of
fully scientific certainty, the actual state of art in
Rain Enhancement should stimulate national and
international bodies to adopt, at least, precautionary
principles. That is to say, the principle that:
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Extended Abstract
Recently new attention has been given to weather modification techniques thanks to promising
outputs of some micro-physical numerical simulation of cloud seeding. In particular hygroscopic seeding in
warm continental clouds seems to have substantial effect.

General framework
Conceptual models for seeding

dynamical: the seeded cloud is able to enhance
the probability that new convection will arise in the
neighbouring cells, the so called ``areal effect''

microphysical: the increase in precipitation
efficiency is directly related to the modification of
the initial conditions in the single seeded cell

Rain fluxes, total storm rain and liquid mass,
storm volume and area, storm height and
maximum reflectivity has to be controlled for the
whole storm

The drop size distribution (thus including particle
concentration and effective radius) and the phase
of the hydrometeor has to be monitored in the
early stages of growth after seeding.

validation with ground based radar (Bigg, 1997;

proposed airborne remote sensing validation

Rosenfeld and Woodley,1989)

Instead statistical evaluations of in-field
seeding experiments have been only partially
confirming the expectations from micro-physical
simulations. As already noticed in the scientific
community it is necessary to partially step back
from the statistical approach and focus on some
important cold and warm cloud precipitation
development mechanisms and on the possible
effects of hygroscopic and glaciogenic seeding on
them.

In our prospective it is important to better
understand the direct micro-physical effects of
interventions.

At present only few physical
measurements of the key links in the chain of
physical events associated with these processes
have been made. The most promising are those
using radars or radiometer derived properties.
Physical validation of seeding induced processes

Portability and sensitivity to small particles
suggest the use of a cloud mm-radar to observe
the evolution of the seeded cloud. Moreover
synergies with lidar are under investigation.
Signals from both instruments are under
computation to evaluate operational requirements

needed for future campaigns. The combination of
these two active systems operated on board an
aircraft flying below the cloud base of seeded and
unseeded clouds should provide a platform to
retrieve the micro -physical properties of clouds in
the early stage of their life.

Socio-Economic and Environmental Aspects
of Precipitation Enhancement
Jean-François Berthoumieu
A.C.M.G. Aérodrome Agen, 47520 Le Passage, France. Tel +33 553 77 08 48 acmg@acmg.asso.fr

Abstract: Precipitation enhancement can become an efficient way to provide more resource of water. We
consider that this technique is economically profitable only during already efficient rain processes. This
means increasing environmental and social risks. A partnership with all the people concerned by the
problem is a necessary and valuable step after considering all the solutions to provide water and its
possible impacts. A methodology to develop this approach is proposed. It is including some propositions
like using a new generation of models to assess the supposed effects of Precipitation Enhancement.

the globe would affect the natural variability of
rain. Many authors are suggesting that the
extreme events will become more frequent.

Introduction
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Prevention against droughts means developing the
water resource. Most of the time the first solution is
to increase the volume of storage to keep water
during runoff events. The first dams are known
since 3500 years BC in Jordan (Jawa).
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The natural variability of rain produces, in most
countries, regular difficulties in providing fresh
water to an increasing population. The social and
economic costs of droughts force the populations
to look for solutions to get through these natural
events.

1891-92

1.

Années Agricole

With the idea of sustainable development,
precipitation enhancement (PE) can become one
of the solutions undertaken to keep the local
natural resources of good quality water at an
acceptable level.
Like water is a strong symbol linked with life, it is
suggested to integrate in any PE project the SocioEconomic and Environmental (SEE) aspects and
difficulties that have to be accepted by the local
population and the different water users.

2.

Climate change and natural
variability

A good examination of the past is a first step for
better handling the present and preparing the
future. Taking as an example the natural variation
of rain amount in Agen (South-West of France)
since 1891, we can verify that the regular droughts
have caused negative economical consequences
followed by very serious social and environmental
crisis.
We believe that the actual climate change with the
confirmed increased in the average temperature of

Fig 1: Annual rain amount in Agen (France) since
1891
The theory of risks (Cyndinics) tells us that to
reduce the impact of any future climatic crisis the
principles of prevention have to be accepted by
all, including local populations, scientists…

3.
The classical solutions: over year water
storage and water management.
The oldest way to reduce the SEE impacts of any
drought is to build dams to store water during the
raining season and make it available with a good
water management during the following dry
season.
Why a reservoir of second generation?
In Europe, the principal grievances against the
storage in normal reservoirs are: 1) the natural
cycle of water in the river is modified and has a
negative impact on the ecosystem, providing a
new equilibrium with new species of insects and
fishes that are not vernacular; 2) the quality of the
water released by the lakes is bad for life with
higher temperature and no oxygen in summer, lots

of silt, and allowing fishes from the lakes to
propagate downstream into the river; 3) during
summer the volume of water decreases and bare
soil appears, degrading the land appearance for
tourists and 4) it drowns land and pushes away
local population and animals.
To reduce the negative impacts of a reservoir, two
modifications are proposed and were tested in
France since 2000:
1) a stilling basin built at the entrance of the lake
capable of reducing the river speed, allowing sand,
sediment and silt to deposit before entering the
main lake;
2) a variable depth outlet system to deliver to the
river the water from the reservoir that has the best
quality (See Fig :2 below).

Control Gate
Gate

ch

ing

dit

fill

Re

Ri

ve

r

Well

Well

Silt

Unsaturated gravels

Saturated gravels

Impermeable terrain

Fig.2; One principle for recharging the water table.
Once the water is stored different means for good
water management and efficient irrigation are
necessary. The moisture of the soils is now
measured by new systems based on the dielectric
parameters of the soils that are well correlated
with the water content. It allows bringing to the
plants only the needed water.

Fig 2: Illustration of the new reservoir with the
stilling basin and the device to get the best water.
The stilling basin is supposed to be cleaned easily
after a big runoff. Its goal is to reduce the speed of
silting in the main lake that, otherwise, reduces the
storage by 0.5 to 1.2 % every year. We found that
it reduces also the nitrate contents by 50%.

With the increase of the populations, the
needs for water are becoming higher than
what is available locally. Other solutions have
to be explored.

OTHER WATER RESSOURCES
Desalinization
of sea water
0.8 to 1$ / m3 !!

This variable depth outlet system, able to get the
best water, is simple and robust. It allows choosing
the height where the water has the best quality,
hence reducing at the minimum the impact on the
river below. During winter time, as the vertical
gradient disappears due to convection, the flow
can be taken from the bottom until the thermal
gradient rebuilds in spring.
Recharging the water table.
In many places, there is no suitable place for
storing water into reservoirs while there are
possible solutions for refilling superficial water
tables.
The drawing below presents the principle of
recharging it by derivation of some of a river flow
toward ponds and ditches situated over gravel and
sandy zones. The vertical transfer of water is done
by gravity. Wells or springs are later used to get
back part of that volume.

Water table
management

Fig 3: Different types of water resources including
reservoirs in the valleys, water table and
desalinization
For countries situated along a sea, it is possible to
build desalinization plants. But the cost is very
3
important (0.8 to 1 $ / m ) and that solution seams
to be affordable for only drinking water.

In the near future needs for more fresh water will
increase economic and social impacts in most
countries. New approaches including precipitation
enhancement (PE) will be encouraged but may
provoke new social difficulties.

The other solutions are the transfer of water from
raining zones to dry places and a better use of
polluted or waste water. Today we manage to
transfer billions of tons of petrol through pipelines
and tankers. The technology exists for transferring
at low costs good quality water from the North
toward the South. The idea is very old and may be
waiting for good political situations, (or a crisis).

4. Precipitation Enhancement (PE): a new
solution that has to be assessed
We consider (Berthoumieu-2001) that our level of
understanding and knowledge on microphysics of
clouds allows proposing PE during already natural
efficient rain processes, as with hygroscopic
seeding of convective storms (Mather-1997,
Bruinjjes-1999), or with icing agents in snow and
frontal rain situations with cloud bases at negative
temperature.
This means increasing water runoff in already
possible critical situations.
In the first drawing (Fig 4 above), the seeding
from above with artificial ice crystals like silver
iodide or liquid carbon dioxide is helping to
transform the available super cooled water that
constitutes the cloud droplets into solid
precipitation.
That solid precipitation will fall progressively and
may melt before reaching the soil level as the
temperature become positive. The influence of
turbulence (updrafts, downdrafts) will accelerate
this process of rain in layer clouds.
On November 13, 1946, Schaefer dropped 6
pounds (2.7 kg) of dry ice pellets from an airplane
into a cloud over Pittsfield, Massachusetts (USA).
This started a snowstorm.
Stratiform clouds formed in cold levels (from -3 till 15°C) may need more ice nucleis to provide a
precipitation.

Fig 4: Stratiform (above) and convective clouds
(below).
While convective clouds may need bigger Cloud
Condensation Nucleis (CCN) at cloud base to
accelerate the rain process and to make it more
efficient.

The second drawing (Fig 4 below) shows the
process of rain in a convective cloud. In
continental situations, this process of precipitation
may need bigger CCN (Cloud Condensation
Nuclei) to accelerate the rain process.
With hygroscopic salts produced by flares it has
been demonstrated an increase in the rain amount
measured by radar rising in already efficient
storms to more than 30% (Mather and Terblanche
– 1997). This first finding in South-Africa has been
confirmed in Mexico, (Bruintjes and Breed –
NCAR), and is on investigation in different
countries as UEA, France and Morocco.
If the Ice Nucleis are active in the cold layers of
the clouds, at levels where the temperature is
negative and generally less than -5°C, the
hygroscopic technique is effective in the first step
of the cloud formation, directly at cloud base and
most of the time at temperatures higher than -2°C.
It is well known that salt presence on nucleus
helps to have larger droplets at the initiation of the
cloud like in maritime cumulus.
In the Figure 5 below, the hygroscopic method will
have en effect first in the clouds constituted by
liquid droplets, generally below 5000 m during
summer and below 2000 m during winter.
altitude

9000m

5000m

1000m

Fig 5: Picture of convective clouds and stratiform
clouds where the seeding may accelerate the
natural rain process.
The hygroscopic seeding principle is based on the
acceleration of growth of the rain droplets by the
collision and coalescence process. The little
droplets, with a vertical velocity slower than the
big droplets, will collide with the bigger ones,

hence increasing by coalescence the size of the
big ones. It is expected to obtain a critical size for
starting a precipitation at a lower level in the cloud
or during a shorter time, (Cooper – 1997)
increasing the chances to get that liquid water at
the soil level.
Before to apply such a method, it is very important
to do a climatic study of the types of rain events
and if possible a routine measurement of the
natural aerosols ingested by the convective cells
during it first stage, that is to say while the radar
reflectivity is still less than 25 or 30 dB. This
observation would have to be completed by the
measurement, just underneath the cloud base, in
the updraft, of the number, type and size of the
natural CCN active in the natural rain process.
Only after these two first steps, it will be possible
to decide if this type of PE can be active and
efficient. For example if the droplet distribution is a
continental type, this method may have a chance
to increase the rain amount. If it is already showing
a maritime type of distribution, there is no need to
work on that direction.
Local sources of pollution or natural sources of
embryos may have, locally or/and temporally, the
same effect. In some situations, the dust coming
from a desert zone may change completely the
rain process and with such an extent as it will not
be possible to have any action.
Finally, it is also important to indicate that the
hygroscopic flares are producing tiny particles (0.3
to 1.5 micron) of Calcium chloride (French flares),
Sodium and Potassium Chloride (USA and SA
flares) with no harm to the Environment. We also
found that in an environment at -3°C with the
relative humidity very close to 100%, the liquid
droplets produced by the flares are becoming ice
particles (column shape) after a little more than 10
minutes

The flares are burned in the updraft
generally with an aircraft carrying
racks mounted on the wings (See
vectors as little rockets or drones
used in the next future.

of a new cell,
the flares on
Fig 6). Other
may also be

The place and timing of delivery are crucial as the
seeding window for one cell seams variable and to
last only few minutes (5 to 15). Generally after that
period of time, another cell starts in another
neighbouring zone, taking for itself some part of
the flow while, underneath the old cell, the
downdraft may start in conjunction with the
beginning of the precipitation.
The radar technology implemented with tools, as
RDAS (Hiscutt –SA) and TITAN (Dixon – 1993), is
very helpful for the purpose of looking for the best
place to seed.

5. Some tools for conducting a seeding
operation and assessing the supposed
effects.
If a Doppler radar is not available, there is already
the possibility to use automated C or S - Band
radar able to produce a volume scan in less than
4 minutes. The natural variation of a convective
cell implies to look at the radar reflectance with
the higher frequency. After a time gap of 4 mn, we
are loosing too much information and we are no
more able to follow and to understand the radar
signatures eventually linked with the initiation of
the precipitation. The fine scale patterns were first
observed in 1979, in Alberta –Canada, by a team
who developed a radar able to provide a volume
scan in less than 5 minutes. From this experience
and ours, we confirmed that the average growing
time of any convective cell maintains only during
15 to 20 minutes.
Since 1995 we use the technology developed in
South-Africa and that is briefly presented in the
picture below. This equipment is used in many
places as in the UAE and very soon in Libya.
Radar set up with RDAS
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Fig 6: Picture of a rack mounted on the wing of a
Piper Aztek carrying 12 hygroscopic flares while
one is burning. Photo ACMG.

RS232

Fig 7: Example of a radar equipped with RDAS (F.
Hiscutt), TITAN (M. Dixon) and telemetry. From
F.Hiscutt- 2003.
TITAN (Thunderstorm Identification Tracking
Analysis and Nowcasting) permits us to examine
the three-dimensional structure of cloud echoes in
almost real time. Individual echoes can be
tracked and their motion projected through time
(Fig 8).
When these parameters are combined with aircraft
tracking (telemetry), TITAN becomes a valuable
tool for cloud seeding operations and research.
Statistical analyses have been conducted since
1995 in France but without much success because
TITAN software is not able to distinguish between
cells when they are merging. The biases are too
important but it helps to conduct an exploratory
analysis of any rain situation.
Fig 8: Example of a radar estimated rainfall ACMG
With the information available on TITAN in almost
real time (few seconds for the higher elevation to
3.5 minutes delay for the lower scan), it is
possible, for example with the vertical cross
section (Fig 9), to determine the local position of
the inflow and to help directing the seeding to the
best generating zone. Hundreds of situations have
helped to confirm a procedure that works on
convective storms.

Fig 7: Example of TITAN observation with the
position of the seeding aircraft (white line). Source
ACMG

If it is not an optimal device for scientific analysis, it
is a brilliant tool for conducting the seeding
operations.

Calculated parameters available in real time
include the radar-estimated rainfall (Fig 8), echo
heights, echo time-height profile, history of echo
volume, area, precipitation flux, mass and vertically
integrated liquid.
This information can be available on Internet and
send directly to other water managers in almost
real time. It is a very valuable tool for flood
forecaster. The radar estimated can be compared
and completed with data coming from another
network as automatic weather stations.

Fig 9: Example of a vertical section done in real
time trough the line AB. Source ACMG.
The preferable zone for seeding is found in the
direction of the part A, underneath the zone source
for high reflectivity. This finding is always
confirmed by the pilot who has to be trained as a
glider pilot.

In the following situation (Fig 10) , two zones are
the probable location of an important inflow. The
best of the two is the zone Y where there is no rain
already falling into it.
For the zone X the rain would wash down the
seeding materials before they enter into the cloud
base.

Y

Source ACMG

Fig 10: Example of two possible seeding locations.
6. Assessing a Precipitation Enhancement
Program.
Before proposing a PE program, it is important to
follow a methodology that will help all the water
users to work together with trust.
Precipitation Enhancement (PE) can become a
solution if it is efficient. It is therefore very
important to follow some indicators, to prepare a
climatologic study and to look for all the possible
positive and negative impacts:

-

Indicators of the volume and quality of surface
water are needed and available for anybody.

The diagram presented in the last page (See Fig
11) is trying to provide all the different steps that
have to be answered during the preparation and
setting of any PE project.
One can verify that to be accepted through SEE
aspects, PE has to be able to provide volumes of
water in a secure way. Measures to reduce the
negative impacts of runoffs (eventually floods)
have hence to be put in place before starting any
PE program.
But we have to keep in mind that it is impossible
to have rain when there is no moisture in the
atmosphere.
If we can manage to increase the number of
embryos to accelerate or to make more efficient
the rain process, there is still research and work to
help introducing more moisture from the sea into
the boundary layer before it gets into land.

X

-

-

Statistics of synoptic situations favorable for
PE methods have to be presented to the
group.
Indicators to determine the PE effect (radar,
water flow, network, model, placebo test...)
have to be set at work.

Whenever the wind speed exceeds over the sea
about 11 km/h (7 mph), the wind interacts with
wave crests to form frothy whitecaps. The tiny
droplets ejected into the air when the bubbles
burst are carried by winds high up into the
atmosphere. Though most of the water might
evaporate from the droplets, particles of sea salt
are left behind. These particles would be carried
into the clouds by updrafts, and being hygroscopic
would absorb water vapor and grow large enough
to fall. By sweeping up the smaller cloud droplets
in their path, they would grow large enough to fall
out of the cloud as raindrops
Some scientists have tried to improve this
exchange between the sea and the boundary
layer but without much success. However the
direction looks good and in some particular
synoptic situation, this should help to provide
moisture along the seashore and certainly up to
10 or 15 Km inland.

Other perspectives of assessment using
models:

During the last 20 years scientists have been very
active to describe and to reproduce virtually
convective events with precipitations. Still much
work has to be done before to use a model for
assessing a PE program; but the direction seams
very optimist if one can integrate real data into a
model like for example radar informations.

Let’s suppose this is possible, therefore we have
the opportunity to use this new type of model in
real time during a seeding event. If the virtual
clouds from the model are similar to the no seeded
real one’s, we can use this same model for
comparing what should have happen to the
seeded cell to what really occurred to it. It is
always the same question as “what would have
happen to this seeded cloud if I had not seeded
it?” The optimist would say that it changed
dramatically the behaviour with lots of more rain.
The pessimist would say that nothing changed
much and the determinist would like to have a
scientific answer.
That is why we are proposing that challenge to
specialist of these questions in France, Serbia,
USA, China … They do not think that; at this stage
of knowledge, the tools are ready for this purpose
but they are willing to work in that direction if they
can get the means and reliable data from local
programs.

7.

Acknowledgements:
This research has been sponsored by
ONIFLHOR (French Ministère de l’Agriculuture),
Conseil General de Lot-et-Garonne and the
farmer’s organisations of AEAG and AEECNG.
The late Dr Graeme Mather has been a real
support for this work with the help of researchers
from South-Africa (Farren Hiscutt), NCAR (Mike
Dixon), Italy (Griffith Morgan) and for the statistical
analysis, the late Ruben Gabriel.
People who organised Irri-Mieux and all the
groups that funded our work on water
management and reservoirs of second generation
are thanked for their support.
Finally we thank very much all people from
WMO, in particular Rumen Bojkov, the Italian
government, the Meteorological Services of Syria
and the Arab League who invited us to this
Seminar.

Conclusions
References:

Water is, and will remain, a subject of conflicts and
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the air coming onto a dry area.
Precipitation Enhancement can become one of the
available tools for supplying water if these projects
are decided and controlled by all the water users
themselves. The priority for the assessment of the
method within the local conditions shall guide the
group in charge of the project. New models able to
integrate local data as radar information will be
very helpful.
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FIG 11: Diagram showing the different steps proposed before undertaking any seeding
program
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1.

Introduction

Weather modification research activities
have the nature of a multifaceted problem and
require a large range of scales to appropriately
and adequately address it. The synoptic and
meso-scale dynamics determine the
characteristics of the weather and cloud
systems, while the micro-scale physics
determines the nucleation and growth
characteristics of water droplets and ice
particles. The spectrum of these scales
describes the chain of event of precipitation
development. For the application of a
scientifically sound precipitation enhancement
project -a systematic and in depth study of the
meteorological conditions (synoptic and
dynamic), cloud climatology and microphysical
and precipitation processes- would be
necessary.
Keeping the scale in order, a
climatological study to establish the favorable
synoptic
situations,
the
important
characteristics of the climatic zones and subzones, need to be performed as an initial
approach. Hence, an adequate number of
years of daily synoptic charts, of the isobaric
levels need to be studied, in order to be
classified into a distinct set of synoptic
situations, according to the upper level
circulation pattern.

2.

use of point data information, which are lacking
of the forecast office thyme, of an operational
program.
Some synoptic situations, which have been
classified from researchers and have been
used on several weather modification projects,
could be the following:
Open Long Wave trough (L-1): It is
characterized by a slow moving or a stationary
long wave trough, which dominates the area of
interest. The upper airflow is generally light,
with a northwesterly to westerly component,
while the air mass is characterized as
moderately unstable. The associated surface
low, or frontal zone, is to the east or southeast
of the region. If a baroclinic zone is evident, it is
located between the trough line and the surface
system. A high pressure system is generally
located northwest of the area of interest,
resulting to a north-northwest surface flow.
Closed Long Wave trough (L-2): This synoptic
situation is similar to the L-1 case, with the
difference that at least one closed geopotential
height line (contour) exists. This synoptic
situation is more organized, with very well
developed baroclinic zone and deeper and
more intense the associated surface low
pressure system. The airflow aloft has northerly
component, while the airmass is almost
unstable, due mostly to the cold air advection to
the trough.

Synoptic Situations

A study on the climatology of the synoptic
situations seems to be a very useful tool to
any precipitation enhancement project. To
meet such objective, the synoptic charts of the
upper air isobaric surfaces (700, 500 and 300
hPa) and the surface features need to be
examined, for the baseline period. The
resulted, distinct, synoptic situations, are
classified according to the upper air circulation
pattern, related to the position and orientation
of the trough or ridge axis, and the weather
associated with it at the surface.
These manually classified schemes are
suffering sometimes from the subjective
interpretation of the individual forecaster.
Hence, automatic synoptic classification
schemes have been developed, through the

Cut-Off Low “L-3”: This synoptic situation is
usually the mature stage of “L-1” and “L-2”. It is
characterized from the closed contour lines,
resulting to a cut-off low, completely separated
from the main general circulation, being to the
north of it. Under these circumstances, the
synoptic system is almost vertical through out
the isobaric surfaces. At this stage, the kinetic
energy of the system has been transformed into
dynamic energy and hence it remains almost
stationary. The surface low is also vertical and
at this stage reaches the deepest and more
intense values. These system characteristics
suggest longer living time, with respect to the
synoptic situations “L-1” and “L-2”.
North-West flow (NW): A long wave ridge is
located to the west-northwest of the area of

interest, with a long wave trough to the eastsoutheast. The resulted northwest flow is
coupled with a series of embedded short wave
troughs and ridges. A baroclinic zone is
usually aligned over or east of the area of
interest. Surface characteristics of this type
include a low pressure area to the east and a
high pressure area to the north or northwest.
Sometimes, an embedded northwestsoutheast weak cold front is identified, as the
reflection of the embedded upper air short
wave trough. Upper, cold air advection is
usually accompanied, destabilizing the air
mass even more. The orientation of the long
wave trough axis dominates the airflow
motion. Hence, negative tilt results to more
westerly air flow, while positive tilt to more
northerly air flow.
South-West flow (SW): A long wave trough is
located to the west-southwest of the area of
interest, with a long wave ridge to the eastnortheast. The resulted southwest flow is
coupled with a series of embedded short wave
troughs and ridges. A baroclinic zone is
usually aligned over or east of the area of
interest. Surface characteristics of this type
include a low pressure area to the eastnortheast and a high pressure area to the
south or southwest. Sometimes, an embedded
southwest-northeast weak cold front is
identified, as the reflection of the embedded
upper air short wave trough. And in this case,
the orientation of the long wave trough axis
dominates the airflow motion. Hence, negative
tilt results to more southerly air flow, while
positive tilt to more westerly air flow.
Zonal flow (ZON): This synoptic situation is
resulted from the presence of a low amplitude
trough to the west and north and a low
amplitude ridge to the east and south. It may
also occur to the west of a negatively tilted
trough, or a positively tilted ridge. If the
pressure gradient is tight, strong westerly
component winds are resulted. Embedded
short waves are developed and move quite
rapidly. Surface lows and associated frontal
zones are generally oriented from west to
east, under the upper level baroclinic zone,
with the cold air masses to the north and the
warm to the south.
Omega blocking (OME): This synoptic
situation pattern consists of two low pressure
systems and one high pressure. They are
combined in such a way to form the Greek
capital letter “omega”, with the high pressure
system to the north and the two low pressure
systems on either side of it and to the south.
This configuration acts as a blocking

mechanism, forcing the airflow circulation to
move either to the north or to the south of it.
Such systems usually remain stationary for 3 to
4 days.
The annual, seasonal and monthly
distributions of these synoptic situations need to
be examined and the frequencies of series of
consecutive days have to be investigated.
Probabilities of appearance of series of
specified duration will be able to calculate.
These characteristics will be related to the
precipitation measured on the ground, providing
thus information about the favorable for
precipitation -and drought as well- synoptic
situations.
This is aimed to provide a good knowledge
of the type and frequency of the weather
systems and air masses that affect, one way or
another, the examined area. Hence, it is very
important to determine the mechanism
producing the precipitation within the weather
system and the synoptic situation. This kind of
study requires an integrated examination of the
spectrum of processes, starting up from the
large scale baroclinic structures, to the smaller
scale processes, usually acting up as the
triggering mechanisms. These could be
accomplished through careful analyses and
synthesis of upper air charts, soundings, gridpoint data and surface information.

3.

Data Analyses to Establish Site
Selection Factors

A factor with large importance to any rain
enhancement project is a complete and detailed
climatology of the precipitation systems
affecting the area under consideration. Any
uncertainties, referring to: cloud organization,
frequency of appearance, cloud base and cloud
top heights and temperatures, aerial extent and
movement, might be resolved by studying the
climatological records.
Additional information on the existing
precipitation regimes, such as: frequency,
duration, intensity, area amount, measures of
central location and variability, are prerequisite
to the design of any precipitation enhancement
project.
3.1 Precipitation Characteristics
Emphasis should be given to the
precipitation statistics. The annual, seasonal
and monthly distribution of precipitation
amounts needs to be examined, for each the
meteorological station within the examined
area. Similarities and differences among them
should be pointed out. Positive or negative

anomalies on the aforementioned distributions
need to be identified.
It is quite important to be able to relate
site information to region-averaged values.
This would be accomplished by applying an
upscale (or downscale) scheme, to the
corresponding and equivalent, data
information. Representative stations need to
be identified for any regional area, in order to
further used towards a complete analysis of
the precipitation statistics, and if it is possible,
towards a complete analysis of radiosonde
data information.
The importance on the use of daily values
of precipitation amount is well known.
Therefore, if these information is available, an
in depth analysis of daily precipitation values
need to be performed, for each one of the
examined stations. This way, the number of
days, with rainfall greater than 1mm, will be
calculated. Similar information will also be
provided for the number of days with rainfall
greater than 20mm. The resulted information
would be very useful tool, for the identification
of regions, favorable to apply a precipitation
enhancement program.
These resulted characteristics of the
aforementioned analyses become even more
valuable with the supporting study of the
precipitation intensity. However, this kind of
study requires hourly rainfall values, which are
very rare. If this kind of data is available, the
maximum precipitation intensity could be
studied for each meteorological station.
Emphasis need to be given on the quality of
the data, the length of the examined period,
and most importantly, on the characteristics of
the data used, which objectively describe the
precipitation intensity at a site. An attempt
should be made to relate the resulted
information to the near by region.
It is understood that these kind of studies
would mainly be based on the total amount
and the time duration of each precipitation
event. Emphasis need to be given to the
amount of precipitation received during the 10
minutes that correspond to the maximum
precipitation intensity of the event. The
precipitation intensity trends could be
estimated and studied, throughout the
examined period as a total, and for each
decade. Comparisons among them need to be
performed. Moreover, annual and seasonal
trends could be analyzed and their time
variability would be investigated.
3.2 Cloud Characteristics
Cloud climatology is of paramount
importance to any weather modification
experiment. Hence, an in depth cloud type and

cloud coverage analysis is necessary to be
accomplished, based on available data
information. The study will be devoted to the
identification of stratiform type clouds, the
convective and precipitation producing clouds,
and the non-precipitating clouds, as well. The
frequency distributions of each cloud type
categories, along with the diurnal, temporal (in
a general sense) and regional cloud type
characteristics would be very informative for
any precipitation enhancement project.
Climatological assessments of drought
characteristics in the examined area need to be
performed. The approaches consisted of
generating the Palmer Drought Severity Index
(PDSI) and the associated Z time series, at all
available synoptic stations within the examined
area, by using historical records. This way, dry
and wet spells will be identified over the
investigated period. The results need to be
combined, in order to assess, the role of
weather modification for rain enhancement. It is
believed that the PDSI could become an
operational tool, especially for predicting the
beginning of a drought condition and the
location of appearance, where rain
enhancement would be needed and where
cloud seeding could be effective.
A thorough knowledge of the
aforementioned is essential, in order to
demonstrate the degree of necessity to apply
precipitation enhancement project and its
probability, or possibility, of success of it.
It is concluded, that this information is
crucial, because it will be the basis, on which, a
decision to proceed will be made. A region in
which infrequent, highly variable, convective
events occur, will likely be less suitable than a
region in which the precipitation is more
frequent and more uniform, assuming all other
factors are equal. Furthermore, it takes longer
to verify an artificially induced precipitation
alteration in a region where the rain is
infrequent and spotty. Weather modification for
rain enhancement may well work in such
regions, but it might prove impractical, if not
impossible, to prove its efficacy.

4.

Forecasting

All weather modification experiments
require some weather forecasting. It is
impractical and inefficient to stand by for
experimentation for every day. Consequently,
forecasts when weather conditions will be
suitable are normally made in order to permit
optimum use of project resources.
Forecasting needs in weather modification
normally go beyond a forecast of precipitation
and the probable forcing function. Wind
direction and speed and cloud base and top

temperatures as a function of time are usually
required either to assess the suitability of the
rain event or to target the seeding material.
Upper air soundings could provide
additional and worthy information, suitable for
forecasting, and the design of weather
modification activities, as well. Hence, on a
daily basis, a large number of parameters very useful to the design, forecasting,
establishing screening criteria, studying and
evaluation- will be provided. Such parameters
are: several appropriate instability indices,
thermodynamic parameters (convective
temperature, elicity, wind shear, equilibrium
level, etc), cloud base and cloud top
characteristics, the available in cloud
precipitable water, the height of the freezing
o
level, or the melting zone, the -5 C isotherm
level (temperature at which AgI nuclei begin to
o
be effective), the -8 C isotherm level,
(temperature at which the ice multiplication
(Hallett-Mossop) mechanism works), the o
15 C isotherm level (optimal temperature for
diffusional growth of ice crystals).
Integrating the aforementioned data
information, produced through several sources
and derived from different scales, develops a
powerful database. This database is suitable
for: the appropriate selection of an
experimental area, the adaptation of the most
suitable methodology on the designing and
evaluation of a precipitation enhancement
project, and among so many others, the use of
the most suitable and modern instrumentation.

atmosphere including frontal systems, in the
locally caused thermals, or in upslope winds
leading to orographically caused clouds or
cloud systems.
The equations governing the dynamics of
clouds are:
a) The Navier-Stokes equation as expressed
in terms of pressure, temperature and density
from their values in the undisturbed
environment.

5.

5.1.1 Mechanisms of Cloud Formation

Cloud Physics and Weather
Modification

Simply stated, cloud physics may be
defined as the science of cloud in the
atmosphere. However, it is generally agreed
that the main objective of cloud physics is to
explain the formation of clouds and the
development of precipitation.
Cloud physics is normally divided into two
components: i) the dynamics of clouds and ii)
the microphysics of the evolution of the
particulate matter starting from the aerosol to
precipitation.
5.1 Elements of Cloud Dynamics
Cloud form by condensation of water
vapor on aerosol (cloud condensation nuclei).
The necessary slight supersaturation required
for this process is a result of cooling. Cooling
is caused by lifting of air, an expansion of air
at constant pressure, or a combination of both.
The origins of the cooling process can be
found within the large scale motion of the
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b) The continuity equation, which is normally
given in the anelastic formulation:
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c) The gas law as applied to dry air and water
vapor.
d) The first law of thermodynamics, and
e) An assumption of how to deal with the
eddy viscosity.

Clouds form in air, which has become
supersaturated with respect to water or ice. The
most common means, by which air becomes
supersaturated, is through "ascent",
accompanied by "adiabatic expansion" and
"cooling". The principal types of ascent, each of
which produces distinctive cloud form are:
• Local ascent of warm, buoyant air parcels
in a conditionally unstable environment,
which produces "convective" clouds.
• Forced lifting of stable air, which produces
layer clouds.
• Forced lifting of air, as it passes over hills
or mountains, produces orographic clouds.
• The cooling of air below its dew point,
when it comes into contact with a cold
surface.
• The mixing of two parcels of air, with
different temperatures.
• Adiabatic expansion and cooling, due to a
rapid local reduction in pressure.
These clouds formed have diameters
ranging from about 0.1 to 10 Km. The air

ascents in them with vertical velocities on the
order of a few meters per second, although
updraft speeds of several tens of meters per
second can occur in large convective cloud
systems. These lifting rates produce water
(liquid or ice) on the order of 1 gram per cubic
meter of air. The lifetimes of convective clouds
range from minutes to hours.
5.1.2

Processes Associated with Cloud
Formation

Some of the processes that are
associated within the cloud formation
mechanisms could be described as follows:
Buoyancy: The upward force exerted upon a
parcel of fluid, in a gravitational field, by virtue,
of the density difference between the parcel
and that of the surrounding fluid. In the
atmosphere, a buoyant force on an air parcel
may be attributed directly to a local increase of
temperature.
Conditional Instability (also called
hydrostatic or parcel instability): The state
of a column of air in the atmosphere, when its
lapse rate of temperature is less than the “dryadiabatic" lapse rate, but greater than the
"saturation adiabatic" lapse rate. With
reference to the vertical displacement of an air
parcel, the air will be unstable, if saturated,
and stable, if unsaturated.
Convection: In general, mass motions, within
a fluid resulting in transport and mixing of the
properties of that fluid. Convection, along with
“conduction” and “radiation” is a principal
means of energy transfer. Distinction is made
between "free convection", motion caused
only by density differences within the fluid; and
"forced convection", motion induced by
mechanical forces or motion caused by any
applied external force. As specialized in
meteorology, atmospheric motions that are
predominantly vertical, resulting in vertical
transport and mixing of atmospheric
properties; distinguished from "advection".
"Free convection" in the atmosphere invariably
arises from "hydrostatic/conditional instability"
and approaches, in form, the ideal cellular
convection.
Examples of "forced convection" in the
atmosphere are: "frontal lifting", "orographic
lifting", and the ascent of air induced by the
"convergence" or wind flow.
5.2 Elements of Cloud Microphysics
Cloud microphysics forms the scientific
base for weather modification.

Precipitation may be initiated through
either the warm rain process, that is, the
coalescence mechanism with drop/drop
interactions (collisions and coalescence), or the
cold rain process, that is, the Bergeron or icecrystal mechanism.
After precipitation particles are formed,
they grow primarily by sweeping out cloud
droplets (accretion), or by combining with one
another. This continued growth, depending on
various factors, produces raindrops,
snowflakes, or hail.
5.2.1

Warm rain process.

The coalescence process is favored in
clouds that are relatively warm, with high liquid
water contents, that is, cumulus clouds of
maritime air masses.
Effective operation of the coalescence
mechanism begins with favorable conditions at,
or below, the cloud base (CCN, updrafts, cloudbase, temperature) and is aided by continued
condensation in the updraft, as cloud parcels
are carried upwards. Thus, the action of the
mechanism moves upwards from the cloud
base.
5.2.2

Cold rain process.

The Bergeron process is concerned with
the initiation of precipitation within mixed
clouds, or mixed phase clouds (clouds
containing ice and supercooled water).
Within this mechanism, the saturation
vapor pressure over ice is less than that over
supercooled liquid water at the same
temperature. Thus, ice crystals, in the presence
of supercooled drops, can grow by vapor
deposition, while nearby drops evaporate.
Once the crystals reach the size of a few
hundred microns, they may aggregate to form
snowflakes. These snowflakes may continue
their growth by (riming) the accretion of
supercooled cloud droplets. Snowflakes that fall
o
through the 0 C level will melt and arrive at the
ground as raindrops.
For efficient precipitation formation via the
ice-crystal mechanism, it is estimated that a
cloud needs between 1 and 10 crystals per liter.
The effectiveness of natural aerosol particles to
serve as ice-forming nuclei increases as the
temperature decreases. To achieve between 1
and 10 crystals per liter, cloud tops must reach
levels where the temperature is lower than
o
about -20 C.
In any given cloud, the greatest
concentration of primary ice crystals should
occur in the upper (coldest) part.

Therefore, the actions of the cold rain
process mechanism proceeds downward from
the cloud top.
5.2.3

Condensation
growth.

mode

of

drop

The initial stage of cloud drop formation is
the thermodynamic activation of suitable cloud
nuclei in a slightly supersaturated
environment.
In a typical cloud, between 30 and 1000
3
such nuclei per cm become activated by
supersaturations of less than 1%, with respect
to a flat water surface.
Following activation, growth of the nuclei
into drops continues through the diffusion of
water molecules from the supersaturated drop
environment to the drop surface.
5.3 Cloud Microphysics and Modeling
Numerical modeling is very important and
undisputable component for any precipitation
enhancement project. It provides the
opportunity to combine the dynamic with
microphysical features, and also, theoretical or parameterizations- with actual observations.
Applications of the models to physical
hypothesis development, forecasting,
operational procedure and project evaluation,
are also desirable through cloud modeling.
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