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[1] The longest instrumental index of the North Atlantic
Oscillation (NAO) is based on pressure measurements
from Gibraltar and Reykjavik. Recently two long pressure
series from the town of Cádiz and the nearby San
Fernando observatory in southern Spain have been
digitized. As Gibraltar is situated within 100 kilometers
from Cádiz and San Fernando, a long held suspicion that
early pressure data from Gibraltar contains several
problems can now be investigated. This leads to the
creation of an improved version of the long NAO index
in which the period from 1821 to 1856 has been
revised. INDEX TERMS: 1620 Global Change: Climate

dynamics (3309); 3309 Meteorology and Atmospheric

Dynamics: Climatology (1620); 9325 Information Related to

Geographic Region: Atlantic Ocean; 9335 Information Related

to Geographic Region: Europe. Citation: Vinther, B. M., K. K.

Andersen, A. W. Hansen, T. Schmith, and P. D. Jones,

Improving the Gibraltar/Reykjavik NAO index, Geophys. Res.

Lett., 30(23), 2222, doi:10.1029/2003GL018220, 2003.

1. Introduction

[2] During the last decade interest in the North Atlantic
Oscillation (NAO) has increased markedly as its influence on
climate in the North Atlantic region has become more and
more evident [Hurrel, 1995, 1996; Hurrel and van Loon,
1997; Hurrel et al., 2003]. The importance of the NAO has
also led to a strong desire to extend our knowledge of its
behavior further back in time [Jones et al., 2001]. As
instrumental pressure data at the centers of action of the
NAO (Iceland and the Azores/Iberia) are available for the
past �180 years only [Jones et al., 1997] many efforts have
been made to reconstruct the NAO from early instrumental
and documentary data [Luterbacher et al., 1999, 2002] as
well as various proxy data [Cook, 2003; Vinther et al., 2003].
[3] All NAO reconstructions are characterized by some

kind of verification process in which an instrumental NAO
index is used for comparison with the proposed NAO
reconstruction. For these verification purposes it is of
immense importance to have as long and as accurate an
instrumentally based index of the NAO as possible.
[4] During the recently concluded IMPROVE project a

range of high quality pressure series was generated. Of
particular interest for improving the Gibraltar/Reykjavik

NAO index are the new series from Cádiz and San Fer-
nando in southern Spain [Barriendos et al., 2002]. As these
two observation sites are located only a few kilometers apart
it is possible to create a homogenous pressure series
spanning almost two centuries. Furthermore their proximity
to Gibraltar gives the opportunity to independently verify
the Gibraltar data.
[5] In a recent paper [Jones et al., 2003] such an effort

led to the conclusion that the combined Cádiz/San Fernando
(CSF) record was inhomogeneous. Here however we pos-
tulate that the inhomogeneities in the Cádiz and San
Fernando records can be removed and a new homogenized
version of the combined CSF pressure record can be
created. A comparison between the new CSF and the
Gibraltar pressure records is carried out leading to the
development of an improved version of the Gibraltar/
Reykjavik NAO index for the period 1821 to 1856.

2. The Cádiz and San Fernando Pressure
Records

[6] Table 1 provides general information on the Cádiz
and San Fernando observatory locations.

2.1. Cádiz Observation Details

[7] 19th century observations in Cádiz can broadly
speaking be categorized as follows: Observations carried
out by the Urrutia brothers and other observations. During
more than 50 years the three Urrutia brothers took three
daily observations every day, for every month in every year.
No gaps in their impressive observation series except for the
years 1851 and 1852 where their notebooks are missing
[Barriendos et al., 2002].
[8] A drawback concerning the observations performed

by the Urrutia brothers is the complete lack of metadata. Not
even the exact location of their instruments is known.
Nevertheless their observations seem to be of high quality.
[9] The other 19th century pressure series from Cádiz are

short and discontinuous. Hence the recently digitized 1821
to 1869 period of the thrice daily observations carried out
by the Urrutia brothers [Barriendos et al., 2002] will be
used for creating the combined CSF record.

2.2. San Fernando Observation Details

[10] At the San Fernando Naval Observatory situated
nearby Cádiz, systematic hourly pressure observations have
been performed for more than a century. Daily mean
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pressure has been digitized for the period 1870 to 2000. The
data are generally of excellent quality except for the two last
decades where some inhomogeneities remain [Barriendos et
al., 2002; Jones et al., 2003].
[11] From the period 1850 to 1885 an old tabulation of

monthly mean pressure from the San Fernando observatory
can be found in Hann [1887]. For the 1870–1885 period the
tabulation is practically identical to the newly digitized data
as both data sets have the same source. The 1850 to 1869
part of the old tabulation has been obtained by Hann [1887]
from Cecilio Pujazón the director of the San Fernando
observatory in the late 19th century. Hence the old tabula-
tion can be expected to be highly reliable.

3. Homogenizing the Pressure Data

3.1. Cádiz Observations

[12] As no metadata are available for the Cádiz pressure
observations the only way of assessing the homogeneity of
the series is by studying the data themselves. A comparison
between the Cádiz and the San Fernando mean monthly
pressure data yields two results. First, corrections to the San
Fernando data applied by Hann [1887] are not consistent
with the Cádiz series (the corrections were based partly on
suspect Lisbon pressure data). Removing the corrections
from the San Fernando series improves monthly correla-
tions between the two pressure series markedly (see
Table 2). Second, having removed the Hann corrections
from the San Fernando data a yearly cycle in the mean
monthly pressure differences between Cádiz and San Fer-
nando is revealed (see Figure 1). Cádiz data shows system-
atic deviations from the San Fernando values with higher
values measured in Cádiz during summer months and lower
values during winter months as compared to San Fernando.
[13] It is well known that a wide range of factors can

contribute to inhomogeneities in pressure series [Schmith
et al., 1997]. Nevertheless an inhomogeneity which varies
with an annual cycle with an amplitude of �1 hPa
strongly suggests a lack of correction for barometer
temperature in the Cádiz data. As no metadata are
available for the Cádiz pressure series the only means
of correcting the pressure data is to use the outdoor
temperature measurements also performed thrice daily by
the Urrutia brothers [Barriendos et al., 2002]. Hence

corrections were applied to each of the thrice daily
pressure observations using the standard formula:

C ¼ �Bat

Here C is the correction, B is uncorrected pressure, a is the
volume thermal expansion coefficient for the combined
mercury-scale system (a = 1.818 � 10�4/�C) and t the
barometer temperature in Celsius [Schmith et al., 1997].
[14] The mean monthly differences between the temper-

ature corrected Cádiz data and the San Fernando data are
shown in Figure 1. It can be seen that the annual cycle in the
difference is now completely removed. This strongly sup-
ports the validity of the correction. It should however be
noted that a constant difference between the two pressure
series remains. The complete lack of Cádiz metadata how-
ever impedes further clarification on the possible causes of
this difference. It is likely to be the result of a barometer
index error.
[15] Finally an inhomogeneity of unknown origin

between the years 1835 and 1836 was found. This inho-
mogeneity results in a mean pressure which is lower during
1821–35 as compared to 1836–69.

3.2. San Fernando Observations

[16] As mentioned in the previous section corrections
applied by Hann [1887] to the early tabulation of San
Fernando data were removed. These corrections amounted
to 0.3 mmHg (1850–54), 1.2 mmHg (1855) and 0.7 mmHg
(1856–67). As the tabulation gave pressures in mmHg the
corrections were subtracted before conversion to hPa (con-
version factor 1.333 hPa/mmHg).
[17] The newly digitized part of the San Fernando series

(1870–2000) contains suspected inhomogeneities in the
last two decades as well as the year 1950 which shows
abnormally low pressures throughout the year. A further

Table 1. Early Pressure Series From Stations Located in the Southern Part of the Iberian Peninsula

Station Start Year (A.D.) Latitude (�N) Longitude (�W) Source

Cádiz 1816a 36.5 6.2 Barriendos et al. [2002]
Gibraltar 1821 36.2 5.4 Jones et al. [1997].
San Fernando 1850 36.5 6.3 Barriendos et al. [2002]b

aDiscontinuous observations since 1786 A.D.
bThe source for the 1850–1869 period is: Hann [1887].

Table 2. Monthly Correlations Between Cádiz and San Fernando

Pressure Observations Before and After Corrections Were

Removed From the San Fernando Pressure Series

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Before 0.98 0.99 0.98 0.85 0.80 0.43 0.80 0.82 0.55 0.95 0.96 0.99
After 0.99 0.99 0.99 0.93 0.85 0.57 0.93 0.92 0.81 0.98 0.99 1.00

Correlations are calculated for the period 1853–1869.

Figure 1. Cádiz minus San Fernando mean monthly
pressure (1853–1869). Before and after Cádiz pressure
observations were corrected for temperature.
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discussion of these inhomogeneities is beyond the scope of
this paper.

3.3. The Combined Series

[18] To create a single homogenous pressure record from
the Cádiz and San Fernando series it is assumed that each
homogenous period of observation has the same mean
pressure. This assumption has been applied successfully to
a large inhomogeneous European pressure database before
[Slonosky et al., 1999]. Further, the San Fernando data are
chosen when both Cádiz and San Fernando data are
available. The choice being a consequence of the better
documentation of the San Fernando series. Finally it is
required that overlapping homogeneous periods of observa-
tions have the same mean pressure in the overlapping years.
[19] Using these assumptions corrections were calculated

for the 1821 to 1869 period. The reference period was
chosen to be the longest homogenous period (1870–1980,
not using the single year of 1950). The corrections are given
in Table 3.
[20] It should be noted that Cádiz observations were

chosen over the San Fernando observations for the year
1850 as at least the month of January 1850 disagreed
markedly with both Cádiz and the nearby Gibraltar (see
Table 1) pressure records [Jones et al., 1997].

4. Comparison Between the Gibraltar and the
New CSF Pressure Series

[21] To asses the quality of both the Gibraltar and the new
CSF pressure record, monthly pressure differences between
the two series were calculated for all months during the
period 1821 to 1980. Subsequently the standard deviations
for the monthly differences were calculated for each year in
the period (see Figure 2).
[22] From Figure 2 it can be seen that the standard

deviation of the monthly pressure differences (for a single
year) are generally around or below 1 hPa in the years after
1856. In 1856 and before however, large excursions in the
pressure differences are observed. The deviation peaks in
1829, 1840, 1842 and 1851 coincide exactly with shifts in

corrections applied in order to homogenize the Gibraltar
pressure record [Jones et al., 1997]. The early peaks in 1823
and 1825 are probably also explained by inhomogeneities in
the Gibraltar series as some months are missing in the early
part of that record.
[23] The only deviation peak not obviously explained by

inhomogeneities in the Gibraltar record is the one
corresponding to the years 1855 and 1856. In these years
however observations are available from both Cádiz and
San Fernando. An analysis similar to the one presented in
Figure 2 yields standard pressure deviations between Cádiz
and San Fernando of only 0.5 hPa and 0.2 hPa for the two
years. Hence the Gibraltar record is most probably to blame
for the large deviation peaks in Figure 2.
[24] Finally the agreement between the Gibraltar and the

CSF record in the period from 1832 to 1839 suggests that
the timing of the shift in corrections (1835/36) applied to the
Cádiz record is very reasonable.

5. Improving the NAO Index

[25] The Gibraltar/Reykjavik NAO index is created by
normalizing each of the pressure series with respect to the
1951–80 period and subsequently subtracting the Reykjavik
normalized pressure from Gibraltar normalized pressure.
[26] As pre-1857 pressure data from CSF have been

shown to be more reliable than the data from Gibraltar,
the CSF series is now an obvious choice for a southern
station in a NAO index. There is however the problem that
modern San Fernando data has considerable problems such
as changes of stations and instruments [Barriendos et al.,
2002]. Therefore the most desirable solution is to change the
southern station from Gibraltar to CSF for the 1821–
56 period only. This decision relies on the fact that pressure
variations are very similar in CSF and Gibraltar. Thus
shifting the southern station should not by itself create
inhomogeneities in the NAO index.
[27] That the CSF series is indeed more suitable for

calculating the NAO in the first half of the 19th century
than the Gibraltar series is also suggested by Table 4. CSF
pressure correlates slightly higher with Reykjavik than
does Gibraltar pressure for their common complete 1825–
56 period. The early CSF series is thus more in line with
later observed correlations between Reykjavik and Gibraltar
as well as Reykjavik and CSF (see Table 4).
[28] Hence a new version of the NAO index using CSF

and Reykjavik pressure data for the 1821–56 period was

Table 3. Corrections Applied to the Mean Monthly Values of the

Cádiz and San Fernando Pressure Series

Period Observation Station Correction/hPa

1821–35 Cádiz (Urrutia Brothers) 5.4
1836–50 Cádiz (Urrutia Brothers) 3.1
1851–69 San Fernando (Naval Obs.) 0.9

Figure 2. Standard deviations of monthly pressure
differences between the Gibraltar and CSF observation
series.

Table 4. Correlations With Reykjavik Seasonal Pressure

Pressure Series Period DJF MAM JJA SON

Cádiz/San Fernando 1825–1856 �0.55 �0.20 �0.08 �0.37
Gibraltar 1825–1856 �0.50 �0.18 �0.02 �0.17
Gibraltar 1857–1999 �0.68 �0.34 +0.16 �0.29
San Fernando 1857–1980a �0.72 �0.31 +0.05 �0.31

aExcept the year 1950.

Table 5. Monthly Pressure Standard Deviations for the Period

1951–80

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Before Gibraltar 3.2 3.5 3.4 1.9 1.4 1.0 0.8 0.9 1.1 2.1 2.3 3.0
San Fernando 3.3 3.4 3.1 1.9 1.3 0.9 0.7 0.7 0.9 2.0 2.5 3.2

All values are given in hPa.
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calculated. The reference period again being 1951–80 for
the normalization. Standard deviations for each month in the
reference period are given for both Gibraltar and CSF in
Table 5. Note that the similarities of the values confirms the
validity of using Gibraltar and CSF pressure variations
(almost interchangeably). Nov–Mar values of the new
improved NAO index and the original Gibraltar/Reykjavik
NAO index are presented in Figure 3.

6. Comparison With NAO Proxies

[29] No alternative NAO index based on pressure obser-
vations in the centers of action of the NAO is presently
available for the pre-1857 period. Hence further verifica-
tion of the improved NAO has to be based on comparisons
with NAO proxies. This is however problematic because
most reconstructions of the NAO are either partly based on
the Gibraltar pressure series [Luterbacher et al., 2002],
calibrated against the original Gibraltar/Reykjavik NAO
index [Cook, 2003] or proven to be unreliable [Cook,
2003].
[30] Only the NAO proxy presented by Vinther et al.

[2003] is both independent of the Gibraltar data and of
sufficient quality for a meaningful comparison to take place.
From multiple Greenland ice core records Vinther et al.
[2003] derived a southern Greenland winter temperature
index. As the NAO strongly influences winter temperatures
in southern Greenland the temperature index can also be
used as a NAO proxy. It should however be noted that the
NAO and the Greenland winter temperatures are negatively
correlated.
[31] The longest period for which NAO winter (Dec–

Mar) data are continuously available for both the original
and the improved NAO index is 1824–56. Correlations
between the southern Greenland temperature index and the
two versions of the NAO index were calculated for this
period. Dec–Mar values of the new improved NAO index
correlate at r = �0.52 with the southern Greenland winter
temperature index. The original NAO index correlated at r =
�0.49. Hence the improved NAO index agrees better with
the NAO proxy presented by Vinther et al. [2003].

7. Conclusion

[32] Recently digitized pressure observations from Cádiz
and San Fernando situated in southern Spain were compared
to the Gibraltar pressure record. The comparison shows
good agreement between all pressure records except for
some of the years between 1821 and 1856. The disagree-

ments during that period were found to coincide with
known uncertainties in the Gibraltar record.
[33] The longest instrumental NAO index presently avail-

able is based partly on the Gibraltar pressure record. Having
demonstrated the deficiencies of the early Gibraltar record
the early part of the NAO index was revised. Hence an
improved version of the NAO index was created in which
Gibraltar data were exchanged with Cádiz and San Fer-
nando observations for the 1821–56 period.
[34] The improved NAO index will provide a better

foundation for verifying future NAO reconstructions. A
more solid basis for future investigations of NAO influence
on 19th century Northern Hemisphere climate is also given
by the new version of the NAO index.
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Figure 3. November to March values of the original and
the improved NAO index.
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