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We cannot predict what is not observed, and we cannot analyze what is  

not archived. Fully integrated land meteorological records are essential  

to advance understanding of weather and climate.

TOWARD AN INTEGRATED SET 
OF SURFACE METEOROLOGICAL 

OBSERVATIONS FOR CLIMATE 
SCIENCE AND APPLICATIONS

P. W. Thorne, r. J. AllAn, l. AshcrofT, P. BrohAn, r. J. h Dunn, M. J. Menne, P. r. PeArce, 
J. PicAs, K. M. WilleTT, M. Benoy, s. BronniMAnn, P. o. cAnziAni, J. coll, r. crouThAMel, 

G. P. coMPo, D. cuPPeTT, M. curley, c. Duffy, i. GillesPie, J. GuiJArro, s. JourDAin, e. c. KenT, 
h. KuBoTA, T. P. leGG, Q. li, J. MATsuMoTo, c. MurPhy, n. A. rAyner, J. J. rennie, e. rusTeMeier, 
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across all inhabited continents sufficient that, today, 
we can calculate estimates of global-mean change in 
several important parameters, such as temperature 
(e.g., Lawrimore et al. 2011, Morice et al. 2012), dating 
back to the mid-to-late nineteenth century. The late 
nineteenth and early twentieth centuries saw a drive 
to standardize methods of observations, data formats, 
and metadata under the World Meteorological Orga-
nization (WMO) and its predecessors as the scien-
tific and societal value of these observations became 
more and more apparent (Parker 1994). But change 
continues to this day, for example, with an increased 
propensity to unmanned methods of observation.

These meteorological data constitute the founda-
tion of our knowledge of the climate system. Without 
long records of observations, there can be no viable 
pathway to understanding climatic processes, climate 
variability, climate and weather extremes, or climate 

Meteorological observations at stations over land 
areas have been taken for several centuries. 
Early measurements were performed by the 

scientists of the Enlightenment exploring their en-
vironment, by medical doctors trying to understand 
illnesses, agronomists aiming at improving yields, 
or colonial administrators documenting the wealth 
of their assigned colonies. These early observations 
used a broad range of instrumentation, emerging 
measurement systems, and disparate measurement 
scales (e.g., Réaumur, Fahrenheit, Celsius, Paris lines, 
inches, millimeters, hectopascals; Brázdil et al. 2010). 
From the midnineteenth century onward, many na-
tion states started the operation of meteorological 
networks in the framework of a new administration 
style, new responsibilities, and technical innovations 
(e.g., telegraph) (Edwards 2011). By the late nineteenth 
century, station coverage (albeit sparse) extended 
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change. Historical observations have been used to 
create datasets for many essential climate variables 
(ECVs; Bojinski et al. 2014) that have enabled assess-
ments of changing climate system properties (e.g., 
Blunden and Arndt 2016; Hartmann et al. 2013). They 
tell us about a world that has changed and warmed 
over the last 150 or so years (Kennedy et al. 2010), and 
their continuation is important in monitoring the 
effectiveness of the recent Paris agreement (Dolman 
et al. 2016). They can also be used (along with many 
other observations) to derive reanalysis products 
(Saha et al. 2010; Compo et al. 2011; Rienecker et al. 
2011; Dee et al. 2011, 2014; Kobayashi et al. 2015) and 
assess performance of climate models (e.g., Flato et al. 
2013 and references therein).

Despite the importance of land-based meteorolog-
ical observations, their data management is currently 
very fragmented. While for marine observations the 
International Comprehensive Ocean–Atmosphere 
Data Set (ICOADS; Freeman et al. 2017) provides 
integrated access to a wide range of surface marine 
data, the same cannot be said for the land-based 
observations. The absence of a coordinated global 
program for data rescue and provision, data manage-
ment, data curation, and data usage means that we 
are not currently extracting the full scientific and 

societal benefits from the observations that we know 
of (and this ignores the unknown knowns—the un-
cataloged, the unshared, and the forgotten). Such data 
have potential to be used seamlessly across a range of 
local, regional, and global products and applications. 
However, this problem is multifaceted with no simple 
solutions. Data sharing is complex, involving both 
data rescue and data policy. National and global me-
teorological data management has historically been 
highly fractured, such that today we have distinct 
holdings for hourly, daily, and monthly data man-
aged by different groups in disparate ways. We have 
also developed several ECV-specific sets of holdings 
for many ECVs such as surface pressure (Cram et al. 
2015), temperature (Rennie et al. 2014), and precipita-
tion (Adler et al. 2003; Schneider et al. 2014). These 
holdings use distinct data formats, carry different 
station identifiers, often disagree in simple facets such 
as station names and even coordinates, and have dif-
fering levels of data completeness. Different sources 
may have had distinct quality control applied. Even 
more confusingly, daily and monthly averages derived 
from the same underlying data may differ if processed 
in different ways. Further compounding the issues, 
available data discovery tools are often rudimentary, 
and traceability to the original source is lacking. 
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Hence, it is at best hard and at worst impossible for 
users to reconcile available holdings.

While some efforts to create merged holdings exist 
regionally—for example, the European Climate As-
sessment and Dataset (ECA&D; Klein Tank et al. 2002; 
Klok and Klein Tank 2009) and International Climate 
Assessment and Dataset (ICA&D) components (Van 
Den Besselaar et al. 2015)—and globally—for ex-
ample, Global Historical Climatology Network-Daily 
(GHCN-D; Menne et al. 2012)—they are limited in 
geographical domain (ECA&D, ICA&D), temporal 
integration (GHCN-D), and often to a narrow sub-
set of variables (all to some extent). This globally 
piecemeal approach to data management is a major 
impediment to optimal usage of historical land me-
teorological holdings. What we need is a coordinated, 
sustained, and international effort to better access, 
manage, and integrate these holdings.

The challenge is not simply that the holdings 
are suboptimally managed for present-day applica-
tions, but also that there are emerging needs that 
are currently ill-served (Allan et al. 2012). In the era 
of climate services, there is a growing and changing 
demand for local information, for information on 
daily and subdaily aspects of climate change (not 
least extremes, impacts, and risks), and for data that 
are “open” and free from restrictions and condi-
tions. Many of these emerging applications also 
require consideration of the full suite of surface ECVs 
(Bojinski et al. 2014), as well as measurements that 
are not currently routinely captured or used from 
multiple sources beyond the remit of many national 
meteorological services (NMSs) (e.g., agriculture, 
transport, energy, amateur observers). Furthermore, 
there is an increasing need for high-quality discovery 
and observational metadata: indicators of quality and 
uncertainties, in addition to known changes in mea-
surement techniques, practices, locations, and siting 
environments. Such data and metadata are essential 
in provision of scientifically robust climate services 
(Van Den Besselaar et al. 2015).

Put bluntly, we keep being confronted with climate 
situations that are seemingly unprecedented. This is 
likely in part because we are currently unable to com-
prehensively represent the climate of our recent past 
owing to the present disorganized state of land-based 
holdings. To be able to better assess and respond to 
climate-induced challenges, it is crucial that we gain a 
better understanding not only of large-scale climatic 
trends, but also of local climate, past conditions and 
variability, and short-term events such as flooding, 
heat waves, and storms. We are in a fortunate posi-
tion of being able to draw upon decades and, in many 

cases, centuries of scientific heritage in the form of 
rich meteorological archives, but this invaluable 
heritage is not currently capable of being used to its 
full potential. To be able to research the scope and 
causes of climatic events effectively, it is imperative 
that the many millions of observations taken at some 
tens of thousands of locations, including emerging 
methods and modes of observation, be integrated and 
consolidated into a coherent database.

In this paper we outline a high-level roadmap for 
a comprehensive land-based international meteoro-
logical observation databank (CLIMOD) and offer 
examples (via boxes) of how valuable a database like 
this could be. We also consider the numerous logisti-
cal hurdles to overcome. We begin by outlining the 
high-level vision of the approach to be undertaken. 
Then, in turn, we discuss in more detail aspects 
around data sourcing, data rescue and collection 
(including metadata), data management, data serving, 
and governance (including data policy).

HIGH-LEVEL VISION FOR CLIMOD. The 
combined policies, practices, and projects since 
systematic observations of weather were instigated 
have led to a massively fractured set of land-based 
meteorological archives ranging from single-
station, single-ECV, single-time-resolution series to 
large global multi-ECV, multi-time-scale holdings. 
Stations often have contributed to multiple archives, 
sometimes at a range of time averages, such that 
there is gross duplication and resulting confusion in 
the available records. CLIMOD will first collect all 
digital data holdings and associated metadata, aug-
ment them with rescued and newly discovered data 
as they become available, and combine them into a 
single database of all commonly observed ECVs at 
land meteorological observing sites. To ensure prov-
enance (data lineage), these collected data should be 
as close to their original format and source as possible. 
This basic consolidation is a key and necessary first 
phase, but it is not sufficient to facilitate widespread 
usage, except perhaps by a handful of experts who 
can properly assess and use such complex holdings.

What is next required is analogous to a satellite 
“level 1b” product (Campbell and Wynne 2011) that 
is geolocated, with duplicates removed, in consistent 
geophysical units, with metadata directly associated 
and with gross errors flagged. This would provide a 
set of openly available land–meteorological holdings 
that is integrated, consistently formatted, and dis-
coverable. In this phase, the different ECVs should 
be collated and served together; to quote Aristotle, 
“the whole is greater than the sum of its parts” (as 
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