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From 1984 to 1989 the CoverentsPrograme of Morocco and theAl Chait, Uniteda *12,000,000 States cooperatedaugmenting water project to investigate the feasibility of 
in 

project was set up 
supplies in Morocco through weather modification.in the upper Oum A demonstrationside of the er Rbia basin, 'whichcentral High Atlas Mountains. is on the northwesternwith Promising cloudsilver iodide released formatiobs gdr~guedn-ehsaeto s from aircraft and, were treatedground-based . loud . . . . :generator.. _ , beg.i. n& In rClouds 198 7 , f r om a eoperations. were seeded on ne t wo rk o fAn extensive 144 days overpraovtlIng effor went the five winters ofaodern equipment, Into developing the requiredand raining Infrastructureevaluate overthe project. The 100 Moroccan personnel /project provided Morocco to conduct anda wlIts firat airborne with 

ravisonde systems for collection of 
Its first weather radarstations were established Cloud physics data.data every 12 hours. at Beni Mellal and Tissa 

New 
A satellite ground receiving to obtain upperi airsystem were station andprovided to monitor clouds. an image processingmicrocomputing systems Extensive comunicationswere provided andAirflow and to transmit andprecipitation models analyze scientificwere data.decisions. adaptedScientific to Moroccostudies by Reclamation to guide operationalscientists concentrated and its contractors. andon the seedability of clouds Moroccanstatistical methods of evaluating effects over the Atlas Mountains as indicated of cloud seeding. and

by the Seedable conditions,presence of supercooled liquid water in cloudsconcentrations up to 0.7 g/n 3 atoccur on 15 at temperaturesto down30 days per winter. to -12 0C, were foundtarget-control design using streamflow 
The evaluation tostudies, which were based onyears of. experimentation as the response variable, a

would indicatedbe re4 thatrovide 5 6detectina 1O-percentincrease in 
a -percent robability T 

aug~m senf en stre ow upo-t potentiayupon the local and operation oft tnational economy Oei---er Rbia River andThis report covers the 
were studied with theproject design, the aid of computer models.involved, contributions ofthe development the two Governmentsprogram, of Moroccan institutions to handle such a complexresults of 

the 
the 

technology transfer and scientific studies accomplished, and thestreamflow andProblems economicencountered and lessons analyses using models.learned -A sectionpersons is included onor agencies contemplating large, 
for the4benefit of othercomplex projects Involving more than onenational government.

DESCRIPTORS - weather modification/precipitation enhancement/ 
cloud seeding/ precipitation augmentation/supercooled liquid water/ 

artificial seeding/
cloud cloud physics/ orographic clouds/snow/ precipitation/ 

liquid water/ liquid water content/
precipitation modeling/

transport and diffusion/ clotds/ 
ice crystals/

air flow modeling!modeling! benefit-tocost ratios/ satellite observations/ LANDSAT/ NOAA AVHRRI
 

snow cover runoff modeling! economa sttlies/ hydroloelIc
radar echoes/ drought relief/ water resources management/statistical evaluation/ target-contr MPP/ double ratio/
01 area/ technology transfer.
IDENTIFIERS 
- Morocco/ Atlas Mountains/ Khouribga/ Casablanca/ Azilal/ BeniMeLlal/ Bin El Ouidane/ Oued Otm er Rbia basin/ Northwest Africa.
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EXECUTIVE SUMMARY
 
The Kingdom of Morocco estaliished Programinie AI Gha it in Ih': ear'), 190S's -isrsponse :an emergencyto a severe, proloned drouh. Its primnaryI..hniqiies to au-m ent rainl/1l. 

oal was to utilize w;e:athcr niodilicaIooIn 1983,. at the direction of His Majesty King I-rassn if, theGovernnient of Moroc'o (GOM) requested :sstance with the project from tle United States ofAmeric (USA). The U.S. Agency for International Developnmeil(USAIID) signed an aereementwith GOM in I9,84 to initiate a N569fi inillion technical isasi.:since prograi-ii:entilic equipmint and training for tile project. ni;kin¢ Pro..,rumei 
that provided hotih 

..\I Gha:iit ajoint U A-GO.\I
underrakinu. 

The primary objectives of the join project were to: 

I. Implement a scientifically based
precipitation augcmentation 

cloud seeding demonstration program for winterover the upper portion of the Oued OumAlias Mountains to alleviate the existin, 
Er Rhia basin in lhedrought conditions, assess the anmount of additionalwater produced in (he river/reservoir systemnas a result of the demonstration program, andevaluale tihe effects of increased winter precipitalion on runoff and its subsequent uses. 

2. Exam ine cloud and precipiiation processes to improve the scientific h:sisdem of' iheNstra ion program and obtain evidence of its physical plausibility. 
3. Concurrent with the first two 
technology througeh 

objectives., transfer winter precipitation a iumentationinformal and l'ornal training to enable Njoro'ca n personnel itodesin.plan. implement, monitor, and evaluate similar winter prccipic.u ihm augmentation proj ctsover tile mountainous areas of Morocco. 

4. Increase the avrenCss of he need for an
Oued Oun 

improved water management program in theEr Rhia h:asin which would consider we;,lher modification as one of nmyvwaterresources options. 

Th-e ohjectives we're largeiy.attained during the past 5 years. 

Institutional Structure 
Programme Al Ghait was established by His Maje5sty King Hassan II under
Cotrdonnateur.- Gentrai the "Haut
 
Bamaarouf. 

Kahbatj of the Royal Air Force (FRA), and his Project Manager. ColonelThe project grant agreement was administered by Mr. Bensari. Director of theNational Met.orological Oranization (Direction de la Meteorologic Nationale,Colonel B-maarouf. Mr. Benarafa, Director of the project, and Mr. Loukah, Deputy Director, led
a tean of over 50 meteorologists, teichnicians, and observers 


or DMN), and 

from the DMN and more than10 pilots and 20 supporting aircraft mechanics and technicians from the FRA. These personnelwere dedicated to cloud seeding operations, scientific data collection, and analysis. % 
The Moroccan contributions, which totaled about $7 million in facilities and services, included over100 personnel, facilities for personnel and equipment at all project sites, cloud seeding aircraft.and ground-based silver iodide generators for seeding, complete with operators and maintenance.Facilities for project management, direction of operations, equipment maintenance and supply, data 

-
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archiving, and scientific analysis were provided by the DMN in Casablanca.the field operations Center and facilities for Morocco's 	
Te GOM provided

first weather radar in Khourihia,180 kilometers southeast of Casablanca. Rawinsonde launch facilities were built at Beni Mellal andTissa, about 230 and 260 kilometers southeast of Casablanca, respective;y.
Airborne seeding operations were conducted up to the spring of 1986 by four OV-10 aircraft basedat Marrakech and thereafter by twonortheast of Casablanca. 

King Air 100 aircraft based at Kenitra, 200 kilometersOne of the King Airs was equipped with Morocco's first cloud physicsdata acquisition system in 1987. Inaddition, a radar-equipped Alpha Jet was available for high
altitude seeding missions throughout the duration of the project. Itwas normally based at Meknes. 
American assistance provided over $2 million in scientific equipment and supplies. These includedthe weather radar with its digital recording system, acloud physics data acquisition system, aircraftnavigation systems, a satellite direct-readout ground station and analysis system, 2 rawinsondesystems, 12 microcomputers and software for them, radio communications systems, telecopier and
facsimile data receivers, electronics workshop and test equipment, tools, and miscellaneous otherhardware and expendable supplies. The balance of the $4 million was provided in technologytransfer, which included long- and short-term training prcgrams, both formal and informal, projectdesign and management, and administrative assistance for procurement. 
Scientific sais. - The ProX'ac1 s-digned to useorograpli.clo eedin,to 	 thelatest available technology in winterreasetheprcip oAtlas Mountaii~s in the vicinity of 	

ofolcloudsn tie Central lHih32 N. and 7*W.seeding agent. 	 Te project u sif iodide (Ag) as theSilver iodide particles act as ice nuclei, converting supercooled cloud droplets to icecrystals, which can grow rapidly into snowflakes.ground-based seeding generators, or both 	during periods when seedable clouds existed that could 

The silver iodide was released from aircraft,
affect the target area. The methods were similar to those successfully employed in operational andresearch projects in the Sierra Nevada of California, an area with climate and geography similarto those of Morocco. 
Project design. - Due to the severity of the ongoing drought, the cloud seeding plan called for thetreatment of all storms with seeding potential that were expected to affect the drainage area of
about 7000 km' 
 feeding Bin El Ouidane reservoir. A target-control design was sel.':,,.d for the

statistical evaluation. This design required the selection of a control area near the target. Cloud
systems affecting the, control area were not to be treated, but measurements would be made foreventual use in the evaluation of seeding effects. Streamflow was selected as the primary response variable for the statistical evaluation because lengthy records existed for the target and controlareas. Streamflow is also the variable of primary importance to Moroccan water resources needs. 

Major Achievementt 

I. 	 Implementation of field operations.. The field program was initiated in July 1984 withthe construction of facilities and staffing of project headquarters and field sites. Headquarterswere set up at the Casablanca Anfa Airport. Field sites, including the radar operations centerand a rawinsonde station, were activated. Cloud seeding aircraft were modified for cloudseeding and placed on station at Marrakech. 



A detailed scientific operations plan was developedmeteorological and technical personnel in the daily conduct of operations. Seeding operations 

for Morocco and used to guidebegan in November 1984 and continued through May 1985.applied in subsequent field seasons through May 1989. 
The same operational seasonAs previously noted, after the spring 

of 1986, aerial cloud seeding was accomplished by King Air aircraft operated from Kenitra.Cloud seedi ng-n-e ncy s m than desired for the first2.5yeam when all seeding wassbsanialnrese 
conducted by aircraft and field personnel were s...l receiv-.g ba.ic trininincreased substantialy - n., . ,.,receiving basic training. Seedi% Afrom lessthan 15 to Seedig TwasIdi-ene-to- more than 7.percent,were. ins.lled in Ja a ter round-based silvery 9 to provide more continuous seeding.Field operations conducted from 1984 to 1989 resulted in the seeding of 15 to 25 storm events

duringeaheswha(sesch seasn, wth aprepared for each day from ovember through April of eaclmaintained throughout all storms affecting the area except when equipment failed. 

Weather forecasts wereseason. Radar surveillance was 

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

have helped in 

2. Transfer of technology. -Theof jr0 technolo tran ess was 
the ostm!n!u
t. The process involved the training of personneland the conduct of a de c siiLtions-Amud seedin L-pemployed with Mi t. 
- Three phases of training.,n werefully conduct the project. 

scientists and technicians to provide a solid foundation for them toThe trainingconsisted of(a) informal on-the-job training, (h) formal 
seminars and lectures which presented the theoreticalbasis of weather modification and cloud 
physics principles, and (c) joint collaborative studies which reinforced previous "materialand 
dealt in depth with scientific information on Moroccan
strategies, and improved evaluation of seeding results. 

clouds and weather, cloud seeding. 

On-the.job training-o0 lectronics t4ehnicans and engineers was particularly emphasized in 
their- ra ni, g. Scientists from the United States presented courses and seminarMsand Moroccan scientits and engineers Vste- _nhQo.collaborative studies nited States whie7were conducted. Over 5 arious training and20 American experts. .-.. ientists received direct training fromOver 30 student-months offformal seminar training were received in 

Morocco by meteorologists, technicians,.and engineers.
their Master of In addition, 4urscientists completed
the USAID 
cience degrees in the United States. Two other students were funded under 

sector support training project and completed theses on topics related to the 
project. Nine electrcics technicians spent more than 23 person-months training in the United 
States. Eight operational and four research meteorologists ;,sent more than 25 person-months
conducting studies and learning about American scientific techniques on American projects 
in the United States. These scientists and engineers returned to Morocco to implement their
new knowledge on project operations and scientific and evaluation studies. " 



3. 	 Scientific analysis and evaluation. - A number of physical studies have been conducted 
as part of Programme Al Ghait. Some of these have concentratedoportunities in Morocco. on understanding seedingstorms of the High Atlas 

Physical studies with measurements 
the 	

indicate that conditions which 
taken inside precipitatingfrequently and extend over large areas.~~~se D Analses of su 

are favorable to seeding occur' ofvrstsupetrcooled clouds observed in 1915 bthe University of North Dakota cloud physics aircraft indic--ed'i.j ueJi_! liiquid waterrging-from 0.2 to 0.7 g/m3 in-thea 

Occrred-ften, with concentratiq 	
I 

at temperatJurc SQ 2*C. 	 e of natural iceese conditions are considered favorable for cloud seeding 
and, to some degree, more so than those found in the Sierra Nevada of California, where ice
occurred more frequently. C dy sAir have confirmed the earlier 

acollected after 1987 with the instrumented Kingestimates of frequencyopportunity for seeding. Radar, satellite, and numerical modeling studies are being conducted 

and areal extent of regions ofto better define the frequency of favorable opportunities and the areal extent of seedableconditions detected in the cloud physics analyses. 
Statistican.ilysis-fhistorica,4iLk 	 target and control streamflowdata0 yearswithcloud tretment are-necrsasary 	 indicated t.aL lei_ d O-rrcenz proahiliy of dcreinincrease in str Howeveronly 1.5 years of seeded results are available fi
evaluation, as a result of the elimination for analysis purposes of the first 2.5 seasonsof control streamllow for the 19.S9 

seeding due to the low initial cloud seeding efficiency (less than 15 percent) and unava;lahilitseason.which represents about one-fourth of the required datla, it 
was decided not 


With only a l.S-year treated sample availahkl 
to an:alhze an, 

seeded results because they could be misleading. Even when theavailahle, at least 4 more years of efficient cloud seeding are 
1988-89 results becom 

evaluation.	 required for the statistica 

4. 

I 

Incrcased 
cai'.n• dawareness of weather modificain
rodl nd . o jin as a water resources management option..economic stuis were designed to r s ur e m nseeding programs in Morocco. as.ess the economjcc--asihility of cloudThese studies were conducted by Moroccan water resourcesagencies working with Reclamation hydrologic and economic experts and DMN scientist- to 

develop oh/iective methods for the evaluation of hydrologic impacts on the Moroccan economy. 
Through close cooperation and collaonlration, the water resources mana
eentually b 
 n institutions intheir operations. 

aware of Programme Al Ghait and its potentiail for impacts onAmerican experts presented special seminarsMoroccan water resources experts and Programme Al Ghait staff. 
and workshopsinterest 	 to thein weather modifcation as an additional tool in 

Such meetings increasedwater resources management.Preliminary results of conducted studies provided additional credence to its feasibility for thatpurpose. 
Hydrologic studies produced some interesting results. Numerical river simulation models 
that included the hydroelectric generating characteristics of powerplants and irrigation and 
domestic water diversions within the Oued Oum Er Rbia basin
effects of additional water from November to July of the period 1940 to 1985. 


were used to simulate the%.aterrepresented the effects of 5. and 10-percent increases in monthly streamflow due to 
The additionalseeding. The Administration de Hydraulique (Hydraulique) river model thai was employed


gove results indicating significant increases of 46 and 89 gigawatt hours (GWh)
normal annual average hydroelectric power generation for the 5-and 10-percent streamflow
 
above theincreases. respective y. 
 The National Elertricai Organization (ONE) 
 river model produced 



about 30 percent more power in similar simulations over the 46-year period, supporting the
Hydraulique model estimates. Annual average reservoir storage increased 60 and 100 millions 
of cubic meters (M m3) above the normal for the 5-andsimulations performed. 10-percent augmented flows inThis resulted in irrigation53.0 M in. water diversion increases of 28.5seeding; however, simulations indicated 

andDomestic water demands were largely fully met without the enhancements froman average annual increased delivery of 2.5 and4.6 M m' for the respective 5- and 10-percent increases. 
Ecornomia-amthysis of the hydrolog

benefits from Ibf.udseedig will mostlikelyexceedthe costs. 


impacts and project costs and benefits idicatesthat the
Initial hydrologic river model 

simulations ind-€,te thatr augmented hydroelectric power, irrigation water, and municipal and 
industrial water will provide a benefit-to.cost ratio greater than 1.0 as a result of seeding. Note 
that benefit-to-cost estimates were based on a sensitivity analysis using a range of values for
water, agricultural products, and hydroelectric power, whicha comprehensive evaluation of any subsidies. The available data used in this economic analysis 

are difficult to establish withoutwere incomplete; therefore, additional studies are needed to provide aestimates of benefit-to.cost ratios. 
better range of 

Lessons Learned 

Noteworthy were 

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

Management 

" A National Steering Committee (NSC)
expedited installation and construction 
which coordinatd interagency activities and
of facilities was helpfulcoordination among agencies and throughout the country. 

very for project 

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

input was 

* American project implementation would have been more efficient with an implementationteam of three resident experts in-ekmonicsweaherscientific modirictionnirprojectman-a-.ement " n future projects. such at mectronics team should beoperations experts should reside in the host country during the first 
bc0r'v' Wcid 

6 to 12 months. 
" 
 A complete scientific operations plan and set of position descriptions and specific work


plans for all personnel should be prepared at the beginning of any future projects for
personnel management and scientific guidance.
 
* 
 A complete staff should be assigned at the outset of each project, and personnel assignedto a project should remain with it throughout its existence. 
* The data management position is a critical scientific position for scientific data collection.quality control, and archival. This position should be filled at the beginning of projects 

-7 



and all data handling procedures established during the first 6 months and maintainedthe scientific team. 
* Annual monitoring reviews by senior experts who initially designed the project were vehelpful in maintaining the project's continuity and its original goals and objectives ajshould be provided in future projects.
 
* 
 External evaluation team monitoring of the project was found useful when combined wilthe annual monitoring reviews and should be provided in future projects. 

Training 

"j Long-term training was found to be an excellent alternative for specific research contract.The master's-level student research and theses on project-related topics were ver successful in transferring high-level expertise to Morocco and accomplishing researcigoals. This type of activity is highly recommended. 
" Long-term students should start their training at the beginning of the project so that theifindings contribute to the project design and they may participate in its operations andevaluation. 

* Scientific collaboration between individual Moroccan and American experts in cloudphysics, radar, numerical modeling, and field operations was found to he very effectivewith scientific interaction in Morocco followed by continued research in the United States.Frecucnt quarterly or trimester trips to Morocco and annual trips to the United Stateswere the most productive. 
exchange was 

This form of informal scientific interaction and educationalone of the most successful aspects of technolo( transfer and i. highlyrecommended for future projects.
* Peace Carps English language training was very successful and is recommended for future 

projects. 

Operations 

Sufficient time and resources for the conduct of field operations and the physical andstatistical evaluation of results should be incorporated into the original project design topermit a comprehensive evaluation of the seeding effects so that the host country maymake sound scientific and economic decisions regarding the application of weathermodification as a water resources management option. 
* Co-location ofoperational and research facilities such as aircraft, operations directors,and scientific teams is highly recommended. 

A comprehensive equipment procurement, Installation, Inventory control, and trainingplan isneeded at the beginning of the project. This plan should incluile detailed trainingneeds for electronics and maintenance technicians and equipment managers. 

0 



Recommendations 

I. The Moroccan Government should continue the project to reach scientifically sound/ sults and to arrive at a r- decis,
.management as to the project's capability as a water resourcesoption.. The project should be continued for a minimum of 4 more years toacquire a seeded sample adequate to determine whether cloud seeding effects are large enoughto be economically beneficial. In order to obtain the required sample, the project shouldcontinue to follow the existing management plan including the conduct of: 
* Regular PSC meetings. 

* Scheduled NSC meetings and annual reviews. 
* Normal cloud seeding operations, data collection, and scientific and evaluationstudies following the project design and operations plan utilizing the existing facilitiesand trained personnel. 

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

Fund an annual budget in both dirhams and foreign exchanges as appropriate tosupport the continued execution of Programme Al Ghait, including its personnel.equipment and supplies, and cloud seeding materials. 
J" Establish -in autonomous officially constituted and recognized organization whoseprimary mission is to carry out Programme Al Ohait. 

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

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

* Execute a formal agreement between the Programme Al Ghait organization and theFRA whereby the FRA continues to provide the aircraft and seeding materialsrequired to carry out the seeding operations. 
Execute a formal agreement among Programme A] Ghait and ONE and Hydrauliquewhereby ONE and Hydraulique provide promptly the streanmflow data for evaluatingthe program. 

Funding to continue the project will require a significant increase from the Ministry of Financeabove the previous budgets for 1984-89, when American funds provided many expendablesupplies, instruments, and parts. 
2. The scientific research capabilities should be enhanced.a series of interesting and useful studies which should be completed. This work will requiremore time and effort for detailed scientific analyses, data quality control, and development and 

- The scientific team has begun 



refinement of software and data bases for the display and processing of infermation.data samples and better stratification of events into homogcneous samples are needed to di 
Lir 

sound scientific conclusions. 
Research results should be publishedi scientific journals and presentedmeetings. Preiintation of results to other Moroccan water resources experts wil help th( 

at professioi
to understand the conditions that may produce opportunities for precipitation enhancemneand subsequent improvements in water resources. Prese.ntations to the international scientiicommunity will improve the general understanding of the physical processes of precipitati(

in northwest Africa and the potential for weather modification in that region, so other natioimay benefit from Morocco's experience. More general studies from the Programme A] Gha
data sets may lead also to better weather forecasting and understanding of the structurestorm systems in that region. 
Specific scientific data collection and studies recommended for the project includefollowing: th 

Studies of the radar and satellite data should bemesosynoptic expanded to descrille th,physical characteristics of precipitationresults should then he combined with 
events in Morocco. Thes,the cloud microphysical observations antnumerical modeling simulations to better understand the physical mechallisms tha:cause precipitation in Morocco. Radar data collection and quality control shouldcontinue in accordance with the Operations Plan through 1993. 

Additional data collection and analyscs are nel:ded in the areas of cloudph4sics andstaitistic,,l evaluation. These data should be collected from lVJ9 1T)')3in r-r tocontinue existing analyses and provide required expanded sample size:.
SSt;atistical.physical evaluation techniques that deal with the large natural variationof precipitation in the target and control areas need further study.covarimtes for the statistical evaluation The search fo,should be expanded to leastexploration of the use of the Rhea model. This research will require continued effori 

at furthci 
and careful analysis. The numerical modeling workMr. Abidi should be continued of Mr. El Majdouh and1toreceived in Morocco and lend support to other studies that are dealing with the 

better quantify the precipitation and runoff 
physical mechanisms of the precipitation process.

3. The United States should continue involvementwas recommenddly the Final External Evaluation Report andthe Annual Monitoring Report in 1989. mria

Those reports recommended continued involvement
 

participation in the project wahesojct.Cotnud n ec. Continued American 

for at least the next uyars-untila sound scientific result can be obtained. 
The United States should look for ways to support continued scientific collaboration after the
end of the current USAID project to ensure that sound scientific results jan be obtained overthe next 4 years. This assistance would consist of: 



Continued monitoring of the GOM progress in successfully implementingrecommendations I and 2 above, and if the monitoring indicates that the GOMfsuccessfully continuing Programme Al Gh~it, then the United States should consider 
is 

limited additional assistance in the areas of. 

" Statistical evaluation studies.* Improved application of numerical precipitation and air flow models.* Expanded and improved cloud physics aircraft data collection and analysis.* Improved radar data collection and analysis.
Mesoscale analyses and storm system seedability studies.
" Expanded and improved hydrologic and economic applications studies.In summary, the joint Moroccan-American Programme Al Ghait has been a successful program of
technical assistance and technology transfer. It has resulted in the establishment of a well-trainedteam of meteorologists and technicians who are able to conduct scientific weather modificationoperations and physical and evaluat;on studies on data collected. This type of scientific exchange 

has benefited the Moroccan meteorological service and the international meteorologil co-mmunitythrough the inceic sedies ic o .servation.,l capabilities and the basic know4l+ d--edprject's scientific studies. These gaineJfrom thenew ohservational capabilities will contribute new data to theinte n-nii-o-tii mmunity to better understand daily weather and global climate. 
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