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Abstract
Meteorological and oceanographic education in observational techniques and the relationship to national facilities' needs are reviewed.
The significance of measurement science and its relationship to
national capabilities are examined. Opportunities for the enhancement of national capabilities related to the application of measurement science to meteorology and oceanography are identified and
recommendations for action are presented.

1. Introduction
Atmospheric science has traditionally relied upon
observation, analysis, and modeling, mathematical
and physical, of geophysical phenomena whose spatial and temporal scales extend from molecular to
global. Regardless of the particular scale, our understanding of both specific atmospheric phenomena
and of the atmosphere globally as a complicated, inherently nonlinear dynamical system has been built on
a foundation of observations. Historically, many of the
essential measurements have been relatively simple,
but manifold and geographically dispersed. Measurements today are often highly specialized and may
even be unique to individual systems, such as a particular satellite or a limited network of sophisticated,
surface-based remote sensors. Over the years a
critical gap has developed between the observational
capabilities of most universities and the advanced
observing systems available in a few institutions. This
gap is further compounded by the procurement of
next-generation operational systems by the federal
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agencies, systems with which the universities are generally unfamiliar with respect to their measurement
capabilities, limitations, and theories of operation. The
definition and bridging of this gap is the subject of this
Study on Observational Systems (SOS) Committee
Report.
During the last fifty years, in particular, progress
and productivity in the atmospheric sciences have
been inextricably dependent upon the technical development and capabilities of diverse observational systems and digital computers. Before that, surface observations of meteorological parameters were used,
for example, in the pioneering work that led to definition of the polar-front cyclone model by the Bergen
School following World War I. Since the 1930s radiosondes have provided measurements of temperature, humidity, and winds aloft. Operational radiosonde
(raob) network data continue to provide the basis for
most synoptic-scale weather analyses and forecasts.
Since their initial application during World War II,
radars, and today radar networks, have become one
of the primary tools for local-to-mesoscale analysis
and for forecasting the development and movement of
precipitation and severe storms. Meteorological satellites and automatic surface-based systems provide
observations of high resolution in space and time.
Currently, the nation's federal weather services are
collaborating to replace the outdated radar network
with the next generation Doppler weather radar
(NEXRAD) and to develop and deploy the Automated
Surface Observing System (ASOS). In addition, NOAA
has made a significant investment in a demonstration
network of about 30 UHF Doppler wind profilers. Nextgeneration geostationary satellites are under construction, and major improvements in the near-polar
orbiting satellites are planned. Federal weather agencies are also developing advanced information proc-
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essing and display systems. The federal investment in
these highly sophisticated and data-rich systems will
be more than $1 billion.
Development since the late 1940s and the scale
and speed of digital computers that are now in use for
basic research and operational numerical weather
analysis and forecasting have probably eclipsed, by
orders of magnitude, Von Neumann's wildest dreams.
But as computers and models, and the communication of weather information to the public have improved, so have the professional and public expectations of what constitutes satisfactory performance.
Mesoscale weather-produced disruptions in highly
populated areas often produce damage in the tens to
hundreds of millions of dollars for single storm events.
Predicting the occurrence of hurricanes is no longer
sufficient; a prediction is now expected to include
precise specification of the landfall, maximum winds
and storm surges, and regions and extent of flooding.
The importance of forecasting very small-scale events
such as microbursts and downbursts is a newly recognized requirement and clearly illustrates the need for
increased precision and accuracy with respect to
spatial location and intensity.
Severe storms are not the only local and regional
environmental problems that place demands on atmospheric observing systems and scientists. Data
from lightning detection networks are used to mitigate
the potential impact of forest fires. Urban, regional, industrial, and governmental (local, state, and national)
networks of air pollution monitors are used to study the
environmental impact of acidic (hydrometer, particulate, and gaseous) deposition. Research studies also
require measurements of oxidants, hydrocarbons,
aldehydes and ketones, various sulfur species, nitrates, and a number of organohalogen and organoperoxy compounds. Problems of hydrological interest
range from river flood and reservoir, and ground water
analyses to forecasting weekend rain at the beach or
powder snow in the ski areas. Safe and efficient
operation of aircraft, and launch/recovery of space
vehicles is increasingly dependent upon accurate and
detailed weather information. Department of Defenserelated needs for meteorological measurements and
services range from highly sophisticated micrometeorological and near-space measurements for individual research laboratories to naval mesoscale, fleetscale, weather forecasts, and continuous global
weather coverage, as is required for diverse strategic
defense operations.
Finally, but also of the greatest potential importance to mankind, the perspective and global coverage afforded by satellite-borne sophisticated remote
sensing systems have profoundly and irreversibly
altered our view of and concern for the fragile earth on
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which we live. The U.S. Global Change Research
Program Our Changing Planet (CES 1990) clearly
demonstrates the scientific community's concern about
human impact on local and global environments and
outlines what must be done scientifically, economically, and politically if we are to understand and
effectively address major environmental problems.
The observational systems required to support earth
system science will be some of the most sophisticated
data-producing platforms ever constructed. Some of
the required measurements will include greatly improved definition of cloud types, variability and temperatures, monitoring at specific altitudes of greenhouse gases such as carbon dioxide, methane, and
ozone, determination of the fluxes of energy, moist
and thermal, between the ocean and the atmosphere,
and estimation of energy storage and transport in
major ocean basins. Whether or not, or to what extent,
the planned stream of data will become useful information will depend not only upon data processing and
communications technology but also on whether or
not a sufficient cadre of scientists is available to intelligently interpret and apply the new database to furthering our understanding of the highly complex earth
system.
It is the perceived scientific personpower problem
that has motivated preparation of this report. As our introductory comments suggest, never before have the
available and planned technological tools for performing environmental measurements and analysis been
better. But in spite of outstanding opportunities and
challenges, it appears that a situation of serious consequences has been developing in our universities
and research laboratories.
Whether or not this situation has developed as a
consequence of intent or neglect is today of little
importance. What is of great concern is that a serious
imbalance appears to have developed between the
observational and theoretical/numerical components
of the atmospheric sciences. A few atmospheric scientists, particularly in the field of remote-sensing research, have been concerned about this problem for
some time. It is now also clear that many other
scientists have at least suspected its existence.
However, its nature had not been sufficiently defined
for persons in the latter group to initiate personal
action.
The formation of the SOS Committee and the
resulting preparation of this report are the consequence of two meetings. At the second, the Sixth
Meeting of the heads and chairmen of Departments of
Atmospheric Sciences held on 13-14 October 1988 at
NCAR, Boulder, Colorado (Takle 1989), the resolution
leading to the appointment of this committee was
adopted. This resolution was unanimously approved
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because of the attendees' concern about the issues
raised.
Some of the specific questions which were discussed at the NCAR meeting had been raised earlier
by a panel that had been convened for the Battan
Memorial 40th Anniversary Radar Meteorology Conference. The organization of this panel had been
stimulated by concerns regarding facilities for and
training of personnel in radar meteorology. Its report,
as well as a companion paper (Kessler 1989), was
recently published in the Bulletin of the American
Meteorological Society (Atlas et al. 1989).
The problem and the challenge
What are some of the factors contributing to the
community's perception that an imbalance exists
between the observational and theoretical/numerical
components of the atmospheric sciences?
• The time constant for significant upgrading/replacement of national center and individual university
computer facilities, of which the atmospheric sciences
are prime users, appears to be about three to five
years; for major observational systems that is one to
two decades. In fact, few of the latter are ever upgraded as, more frequently than not, they are obsolete
long before they are replaced.
• Few universities appear to have "accreditation quality" courses in atmospheric observations or measurements. Fewer still have a critical mass of observation/
measurements-oriented faculty; and even fewer have
modern remote sensing or adequate laboratory facilities. With the exception of only a few universities, the
infrastructure in academia essential to teach state-ofthe-art measurements technology is either lacking or
out of date.
• In spite of excellent employment opportunities, few
students in the atmospheric sciences elect to focus
their undergraduate or graduate studies toward those
aspects of the science that require some additional
special training in physics, chemistry, or engineering.
• There is a perception in the community that the
National Science Foundation has not adequately
funded observation-oriented university research and
development. Concern was expressed to the committee that high-quality measurements or systems-oriented proposals were less likely to receive favorable
reviews than theoretical or modeling proposals. If
some proposals are being downgraded because instrumentation development is regarded by some reviewers to be outside of mainstream science, then
these concerns do need to be addressed by the NSF.
• Academic expectations of faculty productivity and
requirements for university promotion and tenure seem
to be discouraging both junior and senior faculty from
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pursuing measurements-oriented/dependent research. The time scale, typically three to six years, associated with performing, analyzing, and publishing
environmental measurements, particularly if a unique
instrument is needed for the research, exceeds that
normally associated with critical academic career decisions.
• Because university research resources have been
severely limited and so few scientists have been
trained during the last 10 to 15 years in remote
sensing, a serious problem with developing systems
and processing and interpreting remotely sensed data
appears to be emerging.
Sections 2, 3, and 4 of this report include further
discussion of each of the above points as well as many
others. The report also includes a synopsis of surveys
conducted on educational programs and facilities.
Forty-eight universities throughout the United States
and Canada responded to the committee's request for
specific information, and 29 key persons in the community were interviewed personally.
What are some of the broad and specific issues
regarding the role of measurement science in the
broader community of atmospheric sciences? It appears that the national investment in measurement
technology in the next decade will exceed that of the
past by at least an order of magnitude. The resulting
available information has the potential to exceed all
the environmental data accumulated prior to 1990.
Some of the specific ongoing and planned programs
and experiments that are critically dependent upon
observational systems and data include:
Atmospheric Radiation Measurements Program
(ARM)
Earth Radiation Budget Experiment (ERBE)
Global Atmospheric Gases Experiment (GAGE)
Global Tropospheric Chemistry Program (GTCP)
Stratospheric Aerosol and Gas Experiment (SAGE)
International Geosphere-Biosphere Programme
(IGBP)
World Climate Research Programme (WCRP)
World Ocean Circulation Experiment (WOCE)
Tropical Ocean Global Atmosphere Programme
(TOGA)
TOGA Coupled Ocean Atmosphere Response
Experiment (TOGA-COARE)
Joint Global Ocean Flux Study (JGOFS)
Global Energy and Water Cycle Experiment
(GEWEX)
International Satellite Cloud Climatology Project
(ISCCP)
International Satellite Land-Surface Climatology
Project (ISLSCP)
Stormscale Operational and Research Meteorology
Program (STORM)
Most of these programs are heavily dependent
upon information that is to be derived from remote
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sensing systems. Interpretation and application of
data from remote sensors requires substantially more
training in physics and applied mathematics than does
work with the traditional in situ measurements, for
many of the interpretation problems require an indepth understanding of radiative transfer and inverse
methods. Members of this committee agree unanimously that the training of students in atmospheric
physics, chemistry, and measurements (in situ and
remote sensing) technology must include "hands-on"
laboratory experience. But neither sufficient faculty
nor facilities presently exist in the universities, and the
few national laboratories with expertise and facilities
cannot effectively compensate for these deficiencies.
Consequently, few students are being trained in precisely the areas that will require scientific leadership
and will be critical to the success of the programs such
as those listed above.
A second measurements-related area of increasing concern is that of "signal processing." Many atmospheric phenomena are inherently dynamically
and structurally nonlinear. Thus, simple spatial ortemporal averaging of data time series will produce erroneous measures and interpretations. In the future students will require a better basic understanding of nonlinear phenomena, time series analysis and statistical
methods, and the concepts of system transfer functions and adaptive filters than is presently available to
students of the atmospheric sciences and meteorology.
The potential costs associated with continuing to
neglect problems in manpower, facilities, and education could be significant. One does not have to look far
in the literature to find examples of extensive use of
erroneous measurements or erroneous conclusions
having been made from improperly processed observations. For example, it was not until seventeen years
after potential problems were first noted by Bunker
(1953) that Morrissey and Brousaides (1970) reported
a careful series of intercomparison measurements
that clearly defined the magnitude of radiatively induced temperature errors in radiosonde humidity
measurements. Now, yet another two decades later,
reference is still often made to overestimates of moisture at low (<2Q%) humidities by the radiosonde sensors currently in use. The cost of establishing the
characteristics of these potential errors for operational
sounding purposes may not be justifiable. However,
we may someday wish that this measurement problem had been solved because of its potential importance for defining the characteristics of radiative or
chemical environments at high altitudes.
It has also been known for several decades that the
instruments that are widely used for solar and infrared
radiation measurements do not perform adequately
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for climatic monitoring purposes. At the same time that
substantial resources have been allocated to monitoring radiation with satellites, it appears that the critical
analysis of measurement errors in the widely deployed surface sensors has received inadequate attention. If the atmospheric sciences community had
placed a higher priority on the acquisition of radiation
measurements, perhaps radiation data of duration
and quality comparable to the Mauna Loa C0 2 time
series (Keeling et al. 1988) would be available today.
Unfortunately, the list of specific outstanding measurement problems that should be receiving more
attention is considerable. Examples include:
• rainfall estimates from surface-based radars, satellite-borne radars, and satellite-borne passive sensing
systems;
• relationships among cloud microphysics, dynamics,
and radiation;
• estimation of areally averaged temperature (as well
as other variables) trends;
• measurement of surface fluxes of trace species;
• remote sensing for measuring profiles of trace species;
• surface measurements of winds over the ocean and
relationships to surface stress and sea state;
• evaluation of biases resulting from nonlinear spatial
or temporal averaging.
These and many other important observational
problems face the community as it undertakes the
challenges presented in the area of global change. Effective scientific progress demands balanced educational and research programs that give appropriate
emphasis to theoretical work, to numerical modeling,
and to observations. It is this committee's belief that
observational issues identified in this report deserve
the immediate attention of universities, national laboratories, national centers, and the funding agencies.

2. Community views and opinions
a. Survey of universities
In April of 1989 a survey was mailed to all colleges and
universities in the United States and Canada that offer
degrees in atmospheric, oceanic, or closely related
sciences. Ninety-one colleges and universities listed
in the AMS Curricula in the Atmospheric, Oceanic, and
Related Sciences-1988 were sent copies of the survey, with a cover letter describing its purpose. Fortyeight surveys were completed and returned. Forty-five
universities are known to have responded to the
survey. Three responses were not identifiable with a
particular university. The following analysis is based
on responses from these forty-eight colleges and
universities.
Vol. 72, No. 6, June 1991
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Degrees issued and major
instructional
components. The degrees offered were as follows:
B.S./B.A. (7); B.S. and M.S. (3); B.S., M.S., and Ph.D.
(25); M.S. and Ph.D. only (13). The responding departments classified their major instructional components as follows: meteorology/atmospheric science
(28); oceanography (9); atmospheric chemistry (7);
other (e.g., physics, geography, agronomy) (15). These
divisions allowed for analysis of responses under a
variety of stratifications. It is worthwhile mentioning
that the 48 respondents listed 59 disciplinary instructional components.
Course offerings related to instrumentation and
observations. Most (but not all) universities reported
offering courses in instruments or atmospheric technology, but successively less course work is available
in atmospheric remote sensing, atmospheric observations, atmospheric chemistry, oceanographic observations, and oceanographic remote sensing. Of the 30
departments having a major focus on meteorology or
atmospheric science, five reported having no courses
on instruments or technology and the remainder were
about evenly divided on whether their courses are
elective or required at the undergraduate level. Less
than 20% of the graduate meteorology programs
require a course in atmospheric instruments or technology, although another 30% have elective offerings
at this level. About the same number of universities
have graduate course requirements in atmospheric
observations, instruments, or technology, but the
number of electives in this area is much lower. Remote
sensing is required in only 4 of 30 meteorology departments, although over half offer electives on this topic.
About two-thirds of all programs offer a course in
atmospheric chemistry, but such a course rarely is
required. Generally, both remote sensing and atmospheric chemistry are offered at the graduate level only.
Oceanographic observations or remote sensing are
available in only about 10% of the meteorology programs.
Faculty research interests and teaching responsibilities in measurement technology or observations. Undergraduate institutions responded that air
pollution, micrometeorology, applications of network
data, and in situ measurements were the areas most
frequently covered. Research institutions reported
that in situ measurements, satellite-based remote
sensing, and end-product satellite data use predominate. Oceanographic measurements were covered at
less than one-third of the responding graduate programs and at none of the undergraduate programs.
Faculty with research or teaching interests in atmospheric chemistry were notably absent at undergraduate institutions.
Departmental budgets for instruction in instru-
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mentation. Less than one-third of all programs (and
only one-fourth of meteorology programs) have a line
item in their departmental budget for an observational
course and associated instrumentation, and most of
those responding affirmatively were from research institutions. Although the sample is small, the group of
universities considered as "combined graduate programs" (e.g., together with physics, geography, agronomy, or combined meteorology/oceanography, etc.)
was the only category that reported a majority having
a line item for instrumentation.
Measurements-related research component
Only two-thirds of the responding graduate programs
considered a measurements-related research component to be important or absolutely essential for
granting graduate degrees. This response seems
consistent with a predominance of elective over required courses in this area as indicated in a prior
question.
Self-evaluation of course offerings. Sixty percent of
all respondents judged their instrumentation/observations course offerings to be less than adequate, 7%
rated themselves as superior, and the rest considered
their offering adequate. These percentages are essentially the same for meteorology programs. Only
programs whose major emphasis was described as
"other" (i.e., not specifically atmospheric, oceanic, or
atmospheric chemistry) had a majority that considered their course offerings adequate. Except for the
combined programs, peer support also is considered
inadequate across the various stratifications.
Availability of teaching resources. Over 50% of
all institutions reported inadequate resources; only
two reported superior resources available for teaching. Physical facilities drew an even higher percentage
(about 65%) of responses in the "inadequate" category. Sixteen percent evaluated their physical facilities as superior.
Perceived problems with the instrumentation/
observations program. Table 1 lists the types of
problems perceived in the instrumentation/observation programs. Student interest is not the predominant
factor, although over 40% consider it to be at least a
minor factor. Over 70% of respondents considered
students' native ability with hardware to be at least a
minor factor. These responses are common to both
graduate and undergraduate programs. Access to
modern instruments and lack of funding for laboratory
equipment are considered by most universities to be
major problems. Undergraduate institutions report
this more strongly than graduate programs. The only
programs not considering access to modern equipment as a major problem are those described as
"other" (e.g., not meteorology or oceanography), and
even these consider access at least a minor problem.
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University responses to the following question: "If you feel
that there are problems in the instrumentation/observation part of
your academic program, what is the nature of the problem?"
TABLE

1.

Severity Index
Not a
factor

Minor

a) Student interest

24

12

6

b) Student's native ability (with hardware)

12

19

11

c) Access to modern instruments

3

13

27

d) Funding for lab equipment

2

12

29

e) Lack of time for course development

8

17

14

f) Training and updating of faculty

15

16

11

g) Lack of recognition for faculty effort

17

15

9

7

22

12

h) Lack of university/
department laboratory space

Major

Course development time. Lack of time for cou rse
development is considered a major problem at research universities, but even at four-year schools, it is
considered at least a minor problem. Training and
upgrading of faculty is considered to be a more serious
issue at undergraduate schools. Faculty recognition
for work in instrumentation and observation is more
likely to be a problem at graduate institutions, where
25% consider this a minor problem and another 25%
consider it a major problem. Undergraduate schools
mostly consider this a minor problem. Laboratory
space is uniformly considered a problem, apparently
more acute at undergraduate schools.
Course content. The respondents generally report that state variables, winds and turbulence, radiation, data processing and analysis, representativeness, and statistical analysis are covered in lecture/
laboratory courses, but that measurements involving
aerosol, cloud physics, air chemistry, radar, and lidar
are either not covered or are done only in research
laboratories. Oceanographic measurements are not
widely used in laboratory courses.
Availability of information for state-of-the-art
systems and technologies. A slight majority of graduate programs report that adequate information is available for state-of-the-art systems and technologies
(e.g., NEXRAD, UN I DATA, ASOS, profilers, EOS),
but undergraduate institutions overwhelmingly lack
such materials. When asked to list the most pressing
needs, undergraduate programs listed (in descending
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order of importance) equipment/facilities, knowledge/
training, and more/better faculty and staff. Graduate
institutions list equipment, funding, and teaching
materials in order of most importance. By a 10-to-1
margin, both undergraduate and graduate programs
favor close collaboration with NCAR or other national
laboratories in instrument development. Ninety percent of the graduate universities use observational
research facilities at national laboratories, but less
than 40% of undergraduate schools collaborate with
national laboratories.
Centers of excellence. A suggestion to establish
multidisciplinary centers of excellence at a few universities for sophisticated hardware such as radars was
affirmed by about 45%, rejected by 15%, with the
remainder not having definite opinions. Eighty percent
(100% of four-year institutions) favored more effort by
UCAR to develop short courses and/or transportable
teaching aids in the areas of observations and instrumentation.
Interpreting and using routine data. Faculty at
undergraduate programs report a lack of information
for interpreting and using routine data from operational services; this issue is not such a critical problem
at graduate institutions. But the majority of all institutions expressed concern that inadequate guidance is
given to students to take account of measurement and
sampling limitations inherent in routine data.
General opinion. There is overwhelming agreement (as there was with the heads and chairs) that inadequate attention is given to instrumentation and observations.
b. Personal interviews
After the university survey was summarized and
analyzed by the committee, a copy of the survey
summary was sent to the people interviewed by the
committee with a request to review the results. In
follow-up phone conversations, these interviewees
were asked for their opinions on the status of instrumentation and observations in the atmospheric and
oceanic sciences. The comments and suggestions of
the interviewees were discussed by the committee
and have contributed to the overall tone of this report
and, in many cases, to specific conclusions and recommendations. While there was a considerable degree of agreement with the written surveys, several
points raised deserve special mention.
The majority of those interviewed felt that deficiencies exist in educational opportunities in observational
studies and that the agencies (NSF, NASA, NOAA,
DOD, DOE, EPA) should be apprised of the seriousness of the problem and the breadth of concern within
the atmospheric sciences. Specialists in atmospheric
chemistry and oceanography acknowledged that
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observations probably receive greater emphasis in
their fields than in meteorology. But, these persons
were quite clear in stating their concerns that there is
an unsettling decline of interest in observational research in their fields as well.
One overriding theme that emerged from the interviews was that a comprehensive approach is needed
in our atmospheric science educational process. Our
objective should be to produce graduates at all levels
(B.S., M.S., Ph.D.) who have acquired the capacity to
translate data into knowledge. To achieve this objective, we need to expose the student to various devices
and methods that acquire and process the data that
constitute the meteorological and oceanographic
records. This component of the curriculum then should
be blended with the theoretical tools required to facilitate the creation of knowledge. A stronger coupling
and more balanced program will be achieved if each
individual course is viewed in terms of its relationship
to and interdependence with other courses in achieving the overall objective.
A logical result of this general philosophy was that
every degree-granting institution should have some
kind of observational program. It is, of course, impractical for all institutions to have all measurement systems, but the consensus that emerged was that all
institutions should have some measurement facilities
that are a part of the required training of all students.
The universities must take the lead in developing
comprehensive and balanced curricula, but there is a
variety of resources and opportunities within the larger
atmospheric science community that can contribute
toward this goal. Representatives of federal laboratories were in broad agreement that closer collaboration
between their laboratories and university faculty and
students was both desirable and mutually beneficial.
Results of the survey show concurrence on this issue
from the academic side, so there seems to be no
attitude impediment to promoting such collaboration.
Extra efforts should be made to engage university
faculty and students in major field programs. GATE
(the GARP Atlantic Tropical Experiment) is an example of a successful past program that provided an
intensive field experience for a number of students,
some of whom are now midcareer faculty members
who are in positions to pass these experiences on to
the present generation of students.
Centers of excellence at universities received cautious support. It was suggested that some interuniversity cooperative programs, perhaps organized on a
regional basis, would be desirable.
Publications and conferences of the American Meteorological Society might provide occasional materials for sessions having a strong educational slant. The
National Science Foundation should consider the
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educational impact of research funded under both
centers and grants programs, particularly as it relates
to training students in instrumentation and observations. Examples include timely decisions on funding
for major field programs, use of national facilities for
educational purposes, balancing funding between
theory and observations, modernization of national
laboratories, and possible support for student theses
and dissertation projects that involve measures and
data analysis in collaboration with non-NSF federal
laboratories.

3. Conclusions
a. University resources
Specific conclusions regarding the status of measurement-related education at the university and national
facility level were formulated from the survey responses and personal interviews. The basic problem
in providing university graduates with a broad understanding of observations and instruments can be
attributed to a lack of university resources. These
include a lack of teaching materials, laboratory and
field equipment, and faculty qualified and motivated
enough to develop the needed curricula and to teach
the appropriate courses. There is an urgent need for
up-to-date teaching materials and for student handson opportunities in support of these curricula.
1) CURRICULA
a) This nation's teaching institutions are, in general,
failing to produce graduates with sufficient knowledge
and technical background to adequately and immediately deal with observations produced by new and
emerging sensors. University curricula need to be
more comprehensive and oriented toward providing
skills in the translation of data into information. University graduates should have a breadth of understanding from the physics of the observational technique
through the geophysical data retrieval methodology to
the science applications.
b) A corollary conclusion is that very few universities are able to produce the specialists who will be responsible for designing, developing, implementing,
and exploiting the next generation of observing systems and who will thereby become the next generation
of faculty fully qualified to contribute to the continued
evolution of observing systems and the effective training of students in the field.
c) Atmospheric science departments strongly indicate that the content of their courses on instrumentation and observational methods is deficient as a result
of inadequate teaching resources, especially lack of
funding for laboratory equipment, and the lack of
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access to modern instruments. This may be because
meteorology and oceanography departments tend to
be smaller than some of the core departments (e.g.,
physics, chemistry, or engineering) and therefore have
fewer resources for laboratories and instruments.
However, there was a widespread consensus among
all departments that better, up-to-date teaching materials are urgently needed.
d) Curricula on observational technology and data
applications are largely unstructured. (The term "structured" is used here in the sense of forming a curriculum, or series of courses, leading to a broad understanding of all elements of observational science.)
This lack of structure is due to a variety of causes,
including the lack of faculty recognition of the need for
a structured curriculum dealing in the observational
sciences; the lack of faculty members interested in
and qualified for teaching the series of courses required; the lack of funds to support the laboratory and
data acquisition facilities and associated microcomputer systems needed to provide hands-on experience to the students; the limited number of interested
students; and the lack of teaching materials needed to
cover the breadth of courses required.
e) Courses on atmospheric observations and instruments need to be better integrated into atmospheric science and oceanography curricula. There is
a need for a generally accepted definition of the
content of these courses.
2) LABORATORIES AND EQUIPMENT
a) Observation- and measurement-related curricula are underfunded through direct institutional support. Often they have been limited to uncertain and
fluctuating support from external research sponsors.
External research funds are an important to absolutely
essential part of the measurement-related science
programs.
b) Physical facilities (access to modern instruments
and laboratory equipment, in particular) are a high
priority need of the universities and colleges. Rapid
developments in technology and associated modern
observing, processing, and telecommunications systems are making existing college and university facilities obsolete and more expensive to update and
support.
c) The establishment of multidisciplinary centers of
excellence has merit but must be approached with
caution. It was recognized that these would need to be
regionally distributed, require strong communication
between the centers and other institutions, and must
serve in an educational capacity with accessibility to
all. Complex systems require large capital expenditures, specialized facilities and support staff, and high
levels of expertise. Therefore, only a few universities
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can be supported to acquire and operate major observing facilities for research and teaching. It was
further recognized that these centers might have
adverse effects by creating haves and have-nots, by
concentrating an already small talent pool, and by
fostering an attitude of service work. High demands
are placed on university faculty who must manage a
large facility in addition to their other responsibilities.
Some institutions have created special, nonacademic
organizations to operate the major facilities.
3) EDUCATIONAL MATERIALS
a) Adequate, complete, and up-to-date teaching
materials were a high-priority need identified by the
universities and colleges. Textbooks, laboratory
guides, workbooks, experimental datasets, videos,
and educational software were suggested. Faculty
members lacked the time, recognition, and support
necessary to develop educational materials. At research universities, the time required to write proposals, conduct research, and publish scientific articles
competes for faculty time available for course development.
b) The information on new sensors and observational systems, required for courses and training laboratories, is difficult to find, access, and interpret. The
problem is especially acute in undergraduate institutions, even for routine operational data. Often the only
material available is in the form of operators' manuals,
containing needed information on how to operate a
piece of hardware, but failing to provide the underlying
physical principles behind the method.
b. National resources
During recent decades, the most important problems
in environmental science and services have demanded
observations of ever-increasing scope and complexity, temporal and spatial resolution, global coverage
(including oceans and areas with extreme and hostile
climates), and representation of the entire depths of
the ocean and atmosphere. In response, scientists
and engineers have devised correspondingly innovative and complex instruments and associated data
processing, storage, display, and communication
systems. These systems often are deployed using
specialized platforms such as orbiting satellites, rockets, manned and unmanned aircraft, ships, submarines, drifting buoys, towers, tethers in ocean and
atmosphere, and sounding and drifting balloons, to
name some prominent examples. Many of these systems are highly automated; many make use of sophisticated remote sensing techniques; many employ
elaborate telecommunications and recording techniques. The resources to develop, deploy, operate,
and maintain the more complex and expensive sys-
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terns require extraordinary institutional backing and
commitment. Institutions undertaking such a commitment constitute national resources that help serve the
needs of the entire community. Focusing on those
institutions most closely associated with the issues
under study, the committee concluded the following.
1) NATIONAL CENTERS AND LABORATORIES
a) Universities will continue to depend on national
centers and laboratories for access to specialized
platforms and observing systems. As scientific attention on global environmental change issues and
mesoscale phenomena increase, this dependence
may increase.
b) National research facilities are extensively used
by the university community. However, a relatively
small segment of the community is involved in their
use.
c) Participation by students in the use of advanced
systems and platforms is critical to the development of
future leaders in education and research. Large field
experiments, in particular, can provide important
opportunities for such participation.
d) The specialized expertise available from National centers and laboratories is an essential complement to the physical facilities (e.g., platforms, instrumentation systems). The setup, operation, maintenance, data processing, and interpretation associated
with the systems demand specialized, practiced skills.
e) Universities see a need for an increased role for
national centers and laboratories in the formal educational enterprise itself. Possible contributions go beyond adjunct faculty appointments for laboratory scientists and student appointments at laboratories and
include assistance and participation in developing instructional materials and conducting segments of
courses using laboratory platforms and premises.
f) University scientists share the concerns of national center and laboratory scientists about the growing obsolescence of facilities and scarcity of skilled
personnel, and generally agree that national priorities
will exacerbate the need for more and better facilities
and people. However, they are keenly aware that universities and national laboratories are often in competition for scarce resources and emphasized the need
for a wise balance among investments in academic
and other national institutions.
2) FACILITIES FOR RESEARCH AND
OPERATIONS
a) In atmospheric sciences especially, operational
observations are an essential resource for both research and services, and many important observational facilities are provided by national centers and
laboratories. However, the basic observing principles,
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sensors, instruments, and data processing techniques
are often created by individuals or small groups at
universities or other institutions.
b) Both national centers/laboratories and universities would benefit from more effective collaborations
on the design, development, test, and integration of
new sensors and instruments in national systems.
c) New operational observing systems such as the
NEXRAD radar system hold promise for significant
research as well as operational applications, not only
as individual systems but especially as a composite
observing network which will provide national datasets of unprecedented quantitative precision and
spatial resolution. However, only limited facilities are
available to collect high-resolution data for research.
3) DATA
a) The atmospheric sciences community is illequipped to take advantage of data from new observational tools. Some "generalized software" to display
and analyze data is available for operational use.
However, many universities have neither the hardware nor the software necessary to peruse raw datasets. Documentation is needed on how the future
operational datasets will be made available to research, operational, and teaching communities.
b) There is a dangerous belief that data should be
calibrated and massaged by other scientists or technicians and delivered only in a user-friendly format. This
may result from the perception that technical and
observational science and support are not part of the
educational process. Whatever the cause, this faith in
a "black box" approach can lead to serious interpretive
errors.

4. Recommendations
a. University resources
1) CURRICULA
a) Atmospheric and oceanographic science departments should provide more comprehensive curricula on observational systems and experimental
methods and integrate these with curricula that focus
on the theory of atmospheric and oceanic processes.
These curricula should cover a broad range of topics
including sensor and system technologies, signal processing, information retrieval, and geophysical applications. The intent is to develop material that will lead to
a broad understanding of how data and their inherent
limitations relate to physically meaningful information.
b) Some universities should provide the breadth
and depth, in curricula and topics, that are needed to
develop the next generation of specialists. These
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persons will devote their careers to the design, development, and use of next-generation observing systems. They would also become the qualified faculty
members of the future, needed to maintain, advance,
and disseminate observational expertise throughout
the educational system.
c) Courses dealing with observational systems
should place special emphasis on remote sensing
technology (including its limitations), information theory as required for developing geophysical data retrieval techniques, data handling and communication
systems, and the applications of remotely sensed
data. These courses should include laboratories that
allow hands-on experience with remote sensing hardware and the evaluation and interpretation of data
from remote sensing systems. This emphasis is crucial to the atmospheric sciences as we enter an era
that will stress research on the earth as a system that
will rely heavily on global satellite data.
d) Curriculum standards need to be established to
ensure that university graduates of meteorological or
oceanographic programs possess solid literacy in
both observational and theoretical methods. These
standards could be established by the universities
collectively through UCAR and sanctioned by the
American Meteorological Society as a representative
of organizations who employ university graduates of
atmospheric and oceanographic science.
e) Faculty and students of these courses should be
encouraged to participate in short courses at NCAR or
courses at other universities considered as centers of
excellence in specific observational systems.
f) Cooperative arrangements should be established
among universities to allow the short-term movements of students between institutions, and to transfer
credits in order to take advantage of existing courses
and laboratories at universities that have up-to-date
curricula and facilities covering particular subject areas.
2) LABORATORIES AND EQUIPMENT
a) Individual universities should provide basic
support for measurement/observation courses with
laboratory components. A list of minimum requirements was prepared.
b) Universities should acquire, whenever possible,
modern observational equipment and data from national sources to enable training laboratories to be
formed to provide hands-on experience to students
taking the observationally related courses. In this
regard, NCAR, NASA, and NOAA should assist in the
provision of the modern facilities required for the
laboratory portion of specific courses.
c) When major field programs occur, agencies
should sponsor competitive fellowships for graduate
and undergraduate students. These fellowships should
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also be available to visit centers of excellence. UCAR
should coordinate such an endeavor.
d) Cooperative educational programs with private
industry should be established. Such programs will
provide students with hands-on exposure to modern
instruments at industrial laboratories. Private industry
would benefit from the pool of well-qualified graduates
that would be developed.
3) EDUCATIONAL MATERIALS
a) UCAR/AMS should facilitate the preparation and
use of integrated multiauthor textbooks containing the
theory, observations, and measurement methods for
specific topics. Invitational workshops should be considered as a means to develop such textbooks.
b) UCAR and the AMS could work jointly on organizing special issues of the AMS BULLETIN (directed for
a general audience) or the Journal of Oceanic and
Atmospheric Technology (for a technical audience) to
consolidate information on state-of-the-art instrumentation.
c) Existing datasets suitable for educational use
should be identified, prepared, and utilized in the
classroom. Faculty, whose primary responsibility is
teaching, should be supported by private or public
foundations to develop these datasets into instructional tools.
d) An electronic bulletin board or newsletter should
be established through which educational ideas and
instructional aids promoting observational instruction
and research can be exchanged. UCAR could oversee the development of communication networks
(similar to Unidata) for dissemination of information
regarding data analysis and instrumentation design.
e) Educational contacts at the responsible organization should be identified for all national observing
systems. These persons would provide bibliographic
information and modes of access to data generated.
f) UCAR/AMS should consider the preparation of a
laboratory video series. Each episode would chronicle
the development, fabrication, calibration, and use of a
specific instrument or suite of instruments for measuring a specific primary or secondary variable: e.g., wind
speed and direction via cups and vanes, bi-vanes,
orthogonal propellers/sonics/hot wires, rawinsonde,
lidar/radar, and satellite systems; determination of
surface heat (im)balance; and photochemical steadystate. A raw dataset would be included for use at either
the undergraduate or graduate level.
4) HUMAN RESOURCES
a) Competitive graduate-level fellowship programs
in observational research should be established specifically for instrument or system development theses.
The program would provide tuition, a living allowance,
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and direct experimental support for equipment, materials, supplies, field deployment, or postexperiment
data analysis and publication. These would be similar
to the graduate research assistantships at NCAR, but
at other national facilities.
b) The AMS should consider an annual award recognizing excellence in observational research.
5) CENTERS OF EXCELLENCE
The continued support of and possible addition to
those universities willing to undertake the commitment to establish major observing systems and supporting facilities and personnel should be encouraged. Such universities should be strongly encouraged to capitalize on their specialized facilities by
offering curricula that exploit them and attract the most
capable students. Faculty should be rewarded for
undertaking this task.
b. National resources
1) NATIONAL CENTERS AND LABORATORIES
a) National centers and laboratories should devise
arrangements and programs that invite and encourage qualified scientists from universities and other
agencies to participate in collaborative activities that
broaden exposure and share expertise in modern
systems.
b) Sponsors, national laboratories, and universities
should devise programs and arrangements that encourage faculty and student exposure to and use of
modern observing systems and associated (raw) data.
Large national field experiments and observing activities provide many such opportunities. Specific arrangements for student involvement should be explicitly included in program plans.
c) Scientists and engineers at national centers and
laboratories should be encouraged to participate in
coordinated national activities to develop curricula
and instructional materials for specific topics in observational science where none exist, and should be
rewarded accordingly.
d) Leaders of the broad community should establish formal mechanisms within professional, multi-institutional and multi-agency organizations to provide
credible assessments and advice on the appropriate
balances among investments in different segments of
the community (e.g., universities, national laboratories) and in different disciplines (e.g., observational
science, theoretical science).
e) Operational agencies such as NOAA and FAA
should ensure that adequate information on existing
and planned operational observing systems are available to the broad community of users.
f) NWS should colocate its restructured weather
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forecast offices (WFOs) with as many university departments as possible to create de facto centers of
excellence.
g) Scientists at national centers and laboratories
should be encouraged to serve on Ph.D. dissertation
committees at universities.
2) FACILITIES FOR RESEARCH AND
OPERATIONS
a) The national facilities should place greater emphasis on making their facilities, equipment, and datasets available to the educational process. This could
be accomplished through increased faculty involvement, student assistantships/internships, and the use
of facilities to augment formal university curricula.
b) Sponsors of national centers and laboratories
should explicitly plan for needed investments in facilities and personnel for these institutions. While some
resources may be identified within existing resources
by reexamining priorities, it should be recognized that
national needs and priorities demand resources in
excess of those currently available.
c) The Cooperative Operational Meteorology Education and Training (COMET) Program should play a
large role in helping to resolve many of the educational
community's needs. Two of the specific objectives of
COMET are stated below.
• "To make certain that the new observation, communication, and data handling systems now being developed by the National Weather Service for the civil
sector will have adequate provision for the flow of
meteorological data, both real-time and archived, to
the research scientist."
• "To make certain that procedures are established
which will enable the universities to acquire advanced
interactive workstations to enhance their educational
and research programs."
It is therefore appropriate for COMET to address the
issue of measurement-oriented educational programs
in the universities.
3) DATA
a) The funding agencies are strongly encouraged
to provide for easy access to and support for the
analysis of large datasets. Often complaints were
registered from field measurements groups that support was provided to make the measurements, but not
to analyze fully the data once collected. Student support for 1- to 2-year periods is recommended.
b) Program planners and investigators who intend
to use high-resolution data from the NEXRAD radar
network and other new observing systems should
begin early to make arrangements for suitable recording equipment and technical effort to collect the data
for research and educational purposes.
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