WHY MONITOR THE CLIMATE?
BY RICHARD G O O D Y , JAMES ANDERSON, THOMAS KARL, ROBERTA BALSTAD MILLER, GERALD N O R T H ,
JOANNE SIMPSON, GRAEME STEPHENS, AND W A R R E N W A S H I N G T O N

A societal need for greater confidence in long-range climate projections requires
a monitoring program that can provide systematic and objective tests
of the predictive capabilities of climate models.

here are increasingly frequent calls, both internationally and in National Research Council
(NRC) documents, for the creation of a global
climate monitoring system. The need for such a monitoring system for the purpose of understanding the
climate system is self-evident to most climate scientists. But, for an extremely costly undertaking, that
alone is not enough. We also need clear, important,
societal objectives. Objectives lead to priorities, and
we need to put our effort into the most important aspects of climate monitoring. And without demonstrable progress toward achievable societal goals it will
be difficult to sustain a very expensive effort for decades against budget-cutting pressures. The National
Aeronautics and Space Administration's (NASA's)
Earth Observing Satellite (EOS) program was origi-
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nally intended to collect, archive, and understand all
data on the climate system that could be recorded
from space, and to do so for 30 yr, following essentially this objective. But NASA's continuing program
did not survive under pressure from Congress and is
now replaced by a program of smaller, focused missions with emphasis on new technologies.
For some aspects of climate, societal objectives are
well understood. The documentation of the present
climate to support business activities and for the protection of life and property is a readily defensible objective, which is the mandate of national weather services. Success with this objective can be evaluated
against business and agricultural gains, lives saved,
and reduced property damage.
A second reason for the collection of climate data
is to support projections of future climates, taking
both anthropogenic influences on future climate and
the human impacts of future climate into account. The
climate community claims to have predictive capability for climate of both the first and the second kind
(Lorenz 1975). Predictions of the first kind are for
specific climate states, for example, for 1- or 2-yr predictions of El Nino or similar oceanic phenomena.
Predictions of the second kind are predictions of climate statistics, for example, for global warming 50 or
100 yr into the future. The United States has made
good progress with El Nino predictions and their consequences for regional climate, and the National Oceanic and Atmospheric Administration (NOAA) sees
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this as an operational responsibility. For this activity
there is, again, a clear societal objective against which
research and monitoring programs can be evaluated.
The situation differs little in principle from weather
forecasting. Numerical models give a detailed description of the evolution of El Nino, and observing systems can be devised to test these predictions. The
Tropical Ocean and Global Atmosphere (TOGA) array of fixed buoys in the Pacific has been a great success in this respect.
For predictions of the second kind, monitoring
objectives are less clear. There are climate scientists
who believe that useful predictions of the second kind
are not possible, so that there is no point in devising
observing programs to support them, and perhaps it
may eventually turn out to be so. However, predictions of global warming 50-100 yr from now are being made, most importantly by the United Nations
Intergovernmental Panel on Climate Change (IPCC),
and they are being acted upon (with some reservations) by many politicians. It is to this development
that climate science owes its present notoriety and
much of its funding. The political issue is what actions
can be taken consistent with uncertainties in the predictions; the scientific issue is not how to make longterm predictions, we have elaborate numerical models to do that, but how to increase the credibility and
decrease the uncertainty of these climate predictions.
This, then, should be a primary societal objective for
climate monitoring and for climate research in general. It has not, in the past, occupied a central position in the U.S. climate research program.
The prediction of future states of the climate system is always performed by numerical climate models. It is extremely unlikely that alternative prediction
methods will have credibility in the science community in the foreseeable future. But there is no a priori
way to judge the accuracy of a climate model prediction. Climate models are continually improved by
introducing more complex process models and by
increasing the spatial and temporal resolution. But no
matter how far such an approach is taken, there will
always be processes (particularly subgrid-scale processes) that are parameterized (i.e., approximated),
and there is no way to know ab initio the precise effect of such approximations. In addition, to judge by
the rapid increase in the number of relevant climate
forcings that have been introduced over the past decade, it is to be expected that the list of forcings will
be longer 10 yr from now. Unknown physics cannot
be evaluated.
The only way to obtain objective information on
the output from a climate model is to compare appro-

874 I BAI1S"

priate features of predictions to observations, as is
done for numerical weather predictions; monitoring
and numerical modeling must be considered together.
Model predictions require input data on forcings,
for example, on the increasing concentration of atmospheric carbon dioxide from industrial processes.
Input parameters must also be monitored. Forcings
must be predicted for the entire course of a climate
projection, although this does not normally require
anything so scientifically challenging as a global climate model, but may involve less well-defined political and economic considerations. Nevertheless, the
same protocol of predicting and testing against observations is as important for forcings as for climate
model output, although the procedures will differ.
Combining these ideas we can place a scientific
interpretation on our societal objective: to test the
predictive capabilities of climate models and to improve their performance with better measurements of
input data (forcings), and by systematic and objective
comparison of model output data with appropriate
measurements.
A H I S T O R I C A L V I E W . For most climate scien
tists, climate research has been perceived as a curiosity-led program, with the objective of understanding
the global climate system. This academic objective
clearly overlaps societal objectives, but a curiosity-led
program can be a long path to the information that
policy makers need.
This academic view of climate research probably
owes its existence to NASA's attempts in the 1980s to
define objectives for its Earth System Science Program. The goal of this program was stated to be the
following:
T o obtain a scientific understanding o f the entire
Earth system on a global scale by describing how its
c o m p o n e n t parts a n d t h e i r i n t e r a c t i o n s have
evolved, how they function, and how they may be
expected to continue to evolve on all timescales.

On the international scene this goal is echoed by
the International Council of Scientific Unions in its
terms for the International Geosphere-Biosphere
Program:
describe and understand the interactive physical,
chemical, and biological processes that regulate the
total Earth system, the unique environment it provides for life, the changes that are occurring in that
system, and the manner in which these changes are
influenced by human actions.
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These are inspiring goals and they have a place in
environmental activities. For example, they would be
appropriate for a brochure describing a university
environmental program. But for a federally funded
program, they are far too vague. They describe a program that must be defined by proposals from the science community: a curiosity-driven program. For
space hardware, it led NASA to the EOS program,
whose weakness was that, by trying to do everything,
it ran the risk of doing nothing well (Goody 1999).
This view of climate as a curiosity-led activity has not
been offset, as it could have been, by well-considered
operational objectives formulated by operational
agencies.
This is not to suggest that there is not an important place for curiosity-led research into the nature
of the climate system. There is a need for some talented individuals to follow their own research agendas in order to bring in new ideas. But the 2001 U.S.
budget for climate research was $1.73 billion (OSTP
2001), and Congress has practical expectations for
such expeditions, even if it needs the scientific community to put them into words. We need to bear in
mind that atmospheric science is generously funded
precisely because of its applications to societal needs,
and not simply because it is a worthy academic research enterprise.
This emphasis on academic objectives for climate
research has had consequences. Climate models in the
United States have been used principally for heuristic experimentation: to establish the importance of
different forcing mechanisms, to understand physical processes, etc. There has been less systematic effort on climate projections, and there has been no
systematic evaluation of results involving comparisons
with observations. Proposals to test predictive capabilities of climate models have not been seriously considered by management or peer review panels using
academic criteria.
In contrast, systematic attempts at ensembles of
forecasts of future climates in an operational mode
have been the main concern of the Max Planck Institute (MPI), in Hamburg, Germany, and the Hadley
Centre, in the United Kingdom. International climate
assessments depend largely on the work of these British and German teams. The absence of matching efforts by the United States is often commented upon
by the climate community, with the implication that
something needs to be changed. On 11 June 2001, this
topic reached the front page of the New York Times,
with the headline "U.S. Losing Status as a World
Leader in Climate." The point at issue here was lack
of access of the U.S. community to large Japanese
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computers, a political problem that has been given as
the reason for the absence of a U.S. operational climate program.
In addition to their activity with ensemble climate
projections, European groups show more awareness
than the United States of the need to use observations
to test these predictions. One proposal under discussion in Europe is for a major center to exploit space
data both for physical process studies and also for
systematic testing and improvement of climate model
performance. There are also European plans for
space-based climate monitoring systems for testing
model performance that are not presently planned in
the United States. If Europe and the United States
continue on their present courses, the United States
is in danger of being increasingly left behind and
marginalized in its scientific contributions to international climate assessments.
Encouragingly, there has been some movement by
the U.S. climate community to identify clear objectives for climate research. A recent NRC (2001)
report on the U.S. contribution to the World Climate
Research Programme (WCRP) recommends giving
priority to "the attribution of causes of observed
climate change and the projection of future climate
change." These two objectives for climate research
are also prominent in the assessment reports of
the IPCC (Houghton et al. 1996, 2001). Both objectives involve the accuracy of long-term predictions
and they can be subsumed under our single science
objective.
C L I M A T E O B S E R V A T I O N S . The need for climate monitoring is thus embedded in the scientific—
and ultimately societal—needs of a goal-oriented program through the need for testing and developing
models. This creates a need for specific types of observations, and provides an objective basis for assigning priorities. Monitoring, whether of output variables or forcings, must produce global datasets with
demonstrable internal consistency and high precision.
In the past, internal consistency has been achieved by
overlapping records and by documenting equipment
changes. Principles of climate observing have been
developed that provide rules by which self-consistent
climate data records can be achieved (NRC 1999), and
these rules have been widely accepted by the science
community.
Climate variables that are used to compare observations with predictions need not be conventional
variables. Any quantity that can be calculated precisely from the output of a climate model, and that
can be measured, can also be used as a climate variJUNE 2002

BAflfr | 875

Unauthenticated | Downloaded 01/09/23 10:44 PM UTC

HOW TO TEST LONG-TERM MODEL PREDICTIONS
Is it, in fact, possible to devise
programs to test and improve
long-term climate projections?
Some scientists argue that it is
not possible because the situation
is too complex, but let us look
closely at their position. If this
view were correct it would imply
unwelcome consequences for the
climatologist. Measurements are
reality. If model predictions
cannot be compared to measurements, what is their relationship
to reality? If we cannot answer
this question, why do we make
statements about climate conditions 50 years into the future, as
the IPCC assessments do, and
expect t h e m to be relevant for
human welfare? T o put it another
way, if a prediction means
anything at all, it must be possible
to find out to what extent that
meaning is correct and how it can
be improved.
Admittedly, this is not an easy
matter. The mathematical model

of climate (Palmer 1993) is of a
"strange attractor," an accessible
volume in a phase space formed
from the significant climate
variables. After a long time it is
only possible to assert that the
operating point for the system is
somewhere within the attractor. If
the attractor is stationary, the
entire accessible volume of phase
space will eventually be populated
and its statistics can be unambiguously defined, but in reality, an
attractor will never be completely
populated, because the earth's
climate is not stationary and the
attractor can only be sampled for
a finite time. This will not completely populate the attractor, and
an ensemble average may depend
to some degree on the initial
conditions. T o the extent that this
is true, the concept of climate is
not well defined.
Observed and predicted
attractors, even if incomplete, can
be made comparable. Some

able. Two examples of unconventional variables are
molecular refractivities and resolved thermal radiances (see Goody et al. 1998). The former can be
measured from occultations of the radio signals from
GPS satellites, and the latter with a calibrated spectrometer. The assimilation of such data into weather
models is now a familiar topic.
In recent decades remotely sensed data from satellites have become available. These measurements
have the advantage of global, or near-global homogeneity, and satellites provide a benign and stable
environment for instruments, avoiding many of the
difficulties of surface observing systems. However,
sustained calibration accuracy over the lifetime of a
satellite has been difficult to achieve, and the most
valuable remote sensing records to date have depended upon overlapping records of meteorological
satellites (Christy et al. 1998).
It is clear from the discussions reported by IPCC
that, despite a great deal of effort, climate data have
not in the past been as accurate or reliable as is needed
to resolve climate debates. As the agenda for climate
research develops, more accurate and more diverse
data will be needed. Some crucial climate data should
be of high, absolute accuracy, and measured in a way
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differences between t h e m can be
minimized, such as diurnal
selection or spatial footprints, but
some differences will be due to
inadequacies in the model physics
and dynamics. It is these latter
differences that must be evaluated and refined by comparing
model and observed statistics.
Although this is a difficult task, we
have no alternative but to undertake it.
The next question is whether
suitable observational systems and
assimilation techniques exist to
support tests of model projections. Goody et al. (1998) have
described two available observing
systems, and two assimilation
techniques. Existence is, therefore, demonstrated, and more
observing systems and assimilation
techniques would undoubtedly
emerge if this line of investigation
were supported by federal agencies, which is not the case at the
present time.

that is independent of the local environment, so that
globally significant parameters can be reproduced at
any time or place by any competent observer. These
aspirations have long been realized in the laboratory
using international standards and well-established
principles of laboratory metrology that aim to reduce
to acceptable limits all environmental influences. Can
the same be done for the climate?
The answer is evidently affirmative because examples of such climate benchmarks already exist.
Keeling (1998) spent a lifetime to ensure that his
measurements of carbon dioxide concentration on
Mauna Loa were accurate, representative of the free
atmosphere, and reproducible anywhere, given an
equally conscientious scientist (a major qualification).
Similarly, Dobson spent much of his research career
striving to create a benchmark measurement for the
total ozone column.
Similar standards can be achieved for some other
surface measurements and also for some measurements from satellites. Important considerations are to
select measurements for which high absolute accuracy
is feasible, and to give accuracy priority over all other
considerations. Sometimes this is not difficult to
achieve. Data from GPS occultations are sufficiently
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accurate for climate research and are reproducible
(Kursinski et al. 1997). The only measurement is timing, which is possible to far higher accuracy than is
required for climate purposes. Given the same atmospheric structure, and the same atmospheric path, the
timing measurement will be the same whether measured from a U.S., a Chinese, or a European satellite,
now or in 50 years time.
MONITORING IN A N A T I O N A L CLIMATE
PROGRAM. Monitoring must be closely coupled to
modeling. Monitoring is essential to evaluate modeling but, at the same time, the act of assimilating data
to improve model performance provides criteria for
improving the monitoring program.
Figure 1 illustrates schematically how an operational climate model, similar to those of the MPI and
the Hadley Centre, should be integrated with an effective monitoring program. Research is required on
the interface between these programs; for example,
there exists no practical inverse climate model that
would enable differences in observed and predicted
climate states to be interpreted in terms of process
error. Much theoretical research needs to be done before monitoring can interplay as effectively as the figure proposes.
Development studies have been the main thrust of
the U.S. climate program over the past two decades.
In the figure, current programs would be represented
by the central section of the diagram with monitoring providing only the lower "forcing" arrow. There
has been no systematic evaluation of the results.
Process studies focus on a single aspect of climate
system interactions, which can be partly isolated from
other processes. They have been the most effective and
important part of the NASA EOS program, and it is
fortunate that it is this aspect of the program that the
agency means to emphasize in the future.
Most development has, in the past, been pursued
as research (usually curiosity led) activities. If we
adopt a more goal-oriented approach, are we in danger of losing some of the undoubted advantages that
curiosity brings? With thoughtful management, there
should be no more danger of this happening than
there is of meteorology losing its strong research base
in universities and research centers. Since long-term
climate is less well understood than meteorology, an
even stronger research base will be needed for climate.
In a paper describing the NASA climate program,
Asrar et al. (2001) describe five major research questions that the program will pursue. All five are equally
relevant to a structured climate program of monitoring, modeling, and development in the perspective of
AMERICAN METEOROLOGICAL SOCIETY

a societal need. But for the present context, criteria
are available in order to assign priorities and judge the
success of the research activities.
In conclusion, we have not in this brief article, attempted to find every answer to the question "why
monitor the climate?"—let alone to the more general
question "why observe the climate?" We have not discussed observations to provide statistics of the current
climate for policy and commercial use (because
NO A A currently does this). We have not discussed
observations to support climate process studies [because this is an active area for NASA and the National
Science Foundation (NSF)]. We have given little emphasis to seasonal/interannual forecasting (NOAA
also has a program in this area). A reader familiar with
NOAA's program will recognize that it can also be
described by the figure that we have discussed.
Scientifically, seasonal/interannual and decennial/
centennial forecasting should build on each other, and
they have the same societal objective—to provide the
best possible forecasts or projections. The purpose of
this article has been to show that a societal objective

FIG. I . Schematic representation of a climate program.
The figure shows the relationship between monitoring,
modeling, model development, and a societal objective.
Cost functions are objective measures of the agreement
between prediction and observation; evaluation before
and after model improvement gives an objective measure of the degree of the improvement.
JUNE 2002
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is essential for decennial/centennial forecasts, and that
pursuit of this objective leads to specific achievable
monitoring programs, which are not presently part
of the U.S. climate program. They should be.
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