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SPECIAL REPORT
Climate Change Research:
How Far Have We Come? Where Are We Headed?

Popular discussion of climate change
often hardens into polarities: global

warming will or will not happen, it will
or will not be "catastrophic," and so
forth. The reality, like all realities, is a
bit squishier and a lot more complex.

We at Signal wanted to get a sense of
the complexities and clarities faced by
researchers in the thick of climate
research. To us, it seemed, individual
answers to a commonly posed question
might avoid some of the polemics so
often heard in the highly charged realm
of climate change politics. In this spirit,
we recently polled a set of noted re-
searchers. Our sample, admittedly un-
scientific, was designed to encompass a
wide breadth of publicly stated positions
and beliefs. We asked each respondent
two questions:

* Scientists in the late 1980s were
predicting publicly that we would know
more about global climate change by the
mid-1990s. What do you feel is the most
significant piece of the puzzle that has
been clarified--or not clarified-since
1989, and why is that piece so important?
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* In what area(s) of climate research
do you think the most significant progress
will be made between now and the year
2000?

Herewith are the replies we received,
in alphabetical order. Each was submit-
ted independently without peer review
or knowledge of the content of other sub-
missions. If not the final say, these
thoughts make up a short list of what to
watch for in climate research as the year
2000 approaches. As always, we wel-
come feedback, critiques, or rejoinders.
-Bob Henson, Signal editor

Francis Bretherton
Former president of UCAR,
now director of the Space
Sciences Engineering Center
at the University of
Wisconsin-Madison

1989-94: During the 1980s it became
increasingly apparent that, along with
the physical determinants of climate, we
also have to consider the effects of chem-
istry and biology on the global environ-
ment. During the past five years,
scientists with expertise in the global
cycles of carbon and other nutrients,
atmospheric chemistry, marine bio-
geochemistry, and terrestrial ecosystems
have become integral members of the
group effort to improve understanding
of climate change.

The immediate impact of this broad-
ening outlook has been to increase per-

Over the next few months, Signal will
be covering important issues relating
to global climate change in this
regular column.

ceptions of uncertainty, as what we do
not know has become better documented.
Examples are the radiative forcing that
may be attributable to sulfate aerosol or
the impact of fertilization of midlatitude
forests on future concentrations of atmo-
spheric carbon dioxide. Major research
programs are now under way focusing
on old uncertainties, such as the role of
clouds in the radiative balance of the
planet and the role of heat storage in the
oceans during a global warming. These
programs are likely to take a decade or
longer to mature.

1994-2000: The dialogue between
natural scientists and communities more
concerned with the human dimensions
of global change is still in its infancy.
Understanding the impacts of possible
climate change, and alternative
approaches to mitigating such impacts,
requires significant appreciation of how
human societies the world over actually
function.

Some natural scientists are beginning
to appreciate the diverse perspectives of
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economists who interpret simplified
models of the global economy and
anthropologists who examine how indi-
vidual cultures value "nature" and "the
future" and their seeming impossibility
of converging on a common metric.
When considering 50-year scenarios by
which individual sectors such as agricul-
ture, energy, or water resources might
cope with twice the present world popu-
lation, together with increased per capita
use of resources, it is apparent that global
climate change is but one uncertainty
among many and that more precise pre-
dictions of global average temperature
may not be the most valuable informa-
tion that experts in climate can contribute.

Separating the signal from the noise
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As this nascent dialogue progresses, we
can expect to see yet another redefinition
of the most significant issues and how
they might be approached. New insights
will be gained as much from communi-
cation of existing knowledge between
different groups of specialists as from
fundamental advances in the individual
specialties themselves.

James Hansen
Director, NASA Goddard
Institure for Space Studies

1989-94: In my opinion, based mainly
on empirical evidence, we have increased
the confidence in our understanding of
global climate sensitivity. A principal
example is the opportunity we have had
to observe the response of the climate
system to a large (negative) global cli-
mate forcing due to the stratospheric aero-
sols produced by Mt. Pinatubo. The
maximum cooling, about 0.5°C in mid-
1992, was in agreement with expecta-
tions. The Northern Hemisphere sum-
mer is the best time to look for a signal,
the unforced variability of climate being
least at that time. The summer of 1994,
with the Pinatubo forcing reduced to
about -0.4 watts per square meter, has
provided a second checkpoint; global
temperature analyses should reveal read-
ings near pre-Pinatubo levels.

1994-2000: Hopefully, there will be a
clarification of the low-latitude tempera-
tures that existed during the last ice age.
This is important for better understand-
ing of climate sensitivity and of how the
atmosphere/ocean circulation responds
to a large forcing. If the contention of
CLIMAP (the Climatic Long-Range
Investigation, Mapping, and Prediction
Project)-that low-latitude oceans were
no cooler during the last ice age than
they are today-is correct, then there is a
major flaw in our present climate models
and/or our understanding. Evidence that
tropical oceans were, say, 3 to 40C cooler
than today would solve the mystery and
reaffirm how sensitive the climate sys-
tem is.

"If the contention of
CLIMAP ... is correct,
then there is a major
flaw in our present

climate models and/or
our understanding."

Also, I expect global temperature in
the second half of the 1990s to break the
record of 1990. If so, considering that
the largest volcanic forcing of the cen-
tury occurred in the 1990s and that the
solar cycle is in its declining phase, it
would provide an indication that the
climate system probably is out of equi-
librium with the net global radiative forc-
ing. A chief implication would be that
the world has further global warming in
the pipeline, even without additional
changes of atmospheric composition.
Unfortunately, there is no plan to mea-
sure the change of all the major radiative
forcings to the needed precision, so de-
bate about the interpretation of observed
climate change will not abate.

Tom Karl
Senior scientist, NOAA
National Climatic Data
Center

1989-94: One of the more important
aspects of global climate change that has
been reassessed over the past five years
relates to the role of anthropogenic sul-
fate aerosols. It has been shown both
through modeling and detection studies
that they are likely to have significantly
retarded the rate of global warming due
to anthropogenic greenhouse gases.
There is still a considerable amount of
uncertainty, however, related to both the
expected changes in sulfur emissions in
the future (ranging from no change or a
small decrease to a fourfold global in-
crease) as well as the direct and indirect
effects of sulfate aerosols. The direct
effect by sulfate aerosols of reducing
solar radiation at the surface is better
understood than the indirect effects re-
lated to changes in cloud composition
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and amount. Due to its short lifetime in
the atmosphere (unlike carbon dioxide),
sulfate-aerosol climate forcing depends
strongly on geographic region. It adds
another complication in our efforts to
detect the greenhouse effect in the climate
record.

1994-2000: Estimates of the sensitiv-
ity of the climate system to a doubling of
carbon dioxide concentrations using
observed data will continue to be the
most important challenge for atmospheric
scientists for the remainder of the cen-
tury. This will require a change in the
status of the global climate conventional
observing systems, which are presently
degrading. Satellites alone will not pro-
vide us the required data. Investments in
faster computers and the development of
more realistic general-circulation climate
models must be a high priority.

Richard Lindzen
Professor of atmospheric
science, Massachusetts
Institute of Technology

1989-94: We have learned some of
the reasons why the models of the 1980s
responded so strongly to a doubling of
carbon dioxide. In particular, we now
know that, without the following, no
model would predict more than a frac-
tion of a degree warming: (a) strato-
spheric cooling, which reduces the emis-
sion temperature of CO 2; (b) the model
tendency (sometimes built in explicitly)
for temperature changes throughout the
troposphere to be tied together vertically
so as to force a surface response, even
though a modest warming of the upper
troposphere would have been sufficient
to balance the radiative forcing due to
increasing CO0; and (c) the fact that in
models, water vapor-the main green-
house gas-increases substantially at all
levels and latitudes of the troposphere
when there is warming.

1994-2000: There is little doubt about
item (a) above. However, there is sub-
stantial basis for questioning the remain-
ing two items. Observations show a

distinct capacity for upper-tropospheric
temperatures to vary independently of
lower levels. They also show that under
warming conditions, drying in subsiding
regions of the tropics can overwhelm
moistening in convective regions. There
has also been theoretical progress in un-
derstanding this behavior. By the year
2000, I expect that we will know if items
(b) and (c) are real characteristics of the
climate system or model artifacts. It
appears to me that they are artifacts, and
this leaves the interesting question: How
did the major climate changes of the past
occur if the system is insensitive to
changes in CO 2 ? I expect that by the
year 2000 we will have a good idea of
the answer to this question as well.

Jerry Mahlman
Director, NOAA

Geophysical Fluid Dynamics
Laboratory

(Mahlman's responses were drawn from
a separately written paper.)

1989-94: In what areas of the climate
problem do we now have high confi-
dence? We are virtually certain that we
understand and can quantify, with im-
pressive accuracy, the infrared absorp-
tivity of the so-called greenhouse gases.
Moreover, we are virtually certain that
their global concentrations are increas-
ing due to human activities and that
additional emissions of long-lived green-
house gases will commit the climate sys-
tem to additional heating for centuries. I
am convinced that it is very probable (at
least 90% likelihood) that the global mean
surface temperature will have warmed
by 1 to 30C by the year 2050, and equally
convinced that this warming will be ac-
companied by increased atmospheric
water vapor and increased global average
precipitation. I am virtually certain that
the middle stratosphere will have experi-
enced dramatic temperature decreases
(more than 10°C) by that time.

1994-2000: By later in this decade,
higher-resolution model calculations
should be completed and properly

analyzed, giving perhaps some more
credible confidence about regional
climate change expectations. I am not
confident that regional details of cloud-
radiation feedback in climate change will
be much further along. It is quite pos-
sible that improvements in ocean-atmo-
sphere modeling could yield improved
estimates of the rate of climate warming
and an improved understanding of the
role of natural variability in interpreting
observed changes.

Perhaps it is relevant to remind our-
selves that new scientific knowledge
often does not result in a simple reduc-
tion in perceived uncertainty. Occasion-
ally, discoveries are made that give the
appearance of figuratively throwing a
well-aimed rock at the previous knowl-
edge base. The Antarctic ozone hole
comes to mind. In this sense, prediction
of the rate of progress of scientific im-
provement is as uncertain as predicting
climate change itself.

Patrick Michaels
Associate professor of
environmental sciences,
University of Virginia

1989-94: The most important change
in the last five years has been the attribu-
tion of the lack of dramatic warming to
sulfate aerosol, remarkable because many
of the same scientists who derided those
who proposed anthropogenerated cooling
some 25 years ago are, in fact, its most
ardent advocates today. This change is
important because it will result in a com-
pounding of model error and instability.
Sulfate aerosol does not adequately ex-
plain the regional failure of transient glo-
bal circulation models (GCMs). The
most glaring errors are in the high-latitude
winter, where sulfate density is low and
advection from sulfate regions is climati-
cally opposed. In addition, the patterns
of climate change that have evolved in
the sulfate-free Southern Hemisphere
bear no resemblance to the patterns pre-
dicted to have evolved. Most remark-
ably, it can be demonstrated that transient
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GCMs currently do best in Northern
Hemisphere summer over the sulfate-
dominated regions.

Tuning any transient GCM, either with
increased backscatter albedo or with in-
creasing cloudiness over any region, re-
sults in a reduced forecast of warming,
even though the facts indicate that sul-
fates are not a sufficient cause of model
failure. We are therefore now beginning
to see a spate of papers touting the im-
provement of these models when, in fact,
they are merely being made more "right"
for the wrong reason.

1994-2000: It can only be a matter of
time-hopefully within the next six
years-that the scientific community will
finally recognize why forecasts of disas-
trous warming have failed. I believe that
the failure lies in the vertical distribution
of temperature change and that the ob-
served changes aloft (rather than the
modeled changes) neatly account for the
lack of overall rapid warming and Lhe
diurnal and seasonal distribution of what
has been observed at the surface. Spe-
cifically, GCMs tend to partition the
boundary between greenhouse warming
and vertical cooling at the tropopause,
which minimizes increased vertical trans-
port of moisture in the troposphere. In
fact, cooling tends to begin around 300
millibars, or about one-half of the verti-
cal distance to the tropopause. Cooling
at this level and above is a very good
explanation of the observed increase in
cloudiness, and this has the effect of
channeling warming into the night and
disproportionately into the winter, as has
been observed over the Northern Hemi-
sphere. Sulfates will not cause cloudi-
ness above 300 millibars; rather, that is
the purview of greenhouse enhancement
itself.

The most significant event in the evo-
lution of the entire greenhouse problem
will occur when it is generally acknowl-
edged that this vertical change is charac-
teristic of an enhanced greenhouse and
that virtually all of the disastrous sce-
narios of sea-level rise and agricultural

and ecological discontent must then be
abandoned. The sooner this is done, the
less will be the backlash against science
in particular and environmentalism in
general. The longer we wait, the more
we will harm the environment.

Starley Thompson
Head, Interdisciplinary
Climate Systems Section,
NCAR Climate and Global
Dynamics Division

1989-94: I wouldn't necessarily word
it as a "piece of the puzzle being clari-
fied," but the eruption of Mt. Pinatubo
gave us an interesting test of our under-
standing of climate sensitivity to a fairly
well-defined perturbation, apart from the
annual cycle. The fact that the global
response was about as predicted gives us
more confidence that we understand some
important properties of the climate
system.

As for a disappointment: Although a
substantial amount of work has been done
to understand the global carbon cycle
and to close the current CO 2 budget, we
are not that much better off in this regard
than we were five years ago.

1994-2000: Areas of substantial
progress will include (a) a better large-
scale understanding and modeling of bio-
geochemical processes; and (b) the
increasingly routine use of more com-
prehensive coupled atmosphere/ocean
models for climate studies, thus allow-
ing more realistically posed problems to
be studied.

Kevin Trenberth
Acting director, NCAR
Climate and Global
Dynamics Division

1989-94: A strong case can be made
that the greatest accomplishment in
climate research over the past five
years-really, the past 10 years-is the
understanding developed on the El Nifio-
Southern Oscillation (ENSO) phenom-
enon under the World Climate Research

Programme study called TOGA (Tropical
Oceans-Global Atmosphere). TOGA
was set up to begin in January 1985 as a
ten-year program; it will conclude at the
end of 1994 as one of the most success-
ful atmospheric research programs ever.
Prior to TOGA, the Pacific Ocean was
so poorly observed that scientists failed
to detect the largest El Nifio event this
century (that of 1982-83) until it was
already well developed. TOGA has built
an observing system for the tropical Pa-
cific centered around an array of moored
buoys; it is now possible to dial up today
and see the state of the surface and sub-
surface ocean yesterday.

ENSO is now understood as a natural
coupled mode of behavior of the tropical
Pacific Ocean and the global atmosphere
and constitutes the dominant signal of
interannual climate variability. Its rela-
tively slow evolution leads to consider-
able predictability in behavior for up to a
year in advance. Models-statistical,
dynamical, and hybrid-have been built
to simulate and predict sea-surface tem-
peratures several seasons ahead, and these
are being used to make skillful predic-
tions of rainfall and temperatures around
the world.

1994-2000: While TOGA has been
very successful, its attention focused on
the Pacific Ocean and ENSO only. There
is now a recognized need to continue
improvements in predicting ENSO but
also to extend the domain of interest
(first to the tropical Indian and Atlantic
oceans); factor in the effects of nearby
land and the monsoons; and, eventually,
include effects from extratropical oceans,
soil moisture and vegetative cover, snow,
and sea ice-from all parts of the climate
system that could influence the atmo-
spheric circulation and its predictability
on a seasonal-to-interannual basis. This
is the mandate for the WCRP's new
GOALS program (Global Ocean-
Atmosphere-Land System). GOALS is
now underway with a 15-year plan for
1995 to 2010. A major challenge will be
to extend the known climate predictabil-
ity in the tropics into extratropical regions
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Technology Corner
UCAR's Technology Commercialization Program markets technologies that have been created in the course of scientific
research and development within UCAR. Each month in this column, we outline one or more technologies now available fbr
licensing. If you are interested in pursuing any of these opportunities, contact Wayne Moore, director of the Technology
Commercialization Program, 303-497-8563, e-mail wmoore@ncar.ucar.edu.

Conditional Flux Sampling Technique

Inventor: Joost Businger

Reliable techniques are needed to
measure the exchange fluxes of

chemical constituents between the earth's
atmosphere and its surface. Atmospheric
scientists require a knowledge of such
fluxes for investigating topics that range
from soil nutrient balances to the chang-
ing of the composition of the global at-
mosphere.

A basic method of determining a sur-
face exchange flux is the eddy correlation
technique. Here, variations of the vertical-
velocity component of the turbulence and
of a chemical's concentration are mea-
sured with a time resolution of better than
a second; they are then correlated to de-
termine the total upward and downward
motion over a period of a half-hour or so.
The result yields the net emission or depo-
sition flux of the chemical species. The
difficulty with this technique is that it

requires a very fast and very accurate
measurement of the chemical species of
interest, and only for a few species do the
appropriate analytical techniques exist.

A variant on this method, the eddy
accumulation technique, requires that air
be sampled in two separate reservoirs
with a flow rate proportional to the verti-
cal velocity. After a half-hour of collec-
tion, the two samples are analyzed using
a slower method than used above. This
technique avoids the requirement for fast
chemical sensors but imposes another
difficulty: controlling the flow rate of the
sample air without affecting the chemical
concentration.

The conditional sampling (or relaxed
eddy accumulation) technique uses a
newly discovered relationship which
enables the flux of a chemical species to

be determined from the difference in the
concentrations of air samples collected-
not proportionally, but merely on the
simple condition that the turbulence com-
ponent velocity was either upward or
downward. This relationship relies on
two pieces of additional information: the
standard deviation of the vertical air mo-
tion and the value of a novel proportion-
ality coefficient. In model simulations
using actual fast data and actual compari-
sons between eddy correlation measure-
ments and conditional sampling, the new
technique has been validated.

Conditional sampling is suitable for
tower-based determinations, aircraft mea-
surements and shipboard studies. It has
been used to determine the fluxes of
nonreactive chemical species and has been
extended to allow the determination of
the fluxes of reactive species.

SPECIAL REPORT (continued)

where midlatitude weather systems make prediction
more difficult.

The most significant part of the climate change
puzzle yet to be clarified is the knowledge, description,
and understanding of the global hydrological cycle.
We do not know precipitation over the oceans to within
a factor of two, nor do we know how to deal with the
complexity and disparate scales involved. Moreover,
we have discovered that our current capabilities to
analyze and model the distribution of water vapor,
clouds, and precipitation in the atmosphere on a global
basis is really quite poor. New satellite data are pro-
viding some insights, but much remains to be done.
Substantial progress is most likely later in the century
as various satellite missions become reality and GOALS
and GEWEX (the Global Energy and Water Cycle
Experiment) provide the programmatic foci.

Tony Delany (NCAR Atmospheric Technology Division) with several
of the sampling devices used for obtaining surface exchange fluxes.
(Photo by Bob Bumpas.)
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Calendar/Announcements
November 29-December 2 April 3-6, 1995
Center for Environmental Action SUPCON International/Global Warming
National Actions for International Commitment: Information Center
Evaluating Climate Change Action Plans Sixth Global Warming International
Washington, D.C. Conference and Expo

Information: 716-262-2870 Executive Workshop on Industrial Technology
and Greenhouse Gas Emissions

January 15-20, 1995 San Francisco, California
American Meteorological Society Information: 708-910-1551
75th Annual Meeting
Dallas, Texas April 11-14, 1995

Information: 617-227-2425 17th Annual National Hurricane Conference
Atlantic City, New Jersey

Information: 904-561-1163

May 8-10, 1995
International Drought Information Center
University of Nebraska
Planning for a Sustainable Future: The Case of
the North American Great Plains
Lincoln, Nebraska

Information: 402-472-6707

May 23-25, 1995
Alliance for Responsible Atmospheric Policy/
International Climate Change Partnership
The International Conference on Climate Change
Washington, D.C

Information: 301-695-3762

Join Us!
The UCAR Corporate Affiliates Program

is seeking new members. Any corpo-
ration, association, or individual, worldwide,
may join. The program sponsors a number
of workshops, symposia and meetings for
members on important scientific, policy, and

environmental issues. Members receive the
Signal newsletter each month, plus other

timely reports issued by UCAR and other
organizations. Members are acknowledged
with listings in UCAR reports and receive a
certificate of membership that can be used
in public relations. (Of course, member-
ship does not imply any UCAR endorse-
ment of a company or its products.)

Annual fee for North American members
is $1,500. Members outside North America
are charged $1,800 per year. To join, or for
more details about membership, contact us
at the address, phone numbers, or e-mail

address below.
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