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Individual merchant ship observations from COADS (Comprehensive Ocean Atmos-
phere Data Set) were used to determine the energy and water budget of the Baltic Sea 
for the period 1980 to 1995. On a monthly time scale these ship reports provide reason-
able estimates for the radiative and turbulent fl uxes and the precipitation despite their 
concentration on narrow shipping routes, because of the large correlation lengths for 
monthly means. In order to take into account the effects of sea ice on evaporation and 
albedo, the ice-covered parts of the Baltic Sea are treated separately, where we applied 
a simple thermodynamic ice model using ice information from the GISST (Global sea 
Ice coverage and Sea Surface Temperature) data set. As the overall result we found a 
small surplus of rain compared to evaporation (5 mm per month) and a quasi-balanced 
energy budget (1 W m–2 energy loss of the sea surface).

Introduction

The investigation of the water and energy cycle 
of the Baltic Sea and its catchment belongs to 
the major aims of BALTEX (Baltic Sea Experi-
ment). Raschke et al. (2001) give a comprehen-
sive overview about the main results achieved 
up to now and outline the future activities. Due 
to the long scientifi c tradition of the countries 
bordering the Baltic Sea, this region is char-
acterized by an extraordinary high density of 
meteorological, hydrological and oceanographic 
observations which is additionally enhanced by 
the numerous observation campaigns carried out 
especially for BALTEX. However, it is generally 
assumed that a comprehensive understanding 
of the energy and water cycle is only attainable 

if we are able to model the complex interac-
tions between land, water and air. In this aspect 
the observations are no end in themselves but 
still indispensable to validate the used models. 
Bengtsson (2001) summarizes the numerical 
modelling work associated with BALTEX and 
Jacob et al. (2001) presented detailed results for 
the water budget within a comprehensive model 
intercomparison.

Not only the high data density available but 
also the quasi-closed area of the Baltic Sea are 
excellent preconditions for the use of the region 
as a validation area. Through the narrow, shallow 
Danish Straits only a small amount of energy can 
be exchanged with the world ocean so that the 
net longtime energy fl ux between the sea and the 
overlying atmosphere must be in a near-balanced 



418 Lindau • BOREAL ENV. RES. Vol. 7

state, thus providing a constraint for the four 
air–sea heat fl uxes. Concerning the water budget 
of the Baltic Sea, the circumstances are more 
complicated. In this case, gains and losses are no 
longer dominated by the air–sea exchange. Pre-
cipitation and evaporation are known to be even 
smaller than both the river runoff into the Baltic 
and the net outfl ow through the Danish Straits 
(Dietrich and Schott 1974). The river runoff 
is measured with relative high accuracy being 
a freshwater gain for the Baltic Sea of about 
450 km3 per year (Raschke et al. 2001). The net 
longterm outfl ow through the Danish Straits 
is, in contrast, diffi cult to determine (Sayin and 
Krauss, 1996). In general, light surface water of 
low salinity is fl owing out whereas the heavier 
salty water from the North Sea is fl owing in at 
the bottom.

The special nature of semi-enclosed seas 
has been utilised in several studies to check the 
consistency of the used fl ux parameterisations. 
Bunker et al. (1982) investigated the Mediter-
ranean and Red Sea and found a strong surplus 

of energy which is not consistent with the import 
through the Strait of Gibraltar. Gilman and Gar-
rett (1994) were able to close the Mediterranean 
heat budget by taking into account the effect of 
aerosols, which tend to decrease the incoming 
solar radiation. In contrast to the Mediterranean, 
the Baltic Sea is covered by ice over a consider-
able part of the area during long periods of the 
year which complicates the heat fl ux calcula-
tions. Therefore, the energy exchange over sea 
ice is treated separately in this paper.

In general, satellite observations are a prom-
ising data source to calculate air–sea fl uxes 
(Grassl et al. 2000). However, near the coast 
the signal is strongly infl uenced by perturbations 
from the surrounding land (Lindau and Ruprecht, 
2000). For the present satellite resolution, land 
effects would dominate within the entire Baltic 
Sea. Ship observations, on the other hand, pro-
vide in the Baltic Sea more information than one 
has in general in the open ocean. In the follow-
ing, such ship reports of the basic meteorologi-
cal observations from COADS (Comprehensive 
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Fig. 1. — a: Raw observation density of COADS in January for the period 1980 to 1995. Values are given in obser-
vations per 0.1° by 0.1° grid fi eld; — b: The observation density obtained after distributing the information into the 
surrounding by an exponential function (Eq. 1). The constant x0, which governs the extent of information spreading, 
is set to 111 km, much smaller than the correlation length for monthly means.
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Ocean Atmosphere Data Set) are used to calcu-
late the air–sea fl uxes of energy and water at sea 
surface for the period 1980 to 1995. Maps of the 
climatological state are presented as well as the 
interannual variability of basinwide averages.

Data

COADS contains the basic meteorological 
observations routinely reported from merchant 
ships, which are often referred to as Voluntary 
Observing Ships (VOS). The entire data set is 
global and covers the last one and a half cen-
turies. However, this study is restricted to the 
period 1980 to 1995, and, as a matter of course 
to the Baltic Sea. In general, the data distribu-
tion is very inhomogeneous, refl ecting the major 
shipping lines in the world ocean, and in this 
sense, the Baltic Sea is no exception. Figure 1a 
shows the totally available data in the Baltic Sea 
for the considered period in January, when sea 
ice may reduce shipping, expressed in observa-
tions per 0.1° by 0.1° grid box. In January, the 
total number of observations containing wind, 
temperature and cloud informations is 27 039 
with a maximum value of 1281 per tenth degree 
grid box near the German coast. Due to this 
inhomogeneous data coverage a simple average 
of all available observations does not necessarily 
represent the mean conditions in the Baltic Sea. 
Therefore, a spatial analysis of the calculated 
fl ux fi elds is performed before averaging, which 
is discussed later on in this paper.

Methods

COADS provides individual ship observations 
which were used to calculate the air–sea fl uxes 
via the parameterisations and bias corrections 
given in Lindau (2000). However, some changes 
compared to that work are necessary. In Lindau 
(2000) only the precipitation frequency was used 
instead of the explicit rain amount. But for the 
purpose of this paper a quantitative estimate of 
the precipitation is essential. Therefore, a rain 
algorithm which is able to estimate the monthly 
rainfall from standard ship observations is pre-
sented here in more detail.

A further extension was made concerning the 
sea ice, which cannot be neglected in the Baltic 
Sea. Over ice covered areas the heat fl uxes were 
computed separately so that a special section is 
attended to the sea ice treatment. The addition-
ally needed ice information is taken from the 
GISST data set (Parker et al. 1995), which pro-
vides the monthly mean ice concentration with a 
spatial resolution of 1° by 1°.

The used COADS raw data are available in 
the form of individual observations. In the fi rst 
step, the fl uxes are calculated individually. In the 
second step, a spatial analysis is applied to the 
fl ux fi elds in order to obtain fully covered maps 
for each month of the considered 16-year period. 
However, these fi elds are still an intermediate 
product because the data base within one month 
is considered to be too small to provide both 
a high temporal and a high spatial resolution. 
Consequently, these fi elds are in the third step 
either averaged basinwide in order to yield time 
series with a 30-days resolution or they are aver-
aged temporally to obtain maps of climatological 
monthly means where the high spatial resolution 
is retained.

Thus, in principle, the fl uxes are analysed and 
averaged, not the basic meteorological variables. 
Only one exception is made. For the specifi c 
humidity individual monthly analyses are pro-
duced according to the above described step two. 
If a ship report does not contain the air humidity 
this information is taken from the spatial analy-
sis, otherwise the reported value is preferred.

Spatial analysis

In order to obtain fully covered fi elds we distrib-
uted the information of each ship report with an 
exponential distance-dependent function into the 
area, reaching a weight reduction of e–1 at x

0
 = 

111 km.

                                                        (1)

This proceeding is admissible since we are deal-
ing with monthly means. On this time scale the 
correlation lengths of the considered parameters 
are lying in the order of 500 km, thus being 
much greater than the used value of x

0
. The 
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autocorrelation function of the parameter rela-
tive humidity shows e.g. a correlation of 0.55 for 
zero distance, revealing that nearly half of the 
variance is caused by random observation errors. 
However, these errors reduce the correlation for 
each distance by a constant factor. At 511 km, 
the correlation is decreased to 0.20, which is 
equal to a fraction of e–1 of the original value 
for vanishing distance, so that 511 km can be 
inferred as the correlation length.

Thus, using the relatively small value 
x

0 
= 111 km in Eq. 1, the smoothing effects of 

the applied technique remain limited. Neverthe-
less, fully covered fi elds are obtained as shown 
in Fig 1b. After this procedure the data density 
e.g. in January ranges between 6 observations 
per tenth degree grid box in the southern Baltic 
Proper and 0.5 observations in the Gulf of Both-
nia.

Precipitation

Following the basic ideas of Tucker (1961), we 

derived a simple rain algorithm which needs as 
input not more than the present weather code 
‘ww  ̓ and the specifi c humidity, both observed 
routinely on merchant ships. 

                              RR = c n
ww

 s                        (2)

with c = 2079.5 mm d–1; n
ww

 = 0 if ww < 50, 
n

ww
 = 1 if 50 ≤ ww < 80, and n

ww
 = 2 if ww ≥ 80; 

s is specifi c humidity in kg/kg
For the decision whether it rains at all, the 

present weather code is very reliable, whereas 
rain intensity is estimated by the additional 
humidity information. For the derivation of the 
algorithm we calibrated the weather and humidity 
observations of 24 years from four light vessels 
in the German Bight against the wind corrected 
daily rain measurements carried out aboard these 
ships. In a second step the quality of the obtained 
rain algorithm is checked by its application on 
independent COADS data. Merchant ship obser-
vations within a 2° by 3° surrounding of the light 
vessels are used. For monthly means a correla-
tion of 0.85 is obtained, for the climatic annual 

Fig. 2. Quality control 
of the derived precipita-
tion algorithm (Eq. 2) by 
comparing rain estimates 
from COADS derived 
by the algorithm against 
precipitation measure-
ments on light vessels. In 
the upper right corner the 
mean annual cycle meas-
ured by light vessels (+) is 
compared to the COADS 
estimate (o).
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cycle even one of 0.96 (Fig 2).
However, rain observations are diffi cult to 

validate, since available measurements them-
selves are not beyond any question. Thus, before 
using the rain algorithm in the Baltic Sea, we 
tested it with global data. Together with the 
evaporation a near-balanced state was obtained 
for this longtime global application, which 
enhances the confi dence into the algorithm.

After this encouraging test the rain algorithm 
is used to estimate the precipitation over the 
Baltic Sea. The longtime spatial distribution is 
characterized by high precipitation at the German 
coast and a minimum in the central Baltic Sea 
(not shown). The overall mean of the considered 
16-year period amounts to 50 mm per month. 
The temporal evolution of the spatially aver-
aged precipitation is given in Fig. 3, showing an 
increase of the variability in the second half of 
the considered period.

Effects of sea ice on heat fl uxes

Concerning the energy fl uxes, problems occur 
in the Baltic Sea due to sea ice which changes 
albedo and surface temperature and infl uences in 
this way the air–sea fl uxes. Using the ice infor-
mation of the GISST data set we calculated the 
energy fl uxes separately for those parts of the 
Baltic Sea which are ice covered.

For this purpose we applied a model of seven 
ice thickness classes (Maykut and Untersteiner 
1971) covered by a possible snow layer. The 
model considers the energy balance at both sur-

faces of the ice, at the top and the bottom side. 
The key parameter for the upper, atmospheric 
fl uxes is the temperature of the ice surface, which 
is calculated by the model, whereas air tempera-
ture and humidity, wind and cloud information 
are available from COADS. In the original 
model, the ice thickness is a prognostic variable. 
However, here it is estimated by an empirical 
function of the sea surface temperature.

The basic idea of the model is to fi nd an equi-
librium temperature of the ice surface, so that the 
four atmospheric fl uxes and the conductive heat 
fl ux through the ice are in balance. If that is not 
possible at temperatures below 0 °C, the surplus 
of surface energy is used for melting. Apply-
ing this procedure to the individual COADS 
observations, we found e.g. for January a mean 
ice temperature of –6.3 °C whereas the mean 
reported air temperature for that month is –6.6°C. 
The mean condition over ice covered sea areas 
is shown in detail in Fig. 4. Considering fi rst the 
atmospheric fl uxes, only the shortwave radiation 
SWR heats the ice surface by 3.13 W m–2. Due 
to longwave radiation LWR, latent heat fl ux LHF 
and sensible heat fl ux SHF the ice surface loses 
energy as indicated by the respective values, 
so that the atmosphere cools the ice surface by 
totally 47.72 W m–2. However, together with 
the conductive heat fl ux CHF of 52.60 W m–2 
through the ice, the net surface fl ux NSF amounts 
to 4.88 W m–2, which is used for melting at the 
surface. On the other hand the bottom of the ice 
is cooled by the CHF which cannot be compen-
sated by the small oceanic fl ux OF, estimated by 
a constant input of 5 W m–2. Consequently, the 

Fig. 3. Time series of the 
spatially averaged precipi-
tation over the Baltic Sea 
as obtained from COADS.
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ice growth IGR is 36.4 cm per month while the 
mean ice thickness ITH is 24 cm.

Results

Using the above described ice correction scheme, 
an annual mean evaporation of about 45 mm per 
month is calculated, strongest in the south-east-
ern part and decreasing to the north-west (not 
shown). Together with precipitation it shows that 
the Baltic Sea gains water from the atmosphere in 
its northern and its southern part and loses water 
in the central part (Fig. 5a). The total average is 
5 mm per month, approximately 10% of both 
components.

The annual cycle (Fig. 5b) shows an increase 
of both components during the year from spring to 
autumn. Precipitation minus evaporation (P – E) 
remains nearly balanced almost throughout the 
year. It attains considerable positive values only 
in spring and early summer, when rain is already 
increasing but evaporation is still low due to the 

Fig. 4. Illustration of the applied ice correction by a schematic vertical section through the ice. The example shows 
the mean condition in January found over ice-covered sea areas, for the air and ice temperature TA and TS, the 
short and longwave radiation SWR and LWR, and the latent and sensible heat fl ux LHF and SHF. Further, CHF 
denotes the conductive fl ux and NSF = SWR + LWR + LHF + SHF the net surface fl ux. OF denotes the oceanic 
fl ux, IGR and ITH the ice growth and thickness, respectively.

relative low sea temperature. As for precipitation, 
the individual monthly means of P – E show an 
increase of variability since 1980.

The derived net energy fl ux for the entire 
Baltic Sea, consisting of the ice corrected radia-
tive and turbulent fl uxes at sea surface, is about 
–1 W m–2. Thus, the energy balance is nearly 
closed. Spatial distribution shows, not surpris-
ingly, an energy gain in the south-western 
part, while the north-eastern parts, especially 
the Gulf of Bothnia, lose energy in the annual 
mean (Fig. 6a). The mean annual cycle (Fig. 
6b) shows the commonly known variation in 
shortwave radiation, while the variability of the 
other three fl uxes remains subdominant. Conse-
quently, strong differences in the net energy fl ux 
between summer and winter of more than 300 W 
m–2 occur.

Conclusions

We have demonstrated that it is possible to cal-
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a

b

Fig. 5. — a: Longtime mean (1980–1995) precipitation 
minus evaporation (mm per month); — b: Longtime 
mean annual cycle of precipitation RR and evaporation 
EV over the Baltic Sea and the residuum PE. Aver-
aged over the entire year, RR amounts to 50.22 mm 
per month, while the evaporation is only 44.77 mm per 
month, so that P – E is positive with 5.45 mm per month. 

a

b

Fig. 6. — a: Longtime mean net heat fl ux (W m–2) over 
the Baltic Sea; — b: Longtime mean annual cycle of 
the net heat fl ux NF and its four constituents shortwave 
radiation (SR), longwave radiation (LR), latent heat fl ux 
(LH), and sensible heat fl ux (SH). The total means, 
averaged over the entire year, are given in the upper 
right corner.
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culate a reasonable energy and water budget of 
the Baltic Sea from COADSʼs individual mer-
chant ship observations. However, the effects of 
sea ice have to be taken into account because it 
changes the fl uxes e.g. via reduced evaporation 
and an increased albedo. For the period 1980 
to 1995 both, the energy and the water budget 
considered at sea surface are nearly closed. We 
found a small positive value for P – E of about 
5 mm per month. For the energy exchange at sea 
surface a quasi-balanced state is found. Our cal-
culations yield a longtime mean heat gain of the 
atmosphere of not more than 1 W m–2.

The conviction of the usefulness of ship 
observations for the aims of the BALTEX 
research community is not prevalent. However, 
the energy and water balance of the Baltic Sea 
is a central issue of BALTEX and the presented 
results show that COADS gives satisfactory esti-
mates for both, the longterm energy and water 
exchanges, so that these estimates can be used 
for the calibration of models.

In this study only a 16-year period of 
COADS is utilised. The entire COADS com-
prises an about 10 times larger period reaching 
back to middle of the nineteenth century. After 
the encouraging results presented here it will be 
worth to examine the complete data set, in order 
to capture also the decadal variability of the 
Baltic climate.
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