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ABSTRACT

Here we present the development of a new adjusted dataset composed of the 22 longest and most reliable Spanish daily
temperature records (maximum and minimum temperatures and derived daily mean temperature) covering the period
1850–2003. The paper describes the approaches followed for compiling, controlling the quality and homogenising these
22 daily Spanish records, leading to the creation of a dataset called ‘Spanish Daily Adjusted Temperature Series’ (SDATS).
An assessment of the sources of data and metadata used is followed by a reliability assessment of the selected network.
Data quality control (QC) procedures applied to raw daily maximum (Tmax) and minimum (Tmin) temperatures and their
results are then considered. For the very first time, an empirical minimisation of the bias related to the impact of changing
exposure of thermometers on the records has been undertaken. The application of the Standard Normal Homogeneity Test
(SNHT) to check homogeneity of raw Tmax and Tmin data on a monthly basis is presented, together with a discussion of the
causes, magnitudes and timings of the various inhomogeneities. All 22 records contained a number of inhomogeneities
(2.6 on average), mainly associated with documented station relocations confirmed by the metadata available. Monthly
adjustments calculated for both screen developments and from the SNHT were linearly interpolated to a daily basis
following the Vincent et al. (2002) scheme. Finally, the procedures adopted for creating the regional average, the Spanish
Temperature Series (STS), together with an exploratory analysis of long-term trends of each Tmax and Tmin records,
are provided. The final analysis shows that over mainland Spain highly significant rates of temperature increases have
occurred for Tmax and Tmin (0.12 °C/decade and 0.10 °C/decade, respectively) over 1850–2003. Copyright © 2006 Royal
Meteorological Society.

KEY WORDS: daily temperature series; ‘screen bias’ adjustments; QC; daily data homogeneity; temperature trends; Spain

1. INTRODUCTION

High-quality and long-term homogeneous datasets play a pivotal role in ensuring accuracy of many climatic
studies, particularly those dealing with climate variability, climate prediction and climate change. Over the
last thirty years, much effort has been expended by different research groups to produce high-quality and
homogeneous regional to global temperature datasets on different timescales.

On a global scale and monthly basis, gridded datasets such like the CRUTEM2v (Jones et al., 2001), the
HadCRUT2 (Rayner et al., 2003; Jones and Moberg, 2003) or the Global Historical Climatology Network
(GHCN, Vose et al., 1992; Peterson and Vose, 1997) have enabled the documentation and analysis of long-term
temperature change at the largest spatial scales (e.g. Jones et al., 1999; Jones and Moberg, 2003). On regional
and national scales and also monthly timescales, datasets of higher spatial resolution have been compiled over
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different regions of the world: Manley (1974) compiled the Central England Temperature (CET) series; Vincent
and Gullet (1999), the Canadian Historical Temperature Dataset; Böhm et al. (2001) and Auer et al. (2005,
2006), the HISTALP dataset; Brunetti et al. (2006), the Italian temperature and precipitation dataset; Aguilar
et al. (1999) and Brunet et al. (2001a), the North-eastern Spain Adjusted Temperature (NESATv2) dataset;
and Begert et al. (2005), the MeteoSwiss dataset. These and other datasets have enabled an improvement of
our knowledge on long-term changes in the mean state of regional to global thermal climate (Folland et al.,
2001).

On a daily scale, several global and regional databases have recently been developed and are readily
available to the research community: e.g. the GCOS Surface Network (GSN, Peterson et al., 1997) and the
Global Daily Climatology Network (GDCNv1.0, NCDC, 2002). Others, like the Australian Daily Adjusted
Temperature dataset (Trewin, 1999, 2001), the European Climate Assessment & Dataset (ECA&D; Klein
Tank et al., 2002), the Canadian Daily Temperature dataset (Vincent et al., 2002) or the longest daily CET
series (Parker et al., 1992) have enabled documentation of changes in temperature extremes on continental,
regional and national scales over different periods.

However, the lack of accessible data in many regions has been and is continuing to hinder our further
knowledge on long-term changes in the extreme state of climate, as well as our understanding of whether
the observed changes in the mean are affecting the variance and the extreme tails of the temperature
distribution (Folland et al., 2001). It is worth mentioning here the activities of the joint World Meteorological
Organization Commission for Climatology (CCl)/World Climate Research Programme (WCRP) project on
Climate Variability and Predictability (CLIVAR), Expert Team on Climate Change Detection, Monitoring
and Indices (ETCCDMI). This group’s aims are to fill in the glaring lack of daily data and document
changes in the occurrence of climatic extremes over regions with sparse data coverage. Regional workshops
have been organised and a set of climate change indices developed, which focus on extremes (see
http://ccma/seos.uvic.ca/ETCCDMI and Alexander et al., 2006 and references therein).

Over Spain recent EU-projects like the ‘Improved Understanding of Past Climatic Variability from Early
European Instrumental Data’ (IMPROVE) have enabled reconstruction of one of the longest Spanish records:
Cadiz (Barriendos et al., 2002) and analysis of its day-to-day long-term temperature variability (Moberg et al.,
2000). The ECA&D project has permitted the recovery of nine Spanish 20th century records (Klein Tank
et al., 2002), with five of them used for looking at changes in the extreme behaviour of climate (Klein Tank
and Können, 2003). The lack of more daily temperature data still hampers the assessments of long-term
extreme temperature changes over this area. Very recently a daily gridded (25 km × 25 km) temperature and
precipitation dataset (Luna and Almarza, 2004) has been developed covering the whole Spain, but it just
extends from 1961 onwards, and owing to the smoothing procedures employed it is not designed for the
analysis of changes in climate extremes (M. Y. Luna, personal communication).

In addition, many problems of data reliability and quality are difficult to deal with, particularly with long
records. These are associated with data inhomogeneities caused by temporal changes e.g. in station locations,
observational practices or instrumental exposure, all widely recognised in the relevant scientific literature and
recently assessed in the WMO’s Guidance on Metadata and Homogeneity (Aguilar et al., 2003). At present,
only very few approaches to homogenising daily data (Trewin, 1999; Vincent et al., 2002; Brunetti et al.,
2004; Maugeri et al., 2004; Della-Marta et al., 2005; Della-Marta and Wanner, 2006) have been developed,
as estimating daily adjustments or interpolating monthly correction factors to a daily basis presents a new
level of complexity.

With this background in mind, this paper presents a new daily adjusted dataset composed of the longest 22
Spanish daily temperature records (maximum, minimum and the derived mean temperature). In this regard, an
assessment of the procedures followed for generating both the SDATS dataset and the corresponding regional
timeseries, the Spanish Temperature Series (STS), are presented. The paper is organised as follows: Details of
the selected temperature network, data and metadata collection and the sources used are presented in Section 2.
Quality controls (QCs) applied to daily maximum and minimum temperature series are discussed in Section 3.
The procedures adopted for homogenising the data at the daily timescale are discussed in Section 4. Section 5
gives the approach for creating the STS and provides an initial assessment of long-term trends of daily Tmax

and Tmin timeseries included in the SDATS. Finally, Section 6 summarises procedures and discusses results.
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2. THE SELECTED NETWORK: DATA AND METADATA SOURCES

In the framework of the European Community (EC) funded project EMULATE (European and North Atlantic
daily to MULtidecadal climATE variability, 22 long timeseries of raw daily Tmax and Tmin were collected
(see http://www.cru.uea.ac.uk/cru/projects/emulate). One aim was to develop a new daily adjusted temperature
dataset over mainland Spain that can confidently be employed when analysing long-term temperature change
and variability over this region.

The rationale for selecting the network was based on the following criteria: temporal and spatial
coverage, climatic representativeness, long-term continuity of data and potential data quality at highly
monitored sites (synoptic stations). First, stations with the longest, continuous and most reliable records
were chosen. They had to extend back to the second half of the 19th century or at least to cover
the whole 20th century, as one of the objectives of EMULATE is to relate variations and trends in
atmospheric circulation patterns to prominent extremes in temperature and precipitation for the period
1850–2003 (http://www.cru.uea.ac.uk/cru/projects/emulate/objectives.pdf). Second, stations had to be at well-
spaced locations across mainland Spain. Related to this principle, stations also had to be representative of
the different climatic regions of Spain. Also, stations had to be still in use and likely to continue so for
the foreseeable future. The last principle that guided the network selection based on potential data quality
led us to those stations catalogued at present as the first order (synoptic) stations of the Spanish official
meteorological network, which are highly monitored and presumably well-quality controlled by the Servicio
de Desarrollos Climatológicos (SDC, Climatological Branch) of the Instituto Nacional de Meteorologı́a (INM,
Spanish Meteorological Office).

According to these principles, the 22 stations depicted in Figure 1 and Table I were selected. In Table I,
we provide geographical details of the current locations of the stations and the potential lengths of record
for each one. The location map of the Spanish network employed in this study (Figure 1) also provides
approximate lengths of records and the elevation of each station. From this plot a reasonably well-spaced
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Figure 1. Location map of the 22 Spanish stations used to develop the STS. Names, elevations and approximate lengths of record are
shown
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Table I. The selected Spanish temperature network. Name of station, current geographical location (geographical
coordinates and elevation) and lengths of record

Location Long. Lat. Alt. (m) Length

ALBACETE 01°51′47′′W 38°57′08′′N 698.56 1893–2003
ALICANTE 00°29′40′′W 38°22′00′′N 81.5 1893–2003
BADAJOZ 06°49′45′′W 38°53′00′′N 185 1864–2003
BARCELONA 02°10′36′′E 41°25′05′′N 420.1 1885–2003
BURGOS 03°36′57′′W 42°21′22′′N 881 1870–2003
CADIZ 06°12′37′′W 36°27′55′′N 30 1850–2003
CIUDAD REAL 03°55′11′′W 38°59′22′′N 627 1893–2003
GRANADA 03°37′52′′W 37°08′10′′N 685 1893–2003
HUELVA 06°54′35′′W 37°16′48′′N 19 1903–2003
HUESCA 00°19′35′′W 42°05′00′′N 541 1861–2003
LA CORUÑA 08°25′10′′W 43°22′02′′N 67 1882–2003
MADRID 03°40′41′′W 40°24′40′′N 678.9 1853–2003
MALAGA 04°28′57′′W 36°39′57′′N 6.54 1893–2003
MURCIA 01°07′14′′W 37°58′59′′N 57 1863–2003
PAMPLONA 01°38′21′′W 42°46′06′′N 452 1880–2003
SALAMANCA 05°29′41′′W 40°56′50′′N 789.8 1893–2003
SAN SEBASTIAN 02°02′22′′W 43°18′24′′N 251.6 1893–2003
SEVILLA 05°53′47′′W 37°25′15′′N 31 1893–2003
SORIA 02°29′01′′W 41°46′29′′N 1083 1893–2003
VALENCIA 00°22′52′′W 39°28′48′′N 11.4 1864–2003
VALLADOLID 04°44′35′′W 41°38′40′′N 691.4 1893–2003
ZARAGOZA 01°00′29′′W 41°39′43′′N 245 1887–2003

distribution of stations emerges representing the main physiographic units of Spain. In the coastal lowland
sectors there are two stations over the Northern Spanish Atlantic coast, five over the Spanish Mediterranean
coast and two over southwestern Atlantic coast. For the Spanish inland plateau there are four stations over
the Northern plateau and four over the Southern plateau. The Ebro Valley lowlands have three stations and
the Guadalquivir Valley lowlands, two stations. This network essentially covers the entire country and the
main Spanish climate types (Oceanic and Mediterranean), sub-types (Atlantic; Mediterranean Continental,
Mediterranean Eastern Coast, Mediterranean Southern and Mediterranean Arid or Southeastern) and variants
(Atlantic Galician, one station and Atlantic Littoral Basque, one station; Mediterranean Continental of the
Northern Plateau, four stations; Mediterranean Continental of Ebro Valley, three stations; Mediterranean
Continental of the Southern Plateau, three stations; Mediterranean Catalan, one station; Mediterranean
Valencian, one station; Mediterranean Southern Littoral, three stations; Mediterranean Guadalquivir Valley,
two stations; Mediterranean Extremaduran, one station; Mediterranean Arid or South-Eastern variant, two
stations), according to Martı́n-Vide and Olcina’s (2001) Spanish climate classification. In addition, in order
to avoid potentially biased records related to ‘urban heat island’ influences, more than two-thirds of the
meteorological stations selected are situated in non-urban areas from the mid-20th century onwards, with
most of them located at airfields and airports.

Raw daily Tmax and Tmin data were collected from a wide variety of sources, although the bulk of these data
(∼80%) were obtained in digital (∼48%) and hard-copy (∼32%) form from INM. The remainder (∼20%)
were recovered in digital (∼14%) and hard-copy (∼6%) form from other sources (see legend of Table II and
Table III). Table II gives the geographical details and lengths of record for every station, with their principal
sources. Table III provides information on the data and metadata holders and documentary sources. INM data
mainly cover the 20th century, while the other sources mostly provide data covering the second half of the
19th century. Hence, the authors, besides having to locate and retrieve ancient data kept in hard-copy, faced
another time-consuming task, i.e. the digitisation of about 40% of the total data recovered (∼2 million daily
values).

Copyright © 2006 Royal Meteorological Society Int. J. Climatol. 26: 1777–1802 (2006)
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Table II. List of stations, geographical details and length of records from specific sources

Location Long. Lat. Alt. (m) Length Sources

ALBACETE 01°51′17′′W 39°00′00′′N 686 1893–1900 BMD
ALBACETE 01°51′47′′W 38°57′08′′N 698.56 1901–2003 INM
ALICANTE 00°29′′17′′W 38°21′00′′N 19 1893–1900 BMD
ALICANTE 00°29′40′′W 38°22′00′′N 81.5 1901–2003 INM
BADAJOZ 06°49′45′′W 38°53′00′′N 185 1864–2003 INM
BARCELONA 02°09′E 41°23′N 41.6 1885–1900 MB ADVICE
BARCELONA 02°10′36′′E 41°25′05′′N 420.1 1901–2003 INM
BURGOS 03°42′W 42°20′N 860 1870–1893 INM
BURGOS 03°42′W 42°20′N 860 1894–1898 BMD
BURGOS 03°36′57′′W 42°21′22′′N 881 1899–2003 INM
CADIZ 06°12′17′′W 36°27′55′′N 30 1850–1996 IMPROVE
CADIZ 06°12′37′′W 36°27′55′′N 30 1997–2003 ROASF
CIUDAD REAL 03°55′43′′W 38°59′21′′N 627 1893–1900 BMD
CIUDAD REAL 03°55′11′′W 38°59′22′′N 627 1901–2003 INM
GRANADA 00°21′W 37°11′N 701 1893–1900 BMD
GRANADA 03°37′52′′W 37°08′10′′N 685 1901–2003 INM
HUELVA 06°54′35′′W 37°16′48′′N 19 1903–2003 INM
HUESCA 00°19′35′′W 42°05′00′′N 541 1861–2003 INM
LA CORUÑA 08°24′23′′W 43°22′10′′N 9 1882–1900 DWR
LA CORUÑA 08°25′10′′W 43°22′02′′N 67 1901–2003 INM
MADRID 03°41′15′′W 40°24′30′′N 655.36 1853–1854 RSP
MADRID 03°41′15′′W 40°24′30′′N 655.36 1855 RSM
MADRID 03°41′15′′W 40°24′30′′N 655.36 1856–1859 LG
MADRID 03°41′15′′W 40°24′30′′N 678.9 1860–1892 ICM/ROAM
MADRID 03°40′41′′W 40°24′40′′N 678.9 1893–2003 INM
MALAGA 04°25′36′′W 36°43′28′′N 29 1893–1900 BMD
MALAGA 04°28′57′′W 36°39′57′′N 6.54 1901–2003 INM
MURCIA 01°07′45′′W 37°58′59′′N 66 1863–1950 CMTM
MURCIA 01°07′14′′W 37°58′59′′N 57 1951–2003 INM
PAMPLONA 01°38′21′′W 42°46′06′′N 452 1880–2003 INM
SALAMANCA 05°40′W 40°58′N 811 1893–1900 BMD
SALAMANCA 05°39′41′′W 40°57′23′′N 812 1901–1943 INM
SALAMANCA 05°29′41′′W 40°56′50′′N 789.8 1945–1999 PG
SALAMANCA 05°29′41W 40°56′50′′N 789.8 2000–2003 INM
SAN SEBASTIAN 02°00′W 43°19′N 23 1893–1900 BMD
SAN SEBASTIAN 02°02′22′′W 43°18′24′′N 251.6 1916–2003 INM
SEVILLA 05°59′37′′W 37°23′25′′N 30 1893–1900 BMD
SEVILLA 05°53′47′′W 37°25′15′′N 31 1901–2003 INM
SORIA 02°28′W 41°49′10′′N 1058.5 1893–1900 BMD
SORIA 02°29′01′′W 41°46′29′′N 1083 1901–2003 INM
VALENCIA 00°21′W 39°28′N 18 1864–1893 INM
VALENCIA 00°21′W 39°28′N 18 1894–1900 BMD
VALENCIA 00°21′W 39°28′N 18 1901–1935 INM
VALENCIA 00°22′52′′W 39°28′48′′N 11.4 1937–1999 PG
VALENCIA 00°22′52′′W 39°28′48′′N 11.4 2000–2003 INM
VALLADOLID 04°43′W 41°39′N 694 1893–1900 BMD
VALLADOLID 04°44′35′′W 41°38′40′′N 691.4 1901–2003 INM
ZARAGOZA 01°00′29′′W 41°39′43′′N 245 1887–2003 INM

Sources’ acronyms. INM, Instituto Nacional de Meteorologı́a; DWR, Daily Weather Reports; BMD, Boletı́n Meteorológico Diario;
MB-ADVICE, Mariano Barriendos and EU-project Annual to Decadal Variability In Climate in Europe; ICM/ROAM, Instituto Central
Meteorologico/Real Observatorio Astronómico de Madrid; RSM, Ricos Sinobas Manuscript; RSP, Rico Sinobas Paper; LG, La Gaceta
de Madrid; PG, Pavel Groisman; CMTM, Centro Meteorológico Territorial en Murcia del INM; IMPROVE, EU-project Improved
Understanding of Past Climatic Variability from Early European Instrumental Data; ROASF, Real Observatorio de la Armada en San
Fernando (Cádiz, España).
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Table III. Data and metadata supplied by national and international data holders and external contributors, together with
the documentary sources employed for locating and retrieving daily data and metadata for 1850–2003

Data holders and external
contributors (EC)

Details on data and metadata recovered
and their documentary sources

INMa, SDC Headquarters, Madrid, Spain Data: twenty-one series covering the 20th century in digital
and hard-copy; gross error checking by SDC

CMTMa, Murcia, Spain Data: one digitised record (Murcia), 1863–1950; gross error
checking by territorial service of INM in Murcia

EC: IMPROVEa project Data: one digitised record (Cadiz), 1850–1996; gross errors
checked (Camuffo and Jones, 2002). Partial metadata on
Cadiz’s station available in Barriendos et al. (2002)

ROASFa, Cadiz, Spain Data: Cadiz’s updating, 1997–2003. Metadata: Partial
metadata on Cadiz’s station available in González (1992)

Pavel Groisman, NCDC, Asheville, NC, USA Data: two digitised records: Valencia 1937–1999 and
Salamanca 1945–1999; NCDC (2002)

EC: MB−ADVICEa project Data: one digitised record (Barcelona, 1885–1900)
UK-MO National Library and Archive,
Bracknell, UK

Data: daily Weather Reports (DWR): one record (La Coruña,
1882–1900), Boletı́n Meteorológico Diario (BMD): twelve
records, 1893–1900

INM Library & Archive, Madrid, Spain Data: Madrid station, 1853–1854, in Rico Sinobas (1857);
Madrid station, 1860–1889, in ICM (1893); Madrid station,
1890–1892, in ROAMa (1892, 1894)
Metadata for the entire network available in: Observatorio de
Madrid (1866–1880, 1882, 1884, 1886–1887, 1889,
1891–1892, 1895–1896, 1899–1900): Resumen de las
observaciones meteorológicas efectuadas en la Penı́nsula y
algunas de sus islas adyacentes. Several editorials: Madrid;
ICM (Instituto Central Meteorológico) (1907–1949): Resumen
de las observaciones meteorológicas efectuadas en la Penı́nsula
y algunas de sus islas adyacentes. Est. Tipo-litográfico de I.
Barredo: Madrid, and Almarza et al. (1996).

Royal Academy of Medicine, Madrid, Spain Data: Madrid station, 1855, in RSMa; Observaciones
meteorológicas de Madrid:1800–1857, (23 v.) v. 21,
(12–8–M–4–23)

Municipal Newspaper Library, Tarragona,
Spain

Data: Madrid station, 1856–1859, in La Gaceta (LG)
newspaper.

Library of Sociedad Económica de Amigos del
Paı́s, Badajoz, Spain

Metadata partially available for Badajoz station from Sánchez
Pascua (1985)

CMTG (Centro Meteorológico Territorial de
Galicia), Climatological Archive, La Coruña,
Spain

Metadata available for La Coruña station in Rios Pardo L.
2000. El observatorio meteorológico (1). CMTG, internal
report: La Coruña and in “La Ilustración Gallega y Asturiana’
newspaper, n 16, June 8, 1881.

a See Table II for meaning of the acronyms employed.

Official meteorological observations in Spain started in 1869, although prior to this date non-official obser-
vatories were operating in several Spanish cities. In addition and owing to diverse historical circumstances, the
majority of the pre-1900 official instrumental data were lost and hence not archived in the central headquar-
ters of INM. For these reasons and to accomplish EMULATE objectives, the authors undertook exhaustive
searches in the meteorological sources held in local, national and international archives and libraries. Differ-
ent documentary sources were visited in order to locate and retrieve the required 19th century data and their
associated metadata, as summarised in Table III.
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DOI: 10.1002/joc



SPANISH DAILY ADJUSTED TEMPERATURE SERIES (SDATS) 1783

From these sources, the authors also compiled metadata for the entire network, in order to better guide the
detection of homogeneity break points in these records. The metadata recovered is far from complete, but a
reasonably well-documented history of the stations and records could be recovered to help build a metadata
history for the 22 records employed in this study. In this metadata archive we kept complete information on sta-
tion identifiers, geographical locational data (geographical coordinates, elevation), climate types, sub-types and
variants of each station, dates of station relocations related to the different sites, measurement units, missing
data and data sources. Almost complete metadata on thermometric exposures, instruments, observers and his-
torical circumstances covering the observations are also archived in the metadata base. Finally, partial metadata
on the micro- and meso-environments around stations were also recovered and kept in the metadata archive.

Figure 2 shows the amount of available data with respect to the potential daily mean temperature data for
each year of the period 1850–2003, together with the number of records contributing to each year of the later
analysis. Two stations are available from the 1850s onwards, 6 from 1860s, 7 from 1870s, 11 from 1880s,
21 from 1890s and 22 from 1900s.

Different periods of missing data are also evident from the inspection of Figure 2. The fraction of missing
data for the whole period (1850–2003) is about 7% of the potential daily data; however, a higher percentage
is evident for the period 1863–1940, in which the percentage of available to potential data is ∼7%. Moreover,
for the two shorter sub-periods of 1899–1905 and 1932–1939, missing data percentages are higher at 22%
and 15%, respectively. This marked reduction in the available data in both intervals is mainly related to the
political instabilities that Spain experienced between the end of the 19th century and in the early 1940s,
associated among others with events like losing the last overseas Spanish Colonies (Cuba and Philippines) in
1898 and the Spanish Civil War. Owing to these severe political and socio-economic crises, meteorological
operational services in Spain were dramatically disturbed during these times. Finally, the lack of data drops
down to 1.5% during 1940–2003. Although data gaps are filled in some studies (Eischeid et al., 2000; Feng
et al., 2004), no attempt to fill in gaps has been performed in the present study.

3. RAW DATA QC

Although some gross error checks were undertaken by the SDC on the fraction of the digitised daily records
obtained from INM, or by Barriendos et al. (2002) in a simpler data verification with the Cadiz record, a
more complete data quality assessment on the entire network was undertaken here to identify and label the
suspicious, errant values and outliers that could remain both in the supplied readily available digitised records
and in the data recovered and digitised by the authors.
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Figure 2. Available versus potential daily mean temperature data in relation to the number of meteorological stations
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Careful analysis of data quality, particularly of daily data, is a key and essential task before undertaking
any homogeneity assessment or any long-term climate change analysis with these data. A well-performed data
QC can avoid any potential errors that could compromise the adjustments obtained from any homogeneity
tests carried out with the data. It is also essential for improving any assessment with respect to changes in
climatic extremes. Moreover, data quality tests largely enable improvement not only of the quality of the raw
data but also the completeness of the dataset, as some fraction of flagged values can be filled after examining
the original sources.

For these reasons, the 22 Spanish raw Tmax and Tmin timeseries were subjected to different QC tests, in order
to identify and flag potentially errant values introduced when recording, manipulating, formatting, transmitting
or archiving the data, as well as for ensuring internal consistency and temporal and spatial coherence of the
data. In this regard, the following recommended (Aguilar et al., 2003) set of data quality tests were undertaken
with the raw data:

(1) Gross error checks:
• Aberrant values (Tmax and Tmin values >50 °C and < − 50 °C)
• Consistency of calendar dates: no. of days per year and no. of days per month
• Comparison of monthly averages between those calculated from the digitised daily data and those

registered in the available original sources
(2) Tolerance tests:

• Four or more consecutive identical values
• Values exceeding ±4 standard deviation (σ )

(3) Internal consistency: (Tmax < Tmin)
(4) Temporal coherency: (values exceeding a 25 °C difference between consecutive observations)
(5) Spatial coherency:

• Values exceeding ±4σ threshold for the difference between the candidate record and its group of
reference stations

• Visual comparisons among neighbouring stations

During the long period of the recovered temperature records, the majority of the meteorological stations
had been relocated at least once during their operational history, according to the available metadata for
each station. For this reason, quality tests were undertaken separately for each record to distinguish those
time intervals belonging to the different station locations. This enabled the use of more realistic thresholds
for detecting/labelling suspicious values. Table IV gives details of the various periods tested for the entire
network.

A summary of the results of the QC is given in Table V, and Table VI shows the results according to the
different tests applied. From the total number of daily values only a very small fraction (0.58%) was flagged
as potentially erroneous values.

In a second step, these values were scrutinised one-by-one in the original sources, when available. As stated,
about 62% of daily data were obtained in digital form, so we did not have access to the original sources. This
fact constrained the possibility of retrieving a larger fraction of the flagged values, as the original sources
could not be directly examined. However, as most of the records obtained in digital form came from the
second half of the 20th century they had been previously checked for gross errors by SDC.

Available original sources were checked to ensure that no digitisation or data manipulation errors were
introduced in the dataset. When this happened, the true value recovered from its source was corrected in
the dataset. About 70% of the total flagged values could be corrected by examining the original sources
(Table V), which made the QC of raw data a worthwhile exercise. In the cases when the flagged values
could not be scrutinised, expert judgment guided the comparison of these values, leaving them unchanged
or making them missing values. This was done by comparing adjacent values in the same timeseries, by
using other climate elements (pressure and precipitation) and by considering simultaneous observations for
well-correlated stations. When these checks supported the hypothesis of a wrong value, it was set as missing
and excluded from any further analysis. In this study, only 30% of the flagged values were set to missing
values.
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Table IV. Time intervals for each station, together with the INM local code, for which the QC procedures described have
been applied

NAME INM CODE PERIOD NAME INM CODE PERIOD

ALBACETE 8178 1893–1936 CADIZ 5972 1850–2003
ALBACETE 8175 1939–2003 MURCIA 7182C 1863–1950
ALICANTE 8025E 1894–1920 MURCIA 7182A 1951–1974
ALICANTE 8025G 1921–1938 MURCIA 7182 1976–2003
ALICANTE 8025 1939–2003 PAMPLONA 9262 1880–1974
BADAJOZ 4478 1864–1954 PAMPLONA 9263D 1975–2003
BADAJOZ 4452 1955–2003 SALAMANCA 2870D 1893–1944
BARCELONA 0201E 1885–1925 SALAMANCA 2867 1945–2003
BARCELONA 0200E 1926–2003 S. SEBASTIAN 1024D 1893–1900
BURGOS 2327 1870–1943 S. SEBASTIAN 1024E 1916–2003
BURGOS 2331 1944–2003 SEVILLA 5787D 1893–1932
CIUDAD REAL 4121C 1893–1970 SEVILLA 5790 1933–1950
CIUDAD REAL 4121 1971–2003 SEVILLA 5783 1951–2003
GRANADA 5515A 1893–1937 SORIA 2030 1893–2003
GRANADA 5514 1938–2003 VALENCIA 8416A 1863–1932
HUELVA 4605 1903–1984 VALENCIA 8416 1935–2003
HUELVA 4642E 1984–2003 VALLADOLID 2422C 1893–1923
HUESCA 9901F 1861–1943 VALLADOLID 2422F 1924–1940
HUESCA 9898 1944–2003 VALLADOLID 2422C 1942–1969
LA CORUÑA 1387 1882–2003 VALLADOLID 2422G 1970–1973
MADRID 3195 1853–2003 VALLADOLID 2422 1974–2003
MALAGA 6171 1893–1942 ZARAGOZA 9443D 1887–1950
MALAGA 6155A 1943–2003 ZARAGOZA 9434 1951–2003

Table V. Summary of QC results for raw daily data as absolute
counts and percentages with respect to the total amount of data

examined

Total amount of tested values 1 981 192

Flagged values 11 505 0.58%
Recovered values 8 090 0.41%
Not recoverable values 3 415 0.17%

The most frequent type of errors found were associated with mistyped values when digitising from available
original sources. Most were highlighted when running the 1. iii test (Table VI) and could be recovered,
corrected and incorporated into the dataset. The tolerance tests applied also provided a remarkable number
of potentially errant values, mainly related to four successive and identical values, but after examining the
sources the bulk of them were validated and retained in the dataset to be considered as true values. The rest
of the quality checks were passed with very few cases of potential errors in comparison with the other two
tests, and most of them could be easily corrected. QC procedures were repeated several times to account for
the effect of an outlier’s removal on the statistical distribution of data.

4. HOMOGENISATION OF DAILY MAXIMUM AND MINIMUM TEMPERATURES

As has been widely recognised in the relevant literature for many years (e.g. Mitchell, 1953; Jones et al., 1986),
the majority of long-term meteorological observations have been affected by non-climatic factors, principally
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Table VI. QC results distributed according to the type of test applied as absolute counts with percentages in parenthesis

Gross
error checks

Tolerance
tests

Internal
consistency test

Temporal
coherency test

Spatial
coherency tests

Total of flagged
values

4941 (0.25) 5995 (0.3) 161 (0.008) 192 (0.01) 216 (0.01)

related to changes in station locations, local environments, instrumental exposures and instrumentation,
observing practices or data processing. All these factors can introduce and have introduced gradual or abrupt
breaks in data series. As widely recognised, to estimate adjustments for these problems is another key pre-
requisite before undertaking any climatic analysis, especially regarding any long-term climate variability and
change assessment.

In this section, the homogenisation procedures applied to the 22 Spanish daily temperature records are
discussed. Firstly, we describe the empirical approach employed, for the very first time, for minimising
the so-called ‘screen bias’ affecting the earliest temperature records, which is related to changes over time
to thermometric exposures. Secondly, we show the application of the Standard Normal Homogeneity Test
(SNHT) developed by Alexandersson and Moberg (1997). And thirdly, we address the scheme adopted for
interpolating the estimated monthly adjustment factors to the daily timescale.

4.1. The minimisation of ‘screen bias’ in the Spanish network

Prior to the generalised use of Stevenson screen, different types of exposures and stands were used for
protecting thermometers (i.e. north walls, Glaisher and Montsouris’ open stands, Wild metallic cylindrical
screen, etc.). Exposures varied on a country-by-country basis over the globe, as documented by Parker (1994).
According to this study, temperature readings taken under ancient stands are likely biased to a higher or lower
degree depending on latitude, observation time during the day and year, and hence this bias has had a different
impact on daily extreme (maximum or minimum) temperatures. Several studies have shown and estimated
the sign and magnitude of this bias on thermometric records over different areas of the world: Andersson
and Mattisson (1991) over Sweden; Nicholls et al. (1996) over southwestern Australia; Nordli et al. (1997)
over European Nordic countries; Böhm et al. (2001) over the Greater Alpine Region; Brunet et al. (2004)
over Spain. These studies outline varied impacts on the records associated with the thermometer shelters and
exposures employed in the past. Furthermore, it has been shown for Mediterranean climates, by Nicholls
et al. (1996) and Brunet et al. (2004), that pre-sheltered temperatures tended to have a strong warm-bias in
Tmax records compared to current observing practices, while Tmin readings had a small cold-bias compared to
those of the modern period. In this regard, Brunetti et al. (2006) show for Italy the errors due to the effect of
screen height and the impact of buildings on thermometric exposures (see Figure 1 in Brunetti et al., 2006).
These seem to produce an error with a time evolution that is similar to the one evident in Spain owing to
the screen effect. Therefore, the use of the original data in estimating long-term temperature evolution gives
negatively biased results in terms of trend. This result is also in agreement with the findings of Böhm et al.
(2001) and Begert et al. (2005).

For the Spanish meteorological network during the 19th century and early decades of the 20th century,
it was common to protect thermometers under open stands. These were mostly the Montsouris or French
stand and to a lesser extent the Glaisher stand (Rico Sinobas, 1857; ICM, 1891; AAOAM, 1992). These
types of open stands were more sensitive to radiation effects than the currently employed Stevenson screen.
Therefore, pre-screened observations mainly show unreliable high maximum temperatures in the early parts
of the longest Spanish records (Brunet et al., 2004). The main problem with dealing with the bias is that
relative homogenisation procedures will not work as all stations are similarly affected.

In this regard and within the framework of the Spanish-funded SCREEN (‘Assessment and minimisation
of ‘screen bias’ incorporated into the longest Spanish air temperature records by time-changing thermometric
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exposures throughout dual temperature observation (SCREEN)’) research project, paired temperature observa-
tions were taken using the old Montsouris stand and modern Stevenson screens in the meteorological gardens
of La Coruña and Murcia, representative of the Oceanic climate and the Mediterranean Arid or southeast-
ern climate subtype and of high and low cloud cover levels, respectively. In this project, the 19th century
Montsouris stands were built and operated according to details given in publications from the period (Angot,
1903). Figure 3 shows a replica of the ancient Montsouris stand assembled and installed at the meteorological
garden of Murcia station in the framework of the SCREEN project, illustrating the exposures employed in
the ancient Spanish meteorological network. In Table VII we show the monthly median differences estimated
from daily Tmax and Tmin timeseries recorded under both exposures at the two experimental sites, together
with the corresponding 95% confidence intervals. These difference timeseries (Stevenson minus Montsouris)
were calculated from the paired observations for 1 year (Jun 2003 to May 2004). As can be clearly seen,
daily maximum temperatures taken under ancient stands are more sensitive to radiation effects than daily
minimum temperatures. On an annual basis, Tmax is 1.5 °C (1.2 °C) higher for Montsouris readings at Murcia
(La Coruña) than for Stevenson ones, while Tmin is only 0.3 °C (0.2 °C) lower for Montsouris compared to
Stevenson readings.

Because of this common ‘warm-bias’ (‘cold-bias’) of daily maximum (minimum) temperatures, we have
undertaken a very preliminary empirical minimisation of the ‘screen bias’, by employing the monthly median
difference values provided in Table VII as monthly adjustments, before undertaking a normal homogeneity
assessment of the entire dataset. The experimental dual observation of temperatures is still ongoing and
will last through the foreseeable future at both sites, as the main aim of the SCREEN project is to obtain
more robust adjustments by estimating transfer functions from other well-correlated meteorological variables.
Table VIII gives information on the group of stations to which the calculated adjustments were applied, as
well as the dates of the introduction of the Stevenson screens for the Spanish network. In bold (italic) we
show stations adjusted with the Murcia (La Coruña) empirical factors. Owing to both the brief period of
paired thermometric observations (one year) and the highest impact of the open stand on daily maximum
temperatures compared to minimum temperatures, we decided to apply the monthly adjustments estimated to
only the maximum temperature records and not to the minimum temperature series. Adjustments of minimum
temperatures will be done later when longer pair-wise timeseries become available. The adjustments of
maximum temperatures were undertaken by directly subtracting the monthly estimated screen bias from the
monthly averages calculated from the raw Tmax time series, prior to moving to the monthly homogeneity
assessment. The screen bias adjustment was applied to the 20 Tmax records shown in Table VIII for the
periods with pre-Stevenson thermometric exposures. For Cadiz and Malaga no screen adjustments were
applied to their respective raw Tmax time series, as our fragmentary metadata for both stations indicated that

Figure 3. Picture showing both the old Montsouris stand and the new Stevenson screen as replicated in the Meteorological Garden of
Murcia (Courtesy of the project SCREEN). This figure is available in colour online at www.interscience.wiley.com/ijoc
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Table VII. Monthly median difference time series (Stevenson minus Montsouris) in °C with the 95% confidence interval
in brackets, estimated from daily maximum and minimum temperatures recorded using the ancient and new exposures at
the two Spanish meteorological gardens at La Coruña and Murcia. The paired observations were simultaneously recorded

between Jun 2003 and May 2004 for minimising ‘screen bias’ of the pre-Stevenson records

La Coruña Murcia

Tmax Tmin Tmax Tmin

Jan −0.85 (±0.26) 0.20 (±0.07) −1.16 (±0.21) 0.50 (±0.12)
Feb −1.23 (±0.27) 0.24 (±0.11) −1.38 (±0.31) 0.37 (±0.11)
Mar −1.58 (±0.29) 0.18 (±0.04) −1.46 (±0.16) 0.26 (±0.09)
Apr −1.36 (±0.18) 0.16 (±0.07) −1.70 (±0.18) 0.36 (±0.11)
May −1.68 (±0.26) 0.20 (±0.07) −1.80 (±0.17) 0.31 (±0.10)
Jun −1.62 (±0.19) 0.22 (±0.04) −1.71 (±0.07) 0.39 (±0.06)
Jul −1.61 (±0.19) 0.26 (±0.04) −1.76 (±0.08) 0.28 (±0.05)
Aug −1.51 (±0.23) 0.37 (±0.12) −1.59 (±0.12) 0.32 (±0.13)
Sep −1.20 (±0.24) 0.21 (±0.07) −1.50 (±0.09) 0.17 (±0.09)
Oct −0.90 (±0.25) 0.23 (±0.05) −1.40 (±0.26) 0.30 (±0.07)
Nov −0.80 (±0.2) 0.20 (±0.17) −1.12 (±0.26) 0.25 (±0.07)
Dec −0.71 (±0.22) 0.24 (±0.15) −1.24 (±0.20) 0.44 (±0.09)

Table VIII. Dates of Stevenson screen introduction in the Spanish meteorological network defining periods of application
of the monthly adjustment factors for maximum temperature given in Table VII. In bold (italic) adjusted stations using

Murcia (La Coruña) estimated monthly factors

Albacete 4/1915 Alicante 1/1909 Badajoz 1/1909 Barcelona 1/1901
Burgos 1/1905 Ciudad Real 1/1908 Granada 1/1909 Huelva 1/1909
Huesca 4/1912 La Coruña 6/1912 Madrid 1/1894 Murcia 1/1913
Pamplona 1/1916 Salamanca 1/1909 S. Sebastian 1/1901 Sevilla 5/1912
Soria 1/1914 Valencia 1/1901 Valladolid 10/1912 Zaragoza 4/1913

the thermometers were exposed for an undefined period between the last decades of the 19th century and early
20th century inside a louvred rectangular hut of 2m × 3m × 2m with a door opening to the north. Ideally
the screen adjustments should be calculated for each site, but resources limited the parallel measurements to
two sites, even though future empirical adjustments will be able to more confidently adjust stations located
in climatic domains similar to those characterising La Coruña and Murcia.

4.2. The application of the SNHT on a monthly basis and results

For assessing homogeneity of the Tmax and Tmin monthly records, once the screen bias adjustments had been
applied to the Tmax time series, the SNHT relative homogeneity approach developed by Alexandersson and
Moberg (1997) was used with the entire network. Detection and correction of inhomogeneities of monthly
temperature records were undertaken following the SNHT application scheme described in Aguilar et al.
(2002).

Here we discuss both the application and results obtained after using the SNHT on a monthly basis. First,
we describe the selection of sets of reference stations for each one of the candidate stations. Second, we
present the scheme adopted to detect inhomogeneous periods on an annual and a seasonal scale. And third,
we show the correction pattern applied to monthly averages of daily maximum and minimum temperatures
within SDATS.

4.2.1. The selection of the groups of reference stations. The selection of the reference stations for undertaking
the relative homogeneity assessment of each candidate station was made according to three complementary
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criteria: first, highly correlated stations; second, geographical and climatic proximity/affinity; and third, the
availability of a sufficient number of reference series for any time slice of the candidate record.

Pearson product-moment correlations were estimated among all stations for annual, seasonal and monthly
averages of daily mean temperature (Tmean) calculated from monthly averages of daily Tmax and Tmin time
series [(Tmax + Tmin)/2]. Coefficients were obtained from the first difference series, to avoid the impact of
inhomogeneities. A maximum set of eight to nine stations were found to be highly correlated with nearby
stations, across the 20th century. However, as the number of available records decreased during the second
half of the 19th century, the set of reference stations had to be reduced for that period depending on the
candidate station. A minimum of three available reference stations was set for the homogeneity assessment
with the SNHT. Because the number of potential reference stations dramatically reduced during the earliest
decades of the second half of the 19th century, and owing to the geographical proximity and climatic affinity
among stations, the SNHT could not be undertaken for the following stations and initial sub-periods: Badajoz
between 1864–1875; Burgos 1870–1883; Cadiz 1850–1862; Huesca 1861–1882; La Coruña 1882–1885;
Madrid 1853–1862; and Valencia 1864–1887. For these stations and periods the monthly correction factors
that were obtained from the SNHT for the subsequent period of each record were used.

Table IX shows the correlation coefficients of annually averaged Tmean records between each candidate
station (right column) and their potential reference stations (columns 2 to 10), calculated using the first
difference approach, as recommended by Peterson and Easterling (1994). As is evident from this table,
correlation coefficients (r) mainly reach values of 0.8 and 0.9 and in some cases exceed 0.9, although in a
few cases they are lower than 0.75, corresponding to distant 19th century reference stations, but necessary
for making the relative homogeneity assessment with the SNHT.

4.2.2. The detection method’s pattern of inhomogeneities. After having identified the reference stations, the
SNHT was applied to Tmax, Tmin and the derived Tmean annual and seasonal averages of the 22 meteorological
stations, in order to detect potential inhomogeneities in all three variables. At this stage, the objective was
not homogenizing the records but just detecting breakpoints in the timeseries, which potentially indicated
inhomogeneities. The correction pattern emerges from both the inspection of the statistically obtained
breakpoints, the analysis of the Q-series (the difference between the candidate series and a weighted average
of the reference series) provided by the implementation of the SNHT and also from the available metadata.

Before the SNHT application, all 22 stations were considered as potentially non-homogeneous. A total of
57 inhomogeneities were detected (2.6 per station on average) on an annual basis. These breakpoints in the
records’ homogeneity were validated by scrutinising the annual and seasonal Tmean, Tmax and Tmin Q-series.
Therefore, for validating a breakpoint provided by the SNHT and not documented in the available metadata,
it had to at least appear in the annual and two seasonal timeseries of the inspected record, as well as having
to be picked by the Tmean series and at least by one of the Tmax or Tmin series.

Figure 4 shows the number of breakpoints detected per year and the number of stations (left panel) and also
the number of breakpoints in relation to the available number of records for each year over 1850–2003 (right
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panel). About 25% of the breakpoints identified are located during the politically problematic times in the
1930s due to the Spanish Civil War, when political instability severely disrupted the Spanish meteorological
services. The largest number of breakpoints was detected during the second half of the 19th century (right
panel) related to the low network density, while during the 20th century no tendency in the number of
breakpoints towards a higher/lower frequency of breaks is evident.

Table X shows both the dates of breakpoints in homogeneity (gradual and abrupt) and their causes over
the entire network. Individual years indicate a single shift found in the data, while periods in brackets show
a trend. From the 57 breaks detected over the entire network, 52 are related to abrupt shifts and only 5 to
gradual trends.

Figure 5 illustrates the causes of the 57 break points in homogeneity for the entire network (top graph) and
the distribution of inhomogeneities found for each station (bottom graph). Changes in location and setting are

unknown
35%

environment
9%

relocation
56%

>4 inhomogeneities: 2
stations

4 inhomogeneities: 4
stations

1 inhomogeneity: 4
stations

2 inhomogeneities: 10
stations

3 inhomogeneities: 2
stations

Figure 5. Causes of the inhomogeneities found (top graph) and frequency distribution of the number of estimated inhomogeneities
(bottom graph) found using SNHT
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the main cause of inhomogeneities (about 56% of stations). Station relocations have been common during
the longest Spanish temperature records. Stations were moved from one place to another within the same
city/town (i.e. from the city centre to outskirts in the distant past and, more recently, from outskirts to
airfields and airports far away from urban influence) and from one setting (roofs) to another (courtyards).
These facts obviously induced homogeneity breaks in the analysed records that have to be corrected. The
topoclimate influence exerted by urban development had negative effects on 5 out of the 22 stations, as gradual
trends were detected (Table X and Figure 5 top graph). Finally, the rest of the inhomogeneities identified by
SNHT had no explanation in the available metadata archives, which illustrated the incompleteness of the
metadata recovered. Summarising Figure 5 (bottom graph), for about the half of the network (10 stations)
two homogeneity breakpoints were found, while one was detected at four stations, three at two stations, four
at another four stations and more than four inhomogeneities at two stations.

4.2.3. The estimation of monthly adjustment factors. The detection pattern identified after undertaking the
SNHT exercise for annual and seasonal Tmean, Tmax and Tmin timeseries was applied to the monthly quality-
controlled Tmean and Tmin values and to the monthly Tmax pre-adjusted for screen bias data, in order to estimate
the required monthly adjustments. The selected approach follows the ‘guided application’ of SNHT (Aguilar
et al., 2002). The same breakpoints detected on an annual and a seasonal basis, as documented in Table X,
have been transferred to the 12 months of each record for obtaining for each month and variable the monthly
adjustment factor estimated from SNHT.

The frequency distribution of the size of the inhomogeneities for both Tmax and Tmin timeseries is shown
in Figure 6 (top and bottom graphs, respectively). In both cases, moderate correction factors (positive and
negative) have been estimated more frequently. About two-thirds of the inhomogeneities (66.6%) found for
the Tmin records are distributed between the −1 and +1 °C intervals. This concentration is even more evident
for Tmax, as more than a half of the inhomogeneities (55.5%) have a smaller size (−0.5 to +0.5 °C).

Figure 6 also makes clear the differences between Tmax and Tmin timeseries taking into account the sign
of the inhomogeneities. In the first case, there is a slight predominance of positive values (346) with respect
to negative ones (338), although exactly the same value is obtained on average (0.63 °C). For Tmin records,
however, there is a clear difference between positive and negative adjustments. There is a preponderance
of negatives values (389) with respect to positive ones (295), which is also evident in the average value
calculated (−0.86 °C and +0.80 °C). As a summary for the entire network and period, Tmin records require
larger and more frequent negative adjustments than Tmax data.

These results can be partially explained by the available metadata. As stated, station relocations from urban
to rural areas have been a common feature for the most of stations. These relocations have affected Tmin more
than Tmax, as usually lower minimum temperatures and slightly higher maximum temperatures are recorded at
the new rural sites (Karl et al., 1988; Jones et al., 1990; Portman, 1993). In addition, the tendency to change
thermometer exposures from courtyard-level to roof-level and vice versa could also be another cause of this
warm-bias present in the minimum temperature data throughout the entire period, as stated by Brunetti et al.
(2006) in their analysis on long-term temperature variability over Italy.

Annual, summer and winter half-year average adjustments, including the systematic error due to the old
screens and expressed as the difference between monthly raw and adjusted values, for the 22 Tmax and Tmin

records are shown in Figure 7 (top and bottom panel, respectively). Several differences between the estimated
Tmax and Tmin monthly adjustments averaged over all single series can be seen. Pre-1910 adjustments for
Tmax require reduction of the original data by about 1 °C on average, while the pre-1900 Tmin records needed
smaller increases of the raw data (about 0.5 °C in average). The larger reductions for Tmax compared to the
Tmin increases during the second half of the 19th century are strongly related to the screen bias minimisation
scheme, which was applied only to Tmax records. Seasonal differences in adjustments (warm half-year vs cold
half-year) can also be appreciated during that period. The summer half-year required larger reductions than the
winter half-year, as the old thermometric stands introduced a higher overestimation of Tmax readings during
this part of the year (Brunet et al., 2004). Another difference between Tmax and Tmin averaged adjustments
across the 20th century is the slightly higher correction factors estimated for Tmin, as monthly adjustments
for Tmax remain close to zero but for Tmin they oscillate from −0.5 to +0.5 °C.
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Figure 6. Frequency distribution of break magnitudes referred to the 57 detected and adjusted breaks after using SNHT for homogeneity
testing of annual and seasonal averages of daily Tmax (top plot) and Tmin (bottom plot) timeseries for the 1850–2003 period. The figure

shows the corresponding breaks as calculated from monthly data

4.3. The interpolation of monthly adjustment factors on a daily scale

The monthly correction factors estimated using SNHT, together with the screen-bias adjustments, have been
linearly interpolated to a daily basis following the Vincent et al. (2002) weighting interpolation procedure,
based on the scheme developed by Sheng and Zwiers (1998).

As stated in the introduction, homogenising daily data directly is a complicated task due to the high
variability of the daily records in contrast to the more stable monthly, seasonal or annual averaged data.
Despite this, the adjustment of daily data are necessary before undertaking any reliable analysis dealing
with, for instance, changes in extreme events. From the different and still scarce methodological approaches
available to adjust daily data, we have chosen the scheme developed by Vincent et al. (2002) for Canadian
daily temperature data. This approach attempts to provide a better time-interpolation procedure that preserves
monthly averages and does not introduce artificial discontinuities at the beginning and ends of calendar
months. This scheme derives daily adjustments from the estimated monthly correction factors by means of
a linear interpolation between mid-month ‘target’ values, which are chosen so that the average of the daily
adjustments over a given month equals the monthly correction factors. The ‘target’ values are related to the
monthly adjustments by means of a matrix relationship:

T = A−1M
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where A is a tridiagonal 12 × 12 matrix, M is a 12 × 1 vector of the monthly correction factors and T is
a 12 × 1 vector consisting of the target values. The ‘target’ values are assigned to the middle day of each
month and finally linearly interpolated to get the daily adjustments. This approach has also been employed
by Feng et al. (2004) to homogenise daily meteorological data for China.

Two examples illustrate the application of this time-interpolation scheme to SDATS. They are for the
Albacete and Soria Tmax and Tmin records and are shown in top and bottom panels of Figure 8, respec-
tively. An inhomogeneity was detected by the SNHT for Albacete records in 1936, when the station moved
from a high school located in the city centre to an airfield situated in the rural surroundings. Monthly Tmax

adjustments have positive values in all cases, whereas they are negative for the Tmin data. The size of the
monthly correction factors for Tmin are larger than those for Tmax (−0.63 °C and +0.25 °C as annual averages).
December and November, as well as February–April, have larger adjustments than the rest of the year for
Tmin data, while for the Tmax record positive monthly correction factors are larger in May to July than for
the other months. The direct application of these monthly factors to the daily data is not advisable, because
the difference, for instance, between the April and May adjustments for Tmax series (+0.27 °C and +0.50 °C,
respectively) might generate an abrupt discontinuity at the end of April and the beginning of May (Figure 8,
top graph, grey dashed area). This would not happen if the monthly factors were interpolated to a daily scale
as shown on this graph. The daily adjustments (black line) show no abrupt jumps, avoiding any artificial steps
between consecutive months. A similar situation occurs for the breakpoint detected at the Soria records in
1942, also due to station relocation (Figure 8, bottom graph). In this regard, differences between the monthly
correction factors estimated from SNHT are smoothed when these factors are interpolated to the daily scale.
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In order to exemplify the impact of our homogenisation, the annual averages of daily raw and adjusted
temperature records are compared in Figures 9 and 10, top and bottom panels, respectively, for Tmax (Figure 9)
and for Tmin timeseries (Figure 10). On these plots, all 22 single annually averaged records together with an
estimated regional average are given, each smoothed with a 13-year low-pass Gaussian filter. As evident
in both figures, the variability of annual anomalies is reduced by homogenisation, particularly for the Tmin

records (Figure 10, top and bottom panels). The effect of screen bias minimisation on Tmax records is also
evident in the pre-1910 data (Figure 9, bottom panel) when compared with the original data (Figure 9, top
panel), and is particularly clear for the Barcelona (dashed line) and Madrid (dotted line) records from among
the 22 sites. In the case of Barcelona, screen adjustment was necessary, but the major inhomogeneity resulted
from the move in 1926 from Barcelona University, located in the coastal lowland urban area of Barcelona
(∼42 m asl), to Barcelona-Fabra, situated on the Catalonian Littoral Range (∼420 m asl). For Madrid, only
screen adjustments account for the most of the reduction applied to the Tmax data for the pre-1893 period.
The rest of the adjustments are listed at http://www.urv.es/centres/Departaments/geografia/clima/archive.htm.

5. THE CREATION OF THE STS AND AN INITIAL TREND ANALYSIS

The 22 daily adjusted records of maximum, minimum and mean temperatures have been combined to obtain
regional time series for the period 1850–2003, which gives a representative series of the long-term temperature
evolution over mainland Spain, both regarding the mean and the extreme states of Spanish thermal climate.
The STS has been generated by averaging the daily anomalies from individual records and then adding
back the base-period mean (1961–1990), according to the Jones and Hulme (1996) method of separating
temperature into its two components (the climatology and the anomaly).
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Here we present the first results of a trend analysis performed both on the 22 daily adjusted maximum and
minimum temperature single records of the SDATS over the common period 1903–2003 and the corresponding
regional (mainland Spain) averaged time series over the longer period 1850–2003. This analysis has been
performed on an annual basis by adapting Sen’s (1968) estimator of the slope. Our application of this method is
similar to that undertaken by Zhang et al. (2000) in a study of annual temperature and precipitation change over
Canada, and in extreme wave heights over Northern Hemisphere oceans (Wang and Swail, 2001). The 95%
confidence intervals of the trend coefficients have also been estimated from tabulated values (Kendall, 1955).

Figure 11 shows annual trends (in °C/decade) for each individual record placed at their approximate
geographical location for both Tmax (left) and Tmin (right) series for the period of 1903–2003, when all
22 daily records are available. All coefficients are found to be highly significant (at 0.01 level) both for Tmax

and Tmin series showing moderate to high rates of change in all records. However, it can be appreciated that
the majority of the Tmax records indicates larger coefficients than those estimated for Tmin, except for Zaragoza
and Sevilla where the Tmin trend have slightly larger coefficients than their respective Tmax trends.

Moreover, in Table XI annual and seasonal trends estimated for the regional STS time series of Tmax and
Tmin for 1850–2003 together with their 95% confidence intervals are given. All estimated regional trends
are also statistically significant at the 0.01 level. Again daytime temperatures indicate larger rates of positive
change over mainland Spain as a whole when compared with Tmin series over this period. For the Tmax annual
series, increases in daytime temperatures have been mainly contributed by larger increases in winter and
spring, although autumn and summer also present highly significant coefficients. The seasonal trends of the
Tmin regional series indicate winter as the season with the largest contribution to the annual values, while the

Copyright © 2006 Royal Meteorological Society Int. J. Climatol. 26: 1777–1802 (2006)
DOI: 10.1002/joc



1798 M. BRUNET ET AL.

3

2

1

0

-1

-2

-3

3

2

1

0

-1

-2

-3

18
50

18
70

18
90

19
10

19
30

19
50

19
70

19
90

18
50

18
70

18
90

19
10

19
30

19
50

19
70

19
90

Original Tmin data

Adjusted Tmin data

Figure 10. As in Figure 9, but for minimum temperatures

0.15 / 0.09 0.07 / 0.06

0.23 / 0.22

0.25 / 0.13

0.25 / 0.200.17 / 0.120.15 / 0.08

0.14 / 0.09

0.17 / 0.13

0.16 / 0.09

0.14 / 0.13
0.22 / 0.08

0.15 / 0.10
0.17 / 0.21

0.18 / 0.05

0.14 / 0.19 0.20 / 0.09

0.10 / 0.04

0.30 / 0.15

0.19 / 0.08

0.21 / 0.08 0.15 / 0.09

Tmax / Tmin

Figure 11. Map of annual trends (in °C/decade) of the 22 Spanish daily maximum and minimum temperature time series calculated for
the 1903–2003 period plotted approximately at their respective locations (see Figure 1 for locations). All coefficients are statistically

significant at the 0.01 level
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Table XI. Annual and seasonal temperature change in the regional STS curves estimated by
a linear trend, and in brackets the associated 95% confidence intervals (in °C/decade), for the
regional time series of maximum and minimum temperatures calculated over the 1850–2003.

Bold indicates significance at the 1% confidence level

Variable Periods Decadal coefficient (°C) 95% confidence intervals

Winter 0.14 (0.10/0.18)
Spring 0.13 (0.08/0.19)

Tmax Summer 0.10 (0.05/0.15)
Autumn 0.11 (0.07/0.15)
Annual 0.12 (0.08/0.16)
Winter 0.12 (0.08/0.16)
Spring 0.08 (0.04/0.11)

Tmin Summer 0.08 (0.05/0.11)
Autumn 0.09 (0.05/0.13)
Annual 0.10 (0.06/0.12)

rest of seasons indicate smaller, but similar rates of change. Despite the different periods and the different
Spanish sub-regions analysed, our results are in good agreement with those reported by Abaurrea et al. (2001)
over the middle Ebro River Basin, Brunet et al. (2001b) over northeastern Spain, Galán et al. (2001) over the
Spanish Southern Plateau and Horcas et al. (2001) over southeastern Spain, as well as in excellent agreement
with the findings reported by Brunetti et al. (2006) over Italy, by Böhm et al. (2001) and Auer et al. (2006)
over the Greater Alpine Region and by Begert et al. (2005) over Switzerland.

However, slightly different results are seen in a recent contribution (Staudt et al., 2005 based on the
PhD thesis of Staudt, 2004), which analysed on a monthly basis about 27 Spanish temperature records for
1869–2002. These results highlight the slightly higher Tmin trends in comparison with Tmax records for different
Spanish sub-regions. Although in this work spurious urban trends were explicitly corrected, the authors did
not consider the bias incorporated in the longest record related to time-changing thermometric exposures.

The differential diurnal warming of mainland Spain, evident through the larger increases of daytime com-
pared to nighttime temperatures, contrasts with that detected on global and hemispherical scales (Folland
et al., 2001), where larger positive changes during nighttimes indicates a reduced DTR. Over Spain, this
exploratory and initial analysis shows higher rates of change for Tmax than for Tmin, indicating an increase in
DTR, which has to be explored further. This is evident for both the majority of the individual series and the
regional averaged time series.

6. CONCLUSIONS

The new dataset of Spanish Daily Adjusted Temperature Series (SDATS), composed of 22 records of daily
maximum, minimum and derived daily mean temperatures was generated for the 1850–2003 period covering
mainland Spain. Its development required arduous data and metadata searches, as well as much digitisation
of paper records. Raw data were subjected to strict QC checks, and for the very first time an empirical
approach to minimise screen bias was undertaken and applied to the quality-controlled monthly values of
daily maximum temperatures.

The homogenisation procedure employed, in combination with the analysis of the station history, has
allowed us to conduct an improved homogeneity assessment on a monthly basis, which proved that all long
Spanish records used are inhomogeneous and require adjustments. The employment of SNHT has enabled
the calculation of monthly correction factors, which have been transferred to the daily scale using a time-
interpolation scheme that preserves monthly means and does not yield artificial discontinuities at the calendar
month boundaries.
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Trend analysis has shown a highly significant increase in temperatures over mainland Spain, as seen either
through analysis of the individual adjusted records or using the regional average series. Larger rates of positive
change have been found for daytime than for nighttime temperatures, in contrast to those observed at global,
hemispherical and continental scales.

Finally, the adjusted daily data will be made available for scientific purposes through requests to
oscar.saladie@urv.net via the following web site: http://www.urv.net/centres/Departaments/geografia/clima/
currentresearch.htm
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Aguilar E, López JM, Brunet M, Saladié O, Sigró J, López D. 1999. Control de calidad y proceso de homogeneización de series
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minimización del sesgo artificial asociado al tipo de garita meteorológica mediante la observación dual de la temperatura del aire. La
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