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PERSPECTIVE

Climate Data Challenges
in the 21st Century
Jonathan T. Overpeck,1* Gerald A. Meehl,2 Sandrine Bony,3 David R. Easterling4

Climate data are dramatically increasing in volume and complexity, just as the users of these
data in the scientific community and the public are rapidly increasing in number. A new paradigm
of more open, user-friendly data access is needed to ensure that society can reduce vulnerability
to climate variability and change, while at the same time exploiting opportunities that will occur.

Climate variability and change, both natural
and anthropogenic, exert considerable in-
fluences on human and natural systems.

These influences drive the scientific quest for an
understanding of how climate behaved in the past
and will behave in the future. This understanding
is critical for supporting the needs of an ever-
broadening spectrum of society’s decision-makers
as they strive to deal with the influences of Earth’s
climate at global to local scales. Our understand-
ing of how the climate system functions is built on
a foundation of climate data, both observed and
simulated (Fig. 1). Although research scientists have
been the main users of these data, an increasing
number of resource managers (working in fields
such as water, public lands, health, and marine
resources) need and are seeking access to climate
data to inform their decisions, just as a growing
range of policy-makers rely on climate data to
develop climate change strategies. Quite literally,
climate data provide the backbone for billion-
dollar decisions. With this gravity comes the re-
sponsibility to curate climate data and share it more
freely, usefully, and readily than ever before.

The Exploding Volume of Climate Data
Documenting the past behavior of the climate
system, as well as detecting changes and their
causes, requires the use of data from instrumental,
paleoclimatic, satellite, and model-based sources.
The earliest instrumental (thermometer and ba-
rometer) records stretch back to the mid- to late
1600s, although widespread land- and ship-based
observations were not initiated until the early to
mid-1800s, mostly in support of weather fore-
casting and analysis. Changes in observations
through time, due to shifts in observing prac-
tices, instrumentation, and land use, have made it
necessary to develop and apply advanced data-
processing algorithms in order to describe the time

evolution of climate. Inevitably, there are uncer-
tainties in the observational records that need to
be translated into the degree of confidence asso-

ciated with our understanding of how the climate
system behaves.

In addition to the already large body of digital
instrumental data available in diverse holdings
around the globe, a substantial number of critical
observations, such as many early temperature ob-
servations, are not yet widely available as digital
records. It is important to create and maintain
central repositories of these data in a manner that
firmly defines the origin and nature of the data and
also ensures that they are freely available (1, 2). In
addition, an increasing array of paleoclimatic proxy
records from human and natural archives, such as
historical documents, trees, sediments, caves, corals,
and ice cores, are being generated. These records
are particularly helpful in understanding climate
variability before the period of instrumental data,
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Fig. 1. Climate data from observations and climate model simulations are critical for understanding the past
and predicting the future. Increasingly, the climate data enterprise must serve both scientist and nonscientist
equally well in term of observed (left) and future (right) climate variability and change. Observations, models,
research, and understanding are all underpinned by climate data, and all in turn inform uses in society such
as those shown surrounding the arrow. The globe at left shows observed annual mean surface temperature
anomalies (2006–2010) from the 1951–1980 base period average [NASA data are described in (20)]. Arctic
sea-ice extent is the 5-year (2006–2010) June-July-August average, excluding sea-ice concentrations less
than 10% [NOAA data are described in (21)]. The globe at right depicts projected surface temperature
anomalies for an example five-member annual mean ensemble average from a climate model (CCSM4),
2081–2100 minus the 1986–2005 average, for the future greenhouse gas and aerosol emission scenario
RCP8.5 (22). The sea-ice extent from themodel is a 5-year (2096–2100) June-July-August ensemble average,
excluding sea-ice concentrations less than 10%. The left side of the time series at bottom is annual mean
observed globally averaged surface temperatures (20), and the right side depicts future projections for five-
member ensemble averages from CCSM4 for three emission scenarios (RCP2.6, RCP4.5, and RCP8.5). The
magnitude of future climate change depends on what society decides to do now in terms of emissions
reductions. Taking little action produces the greatest warming as reflected by the RCP8.5 trajectory, whereas
aggressive reductions as represented by RCP2.6 result in stabilized warming at a much lower level.
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over century to millennial time scales, through
periods of past abrupt climate change, and during
times when climate forcing was substantially dif-
ferent from that of today (3)—all critical for under-
standing what the climate of the future is likely to
be. Some of these records have been centrally
archived (4), but many have not or are described
only in isolated references.

Another key source of climate data is space-
borne instruments. The development of long-term,
high-quality climate observations from satellites
is more difficult than from surface-based instru-
mental data, because individual satellites and
their instruments have short life spans (typically a
few years), over which their orbits and sensitiv-
ities can change. These problems require the use
of advanced data-processing techniques, and the
resulting data are prone to being reprocessed as
previously unknown problems are discovered over
time. In addition, gaps in the records and system-
atic errors between satellites (or a lack of overlap-
ping calibration periods) make the increasingly
important construction of coherent climate data
records more of a challenge (5).

A third broad type of data is model-based
“reanalyses”: hybrid model-observational data sets
created by assimilating observations into a global
or regional forecast model for a given time period
(such as 1958 to the present). These provide
physically consistent and expanded depictions
of the observed time-evolving climate system
and have become indispensable in climate system
research. The future of reanalysis rests in the es-
tablishment of dedicated efforts that include
frozen model versions and allow reprocessing
of all observational data fields as models and
input data sets improve. Future reanalysis meth-
ods will include more diverse observational data
types (such as atmospheric chemistry, bio-
spheric, oceanographic, and cryospheric data)
and longer time scales (including paleoclimatic
time scales).

Finally, there has been an explosion in data
from numerical climate model simulations, which
have increased greatly in complexity and size. Data
from these models are expected to become the
largest and the fastest-growing segment of the
global archive (Fig. 2). The archiving and sharing
of output from climate models, particularly those
run with a common experimental framework,
began in the mid-1990s, starting with output
from the early global coupled atmosphere-ocean
general circulation models (AOGCMs) used for
making future climate change projections (6).
This led to the Coupled Model Intercomparison
Project (CMIP), organized by the World Climate
Research Program (WCRP), inviting all the
modeling groups to make increasingly realistic
simulations of 20th-century and possible future
21st-century climates (7–9). Recently, CMIP3
involved 16 international modeling groups from
11 countries, using 23 models and submitting
36 terabytes of model data, all archived by the

Program for Climate Model Diagnosis and In-
tercomparison (PCMDI), signaling a “new era in
climate change research” (10). This activity has
made it possible for anyone to openly access these
state-of-the-art climatemodel outputs for analysis
and research.

Climate model data have been archived and
accessed, exchanged, and shared primarily within
the physical climate science research community,
although there has been growing interest in the
use of these climate model data by other com-
munities of researchers. CMIP was designed to
provide this broader access to climatemodel output
for researchers from a wide range of communities.
The Intergovernmental Panel on Climate Change
(IPCC)was also able to useCMIPmultimodel data
sets to provide state-of-the-art assessments of what
the models as a group indicate about possible
future climate change (10). Now climate models
are beginning to be used for much more than
climate research. In particular, they are expected to
inform decisions that society must take at global to
local scales to adapt to natural climate variations as
well as to anthropogenic climate change, and to
guide the implementation of possible mitigation
measures. This puts new demands on the variety,
scale, and availability of observational data needed
for model evaluation and development, and ex-
pands, yet again, the volume of climate data that
must be shared openly and efficiently (Fig. 2).

An illustration of the challenges and possi-
bilities posed by the future interaction of fine-
scale observational datawithmore complexmodels
is the evaluation of clouds and the hydrologic
cycle. These processes are critical for simulating

atmospheric dynamics and regional
precipitation, as well as predicting nat-
ural climate variability and how much
Earth, and local parts of it, could warm
for a given amount of greenhouse gas
forcing. New high-resolution active re-
mote sensing observations from satel-
lite instruments (such as CALIPSO lidar
or CloudSat radar) are revealing the
vertical distribution of clouds for the
first time.However, to facilitate the com-
parison of model outputs with these
complex new observations effectively,
it has been necessary to develop and
distribute new diagnostic tools (re-
ferred to as “observation simulators”)
visualizing what these satellites would
see if they were flying above the sim-
ulated atmosphere of a model (11, 12).
Thanks to these developments, it will
soon be possible to rigorously assess
the realism of cloud simulations in the
latest generation of models; for the
price of an additional 6% [160 tera-
bytes (TB)] of CMIP5-related climate
data that must be shared.

Climate change modeling has
evolved in just 5 years from running

a fewAOGCMexperiments with a single category
ofmodel, to runningmanymore experiments with
a much larger profusion of models of increasing
resolution and complexity. First-generation Earth
system models (ESMs) are now being run as part
of the current CMIP5 exercise (13, 14). ESMs
include at least an interactive carbon cycle coupled
to the traditional AOGCMs, which have atmo-
sphere, ocean, land, and sea-ice components. Also,
high-resolution climate models (such as those with
20-km grid spacing) are run for time slices, past
and future, for integrations of a decade or two in
order to obtain a better quantification of regional
climate change and smaller-scale phenomena such
as hurricanes [for example, see (15)]. The net result
is a huge increase in data volume (Fig. 2). Early
phases of the CMIP project involved less than
1 TB of model data, whereas CMIP3 archived
36 TB, and CMIP5 is expected to make avail-
able 2.5 petabytes (PB). New capabilities of the
Earth System Grid portal will provide distributed
access to a large part of this new model output
(16), making it possible for modeling groups to
share data from distributed local servers with
Web-based access tools. Model data thus do not
need to be centrally archived but can be accessed
in a distributed fashion. Clearly, this is an
example to be followed more broadly, with the
caveat that the safety and reliability of long-term
archives of these data must not be jeopardized.

Meeting the Needs of a Wide Range of Users
The burgeoning types and volume of climate data
alone constitute a major challenge to the cli-
mate research community and its funding bodies.

Model
Satellite/Radar
In Situ/Other

Year

Fig. 2. The volume of worldwide climate data is expanding
rapidly, creating challenges for both physical archiving and sharing,
as well as for ease of access and finding what’s needed, partic-
ularly if you are not a climate scientist. The figure shows the
projected increase in global climate data holdings for climate
models, remotely sensed data, and in situ instrumental/proxy
data.
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Institutional capacity must exist to produce, format,
document, and share all these data, while, at the
same time, a much larger community of diverse
users clamors to access, understand, and use cli-
mate data. These include an ever-increasing range
of scientists (ecologists, hydrologists, social sci-
entists, etc.) and decision-makers in society who
have real money, livelihoods, and even lives at
stake (resource managers, farmers, public health
officials, and others). Key users also include
those with public responsibilities, as well as their
constituents in the general public who must sup-
port and understand decisions being made on
their behalf. As a result, climate scientists must
not only share data among themselves, but they
must also meet a growing obligation to facilitate
access to data for those outside their commu-
nity and, in doing so, respond to this broader user
community to ensure that the data are as useful
as possible.

In addition to the latest IPCC assessment,
various ongoing national climate assessment and
climate services activities are being initiated that
will need to access and use climate data, just as a
growing number of climate adaptation and miti-
gation efforts around the globe will need to be
better informed by climate data. These efforts will
succeed only if climate data are made readily ac-
cessible in forms useful to scientists and non-
scientists alike.

The Future of Climate Data:
An Emerging Paradigm
Thus, two major challenges for climate science
revolve around data: ensuring that the ever-
expanding volumes of data (Fig. 2) are easily and
freely available to enable new scientific research,
and making sure that these data and the results
that depend on them are useful to and under-
standable by a broad interdisciplinary audience.
A new paradigm that joins traditional climate re-
search with research on climate adaptation, ser-
vices, assessment, and applications will require
strengthened funding for the development and
analysis of climate models, as well as for the
broader climate data enterprise. Increased support
from the funding agencies is needed to enhance
data access, manipulation, and modeling tools;
improve climate system understanding; articu-
late model limitations; and ensure that the ob-
servations necessary to underpin it all are made.
Otherwise, climate science will suffer, and the
climate information needed by society—climate
assessment, services, and adaptation capability—
will not only fall short of its potential to reduce
the vulnerability of human and natural systems
to climate variability and change, but will also
cause society to miss out on opportunities that
will inevitably arise in the face of changing
conditions.

At present, about half of the international mod-
eling groups are restricted from sharing digital
climate model data beyond the research com-

munity because of governmental interest in the
sale of intellectual property for commercial ap-
plications; the same holds true for some obser-
vational data. Open and free availability of model
data, observations, and the software used for pro-
cessing is crucial to all aspects of the new par-
adigm. Governments that currently restrict either
model output or observed data distribution must
be convinced that it is in the best interests of
everyone that all climate data be made openly
available to all users, including those engaged in
research and applications. International agree-
ments must eliminate data restrictions, just as jour-
nals and funding agencies should require easy
access to all data associated with the papers they
publish and the work they fund.

The optimal use of climate data requires a
more effective interdisciplinary communication
of data limitations with regard to, for example,
spatial and temporal sampling uncertainties; in-
strument changes; quality-control procedures;
and, in particular, what model-based climate pre-
dictions or projections do well and not so well.
The first step is to increase the accessibility of
observations and high-resolution simulations to a
wide range of users, either via a few centralized
portals (such as PCMDI) with broader respon-
sibilities, or using amore decentralized approach.
A second step is to develop an international de-
pository site for model diagnostic tools (such as
satellite simulators) and evaluation metrics that
would help users assess the reliability of spe-
cific aspects of model simulations (such as sea
ice, El Niño–Southern Oscillation, or monsoons,
droughts, and other climate extremes). The key is
that new data-sharing systems have to be eval-
uated and improved until all types of interdis-
ciplinary users are able to be effective partners in
the use of climate data.

An increasingly daunting aspect of having
tens and eventually hundreds of petabytes of
climate data openly available for analysis (Fig. 2)
is how to actually look at and use the data, all the
while understanding uncertainties. More resources
need to be dedicated to the development of so-
phisticated software tools for sifting through,
accessing, and visualizing themanymodel versions,
experiments, and model fields (temperature, pre-
cipitation, etc.), as well as all of the observed data
that is online. In parallel, it is becoming increas-
ingly important to understand complex model
results through a hierarchy of models, including
simple or conceptual models (17). Without this
step, it will be extremely difficult to make sense
of such huge archived climate data sets and to
assess the robustness of the model results and the
confidence that may be put in them. Again, ful-
filling the needs of all types of interdisciplinary
users needs to be the metric of success.

Increasingly, climate scientists and other types
of scientists who work effectively at the interface
between research and applications are working
closely together, and even “coproducing” knowl-

edge, with climate stakeholders in society (18, 19).
These stakeholders, along with the interdisciplinary
science community that supports them, are the
users that must drive the climate data enterprise
of the future.
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