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Preface 

In response to a request from the National Aeronautics and Space 
Administration (NASA) , the National Research Council (NRC) as­

sembled a panel to review the meteorologic� support related to space 
operations at the Kennedy Space Center (KSC) . A copy of the ini­
tial NASA request is included in Appendix A. Specifically, the panel 
was requested to review the requirements for meteorological informa­
tion at KSC and to prepare recommendations for NASA regarding 
the feasibility, development, and implementation of a meteorologi­
cal facility at KSC that would (1) improve the quality, utility, and 
reliability of meteorological information for planning and operations 
and (2) provide a facility at which atmospheric scientists may pursue 
short-term weather research to improve KSC operations. 

In negotiations between NASA and the NRC, the scope of the 
task was broadened slightly. It was agreed that the panel would "re­
view the state of scientific understanding of meteorological factors 
relevant to space operations at KSC, including existing observa­
tion and forecast systems and the utilization of meteorological infor­
mation in decision making, identify potential improvements to the 
present system at KSC in terms of NASA requirements, and make 
specific recommendations for the development and implementation 

vii 
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of improved systems to address NASA's research and operational 
goals."* 

This study is timely in that it follows the Space Shuttle Chal­
lenger explosion on January 28, 1986, and the lightning-related de­
struction of the Atlas-Centaur 67 rocket on March 26, 1987. 

With recent advancements in ways to probe the atmosphere 
and the development of new avenues for processing, communicating, 
and interpreting meteorological information, much-improved meteo­
rological support for space operations should be pOSBible. This report 
reviews NASA's present program of meteorological support for space 
operations and offers suggestions for improvements. 

The panel visited a number of sites during its study. In the 
period from August 31 to September 2, 1987, the panel visited the 
Kennedy Space Center; on October 30, interviews were conducted 
at NASA headquarters; and from December 1 to 3, 1987, the panel 
visited Johnson Space Center. Other meetings of the panel focused 
on the preparation of this report. A list of the persons who made 
presentations to the panel or were interviewed by the panel is included 
in Appendix B. 

Although the study has been conducted for NASA, the panel has 
recognized that the report is likely to be read not only by NASA ad­
ministrators and meteorological support personnel, but also by many 
other people with varying familiarity with the space program. Even 
among those working within the space program, there are varying 
degrees of familiarity with meteorological support operations. For 
this reason, the panel felt it would be useful to include a consider­
able amount of background information to provide an overview of 
the nature of meteorological support for space operations and the 
organizational environment in which it exists. 

The Executive Summary reviews the principal conclusions and 
recommendations of the panel. Chapter 1 outlines the weather el­
ements that are important for space operations and the manner in 
which they are critical. Chapter 2 contains an overview of the orga­
nizational structure of the weather support activities for the space 
program. Chapter 3 reviews the observational systems, and Chapter 
4 suggests some possible technological upgrades for meteorological 
analysis and forecasting operations in support of space operations. 

*From the proposal written in response to NASA's request for the NRC 
panel. 
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Chapter 5 outlines an organizational framework that the panel be­
lieves is needed to foster a vigorous and vital meteorological program 
in support of both manned and unmanned apace flight. 

I would like to thank the members of the panel for their conaci­
entioua attention to our deliberationa. Each member attended all of 
the panel meetings and contributed significantly in the preparation 
of the text. I would like to acknowledge the role of Gregory S. Forbes, 
who auembled and reauembled the many drafts of the report. In ad­
dition, special thanks go to Karen Poniatowski and Arlene Peterson 
of the NASA Office of Space Flight for their uaistance. 

Charles L. Hosler, Chairman 
Panel on Meteorological Support 
for Space Operations 
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Executive Summary 

Remote sensing and computer technologies have developed to 
the point where great new advances in real-time weather observing 
and forecasting are possible. An opportunity exists to make all 
phases of the manned and unmanned space programs more efficient, 
less threatened by delay, and free of weather-related hazards that 
could lead to damage or loss of spacecraft or even human lives. It is 
vital to make improvements within the meteorological support and 
launch decision infrastructure of NASA that may avert a repetition 
of tragedies such as the Atlas-Centaur 67 destruction on March 26, 
1987, and the Space Shuttle Challenger explosion on January 28, 
1986. 

This report recommends mechanisms by which NASA can put 
into operation state-of-the-science meteorological technology and ad­
vanced weather forecasting techniques to enhance the efficiency, re­
liability, and safety of space operations. The spirit motivating these 
recommendations is the panel's belief that NASA should strive to 
exploit the benefits of the cutting edge of new meteorological tech­
nology, just as it exploits the potential of the numerous other tech­
nologies that support space flight. In striving to reach this goal, 
NASA can pave the way for many other applications of these ad­
vanced meteorological capabilities. 

1 
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2 

Since the inception of the shuttle program, the needs for mete­
orological support have become clearer and the quality of the m• 
teorological support available has improved. However, it became 
obvious to all members of the panel early in this study that NASA 
has not had a coordinated meteorological support program. Owine 
to this lack of coordination, space program needs and meteorological 
expertise have not yet been adequately brought together. 

The need for a coordinated and improved weather support pro­
gram has already been expressed by others within NASA. In October 
1986, the NASA Space Shuttle Weather Forecastine Advisory Panel 
(John Theon, chairman) issued its findings and recommendations 
to the NASA associate administrator for space flight. Their first 
and foremost recommendation was that "Shuttle weather services 
must be oreanized in such a way to brine them up to the very best 
stat.of-th•science and technology and under an optimal manae• 
ment situation.• Toward this end, they recommended that "NASA 
should establish a Weather Support Office at the top level of Shuttle 
operations to plan, oreanize, focus, and direct the activities related 
to Space Shuttle weather support. • The Panel on Meteorological 
Support for Space Operations endorses this recommendation. (All 
recommendations from the Theon report are reproduced in Appendix 
C of this report.) In the report that follows, the panel amplifies some 
of these earlier findings and adds additional recommendations. 

The task of reoreanization will not be simple. Meteorological 
support for space operations is at present fragmented. The U.S. 
Air Force Air Weather Service provides observine and forecastine 
personnel at Kennedy Space Center (KSC}, Vandenberg AFB, and 
Edwards AFB. NOAA provides support to Johnson Space Center 
(JSC). A private meteorological firm provides forecastine service for 
the Wallops Island, Virginia, Flight Facility. The Marshall Space 
Flight Center (MSFC) provides some technical guidance to both 
KSC and JSC, and other groups are also involved, includine con­
tractors. The various participants report to different organizations 
within NASA. 

Followine the Theon report and the formation of this panel, 
a Weather Support Office (WSO) was created within the Office 
of Space Flight (OSF}, and on December 6, 1987, a director was 
appointed. To brine about substantial improvements in weather 
support, it is now imperative tl&at NASA give clear aratl uraam6igu­
ous autl&orit11 to tl&e WSO, and grant it sufficient budget authority to 
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ensure an integrated and coordinated meteorological support p� 
gram for all ground, launch, landing, and recovery activities. Weatlaer 
••pport for manned and unmanned qace fti11&t •l&o•ld 6e a Mnfle co­
l&eftve profr&m coordinated tl&ro•11& tl&e Weatlaer S•pport Office. 

This panel urges that all pOIIIible support be directed to this 
vitalaapect of apace operations. There are many good scientists and 
tecbniciana involved in meteorological research and support activities 
within NASA, but they are not aufliciently focused on the operational 
probleiiUI of apace flight. Each of NASA's research centers should be 
strongly encouraged to commit some of ita resources in the effort to 
upgrade meteorological support for the apace program. 

Although Air Weather Service and National Weather Service 
forecutera have been supporting apace operations with skill and ded­
ication, the technoloiY and techniques they have employed up to this 
time are not adequate to meet unique and stringent future require­
menta. Up to this point in the apace program, launches have been 
relatively infrequent and delays have been accommodated. Thus it 
has, in principle, been poeaible to wait until ordinary meteorologi­
cal observations have indicated an ideal launch window. However, 
there remains the concem that conventional techniques might fail to 
detect certain hazards. As launches are scheduled more frequently, 
delays will become leaa tolerable. There will be a need to identify a 
greater number of low-risk launch windows. This task requires im­
proved observations and predictions of many special meteorological 
variables and phenomena of unique significance to apace launches­
e.g., tri11ered lightning, precipitation size and type, wind shear, and 
turbulence-with a degree of sensitivity, timelineaa, and accuracy 
unique to the apace program. 

The panel offers the following recommendationa ao that u the 
space program moves into a revitalized era, apace program personnel 
may use meteorological information with confidence during all phases 
of apace operationa. Recommendationa are spelled out in greater 
detail in subsequent chapters, where expanded justification rationale 
is also given. 

BECOMMZNDATIONS 

The panel identified five principal categories of deficiencies in the 
program of weather support for apace operations: 

1. Quantification of weather hazards. 

Copyright © National Academy of Sciences. All rights reserved.

Meteorological Support for Space Operations: Review and Recommendations
http://www.nap.edu/catalog.php?record_id=18482

http://www.nap.edu/catalog.php?record_id=18482


2. Observing systems capable of detecting specific weather haz­
ards. 

3. Analysis and forecasting schemes for specific weather haz­
ards. 

4. Coordination of applications research and operational pro­
grams. 

5. Organizational structure to promote continued improvement 
of weather support as needs change and capabilities improve. 

A chapter in the report has been devoted to each of these prin­
cipal deficiencies (although not exactly in the sequence presented 
here). The key recommendations addressing each of these problems 
are presented below. Additional observations and conclusions are 
highlighted within the chapters of the text. 

Reeommendatlon 1: Wlth expectatlODI of more frequent 
launches md m aaoclated decreue In the margin of weather 
safety, lt ls imperative that NASA quantify more rlg0J'01111y 
the relatlODSblpa between magnitudes of weather variables 
md the huardl they pose to space Tehldea. I'Bght roles md 
launch commit crlterla should be baaed on these relatlcmshJpa. 

Many of the meteorological variables critically affecting apace 
operations have not been adequately quantified to the point where 
weather support can be focused on specific threshold values. At 
the same time, Space Shuttle program managers have not defined 
precisely what weather information is needed. Thus the weather 
support system has not been able to concentrate sufficiently on the 
special problems of the Space Shuttle. Some critical parameters are 
currently not measured-such as drop sizes in clouds and rain, which 
are hazardous because of the possibility of protective tile damage­
and there is no program to initiate these types of measurements. At 
the time when the Atlas-Centaur spacecraft was destroyed, NASA 
and the Air Weather Service were operating the largest network of 
electric field mills in the world, but measurements of electric fields 
had not yet been incorporated into the weather commit criteria as a 
guard against triggered lightning. Wind shear and turbulence criteria 
are also not quantitatively defined. 

Recommendation 2: New md Improved Instrumentation 
DD11t be used to detect weather condltlODI md phenomena 

that are ha1ardoua to space operatlcma. 
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Many of the weather elements most critical to space operations 
are not being measured directly. Their existence is being inferred 
through relationships with other, directly observable, parameters. 
For example, lightning strikes in clouds, and the electric fields that 
provide a potential for triggered lightning in clouds, are inferred 
from surface-based electric field readings. Launch-time wind and 
wind shear hazards are estimated by using soundings prior to launch 
in conjunction with climatological statistics of expected short-term 
wind variance. These types of indirect hazard assessments are ac­
ceptable when no other options are available, but when more direct 
measurement systems are available they should be used. 

Displays from additional existing lightning detection networks 
should be made available in the KSC weather forecast office, and a 
new system should be developed to detect in-cloud lightning. Instru­
mented aircraft should be used to measure electric fields aloft that 
could lead to triggered lightning and to measure the types and sizes 
of precipitation that could damage the Space Shuttle. Multiparame­
ter radar and ground-based disdrometers should be used to examine 
the temporal and spatial variability of precipitation type and size. A 
network of wind profilers should be used to detect rapidly changing 
pattems of wind and wind shears or to ensure their nonexistence. 
Several Doppler radars should be deployed to detect probable areas 
of wind shear and turbulence and to identify low-level wind conver­
gence zones in which thunderstorms are likely to form. 

Alternative landing sites overseas have, until now, been equipped 
only with rudimentary instrumentation and have, in some cases, 
relied on local observers. These sites should be surveyed to ensure 
the availability of adequate weather observations for safe recovery. 

B.ecommendatlcm 3: A DliiDber of emerging teclmlques for 
weather analysis and forecasting and decision making DDISt 
be actively p11J'81led. 

The introduction of new instrumentation should immediately 
improve detection capabilities, but it will not necessarily ensure im­
provements in weather forecasts. Present weather forecasting tech­
niques have been developed for use with the types of data previously 
available and will need to be modified to incorporate new data bases. 
Improvements in knowledge of the quantitative relationships between 
weather elements and space flight risk will necessitate a fine-tuning 
of weather forecasts to accurately predict specific values of particular 
weather variables. 
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Techniquea to be developed include a local weather analysis 
system, an interactive computer-aided decision-makinc system, and 
neeted crid numerical weather prediction models. 

B.eemm•wpdatlcm 4: To brtn& about mbltatlal iaupNYe­
mmta m weather mppart, lt Ia Imperative that NASA gift 
dear and UDamblpou� autho:rltJ to the Weather Support 
O!Bce and gift It 8118lclaat budptarJ authority to anre an 
Integrated and coordbuated meteorological support program for aD phuea of the DWIDed aud 1'!P'MDDed space procriDIII. 

It has been made dear by the Theon report, and in all of the 
preeentations heard by this panel, that the orcanizational structure of 
NASA has inhibited an intecrated and coordinated weather support 
procram that would focus NASA's considerable technolopcal and 
human reaourcee and expertise on NASA's operational space flipt 
problems. The primary mission of the WSO should be to mobilize 
and coordinate as many of these resourcee as poesible toward one 
objective : to develop and implement new technolociea for observinc, 
analyzinc, and forecastinc the weather elements most critical to the 
space procram. In the context of this report, WSO should serve as 
the administrative office charpd with ensurinc the execution of the 
other recommendations. 

B.Konm+adatlon 1: An AppBed Jlelearch and :rorecutlq :racmty (AB.:r:r) ahould be establlahed at K.eDDedJ Space 
Center to promote the development and appBcatlon of new 
:me881IJ'mlellt tedmol01J and new weather analysis and lore­
eating teclmlques to luip:Nve weather support lor space op­
eratlODI, to proride lorecaater education and trammc, to 
coordinate leld programs lllvolvlnc the metearolocJ.cal com­DIIIIIlty, and to conduct an actin "f'lsltlng aclentlst prop"am. 

The paramount function of the Air Weather Service detachment 
at the Cape Canaveral Forecast Facility, which services KSC and the 
NOAA croup at JSC, is to provide operational weather support on a 
daily basis for the many launches and cround activities in procress� 
Neither croup has a mission to conduct research, and they are not 
adequately staffed to coordinate new procrams to develop and install 
advanced instrumentation and new techniques for weather analysis 
and forecastinc at KSC. However, the unique weather sensitivitiea of 
the space procram dictate that new observinc systems are required 
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in order to improve the quality of weather support. A p-eat deal of 
eft'ort is required to develop proceduree for uliq theae systeiiUI to 
improve operational weather analysis and lorecuting and to train 
operational weather forecasters to Wl8 theae procedures. Thus an 
ARFF is needed to help the WSO in the miaaion of developing new 
observing, analysis, and forecasting techn.ologies. This assistance 
should include the special tub of determining how best to Wl8 
the teclmologies in the KSC environment and of transferring the 
technology to the operational forecast offices. These tub should 
employ an experimental weather forecasting facility within ARFF 
where new techniques can be tested and operational forecasters can 
be stationed for training. An advisory committee should be formed 
to - for WSO the ongoing eft'orts to improve weather support 
and to suggest additional or alternative approaches. 

CONCLUDING :uMAJU[S 

The National Aeronautics and Space Administration has been 
poorly organized to provide weather support, and the result is a sy• 
tem that is lese than state-of-the-science. Unle88 radical changes are 
made now in the way services and applied research are coordinated, 
weather will loom larger as a threat to a rejuvenated and accelerated 
space ftight program. To make available p-eater numbers of safe 
launch and recovery windows and to provide a more complete recog­
nition of hazards that are at present poorly observed and predicted, 
a larger, more comprehensive, and better integrated program will be 
required. This program will require rapid technology and technique 
development, testing, and transfer to operational status. 

The panel believes that, in order to maximize the safety of 
launches of manned and unmanned vehicles and landings of the Space 
Shuttle, the space program moet critically needs current weather in­
formation and forecasts valid for 2 hours or 1888. The quality of the 
latter very-short-term forecasts (or •nowcasts•) is often, in reality, 
limited by the quality of the observations. Accordingly, the panel 
places the highest priorities on the improvement of existing observ­
ing systems and on the deployment of new measurement systems. 
Further, these actions can yield almost immediate improvements in 
weather support. Observations of lightning, electric fields aloft (in 
order to identify non electrified clouds that are safe to penetrate), and 
rapid wind variations are most urgently needed. The panel advocates 
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implementation of the followinc actions as rapidly u poaible: in­
strumentinc an aircraft to measure electric fields aloft, wind velocity, 
and turbulence alone the launch/landinc paths; installinc a sincle 
wind profiler to detect sudden wind chanps; and installinc displays 
of additional lichtninc detection networks in the weather office to 
monitor thunderstorm systems approachinc the KSC area. The de­
velopment of forecutinc techniques can follow, and benefit from, the 
new instrumentation. 

Because of ita hich visibility, the apace procram is a critical 
focal point from which the public, the national and international 
scientific communities, and the nation 'a decision makers derive their 
perceptions of the scientific, encineerinc, and technolocical expertise 
in the United States. It ia incumbent on all scientists and encineers 
to be sure that the beat technoloey and expertise are utilized to 
ensure the success of the procram. 
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Sensitivity of the Space Program to 

Weather Elements 

On November 14, 1969, the Apollo 12 apace vehicle was launched 
from complex 39A at the NASA Kennedy Space Center (KSC) , 
Florida. At 36.5 seconds into the flight, and again at 52 seconds, 
major atmospheric electrical disturbances occurred that were subse­
quently attributed to vehicl•triggered lightning. Temporary disrup­
tions of normal operations included the lOBS of attitude reference by 
the inertial platform in the spacecraft, illumination of many warning 
lights and alarms in the crew compartment, disconnection of the 
electronic circuitry to three fuel cella, lOBS of communication, and 
disturbances to the timing system, clocks, and other instrumenta­
tion. Nine noneaaential instrument sensors with solid-state circuits 
were permanently damaged. It was moat fortunate that the triggered 
lightning damage did not have disastrous consequences. 

On March 26, 1987, an Atlaa.Centaur unmanned vehicle was 
launched from pad 36B at Cape Canaveral Air Force Station. The 
weather conditions were similar to those present at the time of Apollo 
12, and this time the outcome was calamitous. At 16:22:49 EST, 
about 48 seconds after liftoff", the vehicle initiated a four-stroke light­
ning flash to ground. This discharge caused a memory disruption 
in the vehicle guidance system that, in tum, initiated an unplanned 
yaw maneuver. The resulting exaggerated angle of attack produced 
atreaaea that caused the vehicle to break apart. About 70 seconds 
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after liftoff, the range safety officer ordered that the Atlas-Centaur be 
destroyed, in order to protect those below from large falling debris. 

Both of these events illustrate that triggered lightning is cur­
rently one of the major forecasting problema at KSC. This threat 
may have already caused NASA managers to adopt an attitude of 
overconaervatism to the extent that almost any cloud overhead may 
now merit the delay of a launch. Thus it is also important to know 
when clouds are benign and safe to fty through. There are also other 
weather phenomena (such as wind, wind shear, and precipitation) 
that may be hazards and that at present are not being observed or 
forecast adequately. 

Space vehicle encounters with adverse weather conditions have 
been quite limited over the 30-year history of the apace program, 
owing to a judicious selection of launch days, landing sites that 
usually favor benign weather environments, and the relatively short 
periods of time when the ftight is in the weather-bearing layers of the 
atmosphere. The accumulated "exposure" time, amounting to a few 
minutes during each launch and up to an hour on manned reentry 
and landing, makes the total base of weather experience a few days at 
moat. Until recent yean, this limited weather experience had led to a 
belief that weather was of secondary importance in apace operations. 
The panel hopes this perception no longer prevails. 

Meteorologists realize that the apace program has been relatively 
lucky with respect to weather hazards. Research in the last decade 
has revealed the occasional existence of various small-scale weather 
phenomena that could be dangerous to apace ftight, but often cannot 
be observed or forecast with existing operational instrumentation and 
techniques. The previous absence of encounters with these features 
over KSC has been partly a matter of chance. In view of recent 
temperature effects on 0-ringa and triggered lightning strikes, our 
run of good luck may have ended. Good luck need not be a requisite 
for acceptable apace ftight weather. It is the opinion of the panel 
that, with the introduction of new and upgraded observing, analysis, 
and forecasting tools, critical weather variables can be observed and 
launch conditions successfully predicted. 

HISTORICAL PERSPECTIVE 

If we reftect on the magnitude of the problem faced by the pio­
neers of apace exploration and the history of the apace program, it is 
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understandable that, when faced with the need to develop unprece­
dented mechanical, control, and communications systems, weather 
was not considered a high-priority problem. Prior to late 1987, no of­
fice was designated to coordinate weather-related operational needs, 
research, and related issues. 

As entry into space has become more common, the character 
of the space program has changed in that the emphasis is turning 
to frequent launches, economical operations, reusable vehicles, and 
manned missions. These trends have increased the sensitivity of the 
space program to weather. 

If the space program progresses into the 1990s as planned, two 
pointe are certain: (1) space flight will be more frequent, with delays 
and cancellations more intolerable and costly, and, as a result (2) 
encounters with potentially hazardous weather environments will be 
more frequent. 

With more frequent launches and an expected decrease In 
the weather aafety margin, It Is Imperative that NASA (1) 
more rlgor0118ly detlne the eff'ec:ta or weather on the spac:e 
program and (2) take steps to upgrade Ita weather observblg 
and forecasting program Into a atate-of-the-ac:lenc:e system 
tuned to serve In th1a new era In spac:e flight-a system that 
c:an c:ontldently and reliably ldentlfJ hasarda as weD as detlne 
launch windows with a hlgh degree of weather aafety. 

Historically, NASA has dealt with weather-related problems (1) 
by avoiding recognizable hazardous weather situations, (2) by re­
ducing the sensitivity of the space vehicle systems to the weather 
( "system hardening" ) , and (3) by examining ways to change the 
weather. The panel certainly endorses further hardening of space­
craft systems. The Apollo 12 and Atlas-Centaur accidents have 
clearly demonstrated the vulnerability of spacecraft electronics to 
triggered lightning. A similar experience by NASA astronauts ft.y­
ing a NASA T-38A on February 24, 1987, in wintertime stratiform 
clouds near Los Alamitos Army Aviation Facility, California, shows 
that triggered lightning is pervasive. 

Since the avoidance and hardening options have practical limits 
that fall short of ensuring total weather "immunity" and since mod­
ification of the weather does not appear to be practical at this time, 
the panel advocates improving weather observing and forecasting 
capabilities. Fortunately, bold initiatives are nothing extraordinary 
for the space program, and there is already evidence that NASA and 
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the cooperating agencies are taking steps to improve meteorological 
support. 

In the remainder of this chapter the panel will lay the foundation 
for the future weather system by UBeBBing the impact of numerous 
weather elements on various aspects of apace operations. This will 
also provide the background for the subsequent chapters, which will 
map a strategy for implementing an effective, state-of-the-science 
weather observing and forecasting system. 

WEATHER PACTORS IMPORTANT POR 
SPACE OPERATIONS 

Weather elements influence all phases of apace operations, from 
miSBion planning through actual launch, booster rocket recovery (in 
the cue of the Space Shuttle), and landing. Weather information is 
needed on time acales ranging from seasonal averages to seconds and 
spatial scales ranging from global size to meters. Each phase of the 
apace program has weather sensitivities, some of which are deacribed 
below. 

Minton PlaJmlng 

Years in advance of launch, apace vehicles are designed and 
configured based upon climatological factors such as wind and tem­
perature. Climatological wind profile statistics, which indicate the 
range of streBBeB that the vehicle is likely to encounter, are used in 
determining payload limits, flight trajectories, fuel requirements, and 
crew configuration. Other factors can influence the season or even 
the time of day scheduled for launch. 

Ground OperatlODB 

Ground activities are sensitive to a number of weather phe­
nomena. The temperature and wind profiles are critical factors in 
determining the hazards from fueling accidents because they deter­
mine the concentrations and trajectories of released gases. Activities 
involving toxic substances are curtailed when the resultant plume 
would threaten workers or a nearby population. Activities are also 
curtailed during the presence of nearby lightning or strong inversions 
(layers of air in which temperature increases with height) that could 
focus sound energy from explosions and cause window breakage. 
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Transport of equipment to and from the launch pads is curtailed 
during precipitation, lightning, strong winds, and blowing sand or 
dust. Fueling or detanking, as well as work on scaffolds, is halted by 
nearby lightning or winds exceeding 35 knots. Precautions must be 
taken for static electricity discharges during periods of low humidity. 

Launch 

Weather hazards encountered during launCh can jeopardize the 
safety of the entire mission: launch pad, spacecraft, payload, and 
crew. Extended periods of low temperatures can inhibit the oper­
ation of some essential components. For example, temperatures on 
January 28, 1986, which were far colder than during any previous 
shuttle launch, have been determined to have contributed to the 
failure of the 0-rings that led to the Cho.llen.ger accident. • Stresses 
(wind loads) on structural members of_ the spacecraft that deviate 
significantly from those anticipated during planning stages (from cli­
matological data) could cause the vehicle to deviate from course or 
break apart. Aerodynamic loads, from wind shears comparable to 
the largest previously encountered during launch and from vehicle 
response maneuvers, may have contributed to the final failure of the 
0-ring seals. •• Precipitation drop impact during flight can damage 
heat-insulating tiles on the exterior of the Space Shuttle vehicle. 

A direct lightning strike can damage the exterior of the space 
vehicle or the external tank of the shuttle. A nearby or direct strike 
can cause damage to the digitally controlled Bight systems and other 
instrumentation, and even cause uncontrolled ignition of fuel. Both 
natural and triggered lightning are safety threats. Common cumu­
lonimbus clouds and their anvils and deep nonconvective clouds can 
pose a threat of triggered lightning. 

In order to avoid hazardous situations, weather is periodically 
reviewed during the countdown prior to launch. Weather conditions 
must meet stated criteria in order for the launch to proceed. If 
necessary, a launch can be delayed or postponed at any time until 
seconds before liftoff'. The specific lists of weather launch criteria and 
flight rules have been under revision during the past several years, 

• &port of tlac Pruicfcntial OommiNion on tlac 8pGcc Slwlllc OMllcngcr Accident, 
June 6, 1986, pp. 70-72. 
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with extra safety margins added to addl'elll the lightning threat and 
other hazards. The propoaed launch commit criteria and flight rules 
are included as Appendix D. 

Reentry and Lauding 
Landing operations include •normal• landings of the Space Shut­

tle involving reentry and end of mission (EOM), and "abnormal• 
landings, including missions aborted during ascent (return to launch 
site (RTLS)), trans-Atlantic landings (TAL), and abort once around 
(AOA) maneuvers. Unlike the ground and launch procedures, which 
can be delayed and resumed when conditions improve, the landing 
procedure, once begun, is irreversible. Thus the final weather deci­
sion and site aelection must be made at least 90 minutes before the 
vehicle is due to land. Complicating the situation is that landing is 
the moat sensitive phase of the space flight mission. 

In the landing phase, all of the weather factors diacUIBed with 
respect to launches are again important. In addition, many previ­
ously unimportant weather conditions become critical because the 
spacecraft may be piloted visually below 8000 feet. Low clouds and 
fog, haze or other sources of low visibility directly afFect the suit­
ability of sites for landing. These constraints present a significant 
susceptibility to even weak weather systems. Because the spacecraft 
has limited control capability during this stage, clear-air turbulence, 
or strong headwinds or crosswinds, can preaent difficulties. More 
obvious weather threats such as thunderstorm-related wind shears 
and lightning present an even greater risk to the spacecraft during 
the landing phase. 

B.escue and Recovery at Sea 

Booster rockets from the Space Shuttle normally fall into the 
sea and are recovered by ship. Observations or forecasts of adverse 
weather in the recovery region, such as high winds, low visibility, 
thunderstorms, or high aea conditions, would afFect the launch deci­
sions. 

PostJancUng Procedurea 
The landing does not end the weather threat to the spacecraft 

or space program personnel. In loading the orbiter onto the Shuttle 
Carrier Aircraft (SCA) and readying the SCA for transport, the 
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orbiter may be expoeed to weather elements for a number of days. 
High winds, sandstorms, lightning, and precipitation can produce 
damage. Wind sensitivity is maximised while the orbiter is installed 
piggyback onto the SCA. 

The SCA Bight itself can be dangerous. Flights are limited to 
daylight hours at low altitudes, maYimising potential interaction 
with thunderstorms and turbulence. 

QamtUled Buardllrcm Weather Element. 

As diacuBBeCI previously, there are launch criteria and Bight rules 
for a number of weather variables. It wu very difficult, and perhaps 
beyond the scope of this panel's task, to determine how much data 
had been collected on the reapo11118 of the shuttle (or other) vehi­
cle in a range of pOBBible values of some of these parameters (e.g., 
precipitation types and sizes). Many qf the weather elements are 
potentially diautrous to apace Bight, and the extent of the danger 
should be quantified u exactly u pOBBible. 

Unfortunately, it appeared to the panel that there is only crude 
quantitative data regarding the risk poeed by some weather hazards, 
such u the values of cloud electric fields that are capable of pro­
ducing apacecra.ft..triggered lightning. One dangerous byproduct of 
inadequate information on weather element;.. risk relationships may be 
a tendency for the launch director to issue waivers of launch criteria 
when conditions seem to be marginal; on average, two waivers have 
been issued for each shuttle launch to date. It would be far better to 
base decisions on the analysis of a complete data base. 

New launch and landing weather Bight rules have been d• 
veloped that effectively prevent launch or landing if there is any 
thunderstorm-produced cloud nearby. The panel is concerned that 
the implementation of overcautious Bight rules will so constrain the 
opportunities for launch that the launch director will ultimately have 
no choice except to issue waivers. The development of quantified 
weather element;..riak relationships advocated above would provide 
the beat buia from which to define launch criteria and Bight rules. 
Only through use of these relationships can optimum Bight rules be 
attained, balancing the need to launch (i.e., the acceptable risk), 
the need for safety, and the extent of risk posed by a given weather 
situation. 

A review ahould be conducted to determine whether or not 
the detaDed reapODBII or the Space Shuttle md other apace 
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vehicles to expected ranges or metearologlcal parameten are 
bown and are accurate. The ni'Dlts or weD-pOled studies 
should be quantUled and published and 1IHd .. the b8111 ror 
1811DCh cOIIIIDit criteria. 

If' the review shows that previous studies or weather buards 
have bem IDadequate, thm new data should be collected to 
quantlfJ the chances or vehicle damage and/or a cat81trophe 
.. a flmctlon or the obse:rved values or nrl0118 meteorological 
parameten and their tlme-8pace dlltrlbutlODB. 

In some cases existing data bases are not adequate to estab­
lish appropriate flight rules. An example of a phenomenon where 
additional data are needed is lightning triggered within and near 
the clouds produced by distant thunderstorms. In order to make 
real-time launch decisions, data are needed to show the probability 
of triggered lightning as a function of distance to the parent thun­
derstorm, in combination with surface and airborne electric field 
measurements and other parameters that can be observed. 

CLIMATOLOGY 01 CRITICAL WEATHER ELEMENTS 

Climatological data can provide important guidance in schedul­
ing activities to minimize weather hazards. For example, Figure 1, 
a graph of the number of lightning strokes as a function of time of 
day, reveals that threats from natural lightning could be minimized 
by scheduling launches only between 0300 and 1500 UT (10:00 p.m. 
and 10:00 a.m. EST). 

New climatological data bases are needed for weather elements 
used in the newly revised Hight rules and launch criteria. Most of the 
data needed for an efFective climatology of this type do not yet exist 
and require obtaining data sets from new sensors. Among the data 
needed are the types and sizes of precipitation elements in various 
kinds of clouds, the electrical fields within and near detached anvils 
and a variety of other cloud types, the electric fields that are required 
to produce triggered lightning, and the magnitude of wind variations 
on a variety of time scales. The sensors that may be used to collect 
these data bases are discussed in Chapter 3. 

As the extmt of new weather buards II quantifted, and as 
new launch criteria and flight roles are establtshed, cBmato­
loglcal data bases should be gmerated that show their sea­
BODal and diumal frequencies. It II clear that data bases 
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FIGURE 1 Variationa in the number of IUIIUD.er lichtnin1 dilcharp1 u a 
function of time of daJ. The duhed plot repNHilb the cumulative number of 
lightnin1 fluha detected over the Eutern Telt Ranp (ETR) u1in1 the field 
mill network (Launch Pad Liptnin1 Warniq S71tem (LPLWS)) durin1 the 
1ummen of 1976 to 1980. The 10lid plot repreHnb the cumulative number of 
lightnin1 fluha detected over 10uthern Florida uiq the Li1htnin1 Location 
and Protection S71tem (LLP) f rom June 15 to Aup1t 31, 1978. Data were 
tabulated in 10.minute intervall. (From Maier, L.M., E.P. Krider, and M.W. 
Maier. 1984. Averap diurnal variation of 1ummer li1htnin1 over the Florida 
Peninlula. Mon. WMIMr Rev. 11!:1 134-1140.) 

are needed that characterbe the triggered Ughtnlng huard, 
electric flelda within and near a nrletJ of cloud types, pre­
cipitation types and slles, md short-term wind varlabDtt,. 

One existing climatological data base may need expansion. The 
present Ule of winds in the loads program has some inherent limita­
tions. Wind variability statistics invoked in determining the likeli­
hood of hazardous loads on the spacecraft ("knockdown loads" ) are 
based upon pairs of jimsphere wind profiles obtained about 3.5 hours 
and 1. 7 hours apart. (The jimsphere is a roughened balloon designed 
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FIGURE 2 Time-heipt �eetion of wind apeecla (Jmota) obtained from hourly 
wind profiler data at Penuylvu.ia State UniTenity on January 19-20, 1987. The 
atipplin1 indicatea a 100-Jmot chanp of wind apeed in 2 houn. For compariaon, 
alao indicated are the timea of twice-daily National Weather Service rawiuonde 
launchea at aitea acrou the United Statea. The IaUer obaervationa, taken about 
400 km and 12 houn apan, can euily miu aipiS.cant atmoapheric featurea. 
(Couneay of G. Forbea, Pennaylvania State Univenity.) 

to respond rapidly to wind changes.) Pairs are pooled by season, and 
sample sizes range from 37 to 65. 

The panel is concerned that the jimsphere-pair sample is biased 
toward fair weather days in general, and to warm days during the 
winter season, the types of days moat typically used for launches in 
the past. Sharp, dangerous jet streaks, relatively small (500 to 1000 
km) wedges of high wind speeds with strong vertical shears, such 
as illustrated in Figure 2, are typically 8880Ciated with disturbed 
weather and may not have been adequately represented in a sample 
biased toward warm, fair weather occasions. 

An accelerated launch schedule will tend to require launches on 
some lea.than-perfect occasions, and the present jimsphere pairs 
underestimate the wind shear hazard on those types of days. The 
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winter aeuon is likely to bear the brunt of the heightened achedule, 
as thunderstorms, their rapidly changing weather, and the associated 
forecasting diflicultiea make it difficult to increase the pace during 
the warm eeason. The jimaphere pair data base should be expanded 
during the winter aeuon to include all types of days that meet the 
other weather criteria for launch. It is especially critical that the 
data base include cases of clear skies immediately following cold 
front pasaage, where strong turbulent jet streaks are often found. 

The jlmsphen-paJr data base should be expanded, especla]]y 
during the wblter aeUOD, and should be supplemented by 
wbui profller data. 
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Organization of Weather Support Services 

Weather-related activities in support of space operations are 
conducted within a complex web of agency infrastructure. Several 
government agencies have responsibilities for operational weather 
observing and forecasting, among them the United States Air Force 
Air Weather Service (USAF/ AWS) ,  the National Weather Service/ 
National Oceanic and Atmospheric Administration (NWS/NOAA), 
and the United States Army .Atmospheric Sciences Laboratory 
(White Sands, New Mexico) . Private contractors are also used to 
take observations at Kennedy Space Center (KSC) , and NASA per­
sonnel at KSC provide support services. The U.S. Naval Oceanog­
raphy Command has responsibility for operational forecasts of sea 
conditions for recovery and rescue operations. Meteorological re­
search is done in a number of laboratories within the Air Force, 
NOAA, and NASA, and by university and private contractors. 

The functional and fiscal hierarchies of meteorological support 
within these agencies are complex. Even though all of the agencies 
are funded by the same federal government and are working toward a 
common goal of excellence in providing weather services in support of 
space flight, in practice this does not ensure a well-coordinated effort. 
Many activities have evolved within individual subprograms of the 
organizational web, but, in the absence of an overall plan, serious 
gaps remain. The most fundamental conclusion of this report is that 
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meteorolopcal reaearch md operational support activities within the 
U.S. space proP'am are not well coordinated. 

The panel is not alone in reaching this conclusion, as this view 
was expressed to us at the operational level within each of the weather 
support agencies. These people know what needs to be done, but lack 
the line responsibility or financial or mmpower resources to do it. 
There must be significantly better overall organization of the various 
weather-related activities in support of space Bight. 

NASA's Office of Space Flight (OSF} be&l'l the responsibility 
for the construction, launch, control, md recovery of NASA's space 
vehicles. Within OSF there are separate proP'ama for manned (Na­
tional Space Transportation System, NSTS) md unmaDned (ULV; 
or expendable, ELV) space Bight, having common u well u unique 
weather sensitivities. In order to coordinate the weather-related 
activities for both manned and unmmned apace vehicles, strong or­
ganizational control must come from BD office that hu responsibility 
for both manned md unmanned space Bight. An advisory committee 
described in Chapter 5 may facilitate the intragency coordination. 

The Weather Support Office (WSO) wu created within the Of­
fice of Space Flight late in 1987 md hu the responsibility for creating 
a more orgmized proP'&m of meteorolopcal support. Although the 
WSO is shown within the manned space Bight chain of command 
in Figure 3, it is importmt that all other segments of the Office of 
Space Flight coordinate their requirements for meteorological sup­
port through the WSO. 

To lacllltate the organllatlCDlal procedure, efti'JCDle bmdved 
In meteorological support far space Bight JDDBt recognl1e that 
the Weather Support OfBce hat respanslblllty for cHrectbag, 
coordinating, md mpenlsbag the operatlCDlal md applled 
research activities In support of both IDIIDiled md unmanned 
space ftlght. 

The cHrector of WSO ahould seek to moblllle the wealth of tal­
eat md facUlties wlthba NASA, USAP/AWS, NOAA/NWS, 
and other gOV8I'DIIU!Ilt agmclea md UlllTeraltlea to addreu 
weather support problema. 

The Weather Support OfBce JDDBt obtain a budget md exer­
clae Bne-ltem autharlty to support md cHrect applledreaearcb 
efforts needed to aolve operational weather problema. 
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Techno l ogy Labs 

FIGURE 3 Schematic diasram depictin1 the portion of the NASA OSF or­
pni.sational hierarch7 that ill moet concerned with weather support activities. 
Many additional ofticu exist at each level of the hierarchy, and at additional 
levels, which have not been shown. 

WEATHER OBSERVATIONS 

The space vehicle launch and landing sites within the United 
States are shown in Table 1. There are numerous additional landing 
sites overseas for manned vehicles. Manned (Space Shuttle) and un­
manned vehicles are launched into near-equatorial orbits from KSC. 
Unmanned vehicles are launched into polar orbits from Vandenberg 
AFB. Smaller unmanned rockets are also released from Wallops Is­
land, Virginia, but the panel did not examine this program's weather 
support, which is provided by a private contractor. 

Launches may not proceed without acceptable conditions at the 
launch site, at the scheduled landing site, and at other locations that 
would serve u landing sites in the event of abort once around (AOA) , 
trans-Atlantic abort landings (TAL),  or end of mission (EOM) deci­
sions. 
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Kennedy Space Oeaur, Florida (KSC) 
Vaodaoberi AFB, California 
Eclwardl AFB, Califomia 
WhUe Sanda Space Harbor, New Mexico 
Wallope Jalaod, Viqinia 

Launch Laodinc 

X 
X 

X 

X 

X 
X 

Detachmentl of the USAF/ AWS are reaponaible for meteorolog­
ical observations at the launch 1111d l1111ding lites, except for White 
Sands, which is the responaibility of the U.S. Army Atmospheric 
Sciences Laboratory. AWS alao hu the reaponaibility for weather 
obeervationa at moat of the other worldwide landing llitea for manned 
vehiclea. At KSC, the AWS uaea a contractor, P1111 American, to 
take surface 1111d upper-air weather observations and service the field 
mill network and a number of other weather senaora deployed around 
KSC. These are described in Chapter 3. 

The weather obeervationa required for the space program are 
not routine. Many of the meuurement ayatema are at the forefront 
of atmospheric acience today. Thus the observers and mainten1111ce 
personnel must be specifically qualified. 

The total NASA observation 1111d instrumentation program is 
not u well organized and supervised u it should be. For example, 
there is a lack of quality control: the one electric field mill aite the 
panel wu ahown at KSC could not work properly because the sensor 
wu mounted improperly and wu too close to 1111 electrical outlet 
and a rope fence. For 1111other example, an aircraft is ftown prior 
to each shuttle launch with minimal instrumentation ; yet this aame 
aircraft could be instrumented to make meuurementa of the electric 
fields in various typea of clouds. The aecond example also illustrates 
a more widespread problem: although there is a wealth of talent 
and facilitiea within the agenciea involved with the apace program, 
the reaourcea have not been adequately mobilized toward addressing 
operational weather problems at KSC. 

The Weather Support OfBce lhould perlodlcaliJ (1) aaeu 
whether or not weather obaenatlODI md obllei'Yera meet the 
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needs of the apace program, (2) conduct thorough lupec­
tlcma to determine ll obaenlng IJiteml are properly ccmtlg­
ured, calibrated, md maintained, (S) aacertaln whether ... 
not nallable reiCJIII'Cea are being laDy 1l8ed to support apace 
flight, and (4) take actlcma to correct 8J1f problema ldentUled • .  

WEA.TBEB. ANALYSIS AND POB.ECASTING 

At KSC, weather analysis and forecasting for daily IJ'OUnd oper­
ations, launches, and air-sea rescue efForts are the responsibilities of 
the Air Weather Service, 4th Weather Wing, 2nd Weather Squadron, 
Detachment 11,  Patrick Air Force Base, and Cape Canaveral Forecast 
Facility. An exception is that Marshall Space Flight Center (MSFC) 
analyzes the prelaunch sounding data and fumishes them to JSC for 
use in the computer programs that calculate loads (stress/torque) on 
the launch vehicle. 

Because of the large number of daily weather-sensitive activities 
and because both civilian (20 percent) and military (80 percent) 
vehicles are launched from KSC, the amount of work required is 
considerable. AWS officers and enlisted personnel, most reassigned 
at 2- to 3-year intervals, and two "permanent" civilians make up the 
weather forecasting staff' at the Cape Canaveral Forecast Facility, 
which services KSC. Forecasts for unmanned launches are the re­
sponsibility of the AWS detachments at the launch site, either Cape 
Canaveral Forecast Facility or Vandenberg Environmental Support 
Center. Forecasts for occasions when the Space Shuttle is ferried 
from its landing site back to KSC are also the responsibility of AWS. 

Once a Space Shuttle is launched, control of the mission trans­
fers from KSC to JSC. Weather forecasting responsibility, even in 
the event of RTLS (Return to Launch Site, or "mission abort" ) or 
over-water ditching, rests with the NWS/NOAA Spaceflight Meteo­
rology Group at JSC, although they coordinate and collaborate with 
their AWS counterparts at KSC. The NWS/NOAA team also has 
forecasting responsibility for all worldwide landing sites. 

A team of nine meteorologists makes up the staff' of the weather 
office of the Spaceflight Meteorology Group at JSC, of which three 
are primarily responsible for managing the Meteorological Interac­
tive Data Display System (MIDDS) , applications programming, and 
technology transfer. These three meteorologists constitute the Tech­
nique Development Unit at JSC, but when the panel visited JSC only 
one had been hired. When the Space Shuttle proiJ'am resumes more 
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frequent launches, and in order to effectively use new techniques and 
technology proposed later in this report, the size of the staff' will need 
to be increased. 

The dJrector of WSO Bhould (1) eD8U1"e that forecast ofBce 
staftlng at aD altes Ia adequate for the 881lgned tasks, e. 

peclally as launch frequency Ia lncnued, and (2) ccmduct 
mtraqency and mteragency brletlnp to eJlllJI'e that the var­
loua agencies wlth weather forecast and support reapcm�lbW­
tles are properly coordbaatlng wlth each other durbag DWIDed 
and unmanned apace operatlcm1. 

APPLIED RESEARCH 

The AWS and NWS forecast offices at KSC and JSC are oper­
ational units, not charged with research missions. Present staffing 
does not allow them to undertake applied research programs, aside 
from limited forecast studies and software development. Within AWS 
the latter activities are done by forecasters during slack operational 
periods. Within NWS, several staff' members are dedicated to a 
Techniques Development Unit that performs these types of activi­
ties. Though the forecast offices cannot perform the needed applied 
research, the AWS and NWS forecasters should play a strong role 
in identifying problems and requirements for applied research and 
technique development directed toward carrying out their mission. 

Larger applied research tasks are performed by other (nonfore­
caster) agency personnel or are contracted to universities or private 
agencies. Within NASA these efforts are funded by the Office of 
Space Flight at NASA headquarters, by the director of KSC or JSC 
or by project leaders at these centers, or by one of the other NASA 
centers (such as MSFC) . In the put, MSFC hu been responsible 
for weather technology transfer and technology utilization programs 
for NASA space flight. There are other major meteorological re­
search programs within NASA that are outside the jurisdiction of 
the OSF, such as Goddard Space Flight Center, Langley Research 
Center, Ames Research Center, Lewis Research Center, and the Jet 
Propulsion Laboratory. 

Within the Air Force, research is conducted and contracted by 
the Air Force Geophysics Laboratory ( AFG L) or the Air Force Office 
of Scientific Research (AFOSR) . A number of NOAA laboratories and 
cooperative institutes perform research on instrumentation systems 
and on diagnostic and prognostic techniques, some of which deal 
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specifically with KSC under contract, and othen of which could be 
of use in a system tailored toward solving KSC's problems. Moat 
of this research is generated within the individual unit and is not 
centrally directed. 

On several occasions the panel encountered different views r. 
carding the perceived versus actual roles of research agencies. Strong 
central coordination is required to ensure that applied research efForts 
are complementary rather thau. redundant, are directed toward solv­
ing operational needs, au.d are pursued to the stage where the results 
can be •actively applied toward solving operational problems. 

The Weather Support OfBce ahoald be etal'ed wlth atmo­
apherlc �elatlatl who are capable of naluatlq appled re­
aean:h acttritles, stbmlatlq new applied re�earch efForts 
needed to meet 111Ulddreeled needs of the space prop'am, 
and coordlnatlq th .. efl'aril. 
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3 
Observing Systems 

The weather sensitivities of the space proll'am demand me&­
surements of parameters quite different from those made for 1111e in 
providing the public with weather forecasts. The types and sizes 
of precipitation particles in clouds and the potential for tri11ered 
lichtning are just two examples. Beca1111e of the special requirements 
of the space proll'am, certain deficiencies exist in the obse"ational 
proll'am at KSC and other sites that can be remedied by a combi­
nation of upll'ading existing systems, acquiring and deploying new 
equipment now available, and conducting applied research to develop 
needed equipment not yet available anywhere in the world. These 
activities range from adding displays and calibrating instruments, 
which could be accomplished in a few days, to applied research that 
could take a few years. Improvements should be planned and coor­
dinated by the Weather Support Office (WSO) . 

Moat of the critical weather elements discussed in Chapter 1 
cannot currently be obse"ed with the high dell'8e of accuracy re­
quired in an endeavor as weather-sensitive as the space program, 
where small errors can produce catastrophic results. Although moat 
public-se"ice forecasters would be pleased to be correct 90 percent 
of the time in yes-no forecasts of precipitation, an accuracy that 
low for any of the weather elements critical for space flight could be 
devastating. The inescapable conclusion is that accuracies of about 
99 percent or P'eater are needed when critical failures would result. 

27 
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This requirement almost certainly dictates that decisions concerning 
weather-sensitive operations (1) will always be made as late as possi­
ble, (2) will be based largely upon observations at decision time, and (3) should err in favor of postponing the weather-sensitive activity if 
critical weather is even a slight possibility. Thus, aside from planning 
efforts that require forecast. for days or longer, the forms of weather 
information most important for space operations are diagnoses of ex­
isting conditions and very-short-term weather forecasts for periods 
of several hours or less. 

AI. long as launches are infrequent and delays are tolerable, there 
is likely to be little pressure on the system. However, as launches 
become more frequent, weather-related delays will be less tolerable, 
and therefore improved capabilities for detection and forecasting of 
adverse weather are needed. How unfailingly can state-of-the-science 
instruments adequately detect critical weather elements? How well 
can state-of-the-science methods be used to forecast critical weather 
elements for 2-hour intervals? 

This chapter gives an overview of (1) some of the existing mea­
surement systems used at KSC (and, to a limited extent , at other 
sites) , (2) other systems available for deployment, and (3) remaining 
needs for development of instrumentation to observe a few important 
meteorological parameters. 

UPPER-Am SOUNDINGS 

High-resolution vertical profiles of wind speed and direction are 
needed to assess wind loads on the launch vehicle during launch 
and landing. The jimsphere balloon, tracked by radar, provides 
the greatest vertical resolution in measuring winds aloft. Data are 
normally obtained at 100-foot (30-m) intervals. Jimspheres provide 
the data used in asseBBing the wind loads prior to launches at KSC 
and Vandenberg. 

Near the jet stream there can be large wind variations in less 
than 2 hours that could make prelaunch balloon-based soundings 
unrepresentative of launch conditions. Balloon-based wind profiles 
require about an hour to measure winds to 55,000-foot (17 km) 
altitudes, so it is impOBBible to obtain soundings at less than 1-hour 
intervals unleBB multiple tracking devices are available and several 
balloons are airborne at the same time. 

Doppler wind profilers, which have been under development for a 
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decade, are in operation in a number of placea worldwide. Although 
their vertical resolution is aomewhat poorer than that of the jim­
sphere IIJstem, wind proftlers can provide data at intervals u short 
u 30 seconds, if deaired. There are plans to install a Doppler wind 
profiler at KSC before the end of 1988. 

The wind profilers should be installed at and surrounding KSC 
in order to monitor important changea in the wind. Wind and wind 
shear data, u well u spectrum width of the proftler winds (which is 
related in part to turbulence within the beam) , should be collected. 

Once a suitable profiler data base is attained, the method of a. 
lellling launch wind load hazards to the shuttle should be examined. 
It should be determined if a network of wind profilers at and sur­
rounding KSC could be uaed to obtain very-short-term forecasts of 
wind profilea at launch time through advection of wind field patterns 
&er08I the network. A numerical model might be helpful in making 
theae forecuts. 

The type of wind data really needed during a launch is a profile 
along the launch t�ectory. Neither balloons, which drift with the 
wind, nor profilers can provide this type of sounding. Aircraft are 
better suited to provide this type of information, but the preaent 
prelaunch aircraft are not instrumented to make accurate wind me&­
aurements. The program of prelaunch reconnaissance Bights using 
T-38 and Shuttle Training Aircraft should be upgraded either by 
adding instrumentation to these aircraft or by using other available 
instrumented aircraft. Quantitative meuurements should be made, 
over and upwind of KSC, of cloud electric fields, the types and sizes of precipitation, electric fields and Maxwell currents, winds, 
wind sheara, and turbulence. A computerized data collection system 
should be uaed to facilitate the real-time collection and archiving 
of theae data, and alao to transmit the data to KSC forecasters for 
timely use. MSFC should explore the pOBBibility of using these data 
u part of the JSC loads 888e181Ilent program. 

Thermodynaniic soundings (temperature and relative humidity) 
are needed to obtain atmospheric density profiles during launches. 
These are obtained by balloon-baaed instruments, particularly the 
ground meteorological detector (GMD)-tracked radiosondes, and by 
rocketsondes. These systems should be 888eSBed against the state­
of-the-science technology, such as Loran-hued balloon tracking sys­
tems. The latter have proven far superior to GMD systems for 
obtaining accurate wind speed profiles during field research experi­
ments, especially during situations of strong winds aloft and in terms 

Copyright © National Academy of Sciences. All rights reserved.

Meteorological Support for Space Operations: Review and Recommendations
http://www.nap.edu/catalog.php?record_id=18482

http://www.nap.edu/catalog.php?record_id=18482


30 

of vertical resolution. Furthermore, the National Center for At:n»­
spheric Research (NCAR) Crc.-chain Loran Atmospheric Sounding 
System (CLASS) hu been designed ad demonstrated to operate 
nearly automatically, ad would potentially provide better data with 
less manpower and coat tha the preaent GMD system. 

Remote soundinp of temperature ad humidity, obtained via 
satellite-hued radiometric pro&ling, currently have vertical resolu­
tion that is too coarse for use in the space program. WSO should 
monitor the progress of research on these systems and be prepared 
to put them into use in the space program, should their resolution 
improve. 

To obtain better lnfarmatlcm about spatial md temporal 
�tlcms of the wind near KSC, NASA shoald establllh 
a network of Doppler wind prolllen md a program for a­
hanced aircraft obsenatlcms ulng anllable NASA md U.S. 
Air Porce aircraft. 

BOUNDARY LAYEB. AND SUB.PACB WEATHER 

Near-surface winds are importat for ladings, launch•, ad 
ground operations, ad can be meuured accurately and at very fre­
quent intervals (1 minute or less) using automated weather stations. 
A system of this type, called WINDS (Weather Information Network 
Display System) , is used at both KSC ad Vadenberg, with sen­
sors on towers from 54 to 500 feet at KSC ad 12 to 300 feet at 
Vandenberg. Winds from these networks are available at 5-, 15-, or 
3�minute intervals. Shorter intervals may be dllired in the critical 
minutes before launch, when pusage of a gust front (outflow from a 
distant thunderstorm) or the sea breeze front (moving in from sea) 
could cause dramatic chag• of wind direction and speed. 

The existing automated surface mesonetwork (28 stations) is 
a critical element in the observational program at KSC. It should 
be expanded to the west to cover the we�tern portions of the KSC 
activity domain (and procurement of 20 additional stations is in 
progress) , ad to the eut to include measurements over water, via 
buoys or platforms for routine operations ad/or via ships during 
launch situations. The instrumentation should be expanded to in­
clude visual range transmissometers at the launch pads ad the Shut­
tle lading &eld airstrip . The individual sit• should be adjusted , if 
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necelll&rJ, to ell8Ul'e that the obeenationa are taken at uniform al­
titudea, with proper exposure and ahelterins, and with uniform and 
well-maintained instrumentation. 

A Doppler aodar (sonic detection and ransms) can be used to 
monitor the low-level (up to about 1 km) wind profile at 5-minute 
intenall except durins precipitation. This instrument hu better ver­
tical resolution than the wind profiler, so Doppler sodars would be of 
value in ausmentins the tower wind network. Such data would prove 
invaluable for dispersion forecutins and in providins information 
resardins other surface operations. A Doppler Acoustic Soundins 
System (DASS) is currently operated at Vandenbers. 

The horizontal distribution of low-level winds provides important 
information for weather forecutins. Small-scale fronts and wind 
shift lines can escape detection if atationa in a mesonetwork are more 
than several kilometers apart. Scannins Doppler weather radars and 
Doppler lidars can supply the type of spatial coverase needed to 
locate such wind shift linea. A NEXRAD Doppler radar il expected 
to be installed at Melbourne, Florida, about 25 miles south of KSC, 
in 1990. 

Because a linsle Doppler radar can detect motion only alons a 
radial, a network of at leut two Doppler radars should be deployed 
at KSC in order to resolve total horizontal velocities. Unfortunately, 
the NEXRAD radar to be deployed at Melbourne within the next 
several years will not scan in a manner conducive to multiple Doppler 
radar studies in conaort with another radar. NASA should acquire at 
leut two dedicated Doppler radars, which would enable calculation 
of detailed patterna of winds in clouds and in the boundary layer. To 
make the wind calculation� in real time would require the develop­
ment of new dual-Doppler data proceslins and display software. In 
addition to horizontal mappinp of velocity, cr081-aectiona alons the 
apace vehicle flisht path could also be conatructed. 

To obtain rianced IDf'ormatlon about low-level winds and 
other weather element�, NASA lhould expand the areal CO't'­
erap of the sart'ace 111810Detwork and Include data platforms 
O't'8l' the ocean. At leut two dedicated Doppler radars lhould 
be Installed In locatlmu that optlmlle cO't'erap O't'8l' ISC 
to lmpl'Cm! lorecuta ullns hlgber reaolutlon boundary layer 
data and to better relate the wind lelcll and relectlvlty 
within cloucll to the mlcrophJalcal and electrical develop­
ment. NASA lhould cODIIder deploylns Doppler aodars lor 
monltorlns the boundary layer. 
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PllECIPITATION 

Showery precipitation often falla over areas of only a few square 
kilometen, and rain gauge networks are rarely dense enough to 
resolve this detail. Conventional (non-Doppler, incoherent) weather 
radar can be uaed to obtain high-resolution mappings of areas with 
precipitation. Forecasten uae the horizontal and vertical shapes 
of the radar •echoes" and the intensity of the echoes to identify 
convective and stratiform precipitation. Satellite imagery can also 
be uaed to help identify convective clouds. However, neither radar nor 
satellites can unambiguously distinguish thundentorma from other 
types of convective precipitation. 

State-of-the-science weather radan provide digital data that can 
be processed by computerized software packages to derive additional 
useful products such as vertically integrated liquid water contents, 
crOBB sections of reflectivity at any desired angle, and animated im­
agery. The 30-year-old FPS-77 radar at Vandenberg is not digitized 
and provides the forecaster only with snapshot views at fixed az­
imuth or elevation angle. A radar should be deployed at Edwards 
AFB, and digital radars should be considered for both Vandenberg 
and Edwards. 

The thermal tiles on the Space Shuttle are eroded by precipita­
tion drops. However, there is a need for more detailed information 
relating drop size and concentration to the extent of the tile damage. 
Unfortunately, drop sizes cannot be measured using conventional 
radar. Surface-based disdrometen are typically used to measure 
raindrops reaching the ground, and an aircraft-mounted Knollenberg 
probe can be uaed to sample sizes of precipitation aloft. These types 
of instrumentation are not currently uaed in space operations, but 
should be. 

A possible tool of the future is the multiparameter radar, which 
transmits at two wavelengths and with two polarities. Multiparam­
eter radan can distinguish between snowflakes, raindrops, and hail, 
and between large drops and small drops. However, certain ambigui­
ties exist, such as melting snowflakes. Additional research should be 
done to enable this tool to be utilized operationally. 

To obtain data em doud and preclpltatlcm. tJpea and al1ea, alr­
bame drop-alle measuring matrnmentatlcm. lhould be flown 
prior to Space Shuttle launches, and a DJDitlparameter radar 
lhould be acquired. 
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LIGHTNING 

During the summer at KSC there is an average of about six 
lightning strikes to ground per square mile each month. Until the 
last decade, it was extremely difficult to detect and locate lightning 
strikes on a real-time basis. Cloud-to-ground lightning strikes can 
now be successfully detected by using either magnetic direction­
finding (Lightning Location and Protection (LLP)) , omnidirectional 
broad-band time-of-arrival (TOA) antennae (Lightning Position and 
Tracking System (LPATS)) , or by careful interpretation of electric 
field mill network data. (Other methods also exist, such as lightning­
detection radar and lightning interferometers.) Lightning strikes 
are typically located with position accuracies of 2 km or better by 
triangulation. An LLP system is in operation at KSC; it should be 
improved by periodically checking the site correction factors and the 
antenna alignments. 

Two larger lightning detection networks cover the KSC area: a 
network of LLP direction finders operated by the State University 
of New York at Albany and the Florida LPATS network of broad­
band TOA receivers. Displays of these data should be added to the 
KSC weather office. Data from the SUNY Albany system showed 
the movement of an area of considerable cloud-to-ground lightning 
activity toward KSC from the west prior to the Atlas-Centaur 67 
accident, as shown in Figure 4. Had these data been available in 
the KSC weather office, it is likely that the launch would have been 
postponed, averting the accident. 

At KSC, at present, in-cloud and cloud-to-cloud lightning dis­
charges are difficult to detect. These occurrences can be inferred 
from data provided by the Launch Pad Lightning Warning System 
(LPLWS) , a 30-station network of field mills that is designed to de­
tect electrified clouds. Because the LPLWS is the only network of 
its kind in the world, few meteorologists have been exposed to these 
data for use in real-time weather analysis and forecasting. Persons 
who would typically provide forecaster training are not usually well 
versed in this tool, and those familiar with field mill network inter­
pretation are usually more adept at using it in a research rather than 

· an operational environment. 
The LPLWS is currently being upgraded. The sensors should 

be improved , and the sites should be carefully evaluated to identify 
any local obstructions or sources of contamination, and obstructions 
should be removed or sites relocated, if necessary. The network 
should be expanded to the west and to the east, including over-water 
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FIGURE 4 S'a'e Univeni'Y of New York (SUNY) a' Albany display of LLP­
de,eded cloud-,o-ground ligh,ning prior 'o 'he A'lu-Cen,aur 67 launch. In 'he 
3 houn prior 'o launch, ligMning adivi\y progreued •'eadily acrou Florida 
'oward KSC. (Couriesy of R. Orville, S'ak Univeni'Y of New York a' Albany.) 

sites. The equipment should be carefully calibrated and certified for 
operational use, and the observations included in the list of weather · 
criteria for launch (and landing) . 

In-cloud and cloud-to-cloud lightning can also be detected by 
using networks of (1) HF or VHF time-of-arrival receivers or (2) HF 
or VHF lightning interferometers. A system (LDAR) of the former 
type was previously operated at KSC but abandoned. A new system 
of this type should be built . 

The National Aeronautics and Space Administration should 
make Improvements to the existing LLP and LPLWS systems 

and obtain displays of other llghtnlng detection networks In 
the area, In order to Improve detection of llghtnlng and elec­
tric 8.elda. A new system should be built to detect lightning 
In and between clouds aloft. 
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CLOUD ELECTRIC JIELDS 

Clouds, such as thunderstorm anvils, stratiform thunderstorm 
anvils, stratiform clouds, and shallow convective clouds, often do 
not produce lightning but do contain high electric fields. The threat 
of triggered lightning from these clouds may be the most difficult 
weather hazard to detect and forecast. Surface electric fields do not 
always reveal electric fields aloft or charge centers in the upper por­
tions of clouds, because of the presence of intervening (or screening) 
charged layers. Airborne electric field mill systems, such as those 
formerly used on the NASA Fl06-B research aircraft, should be used 
to accurately characterize the electrical environment aloft. 

Much of the data collection and research on the subject of trig­
gered lightning has been sponsored by KSC, so that the center's 
triggered lightning research is state-of-the-science within the atmo­
spheric electricity community. Additional efforts are needed to add 
companion meteorological data (such as radar data, surface mesonet­
work and tower data, satellite data, and sounding data) to the trig­
gered lightning data base for possible forecasting applications and to 
provide training to operational forecasters concerning the use of field 
miU network data. Airborne measurements using field mills repre­
sent an important contribution to better defining the potential for 
induced lightning. 

The new launch criteria, designed to avoid any possibility of 
triggered lightning, may have become overly conservative with re­
gard to cloud electric fields. To addreaa this issue, one or more 
instrumented aircraft should be flown on frequent occasions in order 
to develop a climatological data base regarding electric fields and 
Maxwell currents in "dead" or detached anvils and anvils from dis­
tant thunderstorms. Data should also be collected in other types of 
cloud near the freezing level. 

'blggered llghtnlng studles should be ccmtbmed, with addl­
tlcmal efForts to collect companion meteorological data sets. 
Airborne electric field measurements should be collected to 
e:ohance studles of the threat of triggered llghtnlng. 

OTHER WEATHER ELEMENTS 

Dangerous icing conditions will result if a vehicle encounters 
supercooled (i.e . ,  liquid at subfreezing temperatures) cloud and pre­
cipitation drops. Owing to the poor spatial coverage of rawinsonde 
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data and since conventional weather radar cannot distinguish be­
tween precipitation sizes or types, regions conducive to aircraft icing 
are very difficult to detect. Pilot reports are the main source of infor­
mation. Multiparameter radar, combined with temperature profiles, 
might prove useful for detecting and avoiding freezing rain. Cloud 
radars (wavelength of approximately 3 mm) , which detect cloud­
sized particles, may prove useful in supercooled cloud detection, if 
used with sounding data. 

Clear-air turbulence, which arises within layera of large vertical 
wind shear, is very hard to detect. It is most commonly detected and 
reported by pilots. Some information regarding shears and hence 
the poBBibility of turbulence can be derived from the spectrum width 
of Doppler radar data, both from scanning Doppler weather radar 
and from Doppler radar wind profilers. Much work remains to be 
done, however, in calibrating the spectrum width values against the 
incidence of turbulence. Satellite imagery can also often be used to 
alert forecasters to areas where turbulence is likely. 

Trained weather observers can also provide valuable data to the 
weather forecaster. An observer hu the unique ability to assimilate 
audible and visual data in a manner that is better than most instru­
ments. To obtain quality information, the observers must be trained 
to identify the specific conditions that may be conducive to weather 
hazards such u triggered lightning. At KSC, the weather office has 
no windows, and forecasters cannot see outside without climbing to 
the roof. It would be desirable to move the forecuting operations to 
a room with a window or to make a window in the room currently 
used , so that observers could more easily monitor rapidly changing 
atmospheric conditions. 

Trained and reliable observers and adequate facilities are needed 
at all sites overseas and in the United States. The panel does not feel 
comfortable with past arrangements for obtaining weather observa­
tions at overseas landing sites. 

The National Aeronautics and Space Admlnlstration ahould 
ascertain that launch and landing sites are provided with 
akWed observers and neceBBary meamrement systems. NASA 
ahould monitor the achievements ID observation technology 
and deploy useful new IDstromentation expediently. 
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4 
Analysis and Forecasting Systems 

The previous chapter hu pointed out that there are many types 
of obeervin1 platforms currently in use at KSC and other launch and 
Iandini sites, and that improvements and additional platform� are 
required. In a real-time operational setting, however, new and im­
proved data do not necessarily tran�late into improved diagn01e1 and 
forecuts. If data from each source were considered independently, 
the correct progn01is mi1ht become progressively blurred. This is 
especially true because of the complexity of the mesoscale weather 
system� that affect KSC, which may be of such small scale that indi­
vidual measurement system� are only able to 1ive a skeletal picture 
of the phenomenon. In this situation, the key to successful diagno­
sis and forecutin1 lies in the joint use of data from many different 
sources, each providing a bit of information not treated by the others, 
to obtain a clear understandin1 of the weather situation. The skill 
needed to perform this mental &��imilation is not gained quickly or 
euily. It requires intellisent, experienced, and dedicated personnel; 
trainin1; practice; and the proper system (hardware and software) 
with which to examine the data. These topics will be treated in this 
chapter. 

37 
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DATA ACQUISITION AND DISPLAY 

In order to perform timely analyses and diagnoses, the AWS fore­
casters servicing KSC and the NWS forecasters at JSC make use of a 
computerized interactive analysis and display system called MIDDS 
(Meteorological Interactive Data Display System) . This system is 
capable of displaying large-scale diagnostic and prognostic data, as 

well as zooming into the observational networks on the local scale 
surrounding KSC. This powerful system can meet the hardware and 
software needs of the mesoscale forecaster if it is used optimally. 

One strength of MIDDS lies in ita graphical overlay capability, 
which fosters the joint use of data in the manner discussed above. 
This enables a clearer depiction of the structure of the weather 
systems and an improved understanding of the interrelationships be­
tween the different scales of motion and different data fields, such as 

between changes in the electric field and the movement and devel­
opment of radar echoes. Another invaluable feature is the looping 
capability, which facilitates the use of prognoses based on extrapo­
lating the movement and evolution of the weather systems. 

To be most effective, however, all types of data must be accessible 
on the MIDDS system. At the time of the panel's visit to KSC, 
electric field mill and other data were not incorporated into the 
MIDDS data base and had to be examined on a stand-alone display. 
Future plans call for all data sets to be available on MIDDS; these 
plans need to be promptly executed. All sources of satellite data, 
including NOAA and DMSP polar orbiting satellites, as well as all 
channels (e.g., visible, all infrared and near infrared, and microwave 
channels) should be received. 

The Weather Support Office ahould expedite pl8D8 to Incor­
porate an data sets on MIDDS and promote the jomt display 
of disparate data seta. 

Improvements in analysis and forecasting procedures can be at­
tained almost immediately through better use of existing data: ( 1) A 
series of lectures and training sessions should be scheduled to bring 
the staffs at KSC and JSC up to date regarding the latest tech­
niques and procedures in interpreting and using satellite imagery in 
synoptic-scale diagnosis. Special emphasis should be placed on the 
use of water vapor imagery. (2) A routine procedure should be estab­
lished requiring reanalysis of surface and selected upper-air charts at 
more contour intervals and with less smoothing than those received 
from the National Meteorological Center. (3) A MIDDS program 
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should be written to generate vertical tiDu�aectioDB of upper-air and 
surface data and, ultimately, profiler data. This tool can help to de­
tect moderate-acale weather systems and thereby enhance analyses 
and prognoses. (4) Immediate benefits can be obtained through a 
program of inviting visiting scientists with operational experience to 
interact with operational forecasters. 

Because the types of weather events that cause disasters are rare, 
it would be valuable to let a computer maintain a continuous lookout 
for telltale signals of a potentially dangerous phenomenon. Human 
forecasters cannot watch the LLP display 24 hours per day, 365 days 
per year, yet a 5-minute delay in detecting the first lightning dis­
charge on an otherwise quiet day could cost lives . An alert system 
that is triggered whenever a critical weather element exceeds a hazard 
threshold is needed. For example, an alert could be triggered when 
the LLP lightning detection system detects a cloud-to-ground dis­
charge occurring within a certain distance of the launch pad or other 
weather-seD.Bitive area. Other alerts could be triggered by changes in 
or large values of electric field , by excessive low-level wind shear, by 
strong low-level moisture convergence, and so on. 

Critical obserntiOIUI or parameten deriTed from analyses 
ahoald be mmaltored by computer to aDow contbm01UI IIJJ"ftU­
Iance between periods of hmnau mmaltorlng. 

LOCAL OBJECTIVE ANALYSES 

The abundant and diverse types of data may confuse weather 
personnel unless steps are taken to assimilate and consistently ana­
lyze data from all sources and transform them into high-resolution 
gridded fields of understandable variables. 

Techniques to assimilate and analyze these data should be auto­

mated so that the forecaster need only consider fields analyzed from 
gridded data, such as the three-dimensional vector wind. Similarly, 
observations of temperature and moisture from satellites can be com­
bined with surface and mesonet observations to provide structure at 
very fine acales. 

By using a gridded format, a number of specific space-flight­
oriented products can be generated, and nowcasting can be greatly 
enhanced. The detailed analyses can also serve as first-guess fields in 
initialization of mesoscale numerical models. With four-dimensional 
data assimilation techniques, the model equations themselves could 
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form the framework of the analysis algorithm, further improving the 
proceu. 

There Is a need to develop local (K.SC) analyals systems that 
Incorporate aD data sourcea and provide hlgh-reaolutlaa grld­
ded fleldl appropriate for forecaster and DIIJI1el'lcal model use. 

INTERACTIVE JOBECAST SYSTZMS 

There is a need to develop aids to help forecasters avoid be­
ing overwhelmed and to help them systematically consider only the 
data appropriate for use in making various forecast decisions during 
differing weather situations. One such aid needed is cl88Bified as a 
"decision tree: a stepwise procedure which enables the forecaster to 
consider all pertinent data when being called on to forecast a given 
condition or parameter. With the versatility ofMIDDS, such decision 
trees should be developed as dynamic tools that permit interactions 
with the user. They should be developed to incorporate not only 
observations and conceptual models, but also output from nested 
mesoscale numerical prediction models, objective forecast studies, 
and objective and subjective evaluations of forecasters. 

The need to understand and forecast cloud electrical develop­
ment is particularly urgent. Since existing thunderstorms can be 
monitored with the field mill , radar, and lightning detection net­
works, the three problems that require attention are (1) the onset 
of lightning in developing thunderstorms, (2) the continuation of 
lightning in decaying thunderstorms or detached anvils, and (3) the 
threat of triggered lightning in convective and nonconvective clouds. 

Although these problems need longer-term applied research with 
new measurement systems, some gains could be obtained through 
subjective and statistical studies of available dat-. sets. The exist­
ing yes/no data from triggered lightning studies at KSC, for exam­
ple, could be used together with parameters such as electric field, 
cloud base height, height of the freezing level, cloud top infrared 
temperature (or inferred height) , distance from radar echo, surface 
convergence/divergence values, and so on, to develop decision trees 
for forecasting triggered lightning. Decision trees should also be de­
veloped for each of the other critical weather variables discUBBed in 
Chapters 1 and 3. 

Another approach to developing forecaster aids is through use of 
expert systems or "artificial intelligence" (AI) techniques. In some 
ways these approaches are similar to decision trees, but with heavier 
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emphasis on the computer as oppoeed to human interaction. This 
technique also misht be worth applying to available electrified and 
tri11ered lightning data and various accompanying data aets. 

The panel believes that the artificial mtellipnce research going 
on at KSC is addreaing forecasting problems in a manner that is al­
most as if it is starting -&om scratch• and that it is not likely to yield 
state-of-the-science forecasting techniques. The panel au11ests that 
AI research be focused toward specific problema such as determining 
how to optimally combine measurements of the types listed above to 
yield accurate short-term forecasts of the threats from natural and 
triggered lightning. 

There II an urgent need lor the development of Interactive 
5declslcm treea• and computer--aided declllcm-matmg meth­
odl to help the forecaster mate moet efBclent UH of data ID 
reachbag declslcma, particularly ID forecasting thundentorm 
lormatlcm and natural and triggered Hghtnlng. 

MESOSCALE JOJlECAST MODELS 

Mesoscale forecast models offer the potential for dramatic en­
hancements in future forecast accuracy. Mesoscale models have suc­
cessfully simulated many important mesoscale circulations and storm 
systems. New nested mesoscale models al"e becoming available that 
are nonhydroetatic and contain embedded fine mesh grids that pro­
vide enhanced resolution where small-scale structures are evolving. 
With the help of a local analysis system, discuaaed in the previous 
section , high-resolution analyses could be used to initialize theae fore­
cast models. Model studies have demonstrated that, in many cases, 
the forcing influences that generate mesoscale weather systems orig­
inate in the }gger-acale environment and are therefore predictable 
from co81"8er resolution initial data. 

Further applied reaearch and development will be required to 
realize the anticipated improvements in forecast accuracy and to 
adapt theae models to an operational environment. Numerous issues, 
such as data 888imilation , model initialization , and pgameterized 
physics can be refined to improve the accuracy of meBOICale forecast 
models. With the installation of a wind profiler network, the KSC 
environment would be ideally suited as a teat bed for mesoecale model 
development and testing. NASA's weather-support should take an 
active role in encouraging this reaearch and work with the modeling 
projects to develop products that addreu KSC forecuting needs. 
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The Natlcmal A.ercmmtlCI mel Space Admlulatratloa md 
other partlclpmti iD the space program lhould take m actin 
role ba eacouragbag denlop111811t or D1111181'1cal modela deallq 
with weather element• craclal to the space progrUD. 
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5 
Implementation of Applied Research, 

Technology Transfer and Training, and 
Experimental Forecasting 

Many suggestions and recommendations have been made for im­
proving existing instrumentation and deploying new equipment for 
various types of applied research that will enhance weather support 
for space Bight. In addition, outside of the space program there will 
continue to be new developments that could prove useful for meteo­
rological support of space Bight. These future weather research and 
technique development programs offer the opportunity to enhance 
substantially our ability to observe, understand, and thereby predict 
the weather processes that are important for KSC operations. Sev­
eral factors are currently contributing to an increased emphasis on 
mesoscale weather systems that, if properly coordinated, could be of 
great benefit to KSC forecasting. Research in mesoscale meteorology 
is currently a very high national priority. This is reflected in the 
growth of the National STORM Program• and confirmed by the re­
cent NSF-UCAR Long-Range Planning Committee Report,** which 
recommended a Mesoscale Meteorology Initiative as one of four m�or 
community acience initiatives. Mesoscale meteorology has advanced 

* 77ac Ntllilmtll STORM Pro,ram, STORM O•nnl pluJ,., Prelirniraory Pro,tum 
Duitn, May 1984, NCAR, Boulder, Colorado. 

•• 77ac Amwp/unc Scim�:a: A VUion for 11189-1911.4. Repon of t;he NSF­
UCAR Lone-Range Planniq Comminion, July 1, 1987, J. Dut;t;on, Chairman, 
48 pp. An.ilable from UCAR, Boulder, Colorado. 
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in sophistication to the degree that the field can now contribute sub­
stantially to improved observation and prediction of local weather 
features. Central Florida experiences many economically important 
and scientifically interesting weather phenomena that are attract­
ing new research initiatives in the area. The proposed Florida Ar_,a 
Mesoscale Experiment exemplifies the research interest in this area. 

The prospects for advances in weather forecasting at KSC are 
enhanced by a unique confluence of interest, need, and opportunity. 
Substantial resources are already being directed toward weather phe­
nomena in the vicinity of KSC; the challenge is to focus and coor­
dinate these efForts to solve the most important weather forecasting 
problems. 

APPLIED RESEARCH AND FORECAST PACU.ITY (ARPP} 

As new advances in observing and understanding weather sys­
tems are achieved, projects must be initiated to translate the ad­
vances into new and better forecast techniques that are then trans­
ferred quickly and efFectively to operational use. Forecasters can 
gain additional skills through assimilating these techniques into their 
individual repertoires. However, it is difficult to familiarize forecast­
ers with new techniques while they have ongoing operational duties. 
Rotating forecasters through frequent training programs is one way 
of providing technology transfer. Another is by establishing an ex­
perimental or simulated forecast environment where forecasters can 
practice and gain working exposure to experimental activities on a 
daily basis. In talking with weather support personnel, the panel 
perceived a general recognition of the efficacy of these concepts, but 
heard widely difFering views on how they should be achieved. The 
panel is convinced that significant improvement in weather support 
will require new approaches, increased cooperation, and a larger 
commitment of resources. 

EfForts to improve weather analysis and forecasting capabilities 
can be greatly facilitated by a group that is charged. with monitoring 
the research advancements of the scientific community and applying 
the results to improve weather support for the space program. The 
need for such a group has been recognized by several agencies, and 
several operational units within NOAA, including the Spaceflight 
Meteorology Group at JSC, already have positions designated for 
these functions. However, the three-person NOAA efFort at JSC is 
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below a critically effective staffing level, is not sufficiently broad in 
scope, and is not located at KSC where it would be most effective. 

The panel believes that the creation of an Applied Research and 
Forecast Facility (ARFF) at KSC would provide an ideal focus for 
future applications research and the development of new forecasting 
techniques. The ARFF should have responsibility for operating and 
evaluating prototype observing systems, developing and evaluating 
new forecast tools and techniques, and contributing to forecaster 
training and forecast verification. For such a facility to be success­
ful, it must also have the active involvement of the research and 
operational communities. 

An Applled Research uad Parecaatlng lacUlty (ARPP) ahould 
be establlshed at K.SC to promote the development uad ap­
pltcatlcm or new teclmlques to lmprcmt forecasting ror space 
operations. 

ID.teractlcm Between ARPP, Operatlonal Units, uad 
Applted Research Groups 

The Applied Research and Forecasting Facility should be a 
mission-oriented interagency facility that is managed by NASA 
through the newly created Weather Support Office (WSO). Its direc­
tor should be an atmospheric scientist who has experience in both 
operational and research meteorology. The staff would ideally in­
clude Air Force, NASA, and NOAA personnel, with term and visitor 
appointments from throughout the atmospheric sciences to provide 
a further infusion of both research and operational talents. This 
facility could be created largely from existing resources by stream­
lining redundant activities and reorienting and reassembling these 
resources. 

The success of the ARFF would depend critically on its de­
veloping close working ties with the operational forecast units and 
establishing an attitude of team effort and mutual support. To pro­
mote these relationships, it is vital to have ARFF co-located with the 
Cape Canaveral Forecast Facility servicing KSC and to rotate opera­
tional staff between them regularly. Joint weather discussions should 
be conducted on a daily basis, as a vehicle to stimulate interaction. 

Clearly, there must be only one source of operational forecasts 
at KSC, and this responsibility should remain with the AWS forecast 
team. However, by operating in close proximity, the operational and 
experimental units can develop a cooperative relationship, where the 
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FIGURE 6 Schema,ic diacram of 'he Applied ReMarc:h and Forecu,ing Facil­
i'Y (ARFF), iu componenu, and iu in'eradiona wi'h o'her uniu and agencies. 

ARFF scientists and forecasters know the forecast requirements, and 
the on-line forecasters are receptive to new approaches. Although 
co-located with the Cape Canaveral Forecast Facility, the ARFF 
would serve not only those AWS forecasters, but also the AWS 
forecasters from other detachments and the NOAA forecasters from 
JSC. Operational forecasters and applied researchers should spend 
time at ARFF, rotating into the ARFF at regular intervals. 

Figure 5 is a schematic diagram of the components of the ARFF 
and the routes of interaction between ARFF and other groups. 
As shown in the diagram, ARFF can be divided functionally into 
three sections: an Observing Systems and Technique Development 
( OSTD) Program, a Cooperative Applied Meteorology Program 
(CAMP) , and a Forecaster Education and Training Program. A 
Weather Support Advisory Committee should assist the WSO in 
reviewing plans for, and progress of, the ARFF. Each of these com­
ponents is discussed in a separate section below. 

The Applied Research and Porec:astlng Pac:IDty ahould pro­
mote lnterac:tlcm between appBed researchers and operatlcmal 
forecasters. To eff'ec:tlvely reach forecasters, A.RPP ahould be 
estabBahed acijac:ent to the operatlcmal forecast oftlc:e at the 
Cape CBD.aftJ'al Porec:ast Pac:lBty servlc:lng K.SC, and fore­
casters from K.SC and other mdts ahould be 888lgned tours of 
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duty wlW. Alll'P o To proricle ntiUI'Cher IDteractlcm, p-
81'D1118Dt and �tJ l'ei88I'Chen lhoalcl abo be eacouraged 
to 1pad time at Alll'P o 

AppUed B.eiUJ'da far Weather Support 

Many applied reeearch projects have been recommended in this 
report. Some projects require new equipment that is ready for in­
stallation into an operational environment, but they will still require 
evaluation of the data on a real-time basis to identify and optimize 
its utility in the local environment. For example, after a NEXRAD 
radar is installed at Melbourne, Florida, it is likely that the •opera­
tional• hail-detection algorithm (designed for the Midwest) will need 
to be modified empirically to account for the reduced frequency of 
hail reaching the ground in Florida, where the melting level is nor­
mally higher. This type of project is best suited for real-time, in situ 
investigation. The OSTD in ARFF will conduct these evaluations 
and be the conduit for improved weather support. 

Most research projects will require substantial development ef. 
forte before products will be ready for testing in the operational 
environment. Some of these projects can be done outside of KSC 
by government and university researchers or by private contractors. 
Regardless of where the research is to be performed, two items are 
essential: a prioritized schedule of applied reeearch to be performed 
and a budget with which to sponsor it. The WSO, with the advice 
of the Weather Support Advisory Committee, should provide the 
schedule; WSO should provide the budget. 

The present level of funding at KSC to support all the necessary 
research initiatives is inadequate. However, even with additional 
funding, the potential for enhancing research advancements cannot 
be realized without a restructuring of research funding channels at 
KSC. The current funding support is fractionated among a number 
of groups, with little overall coordination, and without a clear focus 
on the most important problems. Although KSC personnel are dedi­
cated and advances have been made, there appears to be no internal 
core of expertise qualified to promote or critically evaluate most of 
the research initiatives. 

The panel advocates a well-funded, applied weather research 
program, operating within ARFF, that heavily emphasizes observing 
systems and development of forecasting techniques and that is coor­
dinated by the WSO. The ARFF should contain a strong internal 
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core of scientific expertise, capable of ..... ing reeearch propoaala 
and results. Research grants should be made through the facility 
in support of priorities and directions specified in a comprehensive 
long-range research plan. Outside peer review of research proposals 
should be part of the evaulation process. 

A.ppUed ntearch should be cODIOUdated within the A.RPP 
at K.SC. A.RPP should :maaltor ad"ADCes lD aU areu of at­
IIIOipherlc aclence to ldentlly new teclmologJ that should be 
deployed Ill mpport of the apace program, and lt should 
t"ommllllloa studlea of thla type thrcnqh a ntearch grants 
progriiiiL 

OBSEB.VJNG SYSTEMS AND TECHNIQUE 
DEVELOPMENT (OSTD) 

A central function of the ARFF would be to evaluate new ob­
serving systems and analysis techniques, and to develop and test 
new procedures for operational forecasting. These duties are broad 
in scope and would encompa11 many of the activities conducted both 
in NWS Experimental Forecast Centers and the NOAA Program for 
Regional Observing and Forecasting .Services (PROFS) . The ARFF 
would also have responsibility for monitoring the development of data 
assimilation systems and me808Cale models and for promoting their 
application in forecasting mesoscale weather systems in the vicinty 
of KSC. 

The facility should compile good climatological and weather data 
bases in the vicinity of KSC for use in evaluating new forecast tech­
niques and to aid in assessing the impact of changes in weather­
related operating criteria. The climatological data required include 
variables other than those normally encountered (maximum and min­
imum temperatures, and so on) , such as the critical weather elements 
included in launch and landing weather rules. 

In addition, the ARFF should have responsibility for monitoring 
operational forecasts and asse88ing the accuracy of forecasts of pa­
rameters identified within the launch and landing weather criteria. 
This activity is required since accurate and meaningful stratification 
of verification statistics is an important part of technique assessment 
that can help eliminate forecaster biases and promote forecaster im­
provement. 

The Applied Research and Porecutlq PacWty should be 
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ualped relpODilbmtr rar teatlq and nalaatlng protot,pe 
oblerYIDg 8Jit81118, denlopbag lmproyed rorecut tec:Jmlqaea, 
'ftl'll)bag rarecuta, and compiDDg climatological data. 

JO:UCASTEB. EDUCATION AND TRAINING 

The education and training of operational forecasters is particu­
larly important, especially in view of the special requirement& placed 
on forecast& for launch and landing operations. Another factor ia 
that forecasters rotate through the AWS, and new forecasters must 
continually be trained. The Air Force has recently initiated several 
organizational changes to increase the experience level and improve 
the continuity of forecasters. This unit has developed a professional­
iam and a strong commitment to quality that provides an ideal base 
on which to build. 

The Air Force weather office conduct& ongoing forecast train­
ing activities that should be continued. In addition, the ARFF 
should have responsibility for augmenting this training, particu­
.larly in the understanding of weather situations specific to KSC 
and in the use of specialized forecast techniques. Training can take 
place through several media; video tapes, simulated forecast& for 
launch/landing/recovery operations, lectures, and map discu88ions 
are all possible methods. Real-time experience is also recognized as 
one of the most valuable training mechaniiiD8. Rotating operational 
forecasters through the ARFF would serve to accelerate the learn­
ing proceu in an environment where daily forecast situations can be 
evaluated with ARFF staff without the pre88ure of on-line respon­
sibility. In addition, as new tools and techniques become available, 
there should be a formal transfer of knowledge, with adequate ac­
companying documentation. 

Part or the AB.JJ ftmctlcm lhould be to eatabllah education 
and training procedurea rar operatlcmal forecutbag. 

COOPERATIVE APPLIED METEOROLOGY 
PB.OGB.AM (CAMP) 

Advancements in weather research that support space opera­
tions can benefit greatly from the organization of field programs and 
stimulation of relevant research in the university community. Gov­
ernment agencies have found that cooperative programs with the 
university community are an effective mechanism for administering 
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programs where flexibility is important in maintaining an •edge-of­
the-art capability." The panel believes that a Cooperative Applied 
Meteorology Program (CAMP) with formal university involvement 
would provide an ideal augmentation of the ARFF. CAMP would co­
ordinate field progr&ml and other research beneficial to operational 
weather problems, administer a research grants program, and pro­
mote strong scientific interactions with the permanent ARFF stafr. 
Establishing this strong university involvement could also serve to 
attract funding from other agencies and other offices in NASA that 
support atmospheric research. 

Periodically, it is necessary to bring together a concentration of 
special equipment, facilities, and talent to achieve breakthroughs in 
the understanding of specific weather phenomena. These field pro­
grams will be particularly important in advancing our knowledge of 
electrical and microphysical processes in convective and nonconvec­
tive clouds in the KSC environment, and in determining the pre­
dictability of convection from the data provided by new observing 
systems. 

Making state-of-the-art observing systems available to the re­
search community will enhance interest that is already strongly in 
evidence. The proposed Florida Area Mesoscale Experiment (FAME) 
plans a major field program in central Florida in 1990. The ob­
serving systems and research objectives outlined in this report, if 
implemented, should be highly compatible with the interests of any 
group interested in researching Florida weather. The facility should 
become the prototype suggested in the letter in Appendix A. 

Equipment upgrades planned by the National Weather Service 
are likely to yield better information on weather systems afrecting 
KSC. A NWS NEXRAD radar is planned for installation at Mel­
bourne, Florida; the capabilities and limitations of this radar in 
contributing to an advanced observing network must be assessed. 
The NWS also plans to deploy a network of wind profilers over the 
central United States. With research wind profilers already work­
ing in Pennsylvania (Pennsylvania State University) and soon to be 
installed in Florida (NASA) and Massachusetts (AFGL), there will 
be a strong desire by the atmospheric science community to deploy 
wind profilers over the remainder of the East to form a continuous 
network from the Rockies to the Atlantic. Several universities are 
already preparing a joint proposal for a Southeast Profiler Network . 

These and other initiatives should be scrutinized and, if appro­
priate, coordinated by CAMP as part of a concerted effort to improve 
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the understanding and prediction of important weather features in 
central Florida. 

A Cooperatm Appled Meteorolo11 Program (CAMP) 
lhould be establlahed wltbba the AUP to promote the par­
tlclpatlcm or 'lllllvanlty and mlaalOD-ageDCJ aclentlata lD field 
programa acmmcbag weather J'eiUI'Ch and rarecutbag lD the 
Tlcbalty of K.SC or at other la1IDCh and recOYerJ alt-. 

The advanced observing aystelll8, comprehensive data sets, and 
new techniques developed will provide an attractive facility for re­
search scientists, operational meteorologists, and graduate students 
to visit, where they can interact with ongoing activities. These visi­
tors would provide a continuous influx of new ideas and approaches 
and would become aware of important weather phenomena in the 
KSC area that might stimulate further research on these topics in 
the scientific community. The University Corporation for Atmo­
spheric Research (UCAR) might be the ideal organization to admin­
ister this program, because it already has experience in the types 
. of activities recommended for CAMP. UCAR has strong university 
connections, has a Naval Environmental Prediction and Research 
Facility (NEPRF)/National Meteorological Center (NMC) Visiting 
Scientist Program (VSP} , and is in an excellent position to monitor 
closely related progr&lll8 going on in NCAR. 

A atrcmg Tlaltbag aclentlat program mould be estabBahed 
wltbba CAMP to attract research and operatlcmal talents 
from throughout the nation that ccmtrlbute to the goals or 
the nrr' wltbba the guldelbaea or wso. 

WEATHER SUPPORT ADVISORY COMMITTEE 

To ensure that the director of the WSO and the director of the 
ARFF receive unbiased views and the best technical advice available 
as to opportunities and directions, a Weather Support Advisory 
Committee should be established by WSO. The committee should 
review plans and give advice on future directions. The advisory 
committee should be charged with ensuring that NASA has and 
maintains the best and most cost-effective weather support that can 
be provided. As part of its duties, the advisory committee should 
monitor the operations of the ARFF and its research grants program. 

As has been noted throughout this report, serious organizational 
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and coordination problems exist in the current weather support sys­
tem. One mechanism for ensuring coordination among independent 
agencies would be participation of high-level personnel from the var­
ious agencies in the Weather Support Advisory Committee. Thus it 
is recommended that the committee consist of members from NASA, 
Air Force, NOAA, and academia. The director of the WSO should 
be an ex-officio member and should call and host the meetings. 

The Weather Support OfBce lhould form a Weather Sup­
port Advisory Committee to periodically use• far the WSO 
the argudsatlcmal and tedmlcal lames that afFect weather 
npport far NASA's space operatlcms. 
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Appendix A 
Letter from NASA to the Academy 
Requesting Establishment of Panel 
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NI\SI\ 
National Aeronautics and 
Space Administrahon 
washington. D C 
20546 

Rep, oc· An• <>' MO 

Dr . Frank Preas 
President 
Nationa l Academy or Sciences 
2 1 0 1  Constitut ion Avenue , NW 
Washing ton , DC 204 1 8  

Dear Dr. Press : 

56 

r:Jv 1 7 c: . 

NASA requests the assistance or the Na tional Academy or Sciences in ou r 
endeavor to improve the National Space Transportation System (NSTS ) Weather 
Forecasting System. We require your a tmospheric science expertise to iden t i ty 
how NASA can instrument the Kennedy Space Center ( KSC ) as a prototype weather 
nowcasLing faci l i ty .  

On November 1 2 ,  1 986 , my sta rr d iscussed this request with Dr. John Perry o r  
t h e  Na t ional Research Council . Dr. P e r ry  suggested w e  proceed w i th a rorma l 
request ror the Academy ' s  service s .  

OUr objective is t o  encourage the research community t o  sponsor a tmospheric 
activities u t i l izing KSC as a test ground ror the applica t i on or state-or-the­
science meteorological nowcasting techniques and technology . 

Resumpt ion or routine Shuttle landings at KSC is in part depend ent upon 
improving our cu rrent weather support system to provide a high level or 
con fidence in a 90-minute prelanding forecas t .  The dynamic atmospheric 
cond itions manifested at KSC , combined with the Space Shu ttle sens itivity to a 
range or envi ronmental parameters ( thund erstorms , lightning , turbulence ) ,  make 
thi s  a very cha l lenging requirement . 

The Office or Space Flight is in the process or developing a 5-Year NSTS 
Wea ther Foreca sting Improvement P lan , consistent with the recommendations o r  
the Presidential Commission o n  the Space Shuttle Challenger Accident . 
Development or KSC as a prototype nowcasting facility is a cornerstone or tha t 
plan . 

We wou ld l ike you to define the improvements necessary to create such a 
p rotoLype system and provide NASA with an implementation plan . 

We look forward to working with the Acad emy to develop a state-of-the-sci ence 
wea ther forecasting capabil i ty ror the Space Shuttle . Please contact 
Karen Poniatowski (FTS 453-2520 ) or my starr ror any clari fica tion . 

S i ncerely , 
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Appendix B 
List of Attendees and Participants 

A. Aldrich, NASA/Hdqra 
V. Aquino, AWS/Hdqra 
J. Arnold, NASA/MSFC 
L. Austin, NASA/JSC 
R. Babcock, AWS/Vandenberg 
J. Bates, NASA/ JSC 
A. Beller, NASA/KSC 
R. Bentti, NASA/KSC 
K. Bobko, NASA/JSC 
T. Boles, AWS/JSC 
W. Boyd, ESMC 
N. Buss, AWS/KSC 
G. Chapman, AWS/Hdqra 
G. Coen, NASA/JSC 
R. Crippen , NASA/KSC 
J. Crowley, AWS/JSC 
J. Ernst, NASA/Hdqra 
G.  Fichtl, NASA/Hdqra 
J. Friday, NOAA/NWS 
K. Glover, AFGL 
M. Henderson, NASA/JSC 
H. Herring, Pan Am/ESMC 
K. Hill, NASA/MSFC 

57 

R. Holle, NOAA/ERL 
W. Jafferis, NASA/KSC 
G. Krier, NASA/Hdqra 
R. Lavoie, NOAA/NWS 
C. Lennon, NASA/KSC 
R. Lewis, AWS/JSC 
H. Loden, NASA/JSC 
J. Madura, AWS/PAFB 
J. Mahon, NASA/Hdqra 
L. Maier, CSG /KSC 
J. McBrearty, NASA/KSC 
P. McCalman, NASA/KSC 
R. McClatchey, AFGL 
M. McCulley, NASA/JSC 
R. McPherson, NOAA/NMC 
J. Meyer, NASA/KSC 
C. Morrill, NOAA/ JSC 
T. Myers, AWS/Edwards 
W. Newman, NASA/KSC 
S. Nichols, NASA/Hdqrs 
J. Nicholson, NASA/KSC 
P. Nostrand, AWS/JSC 
L. Penn, NASA/ JSC 
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A. Peterson, NASA/Hdqrs 
K. Poniatowski, NASA/Hdqrs 
D. Puddy, NASA/Hdqrs 
G.  Rigdon, NOAA/JSC 
T. Robertson , AWS/JSC 
D. Rotzoll, NOAA/JSC 
R. Sieck, NASA/KSC 
J. Smedley, NASA/KSC 
0. Smith, MSFC/CSC 
J. Stahman, ESMC 
T. Strange, AWS/KSC 
E. Tarkington, NASA/ JSC 
J. Theon, NASA/Hdqrs 
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R. Thorson, NASA/JSC 
C. Tracy, AWS/Andrews AFB 
R. Truly, NASA/Hdqrs 
M. Uman, U. of Florida 
R. Wesenberg, NASA/KSC 
M. Wheeler, AWS/CCAFS 
V. Whitehead, NASA/JSC 
T. Wilfong, AWS/CCAFS 
G. Wilson, NASA/MSFC 
R. Wojtasinski, NASA/KSC 
J. Womack, NASA/KSC 
J. Young, NASA/JSC 
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Appendix C 
Recommendations from the Report of the 

Space Shuttle Weather Forecasting 
Advisory Panel to the NASA Associate 

Administrator for Space Flight , 
October 1986 

1. The National Aeronautics and Space Administration should 
establish a Weather Support Office at the top level of Shuttle oper­
ations to plan, organize, focus, and direct the activities related to 
Space Shuttle weather support. The head of this office should be 
a senior atmospheric scientist or a senior technical manager with a 
strong operations background, who is knowledgeable about opera­
tional weather forecasting and research and development and who 
commands respect in the meteorological and NASA communities. 
Under the optimum organizational structure, the head of this office 
would have line authority for all Shuttle weather support person­
nel and programs. However, both the present and planned Shuttle 
launching ranges are operated by the Air Force to meet both Shuttle 
and additional requirements, and the Shuttle itself is operated by 
NASA. The panel recognizes that the optimum arrangement may be 
impossible to implement in practice and recommends that responsi­
bility and authority for programs and personnel be consolidated in 
the Shuttle Weather Support Office to the extent possible. 

2. There must be a small, highly qualified, well-trained, and 
dedicated team of forecasters who provide weather support for Shut­
tle operations. These forecasters should be willing to be an integral 
part of the Shuttle team and remain so for extended periods (5 to 10 
years). Steps should be taken to ensure their continuity and devotion 
to the task (by grade and/or salary adjustments or other incentives) . 
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3. To ensure that this team has the very latest research results 
and tools available and is trained to use these tools efFectively, the 
head of the Weather Support Office should expand Techniques Tran­
sition Units at each operational site. These units should consist of 
one or two highly competent applied meteorologists and one or more 
computer specialists to act as an interface between the research and 
development community and the Shuttle forecast team. 

4. There should be a standing advisory panel of experts to 
&88ist the Weather Support Office in charting its course, setting its 
priorities, and aiding in contacts with the Shuttle Program Office to 
secure continued support and visibility within NASA for the Space 
Shuttle weather efFort. 

5. The Meteorological Interactive Data Display System 
(MIDDS) can depict weather situations on a global basis. It is 
thus a key ingredient in forecasting and in communications of poten­
tial hazards to decision makers. The system needs to be developed 
at Johnson Space Center (JSC) , and eventually Edwards Air Force 
Base (EAFB) and Vandenberg Air Force Base (VAFB) . At each site 
having weather support responsibilities, MIDDS must be maintained 
and periodically upgraded to ensure that it represents the state of 
the art in rapid data access, analysis, and display capabilities. 

6. The Doppler radar requirement to aid in the detection and 
observation of weather developments should rely on the NEXRAD 
facility, which will be installed and operated by the National Weather 
Service near KSC. Research on the processing and application of 
Doppler radar data should precede the completion of that installation 
to ensure that the data can be utilized promptly. 

7. The models that are used for Space Shuttle wind-loading 
calculations need to be reexamined in view of the availability of 
ground-based remote wind profilers and their planned installation at 
KSC. Because the panel was unable to obtain access to the relevant 
computer algorithms, it is not possible to comment here concerning 
the adequate accuracy and resolution of these profilers for wind load 
assessments. A thorough study of methods and models for short­
range wind forecasting should be undertaken with these and other 
technological advances under consideration, in view of the rapid wind 
profile changes under way preceding the Challenger launch. Rapid 
wind profile changes are undoubtedly common under many other 
weather situations. 

8. The mesonetwork at KSC needs quality-control review and 
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probable aqmentation for lhort-ranp wind and convective activity 
forec:ute. 

9. At KSC, airborne Wtrumentation is required to quantify 
the precipitation llizea that are obeerved over the launch site prior to 
launch to determine whether the p�pitation Ill&)' poee a threat to 
the orbiter thermal protection 1Jitem. 

10. A thoroqh study lhould be made of the available subaynop­
tic and IDIIIOBCale models to provide pidance to the Shuttle forecast 
team. Specific models lhould be selected and developed in parallel 
to ongoing operationa. The use of such models u forecaating aida 
may have near-term payoff. 

11 .  Reaeardl on artificial intelligence (AI) at KSC lhould be con­
tinued at a modestly supported reaearch level until it can be lhown to 
have real promise for the Shuttle forecast problem. Before investing 
significant re10urcea in AI, it would be advisable to wait until some 
other group or asency hu lhown that this tool hu potential for a 
similar type of forecast environment. 

Copyright © National Academy of Sciences. All rights reserved.

Meteorological Support for Space Operations: Review and Recommendations
http://www.nap.edu/catalog.php?record_id=18482

http://www.nap.edu/catalog.php?record_id=18482


Appendix D 
Proposed Weather Factors Governing 

Launch Commit Criteria and Flight Rules 
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Shutt l e  Launch Ca..i t  Cri teri a and Background 

JSC - 1 6007 

Sec . 1 . 4 

Weather Gui del i nes/Rul es 

LCC RULE : AMBIENT TEMPERATURE RESTRICTIONS 

A .  PRIOR TO EXTERNAL TANK CRYOGENIC LOADING . 

PROPELLANT LOADING OF THE EXTERNAL TANK { ET) SHALL NOT BE 
INITIATED I F  THE 24 HOUR AVERAGE TEMPERATURE FOR THE PRECEEDING 24 
HOURS HAS BEEN BELOW 41 DEGREES FAHRENHEIT .  

B .  FROM START OF  ET CRYOGENIC LOADING TO LAUNCH . 

THE COUNTDOWN SHALL NOT BE CONTINUED NOR THE SHUTTLE LAUNCHED I F  
THE AMBI ENT TEMPERATURE DURING THIS TIME PERIOD EXCEEDS ANY O F  THE 
FOLLOWING CRITERIA FOR MORE THAN 30 MINUTES . 

{ 1 ) MAXIMUM TEMPERATURE OF 99 DEGREES FAHRENHEIT 

{2 )  MINIMUM TEMPERATURE OF  37 DEGREES FAHRENHEIT FOR WIND 
CONDITIONS AT OR ABOVE 5 KNOTS . 

{3 ) MINIMUM TEMPERATURE OF 47 DEGREES FAHRENHEIT FOR STEADY STATE 
WIND CONDITIONS BELOW 5 KNOTS . 

LCC RULE : PRECI PITATION CONSTRAINT 

THE SHUTTLE VEHICLE WILL NOT BE LAUNCHED I F :  

A .  PRECI PITATION EXISTS IN THE FLIGHT PATH 

B .  ICE ACCUMULATES IN  ZERO- ICE OR RESTRICTED THICKNESS AREAS ON THE 
ET . 

Rat i onal e :  Thermal Ti l e  Protect i on 

LCC RULE : SURFACE WIND LIMITS FOR L I FT -OFF {MEASURED AT 60 ' LEVEL) 

THE SHUTTLE VEHICLE WILL NOT BE LAUNCHED I F :  

WINDS ARE GREATER THAN :  

A .  2 2  KNOTS - STEADY STATE 

PRELIMINARY 
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B .  32 KNOTS - PEAK 

Rat i onal e :  Des i gn Requ 1 reaent o f  JSC 07700 Vol X 

LCC RUL E :  NATURAL AND TRIGGERED L I GHTN ING CONSTRAINTS 

THE LAUNCH WEATHER OFF ICER MUST HAVE CLEAR AND CONV I NC I NG EV IDENCE THAT 
THE FOLLOWING CONSTRAINTS ARE NOT V IOLATED . 

DO NOT LAUNCH I F :  

A .  ANY TYPE OF L I GHTN ING I S  DETECTED WITHIN 10  NM OF THE LAUNCH S ITE 
OR PLANNED FL IGHT PATH WITHIN  30 MINUTES PRIOR TO LAUNCH UNLESS 
THE METEOROLOG ICAL CONDITION THAT PRODUCED THE L I GHTN ING HAS MOVED 
MORE THAN 10  NM AWAY FROM THE LAUNCH S ITE OR PLANNED FLIGHT PATH . 

PLANNED FLIGHT PATH : THE TRAJECTORY OF THE FL I GHT VEH I CLE FROM 
THE LAUNCH PAD THROUGH ITS FLIGHT PROF I L E  UNT I L  IT REACHES THE 
ALT ITUDE OF 100, 000 FEET . THE F L I GHT PATH MAY VARY PLUS OR MINUS 
0 . 5  NAUTI CAL MI LES HORI ZONTALLY UP TO AN ALT ITUDE OF 25 , 000 FEET . 

DO NOT LAUNCH I F :  

B .  THE PLANNED F L I GHT PATH W I L L  CARRY THE · VEH ICLE 

( 1 ) THROUGH CUMULUS CLOUDS WITH TOPS H I GHER THAN THE +5 C LEVEL ; 
OR 

( 2 ) THROUGH OR WITHIN  5 NM OF CUMULUS CLOUDS WITH TOPS H I GHER 
THAN THE - 1 0  LEVEL ; OR 

(3 ) THROUGH OR WITHIN 10 NM OF CUMULUS CLOUDS WITH TOPS H I GHER 
THAN THE - 20 C L EVEL ; OR 

(4)  THROUGH O R  WITHIN 10  N M  O F  THE NEAREST EDGE O F  ANY 
CUMULON IMBUS OR THUNDERSTORM CLOUD INCLUDING ITS ASSOC IATED 
ANV I L  

CUMULON IMBUS CLOUD : ANY CONVECT IVE CLOUD WH ICH EXCEEDS THE - 20 DEGREE 
CELS IUS TEMPERATURE L EVEL 

ANV I L :  STRAT I FORM O R  F I BROUS CLOUD PRODUCED B Y  THE UPPER LEVEL OUTFLOW 
FROM THE THUNDERSTORMS OR CONVECT IVE CLOUDS . ANV I L  DEBR I S  DOES 
NOT MEET THE DEFINIT ION IF IT IS OPT I CALLY TRANSPARENT 

DO NOT LAUNCH I F :  

C .  FOR RANGES EQU I PPED WITH A SURFACE ELECTRI C  F I ELD M I L L  NETWORK , AT 
ANY TIME DURING THE 1 5  MINUTES PRIOR TO LAUNCH TIME THE ONE M I NUTE 
AVERAGE ABSOLUTE ELECTRI C  F I ELD I NTENS ITY AT THE GROUND EXCEEDS 1 
KI LOVOLT PER METER ( 1  KV/M) WITH I N  5 NM OF THE LAUNCH S ITE UNLESS : 

(A) THERE ARE NO CLOUDS WITHIN  10 NM OF THE LAUNCH S IT E :  AND , 

PRELIMINARY 
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( B) SMOKE AND/OR GROUND FOG IS CLEARLY CAUS ING ABNORMAL READ INGS 

DO NOT LAUNCH I F :  

D .  TH E  PLANNED FL IGHT PATH I S  THROUGH A VERTICALLY CONT INUOUS LAYER 
OF CLOUDS WITH AN OVERALL DEPTH OF 4 , 500 FEET OR GREATER WHERE ANY 
PART OF THE CLOUDS ARE LOCATED BETWEEN THE Z ERO (0) DEGREE AND THE 
MINUS 20 ( -20) DEGREE CELS I US TEMPERATURE L EVELS . 

E .  TH E  PLANNED FLIGHT PATH I S  THROUGH ANY CLOUD TYPES THAT EXTEND TO 
ALT ITUDES AT OR ABOVE THE ZERO DEGREE CELS I US LEVEL · AND THAT ARE 
ASSOC IATED WITH DI STURBED WEATHER WITHIN 5 NM OF THE FLIGHT PATH 

D I STURBED WEATHER: ANY METEOROLOG I CAL PHENOMENON THAT I S  
PRODUC ING MODERATE O R  GREATER PREC IPITAT ION 

F .  DO NOT LAUNCH THROUGH THUNDERSTORM DEBRIS CLOUDS , O R  WITH I N  5 NM 
OF THUNDERSTORM DEBR I S  CLOUDS NOT MON ITORED BY A F I ELD M I LL 
NETWORK OR PRODUC ING RADAR RETURNS GREATER THAN OR EQUAL TO 10  
DBZ . 

DEBR I S  CLOUD : IS ANY CLOUD LAYER OTHER THAN A TH IN F I BROUS LAYER 
THAT HAS BECOME DETACHED FROM THE PARENT 
CUMULON IMBUS WITH I N  3 HOURS BEFORE LAUNCH . 

Rat i onal e :  Based on the known cl oud types and cond i t i ons  wh i ch produce 
natural and/or tri ggered l i ghtni ng 

LCC RULE : GOOD S ENSE RULE 

EVEN WHEN CONSTRAINTS ARE NOT VIOLATED , IF ANY OTHER HAZARDOUS 
COND ITIONS EX I ST ,  THE LAUNCH WEATHER OFFICER W I L L  REPORT THE THREAT TO 
THE LAUNCH D I RECTOR . THE LAUNCH D I RECTOR MAY HOLD AT ANY T IME BASED 
ON THE INSTAB I L ITY OF THE WEATHER.  

LCC RULE : SRB RECOVERY A'EA 

DO NOT LAUNCH I F :  

A .  SEA STATE EXCEEDS SEA STATE CODE 5 

B .  V I S I B I L ITY LESS THAN 1 . 5  NM 

MANDATORY RECOVERY FOR ASSESSMENT OF SOL I D  ROCKET REDES I GN 

LCC RULE : RANGE SAFETY WEATHER RESTRICTIONS 

A .  BLAST FOCUS ( BASED ON S I MULAT ION USING WEATHER BALLOON AND WIND 
DATA) 

( 1 ) I F  MORE THAN 1 FATAL ITY PER 100 , 000 - HOLD OR SCRUB 

P.RELI·MiNARY 
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( 2 )  VALUES BETWEEN 1 PER 100 , 000 AND 1 PER 1 , 000 , 000 REQU IRE 
EVALUATION BY ESMC COMMANDER 

B .  CEIL ING AND V I S I B I L ITY (REQU IRED TO AID RADAR ACQU I S I T ION ) 

- MUST HAVE CLEAR LINE OF SIGHT UP TO 4500 FEET 

C .  LIGHTN ING ( PROTECT ION OF RANGE DESTRUCT SYSTEM) SAME AS NATURAL 
AND TRIGGERED LIGHTNING CONSTRAINTS . 
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87 

JSC-12820 

STS OPERATIONAL FLIGHT RULES 

ALL FLIGHTS 

FINAL 

MAY 91 1988 

PREFACE 

THIS PUBLICATION OF THE STS OPERATIONAL FLIGHT RULES . ALL FLIGHTS 
(JSC-12820) DATED MAY 9 1  1988 . REPLACES IN ITS ENTIRETY ALL PREVIOUS 
VERSIONS . TH IS DOCUMENT AND THE FLIGHT SPEC IF IC  STS OPERATIONAL FLIGHT 
RULES ANNEX (JSC-18308) ARE INTENDED TO BE USED IN CONJUNCT ION W ITH ONE 
ANOTHER. 

STS OPERATIONAL FLIGHT RULES IS  A CONTROLLED DOCUMENT FOR WH ICH CHANGES ARE 
SUBJECT TO PROCEDURES DELINEATED IN APPEND IX  B AND IS NOT TO BE REPRODUCED 
WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE CH I EF .  FL IGHT D IRECTOR OFF ICE . 
DAB. LYNDON B .  JOHNSON SPACE CENTER .  

ORGANI ZATIONS WITH COMMENTS . QUESTIONS OR  SUGGESTIONS CONCERN I NG THESE 
FLIGHT RULES SHOULD DIRECT THEM TO DAB/C . L. GRUBY . FLIGHT D I RECTOR OFF ICE . 
BUI LD ING 29 1  ROOM 101B.  NASA JSC . HOUSTON . TEXAS 77058 1 TELEPHONE 
(713} 483-5558 ( FTS 525-5558) . 

_ :·.?// � t:c_�i-. �- -'?"/..86 
RICHARD H .  KOHRS 
DEPUTY D IRECTOR . NATIONAL 
SPACE TRANSPORTATION SYSTEM 
PROGRAM 

APPROVED BY : 

( -

D I�� 
/ i ) �r:l�L , ,JJ2t:l1 R ERT L .  CRI I I I DEPUTY D IRECTOR . NATIONAL 

SPACE TRANSPORTATION SYSTEM 
OPERATIONS 
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68 

NASA - JCliiNSOM SPACE CEmR 

FLIG HT RULES 
R RULE 

I 

4-64 LANDING S ITE WEATHER CRITERIA 

THE WEATHER ELEMENT LIMITS CONTAINED I N  TH IS  RULE MUST BE SATISF I ED 
WITH OBSERVATIONS AT THE GO/NO-GO DEC IS ION TIME AND WITH THE FORE­
CAST FOR LAND ING TIME ( EXCEPT PRELAUNCH EVALUATION OF THE FLIGHT 
DAY 1 PLS W ILL ONLY BE BASED ON THE FORECAST ) .  THE APPROACHES TO 
BOTH THE PRIME AND BACKUP RUNWAYS AT A G IVEN S ITE MUST SATI SFY THE 
CE I L ING ,  V IS IB I L ITY ,  PREC IP ITATION , AND THUNDERSTORM PROXIMITY 
LIMITS L ISTED BELOW . WHENEVER AVA I LABLE , A WEATHER RECONNAISSANCE 
FLIGHT W ILL PROVIDE A LAND I NG S ITE GO/NO-GO RECOMMENDATION . 

A .  CE I L I NG AND V IS IB I LITY LIMITS :  

CE I L I NG 
C KFTl 

V I S IB I L ITY 
( NOT LESS THAN ) 

CSM) 
1. EOM, NEXT PLS 

RTLS , TAL ,  AND AOA 10 (8 (i) )  7 ( 5  ® )  

2 .  ELS (ORB IT  AND ENTRY PHASES) 10 ( 8  (!) )  ,5 

3 .  TAL ,  ACLS , OR ELS (ASCENT 
PHASE ) FOR MAI N  ENG I NE LIMITS 
MANAGEMENT (REF . RULE 5-TBD ) 
OR ABORT GAP CLOSURE (REF . 
RULE 4-26H . 3 ,  PERFORMANCE 
BOUNDARIES)  

ALL F I NAL 

MISSION REV 

a . TACAN AND MLS OPERAT I NG N/A N/A 

b. TACAN OPERATING ,  NO MLS 10 

NOTES :  

5 

(i) APPLIES TO RUNWAY WITH MLS (REF . RULE 3-41 , NAVAJOS 
PRE LAUNCH REQU IREMENTS ) AND REQU IRES WEATHER 
RECONNAISSANCE FL IGHT EVALUAT ION . 

® FOR TAL AND AOA WITH MLS : V I S IB I L ITY MAY BE AS LOW 
AS 5 SM ONLY I F  THE FOLLOWING LAND I NG AIDS ARE 
V IS IBLE AND PRED ICTED TO REMA IN  V IS IBLE ON FJMAL 
APPROACH (WEATHER RECONNAI SSANCE FL IGHT EVALUATION ) : 

( a) PAP I ' s  FROM 8K FT TO PREFLARE 
( b) BALL BARS - FROM PREFLARE TO F I NAL APPROACH 

TH IS  RULE IS CONT I NUED ON THE NEXT PAGE 

5/9/88 TRAJECTORY , GU IDANCE 4-53 

DATE SECTION PAGE NO. 
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MISS ION 

NASA - JOIIISON SPACE CENTER 

FLIG HT RU LES 

LANDING SITE WEATHER CRITERIA - Conti nued 

A. CE I L I NG AND V IS IB I LITY LIMITS - Conti nued 

The metcorolofieal limita in th.;.. rule mul be met with. olnerualioraa al lhc GO! NO-GO 
ti«gion time and with. the forecal for the 14ndi"f time. Th.;.. rellriction ;.. MCe.,ary Ia 
eraaure lllealher uio/4tioraa ofnerwd al the t�«;..ion time ( frourad or lllealher reconM;.. • 
.a��e��) 1110uld liCit permit a GO ti«gion. ewn if the fol'l!t:Git .ati•f�• the limit1. Conwr1ely, 
if the foreca�t indicate• a uio/4tion ofthe limU. al /4radi"f time, a NO-GO decgion will be 
made, illlkpel&lkllt of the currellt ob1erualioraa. Si��e�� the flifh.t day l PLS 14ndillf time ;.. 
5 ta 10 laoun after 14unch., the foreca�t will only be ued for the prel4unch. flifh.t day l PLS 
eualualion. 

The ceili"f, u;..ibilily, precipitation, and th.undentarm proJCimity limit• mut be met for 
approaches to both. the prime and baclcup runii/Ciys, al a 1iwn site. Th.;.. requirement 
eJCgts becaue currellt forecaatillf capability cannot accurately eraaure thai a NO-GO 
condition to 01111 of the baclrup runii/Ciyl 1110uld not re1ult in a NO-GO condition at lhe 
prime runii/Ciy by 14ndi"' time. Surface wind limits are not required to be met at the 
baclrup runii/Ciys, since the baclrup runii/Ciy 1110uld only be required if 1111 ener11 problem 
occurred dictati"' a runii/Ciy relksifnation. 

A ceilillf ia lk(i1111d a• cloud cowr >0.5. There are tillo ceilillf limits, 01111 for runii/Ciyl 
wit/a MLS and a h.ifh.er limit for runways without MLS. Usillf MLS, the crew can main­
lain the approach. path. accurately Ia a lo11111r altitude before be1innin1 traraaition to ugual 
cues (PAPI'I, ball-bar, and runiiiGy marlri"fl). Ei1h.t th.o&UUJnd feet is the lo11111st 14yer or 
ceilillf permitted uillf MLS. For runiiiGys with.out MLS, th.e rr.ili"' minimum is 
lOK ft. Ceili"' limit• are establi1hed to eraaun that the crew laa• su(fu:ient time after 
brealrillf out of the rloud declr to acquire the runii/Ciy and Iandini aids durillf pre-final 
and Iandi 11f. 

TH IS  RULE IS CONTINUED ON THE NEXT PAGE 

F I NAL 5/9/88 TRAJECTORY , GU IDANCE 4-54 

REV DATE SECTION PAGE NO.  
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NASA - .JOHICSON SPACE amR 

FLIG HT RU LES 

LAND ING SITE WEATHER CRITERIA - Conti nued 

A.  CE IL ING AND V IS IB I LITY L IMITS - Concl uded 

Tile IUI'(ace uiaibility limita were eatablialaed to correaporad to tile ceililllf limita. Slanl 
ra,.,e uilibilit;y down tile OrbiUr gli!U slope il not �MG�urable (rom tile grourad, rwr il 
alarll ralllfll a standard meteorololieal �MG�uremenl. Tllere(ore, 1M IUI'(ace uiaibilit;y arad 
ceililllf Umita were eatablialaed to proui!U a«eptable alanl ralllfe uiaibilit;y. ReatrU:tiona to 
sUI'(ace uiaibilit;y inclu!U snaoie, htue, (01. dust, arad clouds. TM 7 Sill alll'(ace uiaibilit;y 
limit generally applies for all lanclilllf conclitiona, with a couple nftptiona. Tile 7 Sill il 
the horiaorllal diatance componenl from tile runway threshold that correlates to tile lOK (t 
altitu!U poinl on tile outergli!U slope. For AOA (EDW or NOR) or TAL aboru, tile 
uiaibilit;y requirement. can be aa low aa 5  Sill if the runwa;y has an iiiLS Grad tile weatller 
reconnaissance aircraft wri(1111 that tile PAPra are uiaible on tile approach from BK (t to 
pnflare arad tile ball-bar ia uiaible (rom pnflare to final flare. Thil lower limit il allowed 
at 1M TAL or laMbed AOA sites where peraiatenl low altitudelaur(ace dust or snaoie may 
greatly restrict the IUI'(ace uiaibilit;y; MWflllllr, ma;y not pose any signi(icanl limitation to 
crew �,lanl rarllfe� uiaibilit;y dlll'illlf final approach to lanclilllf. Thia lower sUI'(ace 
uiaibilit;y can not be applied to aitea which are prone to uiaibilit;y limitationa due to fog or 
other tranaienl coraditiona. Tile 5 Sill limit il tile horizorllal diltance from tile runway 
threshold that correaporada to the BK (t altitu!U poinl on the outer gli!U slope. Fiw Sill 
uiaibilit;y il also tile minimum limit used il aasessirllf the usability of an ELS. 

Specifu: Ulf!Gtller criUrio are prouitUd for !Uciaiona inuoluilllf abort gap closure or main 
erllfine lim ita mai!Dllement durilllf ascent phase. As documented in R ule 5-I1Q arad ita 
rationale, in some case (ollowilllf SSME failure, main erllfine limita wiU be enabled at the 
earliest ailllfle-elllfine capability to reach a prime TAL or alll/mented conlilllfer&ey laradilllf 
aiU (ACLSJ (utilizilllf TAL guidGnce, ewnl tholll/h the site itael( may not be a program­
recognized TAL aiU). For thia plll'poae, weather criteria may be relaRd, !Upenclilllf on 
laradirllf aida status at tile selected site, as a tra!Uoffto preclu!U apoaure to SSME limita­
inhibiUd operation for any lolllfer than nece .. ary. In thia situation, it il conai!Ured le11 
rialey to attempt a laradilllf willa potenliolly zero/zero conclitiona than to conlinue limiu­
inhibited SSME operation, prouid.d that both T ACAN arad MLS are auailable at tile 
targeted site. If the site has only an operational TACAN, howewr, tile same ceilirllf arad 
uiaibility reatrictiona are applied as for orbitlenlry phase ELS GOINO.(J() !Uciaiona. In 
tile case of abort gap closure, it ia lileewile conaid.red reasonable to attempt lanclilllf at a 
site witla relatiwly poor weather coraditiona aa lolllf as the attempt carries a reasonable 
probability of succe11, when the alternatiue is an assured ditchilllf situation. 

TH IS  RULE IS CONTINUED ON THE NEXT PAGE 

F INAL 5/9/88 TRAJECTORY , GU IDANCE 4-55 

REV DATE SECT I Oil 
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FLIG HT RU LES 

LANQIN& SITE W[AJHER CRITERIA - Cont i nued 

B.  SURFACE WIND LIMITS (DAYLIGHT LANDINGS) : 

1 .  THE SURFACE WIND L IMITS FOR ALL LANDING SITES ARE AS 
FOLLOWS: 

a. HEADWIND :  $ 25 KTS 

b .  TAILWIND:  $ 10 KTS 

c .  CROSSWIND: $ 12 KTS 

NOTE : SURFACE WIND L IMITS REPRESENT PEAK WINDS . INCLUDING 
MAXIMUM GUSTS (GUSTS MUST BE $ 8 KTS ABOVE THE 
AVERAGE WIND) 

2 .  WITH ONE APU FAI LED. SURFACE L IMITS CHANGE AS FOLLOWS: 

a. CROSSWIND $ 10 KTS 

b .  NOT GREATER THAN LIGHT TURBULENCE 

TI&U ta6k repnll!nla tiN IIIII to bf! f!%Cel!fkd limitl for wind compoMnta for tile uariou 
laMinf 1itu. Hf!Gdwind limitl lll"f! utablillaed to f!IIIUI'e the Or6itf!r wiU land Oil the rUII· 
-., willa lofleladoum """"lin. Tailwind� alf«t tile larulillf by caui111 lollfer loflelulown 
l'fJIIIIf!l, loa ofrollDIIl lfiCir"fin, and laiBIIer brah eMr17. Croawindlimitl lll"f! baled upora 
Orbitf!r iGtf!ral control and tire lllf!CII". TM limit of 12 KT PfiCIIt c:rw•wind corre•pontll to 
the point wllere 1M wlaicle laandlilll qualitif!• bf!comu """"final buf!d on Alflfll VMS 
1imulationl. Guq of freatl!r tlaan B KT above tiN CIUfl"'lfl/llflady 1talf! wind corraporull 
to tile 1 -•ifma ( 1tatiltic:al wind profile data; Slallltle Ml!lflot'ololic:al Group (SMG), Entry 
FTP 42) deuiation for tiN mtUimum PfiCIIt wind alloUICible (RSS of tile PfiCIIt 
lwadlc:rw•wind limitl). TM limit of s 8 KT 111111 c:laolf!n ira order to protl!c:t for tiN 
•tatiltic:al 1ut (Cic:tor ( 1 -•ifma) tlaat reac:IN• tiN Madwirull c:ro�swind limitl. 

For OM APU (aikd, tiN Orbitf!r il OM failure GUIGY from /aauillf a lou of two APU'1 at 
lofleladoum. Willa 11110 APU'1 down, tiN wlaic:le will laaw �d flillat control allllaarity 
(loa of laydnaulic poUII!r), braillf, and 1101e wlaf!f!l siHrillf. In order to protf!c:t from tlail 
pouible lo., of control Clllllaority, Crollwind PfiCIIt limitl lll"f! lf!t at 10 KT for all runii/Ciyl. 
Greatl!r tlaan liflat turbulf!IICI! il lllll allolllf!d for 1M ICIIftfl control lou reCIIOM. 

THIS RULE IS CONTINUED ON THE NEXT PAGE 

FINAL 5/9/88 TRAJECTORY . GUIDANCE 4-56 

REV DATE S£CTIOII PAGE NO. 
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NASA - JOIIIISON SPACE CENTER 

FLIGHT RULES 

LAND ING SITE WEATHER CRITERIA - Conti nued 

GlUt., peak wiiiM abow tlw •�ody 1toU or Ollf!"'le win.d, ore lim�d to 8 KT. Th;.. 8 KT 
limit W08 tkriwd from 1tat;..tical dota which in.d�d tlaot wlwll a 1 7  KT llllf!"'le win.d 
;. pruent, tlw peak win.d or gUll i1 -25 KT (our Modwin.d limit). 

Lo" of one APU invoke. a crotswin.d an.d turbulence rettriction. Thi1 port of tlw rule ;. 
�mont to p�ct tlw Orb�r for tlw lou of a second APU. With two APU'a down, tlw 
Orbi�r will laaue reduced fliglat control, broking an.d 1101e wlaeel 1�ering capability. 
(Refer to PIJ"'Iraph E for an ezplGIIIJtion oftlw turbulence cri�ritJ.) 

C. SUN ANGLE LIMIT:  SUN ON F I NAL NOT WITH I N  10 DEG IN AZ IMUTH AND 
0 TO 20 DEG ELEVATION .  

Tlw1e cri�ri4 W08 estobl;..lwd to preclutk tlw Sun from ob1tructing tlw crew'• u;..ion on 
(iiiiJl approat:h. 

D .  PREC IPITATION AND THUNDERSTORM CRITER IA: 

1 .  PREC I P I TAT ION I S  NOT ACCEPTABLE AT THE SURFACE OR ALOFT I N  
THE PROX IMITY OF THE ORB ITER (SEE BELOW) . PREC I P I TAT ION 
INDICATIONS I NCLUDE ANY OF THE FOLLOW I NG :  

a .  V I S I BLE RAI N  O R  V I RGA 

b .  PRECIPITATION ECHO O N  WEATHER RADAR 

c. CLOUD TYPES:  CUMULON IMBUS OR CUMULUS CONGESTUS 
(TOWERING CUMULUS ) . 

Tlw Orbiter ;. not to encounter precipitation on any approach due to tkcreOBed u;..ibility 
an.d potenti41 ®mage to the TPS. Enuironmental tksign require menta for tlw Orbiter 
were baaed on tlw auoid4nce of in-flight penetration ofthuntkrstorms (ref: appendix 
10-IO, uol X, Space Shuttle Leuel ll Program Speci(&eation). Untk1irable OBpeCtl of 
thuntkrstorms inclutk rain (TPS, structure), laail (TPS, structure, control>, 1ewre win.d 
I Mar (ltructure), turbulence (control, performance, structure), and natural or triggered 
lightning (structure, electronic/software systeltlll).  

A 10 n.  mi. horizontal prozimity distance was cho1en baaed on retearch ezperience to 
minimize risk due to lightning, turbulence, an.d win.d slwar and to inclutk forecOBt 
uncertainties. 

TH IS  RULE I S  CONT I NUED ON THE NEXT PAGE 

F I NAL 5/9/88 TRAJECTORY , GU IDANCE 4-57 

REV DATE SECTION PAGE NO. 
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LAND I NG S I TE WEATHER CRITERIA - Conti nued 

2 .  THUNDERSTORM PROX IMITY (PRE-DEORB IT  AND PRELAUNCH AOA) : A 
S ITE W I LL BE NO-GO FOR LAND I NG IF THE THUNDERSTORM 
( I NCLUD I NG ANV I L ) , LIGHTN I NG ,  OR PREC I P ITAT ION IS W I TH I N  30 
NM OF THE LAND ING S ITE . VERT I CAL C LEARANCE FROM THESE 
PHENOMENA , AT THE 30 NM RANGE , MUST BE GREATER THAN 2 MM. 

ADD IT IONALLY , DETACHED OPAQUE THUNDERSTORM ANV I LS MUST NOT 
BE W I TH I N  20 NM OF THE LAND I NG S I TE ,  NOR WITH I N  10 NM OF 
THE APPROACH PATH OUT TO A RANGE OF 30 NM . 

For pretUorbit or prelaunch AOA decision. (90 to 125 min forecast), the 30 n. mi.  
clearance approzimates the range to the runway for straight-in approaches at an altitude 
of60K ft. Additionally, for these weather phenomena just outside the edge of the 30 n. mi. 
radius, at least 2 n. mi. vertical clearance muat be maintained in order to avoid triggered 
lightning. 

3 .  THUNDERSTORM PROX IMITY ( PRELAUNCH RTLS AND TAL ) : A S I TE 
W I LL BE NO-GO FOR LAND I NG I F  A THUNDERSTORM ( I NCLUD I NG 
ANV I L ) , L IGHTN I NG ,  OR PREC I P I TAT ION IS WITH I N  20 NM OF THE 
LAND I NG S I TE OR W I TH I N  10 NM OF THE APPROACH PATH TO A 
RANGE OF 30 NM . VERTICAL CLEARANCE FROM THESE PHENOMENA 
MUST BE GREATER THAN 2 NM ALONG THE BORDER OF THE 
HOR I ZONTAL PROX IMITY BOUNDARY . . . 

For the prelaunch RTLS and TAL decisions (20 to 40 minute forecast), the 20 n. mi. 
radius clearance approzimates a 10 n. mi. distance from each of the approach HAC's. 
Thi1 acceptable prozimity distance is reduced from 30 n. mi. radius due to the shorter 
forecast period. The approach path between 20 n. mi. and 30 n. mi must also be protected 
by IO n. mi. 

ADD I T IONALLY , DETACHED OPAQUE THUNDERSTORM ANV I LS MUST NOT 
BE W I TH I N  10 NM OF THE LAND ING S I TE ,  NOR WITH I N  5 NM OF THE 
APPROACH PATH OUT TO A RANGE OF 30 NM . 

Detached opaque thunderstorm anvils have the potential for triggered lightning and 
precipitation •hould the am•il be penetrated. TherPforf.', the prozimity of the Orbiter {rom 
this phenomena is primarily determined by forecast uncertainty. For the 60-to-90 min ute 
forecast, a 10 n. m i .  margin will be mai ntained from tht' approach path and all of the 
headi ng align ment cones i i .e  .. 20 n. mi .  radiu.� from runway) .  For thf.' 20-to-40 minute 
forecast decisions . <•ery little margin is protected around the approach path: hence, the 
10 n.  mi.  radius from the run u>ay plus 5 n.  mi. clearance along the flight path. 

TH I S  RULE IS CONT I NUED ON THE NEXT PAGE 

F I NAL 5/9/88 TRAJECTORY , GU IDANCE 4-58 
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LANDING SITE W[ATHER CRITERIA - Conti nued 

4. THUNDERSTORM AVOI DANCE AFTER COMMI TTED FOR LANDING:  A 
DISTANCE OF 5 NM HORI ZONTALLY AND 2 NM ABOVE MUST BE 
MAINTAINED FROM A CUMULON IMBUS CLOUD , ANV I L ,  OR ANY OTHER 
CONVECT IVE CLOUD (RA I N  SHOWER) WHOSE TOP EXTENDS TO THE 
- 10 " CELSIUS HE IGHT. 

REAL-TIME THUNDERSTORM AVOIDANCE TECHN IQUES ARE L IMITED TO 
RUNWAY/HAC REDESIGNAT I ON .  

NOTE : CLEARANCES WI LL  BE DETERMI NED FROM E I THER RADAR 
PREC I P I TATION ECHOES OR VISUAL OBSERVATIONS . 

The po.t-commitm�nt avoidAnce clearances (S n. mi. lwrizontol, 2 n. mi. vertical) wen 
�tkc�d to r�dut:e impact on eMrD maiUJi�m�nt re.ulti"'l from runway ntkaigrrlllion 
and maMuuers and at the 1ame tim� ensure a ncuonably low risk of a rrlllural or 
trigg�red lightni"'l strike. Prohibition ofpeMtrati"'l cumulonimbUI, cumulUI CO"'lUtUI, 
and opaque anuils is becaUie of concern for trigg�r�d lightni"'l andlor rain. 

Reference: Weather Ruk1 Workslwp at JSCIMSFC, October, 1987. 
Ruk4-62B, LANDING SITE SELECTION PRIORITIES, r�f�r�nce. this ruk. 

E .  TURBULENCE :  NOT GREATER THAN MODERATE . 

S�wr� turbulence i• untk1irabk due to controllability concerns. Turbulence information 
come. primarily from area pilot reports. The pilots' nports follow 1tandtJrd tkfinitions for 
the inUnsity of the turbuknc�. The aircraft recxtion for the diff�rent type• of turbuknce, 
aa found in the DOD flight information handbook, are .tk{iMd aa follows: 

Light turbuknce • •  turbuknc� that momentarily caUI�I slight, erratic cha"'les in altitude 
and/or attitutk. 

Motk� turbuknce •• turbuknc� that COUles cha"'le• in altitude and/or attitude, but 
with the aircraft remaini"'l in po1itiue control at all times. 

s�wre turbuknce • .  turbulenc� that COUleS large, abrupt Cha"'lel in altitude and/or 
attitutk. It Ulually caUie• large uariations in indic�d air1peed. Aircraft may be 
mom�ntarily out of control. 

TH IS  RULE IS CONTI NUED ON THE NEXT PAGE 
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LAND ING SITE WEATHER CRITERIA - Conti nued 

F .  ADD ITIONAL N IGHT LAND I NG LIMITS :  

1 .  WHEN AVA I LABLE , A WEATHER RECONNAI SSANCE A I RCRAFT W I LL 
PROV IDE A GO/NO-GO RECOMMENDAT ION FOR THE LIGHT ATTENUAT ION 
OF THE LAND ING AIDS AND THE TOUCHDOWN REGION .  

2 .  CROSSWI ND L IMIT  I S  s 1 0  KTS PEAK W I ND FOR ALL N I GHT LAND ING 
S ITES .  SURFACE W I ND L IMITS I NCLUDE MAX IMUM GUSTS (GUSTS 
MUST BE s B KTS ABOVE THE AVERAGE WIND)  

3 .  WIND AND ATMOSPHER I C  COND IT IONS MUST NOT REQU I RE USE OF 
CLOSE- I N  AIMPO I NT ,  EXCEPT WHERE CLOSE- I N  AIMPO I NT PAP I ' s  
ARE AVAI LABLE . 

Because the aimpoint markings a nd normal geographic visual cues are not visible at 
night, light attenuation of the landing aids and touchdown region area should be 
minimal. This evaluation of the light attenuation will primarily depend on the weather 
reconMissance aircraft acceptability observations. 1{. however, an aircraft is UMvailable, 
then visibility will be constrained by ground observations following the daylight visibility 
limits . 

The crosswind limits are lower for night landings because of the increased crew workload 
and visibility limitations beyond the runway edges. 

A runway requiring the close-in aimpoint is NO-GO unleRS there is a PAP I installed. 
Without the PAPI, the close-in aimpoint is not visible at night C Flt Tech l ,  item 3).  

4 .  FOR LAKEBED LAND I NGS WITH ZERO FAULT TOLERANT MLS , M I N I MUM 
CE I L I NG LIMIT  IS 20K FT . (REF . RULE 3-41B , NAVAIDS 
PRELAUNCH REQU IREMENTS , MLS) . 

For lake bed landings only, single string MLS is acceptable if ceilings are greater than 
20K ft. The increased ceiling provides additioMl time for the crew ta compensate for 
navigation dispersions u.�ing visual cues . In addition. the larger area provided by the 
laleebed environment malrl's navigation dispersions rpsulting from the possible failure of 
the single-string MLS more tolera ble. 
Rule 2 - 1 ,  PRELA UNCH GO! NO -GO REQUIREMENTS. reference this rule. 
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G. WET RUNWAY ACCEPTAB I L ITY COND IT IONS 

THE FOLLOWING COND ITIONS W I LL NO-GO USE OF A SPEC I F I C  RUNWAY : 

a. HARD SURFACE 

1. STAND ING WATER.  

b.  LAKEBED 

1. MOISTURE/STAND I NG WATER . 
2. WET/SLUSHY SURFACE MATER IAL. 
3. POTHOLES . 

c. ALL SURFACES 

1. STRUCTURAL FA I LURES ( BREAKTHROUGH ) 
2. SNOW/ I CE .  

NOTE : COND IT IONS ARE ASSESSED OVER THE ENTIRE PREPARED 
SURFACE OF RUNWAY 

Wet kaltebed runways (more than a trace of rain) are not accept4ble due to the possibility of 
h;ydropkaning and loas of brake effective neBS. Due to the karfe load bearing rrquiremen.U 
of the Orbiter, structural failures are not accept4ble on any surface type. Fu1ure1 or 
cracks which may lead to or be evidence of structural failures are not allowable. Wet! 
slushy material is not accept4ble due to the possibility of Orbiter damafe from thrown 
surface material lifted up by the tires. Potholes are not accept4ble owing to the po1sible 
tire/strut dama�e caused by impact. For concrete surface�, 1t4nding water may lead to 
hydropkaning conditions. Snow/ice il not accept4ble for any runway •urface a1 kass of 
traction resulQ. Conditions are a.sessed over the entire prepared surface of the runway 
due to the uncert4int;y of where/when st4ndin, water may fO. Reference Entry FTP 42. 
Rule• I -3SF andJ. LANDING SITES; 2 -IF. I and 3, LANDING SITE WEATHER 
CRITERIA; 2-3IA and D. EXTENSION DA Y REQUIREMENTS; 2-81 A, EXT EN· 
SION DA Y GUIDELINES; 3-41A, LANDING SITE WEATHER CRITERIA; 
4-2, LANDING SITE CONDITIONS; 4 -26, PERFORMANCE BOUNDARIES; 
4-628, LANDING SITE SELECTION PRIORITIES; 4 -65, DEORBIT PRIORITY FOR 
EOM WEATHER; 5-27, LIMIT SHUTDOWN CONTROL; and 8-60, GNC GOIN0-00 
CRITERIA, reference thi• rule. 
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FORECAST VIOLAT IONS ( REF . RULE 4-64 , LANDING S ITE WEATHER CRITERIA) 
AT THE NOMINAL EOM TIME W I LL RESULT I N  SELECTION OF ONE OF THE 
FOLLOWING OPT IONS LISTED I N  ORDER OF PRIOR ITY : 

A .  DEORB IT T O  PLS AT NOM I NAL E OM  T IME O R  ONE ORB IT LATE TO ALTER­
NATE RUNWAYS ( IF REQU I RED FOR W I NDS,  SUN ANGLE , OR ISOLATED 
CLOUD COVERAGE ) .  

B .  DEORB IT TO PLS EARLY ON EOM DAY . 

C .  DEORBIT T O  PLS DA I LY OPPORTUN ITY . 

D .  DEORB IT TO PLS 24 HRS LATE . 

E .  DEORB IT TO SLS AT NOM I NAL EOM T IME . 

F .  RELAX WEATHER CRITERIA.  

IHorbit to tM pritn4ry 14nding site is always d,.irable d iU  to corwo;ylfround operation�� 
1upport and crew famili4rit;y. Optioru l to 4 pro11ide a priority lilt of optioru to deorbit to 
tM pritn4ry 14nding site . .  Should it not be po.sible to deorbit to IM primary 1itt, tM 
�econdary 14nding site will be utilized (option S). WeatMr criteri4 wiU be relaud real 
time should both tM pritn4ry and secondary 14nding sites be unacceptable. 
Rule 2-200, CONTINGENCY ACTION SUMMAR Y, references thil rule. 
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