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REPRESENTATIVENESS, DATA GAPS AND UNCERTAINTIES IN CLIMATE
OBSERVATIONS

INTRODUCTION
In this review, we discuss the representativeness of climate observations and the
influence on our analyses of data gaps and uncertainties in climate observations. To
set the scene, we present some newly published evidence for climate change over
the last one hundred to one thousand years. Then we discuss some of the data that
we need to study climate change and to detect it. These needs are placed in the
context of statements made in climate conventions and international programmes
about the requirements for climate data. We concentrate on the problems of
selected data sets important for studying climate change in the context of gaps in
data coverage, how representative the data are of regions being studied and the
uncertainties that are believed to exist in the measurements, including their biases.
Particular stress is placed on the new interest in climate extremes and why they are
crucial for planning and sustainability. We emphasise the fact that extremes are
currently difficult to study because the data availability problems are severe. We
then briefly describe so-called optimal methods of analysing climate data. These
allow the effects of data gaps and data errors on uncertainties in the analysis to be
integrated and quantified. Finally, we draw some conclusions.
A hundred years ago a wonderfully produced Atlas of Meteorology was published to
celebrate the state of meteorology at the close of the 19th century (Bartholemew and
Herbertson, 1899). In its Introduction, the great Scottish climatologist Alexander
Buchan said 'it is evident that meteorology will confer greater benefits than is now
possible when the network of stations is spread over regions where there are none,
or so few as to give no adequate representation of the meteorology of those regions'.
We wish to demonstrate that, despite much progress, many climate networks still
suffer from similar problems in the closing year of the 20th century. The problems are
compounded by serious limitations in the digital access to and exchange of those
climate data that do get measured. Unlike 1899, there is a new urgency in 1999: the
imminent likelihood of substantial climate change, e.g. as described in IPCC (1995).
RECENT WORK ON TEMPERATURE CHANGES
Figure 1 illustrates a recently published reconstruction of northern hemisphere
temperature changes and its uncertainties using palaeoclimate data (Mann et al,
1999). The palaeoclimatic data were calibrated using instrumental data since the late
191h century which are added at the end of the series. Further details on
------reconstructingtl1e climate of-t~last millennium are in-IVlann et al (l-9-9-8).--A.remarkable picture is emerging of a slow long term cooling over most of the last 1000
years, though with fluctuations, that ended suddenly in the mid-19th century, followed
by an unprecedented rate of warming in the 20th century. This warming has occurred
mainly in two periods: in the early part of the 20th century and in the last 25 years. lt
appears that 1998 may have been the warmest year in the northern hemisphere
since 1000 and the 1990s have been the warmest decade. (The latest data from
1999 at the time of writing seem set to confirm both statements). As far as we can
tell, the picture for the globe is similar, where the 10 warmest years in the
instrumental record since 1860 have occurred since 1983, seven of them in the
1990s.
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Northern Hemisphere Paleo Temperature Reconstruction
since 1000 wlth Twentieth Century lnsttumental Data
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Figure 1 Reconstruction of northern hemisphere temperature by Mann and eo-workers.
Shaded region represents the twice standard error limits in annual reconstructed values
before the instrumental era (ending in 1901) using several types of proxy data.

DATA PROBLEMS IN THE CONTEXT OF CLIMATE CHANGE
Important questions - requiring adequate data - that are being studied by the Third
Assessment Report ofthe Intergovernmental Panel on Climate Change (IPCC) due
to report in 2001 include:
•
Is the climate warming?
•
Is the intensity of the hydrological cycle changing?
•
Is the atmospheric or oceanic circulation changing?
•
Is the climate becoming more variable or extreme particularly with
respect to heatwaves, storms, floods and droughts?
•
Can we detect more confidently anthropogenic influences in the
climate records, tentatively identified in the 1995 IPCC report?
Although climate data networks for monitoring climate variability and detecting
climate change must work together with those for weather forecasting, we will
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demonstrate that it is far from sufficient for climate networks just to "piggy-back" on
the data needs of weather forecasting. The quality and homogeneity needed, and
the length of climate records, is usually much greater. So is the range of information;
thus data exchanged for weather forecasting do not include many of the extremes. A
wide-ranging review of data requirements and data problems relating to climate
change and variability studies can be found in Karl et al (1995). An updated
discussion of the detailed general needs for climate data networks can be found in
USA Commission on Geosciences, Environment and Resources (1999) and an
appeal for specially designed worldwide climate networks in Strangeways (1999).
Figure 2 shows an example of the problems of precipitation. The two curves show
annual precipitation for the former Soviet Union over the last century (Groisman and
Legates, 1995). The bottom curve is the apparent change of rainfall in millimetres
using the data as measured. The top curve shows what happens when adjustments
are made for the systematic errors of rainguages; these are due to the effects of
airflow induced around the gauge orifice on the precipitation catch and are now well
understood. The adjustments greatly increase the precipitation and reduce the trend,
so the original data would give a false impression of both trends and climate model
performance. Therefore, comprehensive information on the types and site details of
raingauges used by WMO members is essential for determining true precipitation
changes.

Inhomogeneity and Bias- Precipitation
Annual precipitation fur the former Soviet Unic1n,
con:ected and unconected. d.nt..'l
····t~}-······-······-··

"'"'•' .............. ', ______________·········· .. ····· ..................... "'' .......

Figure 2 Annual totals of precipitation for the former Soviet Union. The lower curve is as
observed and the ur:mer S::[JI"Y~ jm::_ll.J_des_Q()rrectle>n~a§_~~RI.§iD_e_l:l_iD_ tll~JeJ<t._~ft_e_r_Gr_oisman_
and Legates (1995}:--

Figure 3 gives an overall view of changes in data coverage of some key climate
networks over the last century. We show precipitation, land surface air temperature,
ship and buoy sea surface temperature and radiosonde data at 700 hPa (near a
height of 3km) and 50 hPa (near 20km). The overall impression is of a steady
increase in the spatial coverage of available data, as shown on the left-hand axis,
until the last 20 years or so, when most networks sadly show a decline. This is
particularly evident for the radiosonde network. The recent decline in data coverage
evident in Figure 3 is at variance with articles 4 and 5 of the 1992 UN Framework
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Convention on Climate Change (UNEP, 1998). Article 5b on "Research and
Systematic Observation" states: 'In carrying out their commitments ... , the Parties
shall support international intergovernmental efforts to strengthen systematic
observation and national scientific and technical research capacities and capabilities,
particularly in developing countries, and to promote access to, and the exchange of,
data and analyses thereof obtained from areas beyond national jurisdiction'.
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Figure 3 Changes in spatial coverage for selected data types important in climate change
studies. The available area is e.g. global land for rainfall, global ocean for ship sea
temperature data or global atmosphere for radiosonde data.

The extent to which we succeed with this requirement directly affects the capability of
the IPCC to provide advice to governments, particularly for monitoring, detecting and
attributing climate change and evaluating models that predict future climate. lt also
affects the capability of the World Climate Research Programme (WCRP) to increase
our understanding of climate change. In fact the recent WCRP research programme
on Climate Variability and Prediction (CLIVAR) implementation plan (WMO, 1998a)
emphasised: "IPCC noted in 1996 that current data and observational systems are
inadequate for the complete description of climate change. Virtually every monitoring
_syste_m requires better data quality and continuity". Note that the ability to accurately
monitor short-term climate variations, such as the dramatic 1997/1998 El Nino,
requires similar data.
Satellite data should be mentioned at this stage. Although many types of satellite
data are potentially valuable for climate studies, they usually cannot yet replace most
of the traditional ground-based data for climate change assessment. They do have
the potential to fill data gaps, often by blending with in situ data, but they must be
calibrated against in situ data to obtain homogeneity with the past data.
Unfortunately, many satellite data have time-varying biases that are at least as
serious as those of ground-based data. So they have proved quite difficult to use in
climate change studies, despite major efforts by climatologists. Examples are the
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microwave sounding unit data of tropospheric temperature, and as we show later,
polar orbiting satellite sea surface temperature data.
Returning to the data needs of international activities, The Climate Agenda (WMO,
1993), which integrates climate-related activities of WMO and several other
agencies, has as one of its four thrusts "Dedicated observations of the climate
system". This aims to provide systematic operational climate observations with the
help of the Global Climate Observing System (GCOS) initiative. In 1998, the
Subsidiary Body for Scientific and Technical Advice to the Conference of the Parties
(COP) of the UN Framework Convention on Climate Change noted the serious and
persistent problems with climate data in its report on the adequacy of Global Climate
Observing Systems. The report was considered by the COP at its fourth session in
Buenos Aires in November 1998. In its decision (FCCP/CP/16/Add1, 1998), the
COP urged Parties to undertake programmes of systematic observation and
furthermore urged parties to undertake free and unrestricted exchange of data
required to meet the needs of the Convention.
We now illustrate both some problems, and prospects, for climate change analyses
particularly using radiosonde and surface temperature networks. Figure 4 shows the
spatial coverage of radiosonde temperature data at 50 hPa and 700 hPa for two
chosen decades using the Hadley Centre radiosonde data set (Parker et al, 1997).
Serious data gaps can be seen in the southern hemisphere and over the oceans.
This makes the assessment and detection of climate change in the troposphere and
lower stratosphere particularly difficult. The data gaps are just as large in the most
recent decade illustrated as they were in the first decade shown. Recently WMO has
designated a GCOS Upper Air Network or GUAN. If fully implemented, GUAN will
allow adequate measurements of climate change and variability on larger space
scales using radiosondes. Figure 5, taken from Wallis (1998), illustrates the extent to
which a global set of stations including many now allocated to the GUAN by GCOS
(WMO, 1999) are representative of climate around them. Ellipses are placed around
stations to indicate the surrounding area for which a station is representative for
monthly 850 to 300 hPa thickness anomalies (calculated relative to a 1980-89
average). If fully operational, with good data, GUAN stations would cover the tropics
quite well, though data gaps will inevitably remain in the southern hemisphere and
even in the extratropical Northern Hemisphere. The ability of the GUAN to represent
the atmosphere over, say, seasonal or yearly averages would be somewhat greater,
as the areas which stations represent would be larger. However Figure 5 does
illustrate the need to retain additional stations if we are going to have a detailed
picture of atmospheric temperature and humidity on the regional space scale.
Figure 6 shows monthly radiosonde temperature stations reporting over the Global
Telecommunication System in February 1999. lt highlights currently designated
(mid-1999) GUAN stations which did not report that month, though some stations
may not yet exist while others simply did not report or were not received at the
Hadley Centre. Concentrations of missing GUAN stations can be seen in the tropics.
If all GUAN stations reported regularly, we would have a good picture of changes in
tropical atmospheric climate and a reasonable picture in other areas. So, it is very
important for nations to concentrate on making the GCOS Upper Air Network operate
successfully as radiosondes can provide crucial data for climate change detection, as
shown in the 1996 IPCC Assessment.
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Hadley Centre Radiosonde Data: Decadal Data Coverage(% of years present)
[Statistics expressed as% oflaod 5"x 10" boxes]
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Figure 4 Percentage spatial coverage of radiosonde temperature data in the decades 19691978 and 1989-1998 for annual average values. For a year to be present, 8 or more months
had to be available. The maps show the percentage of years available in each decade.
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from Wallis, J.Clil:uate, 1998

Figure 5 Areas of influence of radiosonde stations for monthly 850-300 hPa thickness
anomalies. Each ellipse boundary represents an "area of influence" of the station at the
centre, defined by r=0.37, the correlation of monthly thickness between the station and the
surrounding region. From ECMWF analyses.
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Figure 6 Radiosonde temperature stations reporting over the global telecommunication
system via CLIMAT TEMP messages in February 1999 compared to the designated
distribution of GCOS GUAN stations.

We now move to land surface air and sea surface temperatures. Figure 7 shows the
change in the distribution of these data for four decades over the last 120 years,
starting with the 1870s through to the 1980s. There is a general increase of data
coverage, though the figure hides major reductions in the two World Wars.
Fortunately, in the late 191h century a surprising number of measurements were made
in the southern hemisphere partly because the Panama Canal was not open at that
time. However, southern ocean data were very sparse and in situ data remain mostly
very sparse even now. Note that Figure 7 shows decadal coverage; individual
months would have much worse coverage. Even for a decadal estimate, where we
can allow substantial amounts of missing data, parts of Africa still have insufficient
data to estimate climate change at all.
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Land Temperature and SST: Decadal Data Coverage(% of years present).
[Statistics expressed as %of global 5°x 5° boxes]
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Figure 7 Spatial coverage of surface air temperature and sea surface temperature data for
four selected decades between the 1870s and 1880s. For a year to be present, 10 or more
months had to be available. The maps show the percentage of years available in each
decade.

Using sea surface temperature data is quite difficult. This is illustrated in Figure 8
(adapted from Folland and Parker, 1995) by a few of the varying methods of
collecting sea-water which have been used over the last 100 years in order to take its
temperature. Picture (a) shows an insulated bucket used by the United Kingdom in
recent decades, a semi-insulated bucket used in Europe and an uninsulated canvas
bucket used by the United Kingdom. Picture (b) shows a wooden bucket of the kind
often used to collect sea water in the nineteenth century. The chief problem in the
past was the loss of heat from the sea water due to evaporation from the walls of
uninsulated buckets while a measurement was being made. This problem was
minimal for the insulated bucket, greatest for the canvas bucket and intermediate for
the wooden. This has led to time and geographically varying biases in the original
sea temperature data. Modern measurements are also somewhat heterogeneous
and their problems yet to be fully resolved.
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Figure 8 Four types of buckets used to collect sea water whose temperature was measured

on the decks of ships. (a) (left) the UK Met Office REF 1800 black insulated bucket; (centre)
German metal and leather bucket (right) the UK Met Office MKIII canvas sea temperature
bucket. (b) ship's wooden bucket, 1891 (courtesy of Scottish Maritime Museum).

Figure 9a shows typical corrections (mostly positive) applied to early sea surface
temperature data by IPCC (Folland and Parker, 1995), based mainly on physical
models of the heat exchanges of buckets with the environment. The spatially varying
corrections for December 1940 reach nearly 1°C in a few places east of northern
hemisphere continents. Corrections vary with season and through time until 1942,
after which corrections are currently not applied. These large corrections were the
result of a monitoring system that was not, and still is not, properly designed to
monitor climate change. The need for further, smaller, corrections to modern sea
surface temperature data has still to be thoroughly investigated but is indicated by
results in Folland et al (1993}.

Figure 9b shows biases in the 1980s and 1990s in polar orbiting satellite sea surface
temperature data (e.g. Reynolds et al, 1989, Reynolds, 1993). Here, we compare
globally-averaged ship and buoy data with the satellite data; in this period we
consider that in situ data were reasonably homogeneous compared with the satellite
data. The latter were severely affected by stratospheric aerosols from the eruptions
of Mt El Chichon in the early 1980s and Mt Pinatubo in the early 1990s that biased
the sea temperatures much too cold, and there were other biases too. These
satellite measurements, like the surface measurements, have not been designed
properly for climate change monitoring or detection. Even now it is proving hard to
adequately correct the satellite sea temperature data, despite much effort. Quite
serious problems of homogeneity also exist in the available mixture of in situ and
satetl'ite sea-ice data that are cur~ently under investigation by one of the authors.

Sea Surlace Temperature Corrections, December 1940
[Isopleths every 0.2°C. Alternate isopleths heavier]
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Figure 9 (a) Corrections applied to in situ sea surface temperature data in different parts of
the world for December 1940 (b) Globally-averaged satellite sea surface temperature data
compared to in situ data over the period 1982-99. The differences are largely time-varying
biases in the satellite data.
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Similar, slightly less serious problems of inhomogeneity permeate the land
temperature data. We have no time to describe these in detail but Parker (1994)
provides some further information. However, it is worth noting that the problem of
warming due to urbanisation has had much attention (e.g. Jones et al, 1990,
Peterson et al, 1999) but as indicated in Parker (1994), past biases due to different
types of thermometer screen remain insufficiently researched.
·
Recently, WMO members have agreed which of their surface stations shall be part of
the GCOS Surface Network (GSN). The initial design of this network is described in
Peterson et al (1997). Figure 10 shows the distribution of all surface CLIMAT stations
reporting monthly; Outlined triangles show GSN stations which were not yet
operational or from which a reasonably complete set of messages were not received
over the period 1991-1998. There is a strong concentration of these stations in the
tropics. When the GSN network was designed, data gaps in the tropics were
particularly noted. If all GSN stations regularly reported from the tropics (and some of
these stations may now be reporting), we would have a good representation of
surface temperature almost everywhere over land on large regional space scales.
So, it is very important to fully implement the GSN network. In establishing the GSN,
WMO Members are being urged to regard the GSN stations as a standard for
developing and improving the denser national reference climatological networks that
are needed for climate change studies at the regional to national scale. Importantly,
GSN stations will also facilitate the implementation of the WMO Climate Information
and Prediction Services (CLIPS) project.

GSN and Current Reliable CLIMAT Stations
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Figure 10 Receipt of data from CLJMAT and the new GSN stations.
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THE NEED FOR DAILY DATA TO MONITOR CHANGING EXTREMES
We now want to emphasise a key message. A main reason why an expected climate
warming of the order of 2°C over land in the next 80 years is important involves the
extremes. Firstly, Figure 11 shows why a seemingly small change in the mean is
important. lt shows the distribution of Central England Temperature (Manley 1974,
Parker et al, 1992) over 1961 to 1990 for August and a similar distribution with a 2°C
warming added. Figure 11 shows that drastic changes occur in the probability of
warm Augusts after a 2°C warming. Thus a temperature of 18.5°C, well above the
current average, has a return period of 40 years in 1961-90, but this is reduced by a
factor of 10 for a 2°C warming to just 4 years, with comparable statistics for other
very warm Augusts. Some monthly values hitherto impossible emerge with the
warming. Society and ecosystems are very sensitive to a relatively small warming
because the frequency of many types of extremes changes dramatically and new
extremes become a part of the climate. Extremes often define the range of a
sustainable ecosystem. We must analyse changes of extremes and relate these to
the environment if we are to fully understand why the climate changes expected are
so important.

The Importance of Extremes
Distribution of mean Central England Temperature
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Figure 11 Influence of an increase of 2°C in the climatic average for August in Central
England relative to the climate of 1961-90.
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Figure 12 illustrates two analyses of daily extremes. Figure 12a shows a time series
of the fraction of total rainfall, averaged for all regions of the United States, that was
contributed by the uppermost ten percentile of daily precipitation events, i.e. heavy
rainfall, defined over the whole of the century (Karl and Knight, 1997). lt shows a
statistically significant increase in the relative contribution of heavy rainfall to total
precipitation. This implies that the shape of the rainfall distribution has changed in a
way we expect more widely in a future warmer climate. This would have major
consequences in hydrological design. Is this happening globally? Figure 12b uses
one of the longest available homogenised daily temperature series, the daily Central
England series that starts in 1772 (Parker et al, 1992). lt shows the fraction of days
with Central England Temperature not exceeding the 5 percentile (defined over the
period 1961 to 1990), and exceeding the 95 percentile (Horton et al, submitted). In
other words, it shows the frequency of very cold days and very warm days. Figure
12b shows that extreme cold days have decreased in frequency very substantially
over the last century as the climate has warmed, whereas the extreme warm days
have increased in frequency by markedly less. This implies a change in the shape of
the statistical distribution. There is tantalising evidence that this kind of behaviourcold extremes decreasing faster than warm extremes have increased, at least up to
now- may have occurred elsewhere, even over the oceans (Horton et al, submitted).
If so, it would have substantial consequences for our understanding of the character
and impact of climate change. But, we need more daily historical data to find out, and
to put individual countries' experience into the global context.
Many other questions can be asked about changing extremes that IPCC would like to
investigate. Some examples:
•
•
•
•

•

What changes are occurring in the length and severity of d.roughts?
What changes are occurring in frost frequency" below relevant
thresholds, or in growing season length?
Is the frequency or intensity of extreme winds changing?
Are extreme apparent temperatures, a function of both humidity and
temperature, becoming more frequent? This could cause increased
severity or frequency of heatwaves and become critical to human
sustainability in tropical cities.
Is the .combination of changing extremes consistent with expectations
from models that predict global warming?

Given historical and operational worldwide daily data to answer these questions, a
consistently analysed and internationally agreed set of Environmental Extremes
Indicators could be distributed regularly to all nations by WMO.
In 1998, a Task Group of the Commission for Climatology/CLIVAR Working Group on
Climate Change DeteCtion strongly recommenaed to the Co-mmission for Basic
Systems that a baseline data set of daily data and associated metadata from the
GSN stations should be made available for the Third IPCC Assessment. In
response, CBS has made a statement encouraging members to provide historical
daily data at GSN and GUAN sites for the analyses of climate indicators for the IPCC
Third Assessment. Urgent action regarding the availability and exchange of data is
needed if IPCC is to report effectively on changing climate extremes in 2001 as has
been demanded.
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Changes in Extremes
rill'r; series of the contributions of 1he uppe-r 10 percentile of daily precipitation
eventS to total armual precipitation area-averaged across the United States
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Figure 12 (a) Trend in the contribution of the upper ten percentile of daily precipitation to total
precipitation area-averaged over the United States. The upper 10 percentile is calculated
locally for the whole period. (b) percentage of days in each year and approximately decadally
averaged (21 term binomial filter) exceeding the 95 percentile and not exceeding the
5 percentile since 1772. The percentiles are based on a Gamma distribution fitted to daily
data over the period 1961-90.
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REANALYSES

Reanalysis using fixed atmospheric models is one of the major achievements of the
1990s (WMO, 1998b). lt will greatly help research in interannual climate variability
and make a substantial contribution to understanding climate mechanisms.
However, Reanalyses have recently been shown to be unreliable for estimating
trends. Some of the reasons relate to model biases, but also significant are
inhomogeneities in the input data, particularly from radiosondes and satellites. So,
apart from model improvements, it is essential for future accurate Reanalyses of
climate trends that the input data be homogeneous over the last few decades, and
into the future.
RECONSTRUCTING CLIMATE FIELDS FROM DATA WITH GAPS

Finally we briefly discuss how we can best analyse spatial patterns of climate data
with temporal and spatial data gaps. Figure 13a shows the sparse distribution of sea
surface temperature data in January 1878. Figure 13b shows a full reconstruction of
sea surface temperature for that month, showing a classical warm pattern of the
great El Nirio of January 1878 in the central and eastern equatorial Pacific that is
hardly evident in the original data. We use a mathematical method called
"eigenvector projection" (Rayner et al, 1996) which can be formulated in more than
one way and which has been used in another form by Smith et al (1996).
Eigenvectors are merely orthogonal spatial patterns. Here we use linear
combinations of pre-defined spatial patterns of sea surface temperature anomalies,
including one describing global warming. A recent version of the Hadley Centre
atmospheric climate model forced with these reconstructed patterns of sea surface
temperature, including the corrections for sea temperature biases described before,
has reproduced the Southern Oscillation Index observed at that time very well. The
extreme warmth of global land surface air temperatures due to the 1877-78 El Nirio
was well simulated too. This El Nirio reconstruction is used in a recent paper
analysing the character of El Nino variations since the late nineteenth century (Kestin
et al, 1998).
Linear combinations of similar spatial patterns are the basis of new techniques of
analysing historical climate data that more optimally allow for the effects of data gaps
and data errors. One technique is called reduced space optimal interpolation
(Kaplan et al, 1997, 1998) and the other, even newer and still being perfected (Shen
et al, 1998), is called· reduced space optimal averaging. They are versions of optimal
interpolation and averaging that use the orthogonal spatial patterns in place of the
more usual correlation functions. This turns out to be much more satisfactory with
very large time-varying data gaps. One of these patterns looks quite like the El Nifio
pattern we have just shown. Figure 14 shows the result of applying optimum
averaging to the IPCC global temperature data up to 1998. An estimate of
uncertainties in the average due to random errors and data gaps is shown, together
with additional uncertainties due to-the correctioAs for sea temperature biases;;- Other
biases need including and some refinements of the details of the method are
expected. Nevertheless, this shows the potential of optimum averaging for
quantifying uncertainties in many climate time series that IPCC is keen to achieve.
However, it must be emphasised that the optimum interpolation methods are much
better at reconstructing large spatial scales (like the simpler eigenvector projection
method). There is no substitute on small space scales for measured data, so these
estimation methods do have serious limitations on national scales.
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Filling Data Gaps
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Figure 13 (a) Available spatial distribution of sea surface temperature data in January 1878
during one of the greatest El Niiio events of the nineteenth century. {b) Reconstruction of
global sea surface temperature using orthogonal patterns of variability via the method of
eigenvector projection. Black areas in the Arctic and near Antarctica are estimates of sea-ice
extent.
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Figure 14 Running 10-year averages and two standard errors of global mean surface temperature
(expressed as differences from a 1961-90 average) for the period 1860-1998. This results from reduced
space optimum averaging of land surface air temperature and sea surface temperature data.

CONCLUSIONS

Our first conclusion is that the current data network was not designed adequately, or
at all, to measure, detect or attribute climate change. Tremendous efforts are still
needed to adjust data for time varying biases, and reanalyses are very sensitive to
data biases. Large time varying data gaps in the historical record cause many
uncertainties that we can now start to quantify but they may still prevent us from
monitoring some regional climate changes at all. Unfortunately, the decline in
observational networks is having a detrimental impact on key climate data sets.
Optimum analysis methods can improve our estimates of climate change and help
quantify uncertainties, but they are no substitute for homogeneous data of adequate
density and high quality. So, we need both to improve existing networks and to
preserve, digitise, and quality control the large amount of data and metadata that we
know already exist in paper archives.
Very importantly, daily data are very difficult to access and need especially rigorous
quality control. These data are urgently needed to monitor changes in climate
extremes for the reasons explained above. So, we require access to digitised,
historical data and metadata, and a Global Climate Observing System that is
purpose-built and maintained, with its quality continuously monitored, to help guide
governments to make appropriate policy responses to the challenge of global
warming.
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