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Abstract

This study is an extensive revision of the Clim&esearch Unit (CRU) land station
temperature database that has been used to pradpitebox dataset of 5° latitude by
59 longitude temperature anomalies. The new dataltZRUTEM4) comprises 5583
station records of which 4842 have enough dat&h®i1961-90 period to calculate or
estimate the average temperatures for this peMaay station records have had their
data replaced by newly homogenised series that e produced by a number of

studies particularly from National Meteorologic@r@ices (NMSSs).

Hemispheric temperature averages for land areaslafmd with the new CRUTEM4
dataset differ slightly from their CRUTEMS3 equivateThe inclusion of much
additional data from the Arctic (particularly thei$gian Arctic) has led to estimates
for the Northern Hemisphere (NH) being warmer byuil®.1°C for years since 2001.
The NH/SH warms by 1.12/0.84°C over the period 12010. The robustness of the
hemispheric averages is assessed by producingiffeeent analyses each including
a different subset of 20% of the station time seaied by omitting some large

countries.

CRUTEMA4 is also compared with hemispheric averggeduced by reanalyses
undertaken by the European Centre for Medium-R&gather Forecasts (ECMWF)
- ERA-40 (1958-2001) and ERA-Interim (1979-2010ddats. For the NH,
agreement is good back to 1958 and excellent fr@R® kAt monthly, annual and
decadal timescales. For the SH agreement is pdareif, the area is restricted to the

SH north of 60°S the agreement is dramatically owpd from the mid-1970s.
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1. Introduction

The purpose of this paper is to revise, improvegdhte the gridded land-based
Climatic Research Unit (CRU) temperature datab@s8 TEM4), last documented

by Brohanet al. (2006, CRUTEMS3). There are two principal reasfmmsuch an
analysis at the present time. First, some years passed since it was last undertaken
and significant changes and improvements have imeele to the availability of
monthly average temperature data in real time. SBoend reason is that several
national and other initiatives (co-ordinated byibia&l Meteorological Services,
NMSs) have also dramatically improved the quaraitg quality of monthly-mean
temperature data available. Some countries haemgixely homogenised significant
parts of their entire national holdings, releadimgresults for all to use. Both these

developments should improve the coverage of availddta.

Despite these improvements to the quantity andtgualdata available, it is not
expected that major changes will occur in the hphesic-average series, as at these
scales the existing averages are highly robustpfineipal reason for expecting only
small changes is that time series of the many #nudss of station records are not
statistically independent of each other. The nunatbstatistically-independent
locations (at timescales above annual) over théhisassurface has been estimated by
several authors to be about 100 or less (see discus Jonest al., 1997). The
improvements to data quality and quantity in thespnt study, though, should impact

individual grid-box series and analyses of spatgterns.
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The paper is organised in the following way. Setficextensively discusses the
sources of additional data used in CRUTEM4 anctttalenges of merging,

replacing and updating the existing station-basednds. Section 3 discusses the
gridding technique used to develop the improved-gox datasets. Section 4 presents
extensive comparisons of the new analyses withethbgady available, illustrating

the improvements in coverage. Section 5 concludes.

2. Data

The station data sources incorporated into preweusions of the CRUTEM
database have been extensively discussed in ébale$1985, 1986), Jones (1994),
Jones and Moberg (2003) and Broleaal. (2006). The station data used in the
CRUTEMBS3 dataset had assigned codes to each statimg the principal source for
each series (see above references). These havalgmented here and a full list of
source codes is given in Table 1. Although thendte sources of all the station data
are the NMSs, much of these data have made thgitowasers via a number of
World Meteorological Organization (WMO) and Glolélimatological Observation
System (GCOS) initiatives, as well as NMS websitred scientific publications. We
have replaced station data in CRUTEMS3 with improgath from NMSs for stations
with the same locations as these were deemeddblmter quality. In some cases,
the improvement could simply have been a more ceta@eries with fewer missing

monthly values.

The next sections introduce much of this additionaterial, but only the major

source codes in Table 1 are discussed. Apart frtfs Nource material there are
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three additional sources that incorporate statata dcross the world’s land areas:
CLIMAT (WMO co-ordinated transmission of many metaogical parameters
including monthly average temperatures), Monthlyr@tic Data for the World
(MCDW), and the decadal World Weather Records (WW@&Ymes (from the 1950s
onwards up to the 1990s). CLIMAT and MCDW are sesrthat are available in real
time and near-real time respectively, and contata br approximately 2000-2500
stations, though the number of stations availablees from month to month,
particularly so for some developing countries. MC/Mvailable slightly later (3-4
months) than CLIMAT and tends to contain the satagans (though with fewer
missing values), but considerably more for the iguaius United States (US). We do
not use all the station data that report in CLIM&Td MCDW, but restrict ourselves

to stations that have enough data to calculate-996dverages (see section 3.1).

The WWR volumes are released every ten yearstattezompletion of each decade.
WWR is an important source of data for South Aneerkfrica, Asia and many island
groups. The availability of WWR data only every aée is part of the reason why the
coverage of data in near-real time appears to eedince the last decade of WWR
was released for the 1990s. Part of this redudsiolue to incomplete availability
rather than the non-existence of data and shouldenmterpreted as evidence that the
network of stations across the world’s land argadasicing. WWR sources can
additionally be important in other parts of the lddor infilling missing monthly

values that occasionally occur in CLIMAT and MCDWusces.

The numbers of stations from each source are iedlund Table 1. Although each

station is allocated a source code, most statinessdo not come from a single source
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(see also Jones and Moberg, 2003 and Brehaln 2006). Real-time monthly
updating has to be based on CLIMAT and MCDW datd,rmost NMSs do not fully
assess the quality of these data in real time QlH®AT and MCDW data are

guality controlled by Meteorological Office stafilithin a few years we would expect
to replace the recent data for some series with fiamn direct NMS sources or from
the 2001-2010 WWR volume when it becomes availdhlether details about
updating are given in Section 2. A station segesherefore, often based on a
combination of multiple sources: the source codermgin Table 1 for each station
indicates only the dominant source code. The andesf the updating affects (to

some extent) the exact number of sites added fiewh source.

Another potential, extensive source of additioretbds daily and hourly Synoptic
Reports (SYNOP). SYNOP data also include many otleather variables and are
one of the principal sources of input data for agienal weather forecasts. We have
never used data from the SYNOP source in our eadiesions of CRUTEM, and
continue to exclude it from the new database. Thegea number of reasons for this.
First, SYNOP data are operational in nature, smat@lways extensively quality
controlled by NMSs. Second, their coverage tendsetdenser in regions where we
already have many series. Finally, monthly averageiwved from SYNOP data are
often found to be biased compared to CLIMAT and M&ZData for several reasons
(see discussion in van den Bessetait., 2011). These reasons include: incomplete
numbers of days in each month and the daily maxirandhminimum temperatures
not necessarily being the true values in mid agé hatitude regions of the world.

Additionally, many countries do not calculate mdptiverages from monthly mean
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maximum and minimum temperatures averages, so ftbrases will be introduced

into series updated with SYNOP data.

United Sates

Previous versions of CRUTEM incorporated more stegifor this region than any
other land area. Our earlier work used almoshallstation series available from
CLIMAT and MCDW. The only series we excluded wetede that we had deemed
to have non-correctable inhomogeneities which waideented in Jones al. (1985,
1986). For CRUTEMZ2 (Jones and Moberg, 2003) this stgpplemented by an
additional 1023 series for the contiguous US, beasé all ended in 1996. We never
sought to update these data for CRUTEMS, as thebruneporting from CLIMAT
and WWR for this region was already denser thancadingr region of the world (see
discussion in Jones and Moberg, 2003). With CRUTEhave replaced the 1023
series with 892 series from the current US HistdriZlimatic Network (USHCN,
which contains 1218 stations for the contiguoustéthBtates, see code 44 in Table 1
described by Mennet al. (2009). The version we have used includes adgstsfor
time of observation bias and site relocations ¢kails in Mennet al., 2009). As
many of the additional USHCN series (i.e. the 18®20us the 892) report through
CLIMAT or MCDW, we have replaced our original seri®er these locations with
USHCN data. With both additions we had to ensuaé o data series appeared
twice. Additionally, the earliest year in all th&SHCN series is 1895, so in order not
to lose any useful 19th century data from the sesie replaced, we compared
USHCN series with those from the replaced set dutie 1895-1900 period and kept

any pre-1895 data where there was no step jump96.10f the 892 USHCN stations
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incorporated into CRUTEM4, 525 stations had adddlo/ears added before 1895.
The USHCN data we use will be periodically upddtedh the above source. Later
we will show that the contiguous US has only a igggle impact on average NH

temperatures, by removing all station data frora thgion.

Russian Federation

Monthly temperature time series for 475 stationsevabtained from the All Russian
Research Institute of Hydrometeorological Inforrati World Data Center (RIHMI-
WDC, see Code 43 in Table 1). We compared thesesgaites with those we already
held and identified three groups of stations: thoseommon to both datasets (131),
those only in the CRUTEM database and those onllgarRIHMI-WDC dataset
(344). The latter group were incorporated into CEWHR, and those stations unique
to CRU were retained. For the 131 stations in commomparison revealed
differences for some of the series. The differemveer® of two kinds: (1) systematic
offsets between the data series (consistentlyrdifidor different months of the year)
very suggestive of homogeneity adjustments haveentapplied to RIHMI-WDC
data and (2) apparently random differences. Weanédent that the systematic
offsets were applied to the data obtained from RIN¥DC rather than to our
CRUTEM data, since the latter come from earlier M/¥veather Record (WWR)
sources and we applied few adjustments to formerestinion (fUSSR) data in the

1980s (see details in Jorasl., 1985, 1986).

The apparently random differences were also assesgkwhile the Russian source

mostly seemed to be a more reliable value (compatrtdneighbouring stations) this
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was not always the case. We contacted the Rusit®and sought to find any
documentation about the systematic and randonréifees. We were not successful
in finding any information for the systematic diéaces, but received considerable
help with the random ones. At the end of the esetdhe number of sites in
CRUTEM4 was increased by 344 (i.e. the numberarthird category above). For
some other sites, the majority of the series canma this source, so these are also

classified as source 43 (see Table 1).

Former Soviet Union

For countries entirely within the former Soviet Oni(fUSSR) we updated data from
daily data from 223 locations in the fUSSR, alswdimaded from RIHMI-WDC
(Code 51 in Table 1)We downloaded series from 1990 onwards (for salresdy in
the CRUTEM database) which offered useful updaezslculating monthly averages
from the daily data in the archive. Most of thesees are within Russia, but there

were series for other f USSR countries.

Additionally for central Asian countries within tiédSSR, we added in additional
data from the National Snow and Ice Center (NSIiXXBoulder, CO, choosing only
stations for which we already had some temperatata (Williams and Konoyalov,
2008; see Code 50 in Table 1). The records faedies withinKazakhstan,
Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistere extended and/or

improved (fewer missing values).

Canada, Australia and New Zealand
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In both our previous two versions, CRUTEM2 (Joned &loberg, 2003) and
CRUTEMBS (Broharet al., 2006) we have incorporated Canadian station éeatypre
series which have been tested for homogeneity dpdtad for discontinuities due to
site relocations and changes in observing procediacent and Gullett, 1999 and
Vincentet al., 2002). The convention followed by CRU in the @98e.g. Jonet al.,
1985) was that all necessary homogeneity adjussnearte applied to the earlier part
of a station timeseries, so that ongoing updatekldme appended to the modern end
of the series without the need for them to be adfisThe adjustments applied by
Vincent and Gullett (1999) and Vincesital. (2002) have not followed this
convention. Some minor further adjustments have lgplied to the data since its
last update in 2008 (see Code 42 in Table 1) toemddhe change in observing time
at airport stations in the eastern regions of thentry (discussed briefly in Brohan
al., 2006). We apply these adjustments, thereforesabtime CLIMAT updates for
sites in this region prior to appending them tortieern end of a series, so that they

are homogeneous with the past data.

The station data we are using for Australia and Mealand were discussed briefly in
Brohanet al. (2006). Source details (web sites or literatefenences) for these and
other groups in this section are given in Tableddés 40 and 41). For CRUTEM4,
we downloaded these homogenized data again an#dedhagainst what we had,

incorporating all the changes made in Australia ldad Zealand.

Arctic

10
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Bekryaevet al. (2010) analyzed recent trends in Arctic tempeestuln order to
improve coverage across the Eurasian and North iseparts of the Arctic, they
have gained access to more series (with respdoe teeries already in CRUTEMS3)
from the region. This dataset was compared witttR&/ TEM database (after the
inclusion of the additional Russian and Canadiaa descussed earlier). From this
source 125 stations were new to CRUTEM (coming hpdiom Alaska, Canada and
Russia, but Greenland is considered separately.l&téditionally many of the other
records extended some series and/or made soms s®ne complete, so were added
where there was good overlap agreement. It may seemwhat surprising that there
are more data than analysed or available from tiesian and Canadian NMS. This
just illustrates that personal contact has therniatieto elicit additional sources
beyond those that an NMS makes available over Wiiems such as CLIMAT or
via its web site. Also, many NMSs often have stessified as being first- or second-
order stations or being climatological or agri-ditmlogical stations, so some series
may not be available in near-real time to the NEGch sites may be considered not
available to be transmitted over CLIMAT, so are matde available for other sorts of

international exchange.

Greater Alpine Region

This is a network of 141 stations for the Greatkride Region (GAR) developed
during a number of projects led by the Austrian ébebdlogical Service. Many of the
data series extend back to the 18th century andrddwstria, Switzerland, Slovenia,
Croatia and parts of France, Italy, Germany, thediRepublic, Slovakia and

Hungary. These data have been extensively assigdedg-term homogeneity (see

11
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Aueret al., 2001) and have additionally been adjusted fasds in the period before
the introduction of ‘screened’ thermometer hougiBghmet al., 2010). The issue of
the introduction of thermometer screens will bedssed further in section 4.
Temperature data for 107 stations were added. dtiki@nal 34 are either
precipitation-only measuring stations or their da&e of insufficient length for
inclusion. The HISTALP source (Code 49 in Tableldgs not include the Swiss

stations. These were added from a different soi@oee 52 in Table 1).

Greenland, Faroes and Denmark

Long mean temperature station series for Denmark=@oes (1) and Greenland (7)
were updated or added using data from recently ttegbDanish Meteorological
Institute (DMI) reports (Cappelet al., 2010, 2011) and (Vinthet al. 2006). The two

DMI reports are given separate source codes (44amma Table 1).

WWR Decadal Volumes

When the 1991-2000 WWR decade was received (~2086yere able to infill
significant numbers of missing values in our CRUTEMonthly series. The 1961-
1990 volumes had been assessed for additionakserike course of the development
of CRUTEM2 and CRUTEMS3 (Jones and Moberg, 2003 Bimdhanet al., 2006), but
the additional data from the 1991-2000 volumes wetealways included. During the
development of the CRUTEM4 database, it was redlirat some of the series we

had which came from Global Historical ClimatologgtWork version 2 (GHCNv2,

12
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see Jones and Moberg, 2003) did not always inalatke from earlier WWR decades

(for 1961-70, 1971-80 and 1981-90).

GHCNVv2 kept all sources of data separately for estation by the use of version

numbers. The problem of deciding which might beliest source for a given year

has been partly resolved within GHCNvV8tp://www.ncdc.noaa.gov/ghcnm/v3.php
as a single series has been developed for eadlocé/e say partly, as there has to
be some automation in any decision and without rayhahecking each it is unlikely
to be the best source in every case. As we notiwdsome of our station series did
not include the WWR data (which we almost alwaysnded to be of better quality
than that received over CLIMAT and/or MCDW) we cked the data series we had
for the three decades (1961-90) against the WWR éatr a few stations we added in
the WWR source (Code 37 in Table 1) mainly foregfrom South America, Africa,
southern and eastern Asia, parts of Europe anchéory island groups around the

world.

How many CRU homogenized series remain in the CRUTEM4 database?

Inhomogeneities may be introduced into a statiosiesédy a variety of effects, such
as changes in instrument location, local envirortimnexposure or recording practices
(issues discussed in Trewin, 2010). An early meftort by CRU in the 1980s
identified, and attempted to correct where possgigmificant inhomogeneities by
inspection of data series and, particularly, by parison with multiple neighbours.
The results were fully documented in Joskeal. (1985, 1986). One conclusion from

this exercise was that the large-scale (hemispla@doglobal series) were little

13
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affected by the application of the adjustmentsetaagve inhomogeneities, partly
because positive and negative adjustments tenahicet each other out (Figure 4 of
Brohan et al., 2006). The adjustments did makeargments to the temperature
series for individual grid boxes, but no furthemnamogeneity adjustments were
applied by CRU following those reported in the 188Mhstead, we recommended
(e.g. Jones and Moberg, 2003) that homogeneitypassants, and the development of
adjusted series, should instead be undertaken bgs\b&cause they would in most
cases have access to additional meta-data andoaddlineasurement series that
would allow more accurate results to be achievedlhas a number of documents
detailing the need for homogeneity adjustments {laget al., 2003 and WMO,

2011).

Following on from our recommendation, we have repthsome of our data series
(including some that we had adjusted in the midos38vith the results of a number
of international or national NMS-led homogeneitgjpcts (Table 1). The number of
CRU-adjusted series in the mid-1980s was 312. Wlitthe additions for this analysis
there are now 219 in CRUTEMA4. This reduction hase@bout for the following
reasons: 68 series have been replaced with newes st5 did not have 1961-90
normals so are not used, and 10 have been rembliesddoes not mean that there are
fewer adjusted series within the database, justitiegaadjustments have been
undertaken by NMSs. The incorporation of the USHfZltaset and the replacement
of the co-located series means we already had eddhe number of contiguous US

station data in CRUTEM4 that were adjusted by CRthe 1980s.

14
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For the 219 series that were identified by CRUnaseed of adjustment (and which
have not subsequently been replaced by alternd#teeseries), we re-visited the
neighbour comparisons reported in the mid-1980sgJe al., 1985, 1986). These
comparisons showed that the adjustments for statiothe Southern Hemisphere
outside of Africa reported in (Jonetsal., 1986) had not actually been applied to the
station data used in CRUTEM3. These adjustments haw been applied to the
station data used in CRUTEM4. For Southern Hen@spBitations in Africa, the
comparisons showed that the adjustments had besscttp applied, though the
period of adjustment had been reported incorrecstbonest al. (1986). The
adjustment was correctly applied to the data gadhe inhomogeneity, though it was
reported that the data after the inhomogeneity \@djested. The availability of the
station series is discussed in a later sectionyalhdllow further inspection of these
neighbour comparisons and a comparison betweeGRW@WITEM3 and CRUTEM4

station data.

Updating the series

In the course of all the above work, it became egpahat a number of the WMO
Station Identifiers had been changed by the NMSmdJthe latest list of these
identifiers (http://www.wmo.int/pages/prog/www/oislume-a/vola-home.htm),
some of the CRUTEMS identifiers were changed toupp@ated numbers. Changes to
identifiers seem to be made by some NMSs to inditt&t the station is no longer a
manned location but has been replaced by an autowaather station (AWS), but

this is not always the case. The WMO list of staiaentifiers (referred to as Volume

15
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A) is updated at the beginning of every year. fiassible to monitor this and to also
flag up any ‘new’ WMO identifiers that appear iretmonthly CLIMAT updates at

the end of each year. Updating is much easier wsingnt WMO station identifiers.

CRUTEM4 will continue to be updated in near-realgifrom CLIMAT and MCDW
sources. These sources provide data for far feveer the total number of series now
in CRUTEM4, which is over 5500 (including the adilital 892 from USHCN).
Updating will, therefore, lead to a significant drm stations beyond 2010 (between
them the two sources have a maximum of about 3@@i@ss) if only these sources
are used. All the series discussed above shoulghtbated on web sites, but with
different schedules. We intend to periodically ¢héee web sites and update the
series every two years for those that are not @gddata more routine fashion. For
Australia and Greenland it is likely these canrmdirporated at the same stage as
MCDW (i.e. 3-4 months behind the real-time updatmg CLIMAT). USHCN data
will be updated at the end of each year. For therategions/countries discussed
updating should be possible annually or every 2&y. There are GCOS initiatives
to request more countries to release many moreeaf mational series over the
CLIMAT system. Several European countries (e.gntzey and Spain) have already
begun to do this. In terms of the global averageotild make most difference if

Russia and Canada also did this as their aredargee

Availability of the station series

Given the importance of the CRUTEM land temperaamalysis for monitoring

climate change (e.g. Trenbestal. 2007), our preference is that the underlying

16
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station data, and software to produce the gridded, dbe made openly available. This
will enhance transparency, and also allow moredrag@ntification of possible errors
or improvements that might be necessary (seelegarlier discussion of

homogeneity adjustments in the SH).

Nevertheless, we are reliant on obtaining some fodata NMSs and must be careful
not to jeopardise our continued access to these dgtart from data obtained from
public sources, some data in our database wasebtaiithout a clear indication of
our freedom to make it openly available or perhajbls informal agreements not to
do so. In November 2009, the UK Met Office wroteaur behalf to all NMSs to
determine if we could release the versions of theginthly temperature series that we
held. Of the about 180 letters, we received 62tpesieplies, 5 negative replies and
the remainder did not reply. For some of the pesiteplies conditions were imposed,
basically of two kinds: (1) please point usersi® NMS web site where they might
gain access to more or improved station serie@)grermission to release some but

not all the series.

Not content to withhold data for those countriesviich we had either no reply or a
negative reply from their NMS, we have compareti@tdocations and data with
those available in GHCNv3. Where the locations mdt of the data agreed, we
deemed that we could release these data becaysed¢he already available through
GHCNv3. WMO Resolution 40
(http://www.wmo.int/pages/about/Resolution40_enlhnequires that all monthly-
mean temperature data “necessary to provide a ggpodsentation of climate” should

be freely available, though the extent to whicls thienforced in cases where NMSs

17



435 do not make this data available is unclear. Funtloge, this is an agreement signed
436 by the NMSs and WMO and not with other third pati®ata from the WMO'’s

437 RBCN (Regional Baseline Climatological Network) gltbbe freely available

438  however they have been obtained. Additionallyadeam CLIMAT, MCDW and

439  WWR are freely available, just in different formats

440

441  As a result of these efforts, we are able to mhkestation data for all the series in the
442 CRUTEM4 network freely available, together withtsadre to produce the gridded

443  data http://www.cru.uea.ac.uk/cru/data/temperatuaad

444  http://www.metoffice.gov.uk/hadob}/ Note that in many cases these station data

445  have been adjusted for homogeneity by NMSs; inraimgain access to the original
446  raw (i.e. as measured data or daily and sub-daggsurements) it will be necessary
447  to contact each NMS.

448

449 3. Transformation of the station data to a regulargrid

450

451  All analyses of large-scale temperatures requregesgies to reduce the biases in (e.g.)
452  hemispheric averages and principal component patteat would arise from uneven
453  station density (i.e. biased to regions whereatatliensity is high) or from temporal
454  variations in data coverage (e.g. a reduction ta &fam regions with cooler average
455 temperature). These strategies typically includerépresentation of temperature
456 anomalies on a regular grid (Petergbal., 1998): the most widely used method is
457  termed the climate anomaly method (CAM, e.g. Joh@34), with the other two

458  being the reference station method (RSM, Hamsah, 2010) and the first difference

459 method (FDM, Petersceat al., 1998).
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Direct comparisons of the three approaches witlséimee basic data were discussed
by Petersomt al. (1998) and Voset al. (2005). Possible differences between the
technigues and advantages/disadvantages of eaalsardiscussed by Jonesal.
(1999). In this study we use the CAM approach, Wwhequires reducing all the
station temperature data to anomalies, from a caompeood such as 1961-90 on a
monthly basis. Grid-box anomaly values were therpced by simple unweighted

averaging of the individual station anomaly valudthin each grid box.

The main disadvantage of CAM is that stations rhaste enough years with data
within the 1961-90 period in order to be used. $@mne stations with incomplete data
for 1961-90 it will be possible to use published1®0 normals (WMO, 1996),

although care is required when doing this.

3.1 Development of 1961-90 normals and outlier chiex

Monthly averages for 1961-90 (the latest WMO norpeiod) were calculated from
the enhanced station dataset, accepting an aviéi@geast 14 years of data are
available. For stations where this was not possigIO (1996) normals were used,
if available, for all months. For a further setstditions, 1961-90 normals were
estimated using the 1951-70 period and adjustdtddifference between the grid-
box averages for 1961-90 and 1951-70 from theeeatidded data (see discussion
in Jones and Moberg, 2003). Altogether 1961-90 mtswere developed for 4842
stations, of which 4625 were calculated directfyl from WMO (1996), and 66

using 1951-70 averages. Temperature data for thaineng 741 stations without
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1961-90 normals were not used in the subsequeddigg. In terms of station years
(where a year with at least nine valid months ceasta year) over the 1850-2010

period, the amount of data not used totals onlyod¥he overall station-year total.

The choice of 1961-90 rather than a later 30-yead (e.g. 1971-2000 or 1981-
2010) ensures that as much data as possible ateTlsre would be a much greater
amount of unused data if a more recent 30-yeaogeavere used. The period 1961-90
also ensures consistency with earlier analyseei@rices in base periods can also

confuse users, especially the media (see ArgueX/asd, 2011).

Section 2 has extensively discussed the sourcidme @dditional temperature data.
Although many of the sources have undergone ddthidenogeneity testing there is
still the possibility of outliers, which might inda a longer-lived influence if they
occur during the 1961-90 period. To assess outierhave also calculated monthly
standard deviations for all stations with at ledsiears of data during the 1941-90
period. If a station does not have standard denatalues then the station is not used
in the subsequent gridding. This removes an additib9 series, but all of these are
relatively short in duration. All outliers in exgof five standard deviations from the
1961-90 mean were compared with neighbours aneéciea or set to the missing
code. After this step the 1961-90 normals andl8%1-90 standard deviations were
recalculated. In the subsequent gridding (nexi@@coutliers in excess of 5 standard
deviations are omitted. As there are no outlierslf61-90 values this step only

applies to years before 1961 and after 1990.

3.2 Gridding and number of stations used throughime
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510

511 Each of the 4842 stations with normals were fisstogiated with their 5° by 5°

512 latitude/longitude grid box and grid-box anomalyues calculated by simple

513 averaging of all available station anomaly valué@kiw each grid box for all months
514 1850-2010. All station outliers in excess of fatandard deviations were omitted
515 from the analysis. Apart from retaining the gridkiemperature values, we also

516 retain the number of stations per grid box. Thitetavalue will be necessary to

517 calculate a ‘variance-adjusted’ version of the deid dataset following the approach
518 outlined in Jones et al. (2001), Jones and Moli20Q93) and Brohast al. (2006).

519 The approach used adjusts the variance of eactbgridime series to be compatible
520 with the infinitely-sampled grid box (see Jones &faberg, 2003 and Brohas al.

521  2006). This version of the dataset is referredst€ RUTEM4v with the unadjusted
522  version as CRUTEM4. CRUTEM4v reduces the impactach grid-box time series
523 of changing station availability through time. CRENI4v is recommended for use
524  for small regions and individual grid-box time =i especially if users wish to

525 consider changes in variance and/or extremesdantnthly timescale — see for

526 example Figure 5 of Jonesal. 1999). At the hemispheric scales, that will be

527 discussed in the next section, there is very liifeerence between averages

528 calculated with CRUTEM4 and CRUTEM4v. Brohetral. (2006) additionally

529 discusses reasons for appropriate usage of theseasions of the dataset. In the
530 subsequent analyses in the next section we wilORETEM4 to calculate all the
531 hemispheric and any regional series used.

532

533 Before moving to the next section, we first explelanges in the number of stations

534 available through time. Figure 1 illustrates bdtb humber of stations used each year
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535 and the % area coverage this produces for eachspbare. The results are compared
536  with the earlier analysis using CRUTEMS in Broletal. (2006). The improvement
537 in the station numbers is more dramatic for theddrhpared to the SH. The big

538 increase in 1895 represents the starting date &oryrof the stations in the contiguous
539 United States, while there is a similar increasstation numbers in 1951 when the
540 first of the 10-year WWR volumes became availaNlembers of stations reduce

541 from a peak in the 1960s, occurring in a seriest@bs at the end of each decade
542 indicative of the cause being changes in stati@laility in the WWR volumes. For
543 the SH, there are few improvements in coverageniiia ones being due to

544  improved use of the 1971-80 WWR volumes and thiignan of more data after

545  2000.

546

547 In terms of percentage area coverage, the impronen@ave had a smaller effect
548 than in terms of station numbers, with the incrdssag greater in the NH compared
549 to the SH. The small step changes at the endobf @acade (1980, 1990 and 2000)
550 are due to the WWR volumes. There are generatiygm contiguous US data for
551 2010 from the CLIMAT and MCDW sources, so the uniawaity of USHCN data in
552 2010 does not affect the area coverage for the iNHI@e drop in the final year for
553 the NH is principally due to missing Russian datzere is little change in area

554  coverage for the SH in CRUTEM4 compared to CRUTEMS3.

555

556 4. Analysis of the enhanced gridded land data

557

558 4.1 Hemispheric-scale averages and comparisons with CREM3

559
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Hemispheric average time series were produced esisige weighting of grid-box
values in each hemisphere (Jones, 1994). Averagesaalculated for each month
from January 1850 and then seasonal and annuagesecalculated using the
hemispheric-average monthly values. Standard tlmeeth climatological seasons
were used, with December of the previous countmgatds the winter value for the
current year. As December 1849 is not availabléhallseasonal and annual series for
the Northern Hemisphere (NH) begin in 1851. ForSbethern Hemisphere (SH), the
first year is taken as 1856. Before this date tlaeedess than 5 stations with data.
Beginning with 1856 the number of available stagionthe SH increases to 5 series,
reaching 10 by 1860 (see Figure 1). In later figyfggures 5b and 9b) we will
highlight that uncertainty ranges of SH averagakutated from so few stations, are

substantial.

Figure 2 shows the seasonal and annual valuekddii and SH and an annual
series for the global land together with 10-yeau$3gn smoothed series. For
comparison the smoothed CRUTEMS3 series are alsorstmsee the impact of the
additional or replaced series in the station da@b&he global land series is
computed by weighting the two hemispheres approtalyan proportion to the areas
of their land masses (i.e. Global = [(2/3)NH + (8H]. This weighting is different to
the equal hemispheric weighting applied by Bro#aal. (2006) for CRUTEM3. The

new weighting has also been applied here to CRUTEMS3

The differences between the two sets of smootimed indicate excellent agreement

from 1880 up to 2000 for the NH. At this decadaldscale, all the additions have

made no discernible differences between the arglgseinitial indicator that for
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hemispheric-scale averages the analysis is verysto@RUTEM4 is very slightly
warmer since 2000 for the NH for the year andedisens except summer. The likely
reason for this is the additional data in the Ar¢particularly Russia) and this will be
further investigated in the next section. Priol830, CRUTEMA4 is slightly cooler
than CRUTEMS3, more so in winter (DJF) and sprincgA(¥) than the other seasons.
Again later analyses will be suggestive that tegutts from the additional Russian
series. For the SH, differences between CRUTEM4GRUTEMS3 are slightly
greater earlier in the series and extend up tednky 20th century, particularly in the
austral winter (JJA). CRUTEM4 is cooler than CRUTEMNuUring 1861-1910, the
exact period depending on the season. CRUTEM4risslightly warmer than
CRUTEMS since about 2005. Possible reasons fodifferences in the 19th century
in the SH will be investigated in the next sectidncertainty ranges, calculated using
the same approach as Brotehal. (2006) will be shown in later figures (on the

decadal scale in Figure 5 and on the interannondcale in Figure 9).

For the NH, year-to-year variability is greatestidg winter and least in summer.
The slightly greater variability prior to 1880 il seasons (except summer) is more
likely to be due to sparser coverage then a redlife. This greater variability is
marginally reduced by adjusting the individual gioix time series for changing
station data contribution (introduced in Joeeal., 2001 and the dataset produced
here called CRUTEMA4v) but the variance of regianadrages has not been similarly
adjusted for reduced grid-box availability. For ®id, year-to-year variability is more

similar between the seasons.

24



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

All seasons and the annual series for both hemisprslhow comparable century-
scale warming from the beginning of the 20th cenhut there are differences in
timing between them. Warming is significant ins¢lsons and annually for 1861-
2010, 1901-2010 and 1979-2010 (except for May aeceihber for the SH for 1979-
2010). Table 2 provides the warming explained Bast squares linear fit to the
monthly series for these three periods. Warmingjlithree periods tends to be greater
in the NH compared to the SH, and the NH warmingdaiuch more marked
seasonal character than that for the SH. Tabls®iatludes calendar year average
values for CRUTEM3. CRUTEM4 warms more than CRUTEMBall three periods
due to the cooler values before about 1880 (pdatiguin the SH) and slightly

warmer values in the NH since about 2000.

The marked seasonality of the warming for 18611800 (estimated by comparing
the NH trend differences in Table 2 for 1861-2006 4901-2010) may be artificial
due to the possible impacts of direct sunlightf@ihstruments, prior to the
development of Stevenson-type screens, in highghemm latitudes during summer
(see earlier discussion in relation to the HISTAld®aset, Bohnet al., 2010). The
addition of the newly adjusted series in the GAR/ina the reason for the slight
difference between CRUTEM3 and CRUTEM4 before 186@n coverage is sparse
outside Europe. Bohmt al. (2010) and Brunet al. (2011) are suggestive of this
iIssue being much wider in scale across the michagtdlatitudes of the NH.
Alternatively, if this seasonal contrast is rehért it implies a marked change in
continentality (greater winter/summer temperatufiei@ences) over part of the NH
prior to 1880. Further work is required, but theds¢s reported above are clearly

suggestive of screen exposures being the morg ldeelse.
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4.1.1 Spatial comparisons between CRUTEM3 and CRUTé4

In this section we compare spatial patterns betvidRUTEM4 and the earlier
CRUTEMBS dataset. In Figure 3, we plot the annualerature anomaly for the
decade 2001-2010, with respect to our base pefi@86i-90, for both analyses and
their difference. This difference clearly illuseatthe improvement (i.e. outlined in
black in panel (c)) in coverage in CRUTEM4 compaeCRUTEMS3, particularly
across the higher latitudes of Eurasia and Nortledea. As this expansion of spatial
coverage in the Northern Hemisphere has contribist@carmer temperatures in
CRUTEM4, the 2001-2010 decade is warmer than CRU3 Edvithe NH (0.80°C
compared to 0.73°C). There is much less coveragegehacross the Southern
Hemisphere and the two corresponding averages48é®for CRUTEM4 and
0.40°C for CRUTEMS3. Panel c of Figure 3 is mosfigen, but differences do occur,
particularly over the contiguous United States Andtralia, where we have made

many changes to the station data used (see disnuasbection 2).

In Figure 4, we show linear trend maps for anneiagerature averages for 1951-
2010 for both analyses and the difference. Thelgahéor CRUTEM4 shows the
improvements in coverage, which can also be sepanel (c) by the grid boxes
outlined in black. Of the grid boxes in common bedw the two analyses, 499 boxes
differ within £ 0.2°C in their total trends overelt0-year period, with 86 boxes
indicating that the CRUTEM4 trend was > 0.2°C mitvaan CRUTEMS3 and 41 with

CRUTEMS having > 0.2°C more warming than CRUTEM4.
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4.2 Assessment of the robustness of hemispheric eages omitting large

numbers of stations

In the previous section, we illustrated the robessnof the large-scale averages by
comparing this new version of the dataset (CRUTE4h the previous
(CRUTEMB). Differences are relatively minor and leithin the error ranges
estimated by the earlier Brohanal. (2006) study and re-calculated here. In this
section we expand on this, by using consideralsly &ation data while still
producing essentially the same hemispheric setigtealecadal time scale. We do
this by using mutually exclusive subsets of theraNatation data and secondly

omitting all the station data from some large caest

4.2.1 Using only a subset of the station data

For this exercise we took the 5583 stations andraggd them into five subsets each
containing a unique 20% of the data. The orderinth® stations in the station file
uses the World Meteorological Organization (WMOjering system, with the
exception of the 892 USHCN stations, which haveni@aced at the end. The first
subset contained stations ordered 1, 6, 11, 16.iné¢hte list. The second contained
stations ordered 2, 7, 12, 17...etc, with the figh®ntaining the stations ordered 5,
10, 15, 20... In this separation into five subsetsaccount was taken of whether the
station had sufficient data for the 1961-90 refeeeperiod. Therefore, after removal
of those station records with insufficient dataidgrthe 1961-90 reference period, the
size of each subset may differ slightly. It wilkaldiffer back in time, since record

length is also not considered when forming the stsh$-or each subset the 20% of
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the data were gridded using the same method aslg$m section 3.2 and
hemispheric seasonal and annual averages calcalatgdted in section 4.1. Figure 5
shows the hemispheric averages from the five ndisydry season and year, together
with that of the complete CRUTEM4 network (i.e. Y90 Differences between the
five networks are barely noticeable after the X@htury for the NH. For the SH there
are larger differences, but for both hemisphereyg #dre well within the error ranges
calculated by Brohad al. (2006) approach. For the 19th century, diffeesnare

only marked in the Southern Hemisphere, where @meeis poorer than in other parts

of the world.

The results shown in Figure 5 are not unexpectesimMar assessment of this kind
was undertaken by Parketral. (2009) using two networks of offset and non-aeljdc
5° by 5° latitude/longitude grid boxes. The diffeces in the 19th century in the SH
for Parkeret al. (2009) were larger, but that was due to an ewaadler set of stations
(and hence grid boxes) being used. The simple nethsd a small network of well-
located sites can closely reproduce the seriegatefrom a much greater station
network is due to there being a limited numbemakeipendent spatial degrees of
freedom (see Jonesal., 1997, where this concept was explored in conalie
detail). That paper concluded that hemisphericablal average temperatures (at
annual timescales and above) could be reliablynegéid (i.e. within the error ranges
shown in Figure 5) by as few as 50-100 sites. Bbliaere means within the error
range estimated by Brohahal. (2006). The greater differences during the 19th
century, especially for the SH, arise becausettten network is so limited then,
that separating it into five subsets results irheadset having insufficient stations to

obtain a reliable SH temperature estimate. Thiatpsidiscussed more in section 4.3.

28



709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

There are a number of obvious asides that can ble wace the concept is realised.
For example, if resources became available fotidagion of early temperature data
then these would be best targetted at the dataespagions, particularly in the
Southern Hemisphere and the tropics. These issaalistussed further in Jones and

Wigley (2010).

4.2.2 Omitting large countries

Another possible concern is that the CRUTEM4 statiatabase might be unduly
dominated by data from particular countries or@agi Gridding the data overcomes
this to a large extent but the robustness of thefTRV4 data to this issue can
additionally be assessed by considering the effectmoving series from different
countries of the world. In the first part of thiseecise we took the 5583 stations and
separately removed all stations in the contiguonged States and Australia. Figure
6 shows the NH seasonal and annual averages basgidstations compared to
averages omitting sites from the contiguous Un8&ates. The effect here is only
noticeable in the 19th century and then mostly amlyinter (DJF) and spring
(MAM). In these seasons, and to some extent imtimeial mean, omitting the
contiguous US data lowers the earliest temperastinates, implying that the mean
US temperature anomalies are slightly warmer thanrean for the rest of the NH.
Figure 7 shows similar plots omitting all Australistations. This is a much more
severe test than in Figure 6, as Australia is amtaiger component of the SH
landmass than the contiguous USA is of the NH. RengoAustralian stations has a

larger effect, particularly prior to 1900, but aghaFigure 5, if error ranges were
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plotted these would easily encompass the diffeeseen. The sign of the difference
arising from the removal of Australian temperaturages between seasons and with
time, indicating no systematic difference with thean of the rest of the SH. In the
annual mean, removing Australian data warms then®Bn around 1860 and in the

1940s, but cools it during the 1880s.

Although both Australia and the contiguous Uniteat&s are very large areas, we
now go a stage further and omit two larger regidnst Russia and second the former
Soviet Union (fUSSR). The results are shown in FeRgw and 8. As expected the
effects of removing fUSSR are slightly more appatkean when removing just
Russia, though the periods of the differences teri similar (as Russia was a large
component in terms of area of the fUSSR). Remov¥altber tends to make the NH
slightly warmer in the 19th century, particulanythe winter (DJF) and spring

(MAM) seasons. As we have added large numberstod siations in both Russia and
the Arctic (particularly the Russian Arctic) thesprobably the principal reason for the
slightly cooler NH temperatures during the 19thtagnand to a lesser extent the
slightly warmer temperatures in the last ten ygaGGRUTEM4 compared to
CRUTEMS. The similarity of the seasonal differenbesween Figure 1 and Figures 7
and 8 is very suggestive of this being the mostiyikause. Additional data in other
parts of the world (principally Europe in the 1@#mtury) are also probably factors.
The negligible effects of omitting large regionadaconsequently large numbers of
stations) are a direct result of the remainingatatstill being adequate for
monitoring hemispheric averages by sampling thet mngsortant spatial degrees of

freedom, across the world’s land areas.
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759 There are also issues with the exposure of eastyumental data prior to about 1910
760 over parts of Australia (Nicholkt al., 1996). It is important that resources be found
761 to objectively estimate the necessary adjustmentthat pre-1910 data can be used
762  with more confidence. Biases due to different exjpes of early thermometers are
763 also important in Europe, particularly for the perbefore 1870 (B6hrat al., 2010).
764  Issues with the different exposure properties (froptlouvred-screen locations) are
765 only beginning to be incorporated into global tenapare databases. Traditional

766  approaches to station homogenization are unalietext the problem as all sites
767  within a region are likely similarly affected byetlsame problem (see discussion in
768 Jones and Wigley, 2010). In this study we haveuged 107 series from the GAR
769 that have been adjusted to attempt to compensath&mges in exposure, but it is
770 apparent that stations in other mid and high ldéttegions probably need adjustment
771 during the summer months (typically to cool thdieat temperature estimates

772  relative to the modern data). For the NH, the effemcipally occurs for the period
773 before about 1880, so the regions of the world @laeiditional assessment is needed
774 is Europe, Russia and Iceland/Greenland. Canadalas#a are also likely to be

775 affected, but there are few stations beginning leet®80. Assessment will be

776  difficult as all series are likely to be similaidffected. Approaches such as the

777  rebuilding of the screens from the 19th centurg.(Brunetet al., 2010) and taking
778 parallel measurements is a possible avenue toafollo

779

780 4.3 Comparison of annual hemispheric series with the mults of analyses by

781 other groups

782
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In this section the two hemispheric land-only agesaare compared with two other
analyses: series developed by the National Clini2dia Center (NCDC, Smith and
Reynolds, 2008) and the Goddard Institute for S@&adies (GISS, Hansenal.,
2010). Our present study uses a base period of29&thile NCDC currently uses
1901-2000 and GISS 1951-80 for their publishedesefor direct comparison we
have adjusted both series to our 1961-90 baseden@ monthly basis. Figure 9
shows hemispheric seasonal and annual series fRIGTEM4, additionally plotting
decadally-smoothed series for the two US analyses.both the NH and SH,
CRUTEM4 tends to more closely follow NCDC than GJl&%en though all three
show similar amounts of long-term warming since@.8ghe reason why CRUTEM4
more closely follows NCDC has been discussed bd&looseet al. 2005) and relates
to these two analyses using the same 5° by 58datilongitude grid boxes compared
to the 40 equal area boxes used per hemispherd38. Gorrelations between
CRUTEM4 and NCDC/GISS are 0.984/0.980 for the NH @r9$50/0.927 for the SH
(for the 1880 to 2010 period) and support the figdiof Voseet al. (2005).
Differences between the three analyses are gredtee SH compared to the NH,
particularly before about 1920. Differences aresustained right back to the start of
records, however, as the lines move closer togeid@n in the 1880s. The
uncertainty ranges for the SH are larger than tHedde to more missing boxes
(particularly over the Antarctic) and fewer stasqer grid box over Africa and South

America than the northern continents.

4.4 Comparisons with ERA-Interim and ERA-40 Reanalges
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807 In this section we compare CRUTEM4 at the hemigphesolution with similar land
808 averages calculated from two versions of the Ewangeentre for Medium-Range
809 Weather Forecasting Reanalyses (ECMWF) Reanalizga-40 and ERA-Interim).
810 ERA-40 covers the period 1958-2001 and ERA-Intgrrhich uses 4D variational
811 assimilation compared to the 3D schemes in ERA#4®period from 1979 to 2010.
812 For a discussion of the ECMWF Reanalyses see Simatah (2004, 2010) and

813 Uppalaet al. (2005). A common period for both Reanalyses 8112000 so we

814 reduce their absolute land temperature valuesamahes from this base period.
815 Figure 10a shows seasonal and annual comparistmedrethe two Reanalyses and
816 CRUTEMA4. As with the earlier plots we show seas@mal annual values of

817 CRUTEMA4 (from the 1961-90 base period) with the 8¥®0MWF Reanalyses as
818 smoothed series using a 10-year Gaussian smoéirethe NH, both ERA-40 and
819 ERA-Interim track one another very well over thagriod of overlap (1979-2001)
820 and are offset from CRUTEM4 by an amount that eslab the difference between
821 the 1961-90 and 1981-2000 periods. In Figure 1tampare ERA-Interim with

822 CRUTEM4 for the Northern Hemisphere on the montimhescale from 1979. For
823 this plot, the base period of 1979-2010 is used&ih series. The agreement between
824  the two series is excellent. ERA-Interim warmstslig more than CRUTEM4 over
825 this period, which is probably due to greater wagnin the Arctic land grid boxes in
826 ERA-Interim that are missing in CRUTEMA4.

827

828 For the SH in Figure 10b, there are marked diffeesrbetween both Reanalyses
829 during their overlap period. ERA-Interim is closerCRUTEM4 but the similarity of
830 the smooth curves is markedly less good partiqularthe austral autumn (MAM)

831 and winter (JJA). ERA-40 is further offset from CRREM4 before about 1980 in all
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season except austral summer, and this is duedtuldias in the climate model used
by both Reanalayses over the Antarctic (Upakl., 2005). To illustrate this further,
we have calculated averages for both the SH 0-&@tior the Antarctic (60-90°S)
for all three series (Figure 12). For ERA-Interiime time series agreement (for the
SH 0-60°S) is almost as good as the NH land buERA-40, there is a significant
divergence before the early 1970s with warmer ERAetnperatures in all seasons.
This difference was commented upon by Simmaras. (2004) and was shown to be
due to ERA-40 being given little input data for Anadia prior to the early 1970s.
With little input data to correct model biases, Beanalyses tends to the model
simulation which for Australia is a model that iaged warm (see further discussion
in Simmonset al., 2004 and Uppalet al., 2005). For the Antarctic, the cold bias in
the climate model used by ERA-40 is clearly evigdeatticularly so in all seasons,
although it is smaller in the austral summer (D#tQure 13 repeats Figure 11 but for
the SH 0-60°S showing good agreement between CRUT&M ERA-Interim, but

this is less good than the NH for the 12-month Geunssmoothed lines.

5. Conclusions

In this paper we have detailed the developmentises €RUTEM4 dataset available
from the Climatic Research Unit. The improvemeatthe quality of the grid-box
dataset have been made possible by better avayaifithe basic station data. The
homogeneity of the station data has been improyadvestments of effort by a
number of research groups and particularly by aberof NMSs around the world.
We undertook much homogeneity work in the 1980syd&tommended at that time

that this work be best undertaken by NMSs. Thiseiginning to come to fruition and
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we hope that more can find the resources to coefiét task. In the 1980s, we
adjusted 312 station series (then about 10% obvtkeall total of stations).
Replacement of many of these series by improveniemts NMSs means that there
are only 219 stations (4.6% of the new total ofietes with normals) that we adjusted
almost thirty years ago. The major bias issuegtititaffects the dataset relates to
exposure of the thermometers before louvred screens introduced between 1870
and 1880. Three studies (Bohatral., 2010, Bruneét al., 2011 and Nichollst al.,
1996) have considered the problem (summer tempesatuwe probably biased warm
by up to 0.5°C) and provided adjusted data in Hse®f the Greater Alpine Region,
which we have used. We urge more studies of thiesis ko be undertaken using the

parallel measurement approach developed by Befrakt (2011).

Differences in the hemispheric averages produceatidyew version (CRUTEM4)
compared to the earlier (CRUTEMB3) are relativelyairand well within the error
ranges developed using the techniques describBrbimanet al. (2006). This result is
not unexpected and confirms a number of other etuoly the groups producing these
datasets. To illustrate this robustness furthecaveed out two sets of analyses,
focussing on the hemispheric-scale averages thaltr&irstly, we separated the
station data into five independent samples eactpasing 20% of the basic station
series. Secondly, we separately omitted all thgostaeries from large countries
(contiguous United States, Australia, Russia aeddhmer Soviet Union). For both
sets there were differences between the analyset)dy were barely visible on time-
series plots after 1900 for the Northern Hemisplisid) and after about 1920 for the

Southern Hemisphere (SH), so effects are only éoiopds where coverage becomes
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markedly sparse. Even then, differences were wiginvthe range of the error

estimates we have developed in an earlier studyh@ret al., 2006).

Finally, we compared the hemispheric averages @stimates derived from
Reanalysis products (ERA-40 and ERA-Interim) depetbby the European Centre
for Medium-Range Weather Forecasts. ERA-40 coverperiod 1958-2001 and
ERA-Interim 1979-2010. For the NH, the agreememwben the two Reanalyses and
CRUTEM4 was excellent. For the SH, agreement wasiderably poorer, but if the
SH was restricted to 0-60°S then it was markediyrowed. Problems with
Reanalyses over the Antarctic are well known, tioEBA-Interim is a considerable

improvement over ERA-40 for the Antarctic region.
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1038

1039 Table 1: Source codes and number of stations froeach

Code | Station | Regions Sources (paper, project acronym or website)
Count
Jones (1994), Jones and Moberg (2003) and Bretaln (2006); tomoge
10 2444 Global sites assessed in Joretal. (1985, 1986).
Europe, East Asia, Africa, . .
30 440 USA, S. America and GHCNV2 (adjusted series)
Australia http://www.ncdc.noaa.gov/ghcnm/v2.php
31 113 Middle East, E. Asia and| GHCNv2 (adjusted series) — added at a different tinan Code 30
N. Africa
http://www.ncdc.noaa.gov/ghcnm/v2.php
33 11 North NACD project: Frichet al. (1996)
Atlantic/Fennoscandia
34 18 Fennoscandia NORDKLKIM project: Tuomenviggal. (2001)
35 1 Long European series IMPROVE project: Camuffo amkd (2002)
36 1 Canadian climate series CHTD: Vincent and Gul#®90). Replaced by code 42 stations
37 63 ﬁsm, .Central and S. WWR, data added in 2006, mostly for the 1981-198¢ade
merica
38 60 Mali, DR. Congo plus a Series given to CRU by various academic visitors
few others
40 98 Australia Homogenized series, Bureau of Meteompldgistralia
ftp://ftp.bom.gov.au/anon/home/ncc/www/change/HQAdHQdailyT _ir
a1 13 New Zealand Homogenized series , NIWA, New Zealand
http://www.niwa.co.nz/our-science/climate/newsralttemp-record
42 207 Canadian (updated AHCCD (Vincent et al., 2002)
version of #36) http://www.ec.gc.ca/dccha-ahccd/
Russia RIHMI-WDC: Razuvaev and Bulgina (2009)
43 372 . . X
http://meteo.ru/climate/sp_clim.php
44 1064 Contiguous United States USHCN : Meratal. (2009)
http://www.ncdc.noaa.gov/oa/climate/research/usigign.html
45 13 United Kingdom UK Met Office and SNIFFER (Jones diigter, 2004)
http://www/metoffice.gov.uk/climate/uk/stationdata
47 1 Greenland Vintheret al. (2006) and Cappeln (2010, 2011)
(Qagortoq) http://www.dmi.dk/dmi/tr10-05
andhttp://www.dmi.dk/dmi/tr11-05
48 6 Denmark and Faroe Cappeln (2010, 2011)hitp://www.dmi.dk/dmi/tr10-0%and
Islands http://www.dmi.dk/dmi/tr11-05
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1040

1041

1042

1043

1044

1045

Greater Alpine Region

HISTALP: Bohmet al. (2010)

49 107 (GAR) http://www.zamg.ac.at/histalp
50 61 Central Asian stations NSIDC: Williams and Konovalov (2008)
mostly at high elevation | http://nsidc.org/data/docs/noaa/g02174 central_dsi@/index.html
51 213 Russia (includes some | RIHMI -WDC
fUSSR) — daily series http://meteo.ru/english/climate/d_temp.php
52 12 Swiss climate series http://www.meteosuisse.admin.ch/web/en/researchtefaachive/
combined by HISTALP | foko_2007_2.Par.0008.DownloadFile.tmp/beggertfolkyZpdf
53 30 Various NMSs Data from various NMSs received in@01
Arctic Series IARC: Bekryaest al. (2010) and see data series at:
54 235 ) ) :
http://people.iarc.uaf.edu/~igor
5583 Total

Table 2: Total temperature change (°C) for CRUTEM4 desxatiby linear
least squares regression lines fitted over threiegse 1861-2010, 1901-2010
and 1979-2010. Comparative annual values for CRU3 Bk shown at the

bottom.

1861-201( 1901-201( 197¢-201(

NH | SH | NH _ SH | NH __SH
Jan. 139 094 112 084 102  0.39
Feb. 148 096 155 077 121 037
Mar. 169 092 162 083 140 038
Apr. 125 091 133 078 124 035
May 106 111 115 090 100 015
Jun. 069 | 092 100 078 099 053
Jul. 052 110 084 086 100 058
Aug. 067 107 082 095 104 04D
Sep. 071 089 075 088 098 064
Oct. 120 092 08 095 116 065
Nov. 154 086 110 081 143 043
Dec. 147 076 127 074 081 018
Year 114 094 112 084 111 042
CRUTEM3 | 105 077 106 082 102  0.39
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Figure Captions
Figure 1. Comparison of station counts and percent arearage (of the entire
hemisphere including oceans) for CRUTEM4 (thick) &@RUTEM3 (thin) for the

NH and SH.

Figure 2: Seasonal and annual averages by hemisphere fol ERY, with the
smoothed lines showing decadal-filtered serieClRIUTEM4 (thick) and CRUTEM3
(thin). Hemispheric temperature averages for thd Ereas are expressed as
anomalies (in degrees Celsius from the base pefi@861-90). The decadal
smoothing uses a 13-term Gaussian filter, padd#éteagnds with the mean of the
adjacent 6 values. (a) NH, (b) SH and (c) globatiie annual average. The global

average is calculated as [(2/3)NH + (1/3)SH].

Figure 3: Comparison of annual mean temperature anomabes &) CRUTEM3
and (b) CRUTEM4 for the period 2001-2010 (degC aaltes from 1961-90). Grid
boxes with less than 50% data coverage (5 yeaedgtwhite. (c) Difference (b)-(a)
to compare CRUTEM3 and CRUTEM4 means over thisogeriGrid boxes with
insufficient data (<5 years during 2001-2010) inlOAEEM3 but sufficient data in

CRUTEMA4 are outlined in black; black crosses int#idhe reverse situation.

Figure 4: Comparison of linear trends fitted to (a) CRUTEM®I (b) CRUTEM4
annual temperatures for the period 1951-2010. dsame expressed as the degC
linear trend change over the 60 year period. Goixks with less than 80% data
coverage (48 years) are left white. Boxes or megautlined in black are those where

the trend slopes are significantly different froer@, with 95% confidence taking into
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account first-order autocorrelation. (c) Differen®)-(a) to compare CRUTEM3 and
CRUTEMA4 trends over this period. Grid boxes withufficient data (<48 years
during 1951-2010) in CRUTEM3 but sufficient dataQRUTEM4 are outlined in

black; black crosses indicate the reverse situation

Figure 5: Seasonal and annual averages by hemisphere folf ERY compared to 5
sets of independent station data (each represemtirgnly 20% of the total station
dataset). The five different subsets are refemweabstA to E, indicated by different
coloured lines. The data are plotted smoothed wsi2d) point binomial filter as used
in Brohanet al. (2006). (a) NH and (b) SH. The green swathe isutieertainty range

from 2.5 to 97.5% calculated using Brohan et &0@) at this smoothing timescale.

Figure 6: Seasonal and annual averages by hemisphere folf ERY compared to
(a) excluding all stations from the contiguous ©diGtates from the NH and (b)
excluding all stations from Australia from the Skimoothing and linestyles as in

Figure 2.

Figure 7: Seasonal and annual averages for the NH for CRUIEdinpared to

excluding all stations from Russia. Smoothing anddtyles as in Figure 2.

Figure 8: Seasonal and annual averages for the NH for CRUIEdinpared to

excluding all stations from the former Soviet Uni@moothing and linestyles as in

Figure 2.
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Figure 9: Seasonal and annual averages for CRUTEM4 compauschilar series
developed by NCDC (Smith and Reynolds, 2008) arfeiS3Hansest al., 2010).

Only the smoothed series from NCDC and GISS arevshdhe smoothing here is

the same as Figure 2, but the green swathe enceaypte 2.5 and 97.5%
uncertainty range calculated at the interannuaddicale using the approach of Brohan

et al. (2006). (a) NH and (b) SH.

Figure 10: Seasonal and annual averages for CRUTEM4 comparte versions of
the ECMWEF Reanalyses (red ERA-40 from 1958-2001Hnd ERA-Interim from
1979-2010). The two reanalyses have been setdasaperiod of 1981-2000, so are
offset slightly cooler than CRUTEM4, which usesas® period of 1961-1990.

Smoothing as in Figure 2. (a) NH and (b) SH.

Figure 11: Monthly time series for ERA-Interim and CRUTEM%(h set as

anomalies by month based on the period 1979-2@tQ@hé NH. The smoothed line is

a 12-term Gaussian filter. The least-squares litread during the 1979-2010 overlap

period (using annual averages) is shown for batieseogether with its slope.

Figure 12: As Figure 8 but for (a) SH 0-60°S and (b) Antarat{60-90°S).

Figure 13: As Figure 9, but for the SH 0-60°S.
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1125 Figure 2: Seasonal and annual averages by hemisphere foml ERY, with the

1126  smoothed lines showing decadal-filtered serieClRRIUTEM4 (thick) and CRUTEM3
1127  (thin). Hemispheric temperature averages for thd Ereas are expressed as

1128 anomalies (in degrees Celsius from the base pefi@861-90). The decadal

1129  smoothing uses a 13-term Gaussian filter, padd#teagnds with the mean of the
1130 adjacent 6 values. (a) NH, (b) SH and (c) globetlie annual average. The global

1131 average is calculated as [(2/3)NH + (1/3)SH].

49



1132

1133

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

1.5

1.0

0.5

0.0

-1.0

-1.5

1.5

CRUTEM4
CRUTEM3

1.0

0.5

0.0

-0.5

-1.0

-1.5

SH JJA

1.5

1.0

0.5

0.0

-1.0

-1.5

1.5

1.0

0.5

0.0

-0.5

-1.0

|HI\|I\II|I]II|IIII|IIII|II\I‘\ IIIIII|IIH‘HIIIIIIIlHH‘IIIIlI IlHH‘Illllllll‘\H\IIIII TTTT]T IIIIII|IIH‘HIIIIIIIlIH\’\IIIlI Il\H\[Illllllll‘HHIIIIIlIH\‘\

-1.5

SH Annual

\|\\I\|I\I||I\II|IIII|IIII|II\I‘\ I|IIII|IIH‘HIIlIIIIlHH‘IIIIlI IlHH‘Illllllll‘\H\llllllll\\‘\ I|IIII||I\\‘HIIlIIIIlIH\MIIIlI Il\H\[Illllll\l‘HHlIIIIlI\I\‘\

850 1900

[T

Figure 2b: see Figure 2a

50

1950

2000



1134
1135
1136
1137

05

0.0

-05

aailiied

1850 1900
Figure 2c: see Figures 2a

51

1950

2000

15

1.0

05

00



1138
1139

1140

1141

1142

1143

1144

1145

(a) CRUTEM3 Annual mean temperature anomaly 2001-2010 (°C)

z Fr e

——

(b) CRUTEM4 Annual mean temperature anomaly 2001-2010 (°C)
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Figure 3: Comparison of annual mean temperaturemahes from (a) CRUTEM3
and (b) CRUTEMA4 for the period 2001-2010 (degC aalges from 1961-90). Grid
boxes with less than 50% data coverage (5 yeaedgtwhite. (c) Difference (b)-(a)
to compare CRUTEM3 and CRUTEM4 means over thisoperiGrid boxes with
insufficient data (<5 years during 2001-2010) inlAEEM3 but sufficient data in

CRUTEMA4 are outlined in black; black crosses int#idhe reverse situation.
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(a) CRUTEM3 Annual temperature trend 1951-2010 (°C)

Figure 4: Comparison of linear trends fitted toC®RUTEMS3 and (b) CRUTEM4
annual temperatures for the period 1951-2010. dsame expressed as the degC
linear trend change over the 60 year period. Goixks with less than 80% data
coverage (48 years) are left white. Boxes or megjimutlined in black are those where
the trend slopes are significantly different froer@, with 95% confidence taking into
account first-order autocorrelation. (c) Differen(®)-(a) to compare CRUTEM3 and
CRUTEMA4 trends over this period. Grid boxes withufficient data (<48 years
during 1951-2010) in CRUTEMS3 but sufficient dataQRUTEM4 are outlined in

black; black crosses indicate the reverse situation
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1157
1158 Figure 5a: Seasonal and annual averages by hemasjgh€CRUTEM4 compared to

1159 5 sets of independent station data (each repregemtiighly 20% of the total station
1160 dataset). The five different subsets are refewebtA to E, indicated by different

1161 coloured lines. The data are plotted smoothed wsi&g point binomial filter as used
1162 in Brohanet al. (2006). (a) NH and (b) SH. The green swathe isutieertainty range

1163 from 2.5 to 97.5% calculated using Brohan et &0@) at this smoothing timescale.
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1168 Figure 6a: Seasonal and annual averages by hemesfphéCRUTEM4 compared to
1169 (a) excluding all stations from the contiguous BdiGtates from the NH and (b)
1170 excluding all stations from Australia from the Sknoothing and linestyles as in

1171 Figure 2
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1176  Figure 6b: Without Australia — see Figure 6a.
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Figure 7: Seasonal and annual averages for theoNBRUTEM4 compared to

excluding all stations from Russia. Smoothing anddtyles as in Figure 2.
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1186  Figure 2.
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Figure 9a: Seasonal and annual averages for CRUTdeM¥pared to similar series
developed by NCDC (Smith and Reynolds, 2008) arfeiS3Hansest al., 2010).

Only the smoothed series from NCDC and GISS arevshdhe smoothing here is

the same as Figure 2, but the green swathe enceegptie 2.5 and 97.5%
uncertainty range calculated at the interannuatditale using the approach of Brohan

et al. (2006). () NH and (b) SH.
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Figure 10a: Seasonal and annual averages for CRU4Tdevhpared to two versions
of the ECMWF Reanalyses (red ERA-40 from 1958-280d blue ERA-Interim from
1979-2010). The two reanalyses have been setaseaeriod of 1981-2000, so are
offset slightly cooler than CRUTEM4, which usesas® period of 1961-1990.

Smoothing as in Figure 2. (a) NH and (b) SH.
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Figure 11: Monthly time series for ERA-Interim aGRUTEM4 (both set as
anomalies by month based on the period 1979-2@t@h& NH. The smoothed line is
a 12-term Gaussian filter. The least-squares litread during the 1979-2010 overlap

period (using annual averages) is shown for batieseogether with its slope.
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Figure 12a: As Figure 8 but for (a) SH 0-60°S dmdAntarctica (60-90°S).
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1225  Figure 13: As Figure 9, but for the SH 0-60°S.
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