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The digitization of temperature and salinity data from lightships and coastal stations in the 
North Sea–Baltic Sea transition zone allows for multi-station and long-term studies of the 
oceanographic conditions of the last century. The salinity records, in combination with tide 
gauge records, are analyzed to demonstrate the development of a major inflow to the Baltic 
Sea, in terms of surface salinity, changes in stratification throughout the transition zone, 
and variations in the water level gradient in the zone. Also, temperature and salinity vari-
ations for years 1900–1998 are analyzed and show a 0.7 °C warming at the Drogden sta-
tion towards the end of the 20th century, and no large change in salinity. The temperature 
change is largest in the winter and spring.

Introduction

The Baltic Sea is experiencing climate changes 
(The BACC Author Team 2008). To understand 
these changes, detailed measurements of previ-
ous hydrographic conditions are of high value. 
This study focuses on the temperature and salin-
ity of the only open boundary to the Baltic Sea, 
the transition zone to the North Sea. Measure-
ments of temperature and salinity have been 
conducted from a dense network of lightships 
and coastal stations since the year 1880 (Fig. 
1). The data from individual stations have been 
investigated in numerous studies (e.g. Pettersson 
1931, Svansson 1975, Stigebrandt 1984), while 
long-term multi-station studies have been lim-
ited, most likely by the amount of work required 
to analyze paper records of data. Many of these 

high quality data are available in digital form. 
This paper presents a set of available digital data 
and gives examples of how the data allow for 
description of the temporal and spatial details of 
salinity in a major inflow event to the Baltic Sea 
and analysis of the long-term variations in the 
transition zone. For a more general introduction 
to the transition zone, as well as information on 
other observations in the area, see e.g. Kullen-
berg (1983) and Rodhe (1998).

Study area and materials

The transition zone is the Baltic Sea’s only open 
boundary to the world ocean and consists of 
Kattegat, the Great Belt, the Little Belt and the 
Sound. It is characterized by narrow straits and 
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shallow sill depths (8 m at Drogden sill and 18 m 
at Darss sill, see Fig. 1), and the water exchange 
to the Baltic Sea is governed by fresh water forc-
ing, sea level differences, and the topography in 
this zone. On average a two layer system is seen, 
stratified with brackish water from the Baltic Sea 
flowing out in the surface and a compensating, 
high salinity bottom current. The inflow of high 
saline water is limited by the topography, and 
only during special events will large amounts 
of high saline water cross the sills and flow into 
the Baltic Sea. The inflow event of 1951 was the 
largest observed in the 20th century. It lasted for 
25 days, from 25 November to 19 December 
1951, with a precursory period of 12 days, and 
was caused by a combination of preceding low 
sea levels in the Baltic Sea and three weeks of 

strong westerly winds (Wyrtki 1954, Matthäus 
and Franck 1992, Schinke and Matthäus 1998). 
Detailed salinity observations from this inflow 
event are presented in this paper.

On long time scales, the Baltic Sea is in bal-
ance with the world ocean and the atmospheric 
forcing. The time scale is about one year for 
heat, and thus temperature, and 30 times longer 
for salinity (Stigebrandt and Gustafsson 2003).

The study area is heavily loaded with ship 
traffic, and the systematic use of light towers 
for navigational purposes was initiated in 1560. 
From 1829, this system was supplemented by 
semi-stationary lightships in places where light 
towers could not be established, and most of 
these anchored ships have made oceanographic 
observations from 1875 onwards. The ships were 
withdrawn in the 1970s and 1980s (Hahn-Peder-
sen 2003).

The Danish lightship data (at the Danish 
Meteorological Institute (DMI)), have been digi-
tized since the year 1931 (Sparre 1984), and are 
available for scientific use. Earlier data can be 
found in nautical-meteorological annuals of the 
Danish Meteorological Institute. The digital data 
include vertical profiles of temperature and salin-
ity, waves, surface currents, and meteorological 
observations, all with daily resolution (measured 
at 7 or 8 a.m. local time). The data from Swedish 
ships are currently being digitized by the Swed-
ish Meteorological and Hydrological Institute 
(SMHI) (J. Szaron (SMHI) pers. comm.), and 
vertical profiles of temperature and salinity, as 
well as currents at the surface and at one deep 
level, are available at variable temporal resolu-
tion (sub-daily to monthly), with some time 
series going back to 1924.

Besides the lightships, temperature and salin-
ity have also been measured daily at Danish 
coastal stations, but only at one depth (surface). 
DMI has paper records of these data in the nauti-
cal-meteorological annuals back to 1873, and 
digitized data going back to 1931. Before 2000, 
the stations were regularly maintained and both 
temperature and salinity measurements are of 
high quality, hereafter the stations were replaced 
by automatic stations where only the temperature 
measurement is reliable.

The observation network is dense in the tran-
sition zone (Fig. 1), with much fewer stations in 
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Fig. 1. the transition zone. stations with data avail-
able during the 1951 inflow are marked with filled 
symbols, other stations with open symbols. the light-
ships are marked with numbers: (1) l/s Skagens Rev, 
(2) l/s Læsø N, (3) l/s Anholt, (4) l/s Kattegat SW, (5) 
l/s Halsskov Rev, (6) l/s Gedser Rev. the tide gauges 
are (a) hornbæk and (b) Gedser. the Drogden station 
was a lightship until 1937, when it was replaced by a 
permanent station.
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Skagerrak and the surrounding seas. The number 
of observing lightships with digitized data was 
at its maximum (12–14) in the 1930s, 1950s and 
1960s, whereas the number of coastal stations 
remained between 9 and 14 from 1931 to 1999 
(Fig. 2). Note that the Drogden station started as 
a lightship, but was replaced by a permanent sta-
tion in 1937. This record is digitized from 1900 
to 1998, thus marking the longest digitally avail-
able high resolution sea temperature and salinity 
record in the area.

The measurements are generally expected to 
have accuracies of 0.2 °C and 0.1‰* for temper-
ature and salinity, respectively (Andersen 1994). 
However, errors and complications are intro-
duced, most importantly because of uncertainties 
in the depth determination for below-surface data 
(especially in case of strong currents), changes in 
instrumentation and personnel, and re-deploy-
ment of the lightships at new sites. Also, the 
coastal stations have mostly been placed in har-
bors. We have compared the monthly mean sur-
face temperature and salinity records with the 
data from neighboring stations and with the data 
available from ICES (www.ices.dk/ocean), and 
found that the salinity values agreed very well, 
while some of the coastal data showed a larger 
seasonal cycle in temperature as compared with 
off-coast measurements.

Methods

To illustrate the possibilities for analyzing specific 
events offered by the digital data set, we focus on 
the daily salinity measurements at selected depths 
from 6 lightships for the period from 1 Octo-
ber 1951 to 1 March 1952 (Fig. 3), and on all 
available surface salinity measurements at three 
selected dates, chosen to show the buildup of the 
inflow (Fig. 4). A two-dimensional linear interpo-
lation between available data has been calculated 
and is shown with contour curves.

The inflow is also reflected in the water level 
difference between the two tide gauges in Horn-
bæk and Gedser (Fig. 5). The two stations are 
selected to give the best possible estimate of the 
water level gradient of the narrow parts of the 
transition zone. Starting from hourly observa-
tions (Hansen 2007), we removed tidal effects by 

making a 25 hour running mean, and subtracted 
the 1900–2000 mean to remove differences in 
the reference level.

To investigate the long-term temperature and 
salinity development, we calculated the 10-year 
centered running mean surface temperature and 
salinity for the Drogden station (Fig. 6). The 10-
year average length is chosen to filter out short-
term variability while maintaining as narrow 
filtering window as possible; a 15-year filter has 
been tested with much the same results but less 
information at the ends of the time series. To 
support the analysis of the observations from the 
Drogden station, similar calculations were made 
for all other stations (Figs. 6a and b), and for air 
temperature measurements at the Landbohøjsko-
len station, Copenhagen, Denmark (55.6°N, 
12.7°E, Fig. 6a).

The Drogden station measurements consti-
tute one continuous series at a fixed position, the 
only major change being the shift from a light-
ship to a permanent station in 1937. Many of the 
other stations experienced movements of a few 
kilometers. To compensate for this effect, and 
allow for comparison between stations, we sub-
tracted the climatological mean value (Janssen 
et al. 1999) from the salinity data, but not from 
the temperature data, where the spatial variation 
in this area is much smaller. Temperature data 
from coastal stations and the modern automatic 
stations were merged into one record when the 
stations were located close to each other.

Fig. 2. number of lightships, coastal stations, and auto-
matic stations per year. note that Drogden station is 
counted as a lightship.
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*Since historic salinity observations were measured in a variety of units without defined conversion to psu, the salinities in this 
study are left dimensionless.
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In all calculations, 250 measurements per 
year or 60 measurements per season were 
required, and one missing year per 10 year mean 
was accepted.

Results and discussion

The daily salinity data show that the water in 
the transition zone was stratified before the 1951 
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Fig. 3. the salinity at six 
lightships throughout the 
transition zone at selected 
depths and for the period 
from 1 october 1951 to 1 
march 1952. note that the 
y-axis is reversed.
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Fig. 4. surface maps 
of the salinity on three 
selected dates during the 
precursory and inflow peri-
ods with contour curves of 
interpolated salinities (one 
salinity unit per curve).
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inflow event (Fig. 3), with bottom salinities of 
33‰ in Kattegat, falling to 23‰ at l/s Gedser 
Rev and surface salinities rising from 10‰ at l/s 
Gedser Rev to 22‰ at l/s Læsø N. The thickness 
of the surface layer was not constant, but was in 
most cases between 10 and 15 meters. At l/s Ska-
gens Rev, the water was less stratified, and had a 
higher salinity.

The inflow event is clearly seen as a collapse 
of the stratification, with salinities above 30‰ in 
the whole water column in Kattegat, 27.5‰ at l/s 
Halsskov Rev and about 23‰ at l/s Gedser Rev. 
These numbers correspond well to the findings 
of Wyrtki (1954). The salinity at l/s Gedser Rev 
was approximately the same as that of the water 
that enters the Baltic Sea, as the station is close 
to the Darss Sill.

After the inflow, the water was again strati-
fied at l/s Gedser Rev, while it remained mixed 
in Kattegat for another month. This made way 
for a smaller inflow in the middle of January 
1952, and then the stratification was re-estab-
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Fig. 5. the 25-hour running mean water level differ-
ence between the hornbæk and Gedser tide gauges 
for the period from 1 october 1951 to 1 march 1952. 
Positive values indicate higher water level at hornbæk 
than at Gedser, and thus possibilities for inflow.

Fig. 6. 10 year running 
mean surface data. — a: 
temperature. — b: salin-
ity deviations from clima-
tology. — c: seasonal 
temperatures (January–
march, april–June, July–
september, and october–
December), deviations 
from seasonal mean.

lished all the way to l/s Anholt.
This salinity pattern was supported by the 

surface maps (Fig. 4). On 16 November, in the 



130 Madsen & Højerslev • Boreal env. res. vol. 14

beginning of the precursory period, a normal 
situation with an increase in salinity from 10 at 
l/s Gedser Rev to 25 at l/s Skagens Rev was seen. 
On November 27, the inflow event was in its 
initial phase, and high salinity water was pressed 
through the Great Belt and the Sound. On 5 
December, the inflow was fully developed, with 
high salinity water all the way to l/s Gedser Rev.

The inflow signal was also clearly seen in the 
water level measurements, with a water level up 
to 1.66 m higher at Hornbæk than at Gedser and 
a mean water level difference of 0.50 m during 
the 25-day inflow period. This is a large devia-
tion as compared ith the 30-cm mean sea sur-
face topography difference between the central 
Baltic Sea and Skagerrak (Ekman and Mäkinen 
1996) and with the standard deviation of the 
year 1900–2000 time series of 0.34 m. A simple 
estimate of the resulting current velocities can 
be made based on the assumption of a one layer 
channel flow with friction (Stigebrandt 1980). 
According to this, the velocity is

  (1)

where g is gravity acceleration, k is a drag coef-
ficient, L and H are the channel length and depth, 
and Δη is the water level difference between the 
ends of the channel. Stigebrandt uses g = 9.8 
m s–2, k = 0.003, L = 40 km, and H = 20 m, resem-
bling the Great Belt system. With this, the mean 
and maximum inflow speeds in our case are esti-
mated to be 0.9 m s–1 and 1.6 m s–1, respectively.

The 1905–1985 running mean temperature 
at the Drogden station varied between 8.2 and 
9.1 °C, rising to 9.8 °C in 1992 (Fig. 6a). This 
is generally supported by the data from the 
other stations when these data are available, and 
is thus assumed representative for the transi-
tion zone. The running mean air temperature 
shows a trend of 1.0 °C/century for the period 
1904–1985, while only 0.1 °C/century for the 
Drogden station record. Despite of this, the cor-
relation coefficient between the two records is 
0.80, and the extra years of the air record, there-
fore, indicate that the high temperature towards 
the end of the century is persistent. Omstedt et 
al. (2004) noticed similar trends in records from 

Stockholm, and the BACC Author Team (2008) 
showed rising of the air temperature over the 
entire Baltic Sea.

The change in temperature towards the end 
of the century was largest in winter and spring, 
whereas the summer and autumn temperatures 
were only slightly higher than earlier in the cen-
tury (Fig. 6c).

The Drogden station running mean salinity 
record varied within 0.85 throughout the century 
(Fig. 6b). The salinity was generally high around 
1950 and from 1975 onwards, but with no large 
change towards the end of the period. Again, 
the data from the other stations support this. 
The relatively large variations in the mean value 
between the stations indicate that the climatol-
ogy for the area possibly could be improved by 
including these data.

Concluding remarks

The North Sea–Baltic Sea transition zone water 
temperature and salinity were monitored on a 
daily basis by a network of lightships and coastal 
stations in the 20th century, and the major part 
of these unique time series is available in digital 
form.

The data allow for detailed studies of past 
events, here exemplified by the Baltic Sea inflow 
event of 1951. The horizontal and vertical details 
of the daily salinity observations enable us to 
follow the event during the precursory, inflow, 
and recovery periods, and we see the breakdown 
of stratification in the transition zone, salinities 
of up to 23‰ at the entrance to the Baltic Sea, 
and a water level gradient through the transition 
zone of up to 1.66 m.

The 10-year running mean surface tempera-
ture at the Drogden station showed no significant 
trend from 1904 to 1985, with running mean 
values ranging between 8.2 and 9.1 °C, but then 
a noticeable strong climatic signal at the end of 
the time series was seen: a 10-year mean value, 
centered in 1992, of 9.8 °C, 0.7 °C higher than 
earlier running mean values. Available data from 
the other stations generally support the observa-
tions from the Drogden station, and the signal 
was strongest in winter and spring. No similar 
change in salinity was seen.



Boreal env. res. vol. 14 • Long-term temperature and salinity records 131

Acknowledgements: The authors would like to thank SMHI’s 
Swedish Ocean Archive (SHARK) for providing the Swedish 
lightship data. The air temperature data were provided by 
the National Climatic Data Center, NESDIS, NOAA, U.S. 
Department of Commerce, through the Data Support Section 
of the Computational and Information Systems Laboratory 
at the National Center for Atmospheric Research. NCAR is 
supported by grants from the National Science Foundation.

References

Andersen I. 1994. Salt- og vandtemperaturforhold i de indre 
danske farvande. Danish Meteorological Institute tech-
nical report 94–4.

The BACC Author Team 2008. Assessment of climate change 
for the Baltic Sea basin. Springer, Berlin.

Ekman M. & Mäkinen J. 1996. Mean sea surface topography 
in the Baltic Sea and its transition area to the North Sea: 
A geodetic solution and comparisons with oceanographic 
models. J. Geophys. Res. 101: 11993–11999.

Hahn-Pedersen M. 2003. Reports on Baltic lights — Den-
mark. In: Litwin J. (ed.), Baltic Sea identity: common 
sea — common culture?, Centralne Muzeum Morskie w 
Gdańsku, Gdańsk, Poland, pp. 81–83.

Hansen L. 2007. Hourly values of sea level observations 
from two stations in Denmark. Hornbæk 1890–2005 
and Gedser 1891–2005. Danish Meteorological Institute 
technical report 07-9.

Janssen F., Schrum C. & Backhaus J.O. 1999. A climato-
logical data set of temperature and salinity for the Baltic 
Sea and North Sea. German J. Hydrography, suppl. 9: 
1–245.

Kullenberg G. 1983. The Baltic Sea. In: Ketchum B.H. (ed.), 
Estuaries and enclosed seas, Elsevier, Amsterdam, pp. 
309–335.

Matthäus W. & Franck H. 1992. Characteristics of major 

Baltic inflows — a statistical analysis. Cont. Shelf Res. 
12: 1375–1400.

Omstedt A., Pettersen C., Rodhe J. & Winsor P. 2004. Baltic 
Sea climate: 200 yr of data on air temperature, sea level 
variation, ice cover, and atmospheric circulation. Cli-
mate Research 25: 205–216.

Pettersson O. 1931. Vattenutbytet mellan Skagerak och 
Östersjön. Svenska Hydrografisk- Biologiska Kommis-
sionen Skrifter, Ny serie: Hydrorafi IX, Wald, Zachris-
sons Boktryckeri AB, Göteborg.

Rodhe J. 1998. The Baltic and North Seas: a process-oriented 
review of the physical oceanography. In: Robinson A.R. 
& Brink K.H. (eds.), The sea, John Wiley & Sons Inc., 
New York, pp. 699–731.

Schinke H. & Matthäus W. 1998. On the causes of major 
Baltic inflows — an analysis of long time series. Cont. 
Shelf Res. 18: 67–97.

Sparre A. 1984. The climate of Denmark — summaries of 
observations from light vessels. Danish Meteorological 
Institute climatological papers no. 10–12.

Stigebrandt A. 1980. Barotropic and baroclinic response of 
a semi-enclosed basin to barotropic forcing from the 
sea. In: Freeland H.J., Farmer D.M. & Levings C.D. 
(eds.), Fjord oceanography, Plenum Press, New York, 
pp. 141–164.

Stigebrandt A. 1984. Analysis of an 89-year long sea level 
record from the Kattegat with special reference to the 
barotropically driven water exchange between the Baltic 
and the sea. Tellus 36A: 401–408.

Stigebrandt A. & Gustafsson B.G. 2003. Response of the 
Baltic Sea to climate change — theory and observations. 
J. Sea Res. 49: 243–256.

Svansson A. 1975. Physical and chemical oceanography of 
the Skagerrak and the Kattegat. Report no. 1, Institute of 
Marine Research, Sweden.

Wyrtki K. 1954. Der Große Salzeinbruch in die Ostsee 
im November und Dezember 1951. Kieler Meeresfor-
schungen 10: 19–25.


