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ABSTRACT

This paper discusses the role of applied meteorology in the solution of large space vehicle
development problems. A general outline of the role of the applied meteorologist is given,
followed by a discussion of the data requirements for vehicle design and test evaluation, analytical
procedures for data presentation, and areas of influence on space vehicle development. Examples
of the influence of atmospheric conditions in the design are presented illustrating the utility
of applied meteorology.

1. Introduction

One of the areas of influence most space vehicle
and spacecraft designers would probably like to
eliminate is that due to the atmosphere. Obviously, until such time as we begin to fabricate
and launch space vehicles from the moon or space
platforms, they will be unable to avoid consideration of the earth's atmospheric influence. As a
result, considerable effort is necessary to maintain an awareness of vehicle design techniques

and test needs, and thereby provide the required
atmospheric information. It is the purpose of
this paper to describe briefly the role of meteorology in the development of the larger space
vehicles. The paper will concern itself with four
major topics:

1 Presented
at the Fourth Conference on Applied
Meteorology, Hampton, Va., 10-14 September 1962.

(1) Requirements for space vehicle design and
test evaluation,
(2) Analytical procedures for data presentation,
(3) Areas influenced by meteorology,
(4) Examples of influence of meteorology.
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TO some, this may provide an insight into an
area of application previously unknown, whereas
for others the topics covered will perhaps be
common knowledge.
2. Requirements for space vehicle design and
test evaluation

Requirements for the applied meteorologist.
The basic objective of an applied meteorologist is
to interpret and present information on the dynamics and behavior of the atmosphere in such
a manner that the interpretations can be employed
by engineers and design personnel to make decisions. This does not preclude the basic research
or general type of atmospheric data analysis and
interpretations. However, it must be realized
that one of the main measures of the applied
meteorologist's value is the ability of engineers
and design personnel to understand his work in
terms of their needs. This frequently can be
accomplished only by a close working relationship
(team effort) with the appropriate design groups
in an organization.
Another point of importance concerns the
applied meteorologist as a member of the space
vehicle development team.
He must have a
position in the organizational structure such that
he is able to exert a definite influence and control
over the environmental input used in the space
vehicle design and flight evaluation programs.
The making of suggestions is not adequate unless
the machinery exists to insure incorporation of
these suggestions into the official vehicle developmental cycle. This helps insure that similar basic
inputs or design criteria guidelines are employed
by all programs whereby reliable comparisons of
results may be obtained.
Applied meteorology is often integrated within
an organization under different titles. In N A S A
Marshall Space Flight Center, with regard to the
AGENA, SATURN, RIFT, N O V A , and other
assigned vehicle development programs, this is
considered part of the natural environment. The
natural environment work includes responsibility
for the atmospheric parameter definitions and
measurements required from preliminary design
through flight evaluation. Obviously, we cannot
hope to encompass this large area without the
whole-hearted support and cooperation of other
government agencies and private organizations.
Data requirements for vehicle design and flight
evaluation. To determine requirements, from an
atmospheric or meteorological viewpoint, it is
necessary to be familiar with the organization's
design philosophy. Unfortunately, this familiari-
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zation cannot be acquired from reports, but
rather it results from working with the design
groups in an organization.
To establish most natural environmental or
atmospheric design data, it is necessary to resort
to statistical methods. In doing so, several rather
important areas must be defined. They are : (1)
basic reference period, (2) acceptable confidence
level for design or launch of the vehicle, and (3)
method(s) of data presentation. It should be
noted that for the development of space vehicles or
spacecraft in contrast with the military missile
development, a slightly different position is taken
with regard to design. For tactical missiles, the
design is subject to military mission requirements
that demand a continuous operational capability
(subject to an acceptable loss probability) at
various locations. However, civilian space vehicles are generally independent of this type requirement and launch delays can be tolerated.
Therefore, the design for space vehicle operational
capability is stated with respect to some acceptable launch delay probability. For certain projects
this difference in philosophy may produce relatively large differences in design requirements.
It is possible to establish general data requirements within certain limits, for both vehicle
design and flight evaluation.
However, data
requirements for design are frequently a matter of
judgement in early stages of the development
cycle. As one approaches the actual test phase
of the project, data requirements can often be
made more specific. If sufficient atmospheric data
are not available to establish design criteria, it
may not be possible to develop measuring systems
in time to provide the data for a particular project.
The fact that these data are not available may not
be too serious since inaccuracies in other design
factors such as aerodynamic coefficients, control
and stability parameters, etc., may, in some cases,
be even more significant. The specific influence
of each of these factors on the design of space
vehicles often cannot be determined. Therefore,
it is not possible to say, for example, that, "if we
do not get wind measurements of two meters per
second accuracy but three meters per second
accuracy, it will cost so many million dollars more,
plus so many more development vehicles launched,
to establish the control system for use on the
operational launch vehicle."
The development of any particular vehicle cannot be delayed until all desired specific design
data are available. As a result, one is required
to utilize the best available empirical data, as
well as theoretical considerations, to establish pre-
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liminary design specifications. Immediately upon
the inception of a new vehicle design, efforts are
made to establish preliminary design data. This
is done with the hope that there will be sufficient
data available, before the final design of the vehicle
is completed, to adjust or otherwise modify the
design based on preliminary design estimations.
In outline form Table 1 illustrates ten typical
atmospheric measurement requirements for prelaunch monitorship and post-flight evaluation.
Measuring systems are presented in the second
column, atmospheric parameters in the third, observational periods in the fourth, and locations of
measurements in the fifth. The necessary instrumentation or engineering capabilities exist to
meet the atmospheric measurement requirements

with the exception of the measurements along the
vehicle flight path (Data Group I X ) . Even here,
some progress has been made through use of onboard vehicle measurements. Wind and ambient
pressure measurements have been obtained from
the vehicle telemetered records. This does not
imply that improvements in atmospheric measurements over the present status should not be pursued. In fact, in this simple listing, there are
five different measuring techniques necessary to
obtain the required wind data in the free atmosphere. This is certainly indicative of the limitations of the wind measuring systems.
Another area for engineering improvements is
the timely acquisition, evaluation and communication of atmospheric data to meet the require-

TABLE 1. Principal atmospheric measurements required for large space vehicles (SATURN, etc.).

Data groups

Data sources

Atmospheric parameters

Observational
periods

Locations of
measurements

Surface
measurements

Wind
Temperature
Pressure
etc.

T - 180
to
T -f 5 min

Launch pad

Visual
observations

Clouds
Weather phenomena
etc.

T - 180
to
T + 5 min

Launch pad

III

Meteorological
tower

Wind
Temperature
Pressure

T - 180
to
T + 5 min

Near launch
pad

IV

Rawinsonde

Wind
Temperature
Pressure
Humidity

F - 3 day
to
T - 0
Post T - 0

Near launch
complex and
impact

Spherical
balloon
radar

Wind
Detail wind shear

T -

Near launch
complex

Double
theodolite

Wind

T - 0

Near launch
complex

VII

Rocketsonde

Wind

F — 2 day
to
T - 0

Near launch
complex and
impact

VIII

Exhaust and
vapor trail
measurements

Wind
Detail wind shear

T - 0

Along flight
path

IX

Measurements
along flight
path

Wind
Temperature
Pressure
Humidity

T — 6 hrs
T - 0

Vehicle
flight path

Ionosonde

Electron density

T - 0

Near launch
complex

I

II

V

VI

X

12 hrs
to

T - 0
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ments for support of space vehicle tests. Closely
associated with these improvements is a need for
basic research to improve the analytical techniques
for the evaluation of atmospheric measurements.
This could be accomplished by more effective use
of high speed electronic computers. The computer
evaluation of atmospheric measurements offers an
opportunity for improved data reduction and
dissemination which has been only partially
explored.
3. Analytical procedures for data presentation

There are many analytical procedures used to
present the design and flight evaluation environmental data. Paramount in this area are the
statistical techniques and methods for analytical
presentations. Foremost is the necessity for these
presentations to be in such a form that the design
or engineering personnel are able to understand
clearly and utilize the resulting product.
There are two primary requisites for providing
usable data: (1) reliability of the instrumentation
used to obtain measurements, and (2) data reduction and statistical analyses that are used to
define the actual end product or final design
value. The latter can be extremely important,
and in some cases, takes precedence over the
basic instrumentation measurement accuracy in
terms of the physical parameter measurement
representativeness.
Confidence in the data and the analytical procedures is also a most important factor. Unfortunately, with the limited amount of environmental
data in certain areas available at this time, it is
extremely difficult to establish a confidence figure.
The applied meteorologist is required to make a
professional judgement and to establish, for the
design and engineering personnel, values of atmospheric parameters to be employed.
4. Areas influenced by

meteorology

The predesign and mission analysis programs
consist of those areas necessary for the anticipation
of data requirements and analyses to establish
design data for future vehicles. The establishment
and employment of atmospheric design data to
enable decisions for control, structure, and ground
support equipment, is quite important. In many
cases as a member of the developmental team, the
applied meteorologist is able to present the atmospheric data in such a fashion that trade-offs can
be made on the various portions of the vehicle
system which are influenced by the atmosphere.
For example, it may be desirable to reduce the
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design confidence level for winds in order to
increase payload capability.
Another influence on the program from the
design monitoring agencies' viewpoint, is that of
the contractors for the various vehicle stages.
This influence varies according to the particular
government agency monitoring the program. In
the NASA-Marshall Space Flight Center philosophy, the natural environmental data are normally
defined for the particular contractor on the system involved. If these data are not adequate after
design studies have commenced, the contractor
then places a request with the appropriate project
office or makes a suggestion or recommendation
as to what natural environmental data should be
employed. In this manner, a degree of success
has been attained in keeping all the various contractors utilizing the same basic and coordinated
atmospheric data inputs.
At the next crucial stage, the preflight monitorship program provides the applied meteorologist
an important association in the so-called "go
no-go" decisions. Usually one of the limiting
conditions for the flight of the vehicle is the
limitation of the structural and/or control design
due to in-flight winds in the high dynamic pressure
region. This is the case since the aerodynamic
loads imposed by winds in the high dynamic pressure region (near the jet stream altitude) are quite
large, and frequently a vehicle not intended for
a particular space mission application can be
utilized by restricting its launch to certain wind
conditions. This is true on some occasions for
ground winds. There are many factors which
must be considered in making the decision to
launch. The applied meteorologist plays an important part by working with launch personnel
to interpret wind predictions (statistical or otherwise) as well as the measured preflight wind
data, and by making recommendations to the test
conductor.
The flight evaluation is critical to the development. This aspect specifically involves requirements for data observed or measured at the time
the vehicle is launched. The applied meteorologist
is an integral member of the flight evaluation team,
since he has responsibility for the interpretation of
the atmospheric influence on the vehicle.
5. Examples of influence of meteorology

There are many different examples of the influence of meteorology on the development cycle
of a space vehicle or spacecraft. Some of these
are: (1) the preparation and launch of the
vehicle, (2) powered flight aspect of the program,
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(3) separation of stages, (4) orbital operations,
(5) re-entry problems, and (6) sound propagation. There is also the pre-launch monitorship or
prediction effects on the determination of whether
to postpone a particular launch. This is particularly important for manned launch programs if the
space vehicle or spacecraft is environmentally
launch restricted. Probably, one of the easiest
ways to illustrate the influence of the atmosphere
is to consider the wind effects upon the vehicle.
The following comments will discuss this for
the ground conditions, inflight, and stage separation portions of the flight trajectory.
Ground wind versus in-flight winds. A space
vehicle erected on the launch pad will experience
a wind field that changes rapidly along the vehicle
as well as in time. The change in the mean wind

FIG. 1.
Selected configuration of S A T U R N C-5
(height—350 ft, first stage diameter—396 inches) ; Relative bending moment due to in-flight and ground wind
loads as function of vehicle station.
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speed along the vehicle defines the wind speed
profile, which is normally represented by some
appropriate mathematical equation.
The low
level wind speed profile can be important in
establishing structural design requirements as
shown in Fig. 1. This figure illustrates the relative bending moment curves produced by ground
winds and in-flight winds for one configuration
of the SATURN C-5 vehicle. It can be seen
that the bending moments near the base of the
vehicle produced by ground winds are larger than
those caused by in-flight winds.
Therefore,
ground winds are more important in establishing
structural design requirements for this area of
the vehicle. The peak wind speed profile employed in calculating bending moment due to
ground winds is represented by the power law
profile. It is the applied meteorologist's job to
specify the velocity profile and associated gust
characteristics used as design criteria.
There are numerous other applications of
ground winds in the development and testing of
space vehicles. Some of these are: (1) Lift-off
motion studies, (2) design of support structures,
and (3) motions of vehicle which might affect an
astronaut before launch.
In-flight winds. With increasing size of space
vehicles, there is an increased need for a knowledge of the wind conditions during the ascending
flight. This may appear unusual since the ratio
of aerodynamic to inertia forces tends to decrease
with increase in size of the space vehicle.
For unwinged configurations such as the
SATURN C-5 or advanced SATURN, they present a serious problem. The effects of wind upon
the ascending vehicle are, primarily:
(1) Drift of the vehicle from a standard flight
path;
(2) Steady and quasi-steady loads exerted
upon the structure through primary aerodynamic lift forces;
(3) Loads exerted upon the fuselage from
control deflections in response to wind
inputs;
(4) Vibratory loads created through excitation
of structural modes and sloshing resonance
in the tanks;
(5) Vibratory deflections of control system, in
response to the phenomena under Item No.
4, if there is a feedback mode with unsatisfactory damping.
The most severe of these are items 2 and 3, the
limitation of the required control deflections to
reasonable values in the presence of wind.
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As can be seen by the bending moment curves
in Fig. 1, in-flight winds establish structural requirements for most of the vehicle. The bending
moment curve for in-flight conditions is based on
the statistical wind speed profile and shear data
of the type shown in Figs. 2-5. Recent measurements made by FPS-16 radar/spherical balloon,
smoke trail photographic techniques, and on-board
vehicle angle of attack instrumentation have shown
earlier gust assumptions may not be adequate for
design purposes. Well defined layers of increased
wind speeds called "embedded jets/' and sudden
increases in wind speeds called "singularities"
have been measured. When these phenomena
occur they override the normal turbulence or gust
assumptions in terms of structural and control
requirements. Therefore, the embedded jets and
singularities supplement the normal turbulence or
gust assumptions in design criteria. This is done
by superposition of a quasi-square-wave function
on the wind speed profile as shown in Fig. 5.
Large space vehicles, such as the SATURN, are
sensitive to even small-scale in-flight wind variations. It was not until recently that reasonably
accurate and detailed wind profile measurements
became available. Analyses have shown the importance of detailed wind measurements in determining vehicle control and structural requirements.
The product of angle of attack and dynamic pressure, aq, which is proportional to bending moment,
and engine deflection, /3, have been computed for
the quasi-steady-state wind speed profiles as measured by the rawinsonde system and corresponding
detailed wind speed profiles measured by on-board
vehicle instrumentation. Curves of f3 and aq resulting from the detailed wind speed profile show
similar average characteristics but larger dispersion and considerably higher peaks than the curves
resulting from the quasi-steady-state profile.
Therefore, the vehicle must be designed to accommodate wind peaks in addition to those shown
by the quasi-steady-state rawinsonde statistical
wind profiles. Larger quantities of detailed wind
data are needed to establish firmly these design
criteria.
Stage separation winds. During stage separation, after the space vehicle booster has shut down,
the vehicle is usually at a relatively high altitude
(60 to 90 km), and the dynamic pressure is
substantially reduced (approximately 1/50) below the maximum dynamic pressure. However,
it is still large enough to cause aerodynamic forces
which may be dangerous during separation when
control is lost temporarily. There are indications
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FIG. 2. Ninety-five and ninety-nine per cent probabilityof-occurrence wind speed profile envelopes for Cape
Canaveral, Fla.

FIG. 3. Ninety-nine per cent probability-of-occurrence
vertical wind shear spectrum as function of altitude and
scale-of-distance for association with the ninety-five and
ninety-nine per cent wind speed profile envelope for Cape
Canaveral, Fla.
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FIG. 5. Relationship between established gusts and/or
embedded jet characteristics (quasi-square-wave shape)
and the idealized wind speed (quasi-steady-state) profile
envelope.

6. Concluding comments

FIG. 4. Examples of synthetic wind profiles based on
ninety-nine per cent wind build-up rates to be associated
with the ninety-five per cent probability wind speed profile
envelope at 6, 12, 18, and 24 km altitudes.

that wind and wind shear values at these altitudes
are substantially above those in the jet stream
(10 to 14 km altitude region). As a result, for
certain configurations, fire in the hole or ignition
shortly after separation may be required of the
second stage in order to prevent tumbling of the
vehicle.

In this paper, we have endeavored to present a
rather broad view of some of the areas of influence
and problems encountered by an applied meteorologist in the development programs for the large
space vehicles. In particular, a few examples have
been given to illustrate their impact or importance
in the development program which involves many
different disciplines and program activities. W e
have not attempted to cover all points which are
of importance.
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