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For the Gulf of Finland, we carried out the EOF (empirical orthogonal functions) analysis 
of hourly forecasts from the Baltic Sea operational HIROMB-SMHI model for the period 
2006–2008. It is possible to distinguish two regions with a specific regime of circula-
tion variability. The western region behaves like a wide channel. Dominant EOF modes 
at different sections have similar patterns and their time-dependent amplitudes are well 
correlated. A prevailing mode of currents (23%–42% of the variance) is barotropic (unidi-
rectional over the whole section) and its oscillation (spectral peak at 24 h) is related to the 
water storage variation of the Gulf. A two-layer flow pattern (surface Ekman transport with 
deeper compensation flow, 19%–22%) reveals both inertial and lower frequencies. High-
est outflow of surface waters occurs during north-easterly winds. The eastern wider region 
has more complex flow dynamics and only patterns that are nearly uniform over the whole 
Gulf were detected here. On the sea surface, quasi-uniform drift currents are deflected on 
the average by 40° to the right from the wind direction and they cover 60% of the circula-
tion variance. Sea level variability is heavily (98%) dominated by nearly uniform changes 
which are caused by the water storage variations of the Gulf. Sea level gradients contain 
the main axis (23%) and transverse (17%) components, forced by winds of the same direc-
tion. The flows below the surface are decomposed also into the main axis (24%–40%) and 
transverse (13%–16%) components that are correlated with the sea level gradients accord-
ing to the geostrophic relations.

Introduction

Large estuarine basins exhibit general cyclonic 
circulation in the northern hemisphere. Along-
basin density gradients, created by the freshwater 
discharge at the head and deeper inflow of more 
saline waters on the ocean boundary, are modi-
fied by the transverse flows and diapycnal mixing 
(Chant et al. 2007). However, the circulation is 
highly variable due to the wide range of involved 

processes. Variable circulation patterns of the 
marginal seas are not so well established as com-
pared with the atmospheric circulation patterns.

The Baltic Sea is a multi-basin estuarine sea 
with multidude scales of oceanographic vari-
ability. The mean surface circulation in the sub-
basins is cyclonic (Palmén 1930). On the shorter 
time scales (less than a few months) currents and 
stratification are modified by the variable forcing, 
such as moving weather patterns and fluctuat-
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ing water exchange on the outer boundary of the 
basin (Matthäus and Schinke 1999). Unsteady 
circulation components may include propagation 
of long gravity waves of tidal and/or storm surge 
origin (Jönsson et al. 2008), Ekman transport of 
the upper layer and compensating deeper flows 
(Krauss and Brügge 1991), their evolution into 
upwelling/downwelling patterns (Lehmann and 
Myrberg 2008) and/or quasi-steady wind circula-
tion patterns characteristic to the lakes and chan-
nels without lateral density gradients. Adjustment 
to the changed forcing is governed by the genera-
tion and decay of inertial waves (Nerheim 2004) 
and barotropic/baroclinic Kelvin waves (Lass and 
Talpsepp 1993). There is also a mesoscale com-
ponent not always directly related to the forcing 
fields, comprised mainly of mesoscale fronts and 
eddies (Reissmann et al. 2009).

The Gulf of Finland is an elongated estuarine 
basin of the Baltic Sea (Fig. 1a), located east 
from the Hankö–Osmussaar line, that has the 
highest specific freshwater discharge (per unit 
area and unit volume of the basin) among other 
Baltic Sea sub-basins (e.g. Bergström and Carls-
son 1994). With the reference to the estuarine 

terminology, the head is located in the east where 
the Neva River, entering through St. Petersburg, 
discharges 2400 m3 s–1 of freshwater (66% of 
the Gulf of Finland runoff), the largest amount 
among Baltic rivers. In the west, there is a free 
connection of the Gulf to the Baltic Proper 
without a topographical constriction and/or sill. 
Overall length of the Gulf from west to east is 
about 400 km. Despite the channel-like general 
shape, the width of the Gulf is quite variable. 
The western part, extending from the entrance at 
about 23.5°E to 26°E near the Vergi Peninsula, 
has quite uniform meridional width (Fig. 1b) 
of about 60–70 km, counted by depths greater 
than 10 m. Maximum depth by latitude is from 
80 to 100 m. In this part, the Gulf has contrac-
tions near 24.5°E–24.8°E (from Naissaar and 
Viimsi to Porkkala) and 25.6°E–25.9°E (near 
the Juminda and Pärispea Peninsulas), where 
the width decreases by 20%–30% and the cross-
section area by 40%–50%. East from 26°E, the 
central basin widens up to 110 km (excluding the 
shallow areas) at 27.6°E near Sillamäe. Maxi-
mum depth decreases to 60 m. Further to the east 
from Narva towards the Neva Bight, the Gulf 
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Fig. 1. topography of 
the Gulf of Finland: (a) a 
map with depth contours, 
(b) longitudinal distribu-
tions of transverse width 
and area of the offshore 
regions with depth more 
than 10 m, and maxi-
mum depth. letters a to 
e denote the sections for 
cross-channel analysis, a 
to F is the region of hori-
zontal pattern analysis.
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gets more narrow and shallow.
Salinity and density fields in the Gulf of 

Finland exhibit some features of a partially 
mixed estuary. The mean horizontal circulation 
is cyclonic — with average inflow of the more 
saline water close to the southern, Estonian coast 
and outflow of the less saline water along the 
northern, Finnish coast. Speeds of the mean cir-
culation have been estimated a few cm s–1. How-
ever, the circulation is modified by several fac-
tors, as described above. Instantaneous currents 
may reach 20–30 cm s–1 or even more (Alenius 
et al. 1998).

Over the seasons, changes of stratification 
and wind forcing create different mean patterns 
of circulation in the Gulf of Finland, as described 
already by Witting (1912) and Palmén (1930) 
(see the review by Alenius at al. 1998). Instru-
mental observations give reliable estimates of 
the variability of currents, but unfortunately they 
are limited either in time or space to give esti-
mates of the current patterns and their variations. 
Therefore, the present circulation estimates are 
based, to a large extent, on the model results.

Multiannual model studies (Lehmann et al. 
2002, Andrejev et al. 2004, Meier 2005) have 
reconfirmed the observational arguments of the 
mean cyclonic circulation. The results gave fur-
ther insight into the problem of persistency of the 
current direction, i.e. fraction of the vector-mean 
current speed to the scalar-mean speed (Palmén 
1930). Within the limits of model performance, 
the earlier observation-based indications were 
renewed by the concepts of high-stability current 
belts, where persistency above 0.5 (Andrejev et 
al. 2004) is concentrated in the outflow region, 
to the north from the central axis of the Gulf.

The present paper is aimed to study the 
unsteady circulation patterns of the Gulf of Fin-
land, using the available hourly model results 
from the operational HIROMB-SMHI model 
system for the period 2006–2008. Using the 
empirical orthogonal functions (EOF) method, 
we decompose the large-scale circulation vari-
ability into dominating, objectively determined 
patterns/modes of the temporally variable ampli-
tude. When possible, we draw out the relations 
of the EOF amplitude variations to the variations 
in external forcing. This way we contribute to 

the existing circulation knowledge both in the 
statistical and physical (oceanographic) sense.

Material and methods

Model data

We used the results from the operational 
HIROMB-SMHI model system (Funkquist 
2001, Gästgifvars et al. 2008) for the period 
2006–2008. The model domain covers the whole 
Baltic Sea and its extension to the North Sea 
(9.375°E–30.236°E, 53.658°N–65.892°N) with 
a grid step 5/3´E by 1´N (about 1 nautical mile) 
yielding 752 ¥ 735 horizontal grid points. The 
model presents the Baltic Sea by 16 vertical 
layers, with a grid step of 4 m from the surface 
down to 12 m, 6 m further down to 30 m, 10 m 
down to 60 m and increasing further below. 
The model has mixing modules based on the 
-ω approach (Umlauf et al. 2003) for ver-
tical mixing and Smagorinski formulation for 
horizontal mixing. It has also an extensive ice 
mechanics and thermodynamics module. The 
model is forced by the atmospheric forecasts 
from the HIRLAM-SMHI model system, with 
a grid step of 22 km, and river forecasts from 
the HBV surface water modeling system. Lat-
eral open sea conditions are derived from larger 
domain models using the nesting technique. 
Tidal forcing is introduced along the North Sea 
outer boundary of the largest three-dimensional 
domain (grid step 12 nautical miles). The system 
performs data assimilation, based on the dif-
ferent data: remote sensing data of sea surface 
temperature and sea ice, in situ observations 
at MARNET buoys and from ships, including 
vertical profiles from the HELCOM stations 
and daily FerryBox surface section (Tallinn–
Helsinki, Lips et al. 2008b) data for salinity and 
temperature.

We have assembled the daily forecasts from 
two upgrades of the model into one time series. 
Version 3.0 had been running since 15 Nov. 
2005. The next version 3.1 (Axell 2006) started 
on 19 Sep. 2007. It introduced the variable wind 
stress coefficient and included effects of the sur-
face waves. Specific to the present study, the sea 
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surface wind stress components tλ, tc along the 
longitude l and latitude c are calculated with a 
common quadratic formula from the correspond-
ing wind speed components Wλ and W

c
 at the 

height of 10 m as

  and

 ,

where ra is the air density. Until 18 Sep. 2007, 
the drag coefficient cD was defined as

 cD = 10–3(0.7 + aW)

where , and a = 0.09 (m s–1)–1.
In order to correct the modeled too high 

surface current velocities during stronger winds 
and too low velocities during weaker winds as 
compared to the observations, the dependence on 
neutral-stability winds WN was introduced in ver-
sion 3.1, cD = 1.3 ¥ 10–3 at WN < 8 m s–1 and cD = 
10–3(0.84 + aNWN), aN = 0.058 (m s–1)–1. Depend-
ing on the atmospheric stability (difference of 
temperature of air and water), the drag coefficient 
varies at wind speeds below 10 m s–1 from 0.9 ¥ 
10–3 (most stable) to 1.95 ¥ 10–3 (most unstable).

Recent validation study of six three-dimen-
sional models against more than 300 vertical pro-
files of temperature and salinity measured in the 
Gulf of Finland (Myrberg et al. 2010) concluded 
that the best model was HIROMB, although no 
model was the best/worst in all cases. Another 
study (Elken et al. 2008) showed that on the 
average, during the warm season HIROMB pro-
duces too high surface salinity gradients and too 
low vertical stratification as compared with the 
observational data. Sea level validation (Gäst-
gifvars et al. 2008, Elken et al. 2008) revealed 
that root mean square errors of 1–24 h sea level 
forecasts at different coastal stations of the Gulf 
of Finland are 5–10 cm. Unfortunately, model 
comparisons with current observations are quite 
rare. Gästgifvars et al. (2006) concluded that 
during the rapidly changing weather conditions 
drift trajectories, calculated using the HIROMB-
based system Seatrack Web, followed well the 
observed drifter trajectories in the central part of 
the Gulf of Finland.

Application of the EOF method

We shall analyze the circulation patterns on 
the basis of hourly data from the operational 
HIROMB model system for the period 2006–
2008: altogether 25 968 sets of grid data. Within 
the statistical procedures, we consider the devia-
tions of currents, density, sea level and wind 
from the 3-year mean fields. The deviation fields 
are decomposed into spatial modes (fixed over 
the time period) with time-dependent ampli-
tudes, using the well-known EOF method (e.g. 
von Storch and Zwiers 1999), which is a Princi-
pal Component Analysis. This technique allows 
for estimating the variance (“energy”) contribu-
tion of individual spatial modes to the over-
all variability. The time-dependent amplitudes 
show, how in specific events different spatial 
patterns are amplified or damped.

The EOF method is particularly useful when 
variability of studied fields is a priori known to 
be governed by standing patterns. In the complex 
range of ocean variability, such cases occur, 
for example in basin-wide horizontal patterns 
(Schrum et al. 2006), and vertical profiles or sec-
tions dominated by low-frequency waves (Lass 
and Talpsepp 1993, Pizzaro and Shaffer 1998) or 
flows in a channel (Thomson et al. 2007).

For the specific application, let us analyze the 
set of spatio-temporal data (i,j,k,n), where i, j 
and k are the indices of space coordinates and n 
is the time step index. The EOF method is based 
on the analysis of one-dimensional sets of vari-
ables. For this purpose we transform the multi-
dimensional data set of the size M at each time 
step n into a one-dimensional array of index m = 
m(i,j,k), where m is the data counter in the multi-
dimensional data sequencing loop. The reverse 
transformations of coordinates are i = i(m), j = 
j(m), k = k(m), which perform remapping of the 
found EOF features back to the original space. If 
the time-averaged mean is

 

then the fluctuation is

 .
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The fluctuations can be presented by a superpo-
sition

 

where the number of modes L equals the number 
of spatial data points M. Here Fl(m) is a normal-
ized orthogonal spatial structure function (mode) 
and Al(n) is the time-dependent amplitude of the 
mode l. The modes Fl(m) are found as eigen-
vectors of the (spatial) covariance matrix of 

(m,n). Different modes p, q are orthogonal in 
terms of condition

  if p ≠ q.

Then the amplitudes of EOF modes are found in 
the form

 (m,n)Fl(m).

The variance (energy) contained in a particular 
mode l is determined as the ratio of the corre-
sponding eigenvalue ll to the sum of all eigen-
values over L. The modes are usually numbered 
by the decreasing variance, with the 1st mode 
containing the largest fraction of the overall 
variance. Note, that the analyzed dataset (m,n) 
may also contain components of physical vectors 
such as currents and winds.

Analysis of EOF mode patterns and 
amplitudes

Classical EOF method uses normalized non-
dimensional modes

 

and dimensional amplitudes Al(n). However, the 
interpretation of the numerical results of such a 
presentation depends on the number of selected 
spatial data points M. As an alternative (e.g. von 
Storch and Zwiers 1999), we use the dimen-
sional spatial modes

 

and the non-dimensional amplitudes  

scaled to yield their standard deviation equal to 
1. Therefore, if we consider  as a typical 
event then graph of the individual mode  
presents the physical values of the spatial pattern 
of this event.

We chose to study the EOF modes at selected 
fixed levels (horizontal patterns) and in selected 
meridional (nearly cross-gulf, deflection angle 
up to 15°) sections. Although we also performed 
some analysis of the monthly and tri-monthly 
data sub-sets over 3 years, the final selection was 
one data set over the whole period since the mode 
patterns turned out to be quite similar. Transects 
(Fig. 1) were selected along longitudes 23.65°E 
(section A), 24.38°E (B), 26.26°E (C), 27.13°E 
(D) and 27.60°E (E). The area for the horizontal 
pattern analysis was confined between 23.65°E 
(A) and 27.93°E (F). Sections contained up to 
250 active grid points (section B) and horizontal 
patterns up to 3714 points (surface analysis).

We seek the physical interpretation of the 
formal EOF patterns and their relation to forcing 
by analyzing the time series of EOF amplitudes 
of different modes, using correlation analysis and 
power spectra analysis. The overall length of 
hourly amplitudes was 25 968 points. Due to 
this large sample size, correlations were statisti-
cally highly significant even for low correlation 
values. However, for oceanographic reasons (low-
frequency events may be quite rare within a few 
years) we did not consider the relations, whose 
coefficients of determination (R2) were below 0.4. 
Spectral analysis was done using the Welch aver-
aged periodogram method built in the MATLAB. 
The data was divided into about 100 overlapping 
segments by setting the Hamming filter window 
length equal to 512, with the overlap length equal 
to 256 (50% of the window). Power spectral den-
sities were calculated then as the average of the 
periodograms of individual segments.

The vector fields, like winds and currents 
over a horizontal area, were analyzed by map-
ping the vector components at different grid 
points into the one-dimensional array and rema-
pping the derived modes  back to the origi-
nal vector components and grid points. Many 
of the vector patterns appeared to be quite non-
divergent. For the visualization of vectors, we 
used the streamfunction approach (Watterson 
2001) if R2 for the correlations between the origi-
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nal vectors and the vectors calculated from the 
streamfunction exceeded 0.6.

Mean circulation

The period 2006–2008 was characterized by mild 
to moderate winters and normal wind regime. 
The mean wind vector, based on the forcing data 
in the central part of the Gulf, was about 2 m s–1 
from 240°–250° as within the longer period. 
However, several significant meteorological 
and oceanographic events occurred. Intensive 
upwelling occurred along the southern coast in 
July–August 2006 (Lips et al. 2008a), due to the 
unusually persistent easterly winds. Stormy peri-
ods in October–November 2006 and in January 
2007 caused high sea levels in the Gulf due to 
the southwesterly winds (Elken et al. 2008).

The mean current fields (Fig. 2) reveal the 
known cyclonic circulation. The currents in the 
most stable layer of 4–8 m, just below the 
drift-influenced surface layer, reveal the maxi-
mum outflow of less saline water near the Finn-
ish coast in the Finnish Coastal Current (Stipa 
2004). As compared with the earlier results, 
Andrejev et al. (2004) — who used the OAAS 
model — obtained the mean outflow in 1987–
1992 closer to the main axis of the Gulf. The 
shift can be explained by the differences of the 
specific forcing events during different periods 
(although the mean wind vectors were the same), 
and the specific features in the response of the 
two models under the same forcing (Myrberg 

et al. 2010). Both the HIROMB-SMHI model 
(present study) and the OAAS model (Andrejev 
et al. 2004) reveal some other interesting cir-
culation features. The southward recirculation 
loop, detaching from the Finnish Coastal Current 
and feeding the southern eastward currents, is 
located just east from the Tallinn–Helsinki con-
nection line. We also note the second southward 
loop of the Finnish Coastal Current near 26°E 
(Fig. 2). In the eastern part of the Gulf, from 
26.5°E to 27.7°E, the currents near the southern 
coast are oriented in reverse, westward direction. 
An unexplained circulation feature appears in 
the western part of the southern coast, west from 
24.4°E (Fig. 2). Namely, the coastal currents are 
directed westwards and the inflow of more saline 
open Baltic Sea waters takes place offshore, in 
the deepest parts of the Gulf.

Vertical structure of the mean currents in sec-
tion B (Fig. 3) exhibits the outflow on the north-
ern slopes of the Gulf, some 10–15 km offshore, 
at the depths of 10–20 m. Inflow takes place in 
the deepest part of the Gulf in two depth ranges, 
close to the surface and in the halocline within 
the depths from 40 to 60 m. The mean sea level 
drops by 2–3 cm from north to south, forcing the 
outflow of surface waters in accordance with the 
geostrophic relations. Towards greater depths, 
the density gradients oppose the sea level drop, 
resulting in the decrease of pressure gradients 
and along-channel flow.

Note that all the further pattern variation 
analysis is based on the deviations (anomalies) 
from the mean fields given in this section.
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EOF modes of circulation variables

Horizontal fixed level modes

We started the analysis of horizontal modes 
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in a region from A to F (the wide part of the 
Gulf, Fig. 1b) from wind vectors, considering as 
usual deviations from the mean fields. The two 
first wind vector modes comprise 93% of the 
wind field variance. Horizontally the modes are 
almost uniform: the relative standard deviation 
of vector magnitudes is only 3%; therefore, we 
may also calculate standard deviation of direc-
tions and conclude that it is less than 2° (for 
the small relative vector magnitudes the direc-
tion is quite uncertain, but this is not the case 
here). It means that on the average “physical” 
wind vectors of the two first EOF modes are 
geometrically almost orthogonal (perpendicular) 
at each horizontal grid point. Note, that indi-
vidual modes are exactly orthogonal in terms of 
EOF eigenvector scalar product over the whole 
domain, not necessarily the “physical” vectors 
at each grid point. Within this analysis, 53% of 
the wind variance (1st mode) is oriented along 
direction 226° (SW–NE) or 46° (according to 
the EOF sign determination options) and 40% 
(2nd mode) along 316° (NW–SE) or 136°. This 
result justifies common usage of the horizon-
tally uniform, only time-dependent wind field in 
modeling studies of sub-regions, which extent is 
much smaller than baroclinic Rossby radius of 
the atmosphere (about 1000 km, Gill 1982).

Wind-driven surface currents are generally 
known to follow the wind stress, but they are 
deflected from the wind direction due to the 
Earth’s rotation. The two first current modes 
(deviations from the mean fields, Fig. 4) com-
prise together 60% of the variance. They also 
exhibit horizontally quasi-uniform patterns like 
the wind modes, but the spatial variability of the 
vector magnitudes is somewhat higher. Still, the 
directional variation study is justified and the 
standard deviation is 18°–20°. Main variations 
of the surface current direction take place in 
the coastal areas and between the western and 
eastern parts of the calculation area. Within the 
sign determination freedom of EOF modes, the 
mean direction is 104° or 284° for the 1st mode 
and 16° or 196° for the 2nd mode. It means that 
on the average the 1st and 2nd surface current 
modes are geometrically perpendicular within 
±2° accuracy. As shown in Fig. 4, the 3rd and 
4th modes of surface currents do not comprise 
horizontally uniform drift patterns. Instead, they 
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reveal a number of circulation cells where the 
mean direction does not make sense. A char-
acteristic feature of the 3rd mode (7% of vari-
ance) is opposite currents along the southern and 
northern coasts of the channel, and partial circu-
lation closures at longitudes 24.5°E–24.8°E and 
25.6°E–25.9°E, where the cross-channel geom-
etry shows contractions.

Further, we studied how the amplitudes of 
the two first modes of surface currents Au1 and 
Au2 are related to the amplitudes of wind modes 
AW1 and AW2. Since the surface currents have 
notable energy near the inertial period of 14 h 
as obtained from the spectral analysis of Au1 and 
Au2, we used for their suppression a 3-point filter:

 

(here ψ and  are original and filtered vari-
ables, T is the period to be damped). We found 

that amplitudes Au1 and Au2 of the two first cur-
rent modes correlate well with the wind stress 
functions  and  of 
the amplitudes of the two first wind modes AW1 
and AW2, if the physical vectors of wind stress 
amplitudes are projected to a proper angle. The 
best correlations (R2 = 0.71) with both Au1 and 
Au2 were obtained when wind amplitudes AW1 
and AW2 were rotated as horizontal vector com-
ponents (with respect to EOF mode directions 
46° and 136°, respectively) clockwise by 20°. 
This means that current component Au1 towards 
104° correlates with the wind stress towards 
66° (i.e. 46° + 20°) and component Au2 towards 
196° correlates with the wind stress towards 
156° (136° + 20°). From the above we con-
clude that 60% of the surface current variance 
is explained by the relation: speed of the surface 
currents is proportional to the wind stress (wind 
speed squared) and the currents are deflected 
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on the average 40° to the right from the wind 
direction. Although several observational studies 
revealed linear dependence between the wind 
speed and the surface current speed (see the 
review by Alenius at al. 1998), we found in 
case of prevailing EOF modes a better correla-
tion match between current speed and quadratic 
wind stress. It is interesting to note that scatter 
plots of amplitudes of wind stress functions 
and surface currents revealed two distinct clus-
ters during the whole period 2006–2008. These 
clusters correspond to the older model version 
3.0 with linear drag coefficient dependence on 
the wind speed, and to the new version 3.1 with 
stability-dependent wind stress drag coefficient. 
The values of R2 were 0.84–0.86 for the old ver-
sion and 0.77 for the new version. From old to 
new version, the wind-to-current transfer coef-
ficient decreased by about 2 times. We note that 
these relation changes reflect only the revision 
of model features, not the circulation physics. 
The 40° deflection angle of the current anoma-
lies (from the mean fields) relative to the wind 
anomalies is the same for both model versions. 
From the earlier studies, based on observations 

at specific locations, the deflection angle (includ-
ing the mean fields) could be up to 60° (Gästgif-
vars et al. 2006).

Sea level variability is heavily (98.6% of 
variance) dominated by the flat 1st mode, where 
difference of the minimal and maximal values is 
only 2% of the mean value of the mode (Fig. 5). 
This mode thus presents storage variations (fill-
ing and emptying) of the whole gulf, with neg-
ligible spatial gradients. Quite expectedly, the 
amplitudes of this mode are not correlated with 
the local wind amplitudes, since the storage 
variations of the particular gulf depend on the 
mean sea level of the whole Baltic Sea and the 
large-scale air pressure and wind fields over the 
whole sea area (Lehmann and Hinrichsen 2001, 
Lehmann et al. 2002). Spatial gradients of the 
sea level are dominated by the along-channel 
(2nd mode, 1.0%) and cross-channel (3rd mode, 
0.2%) variations. The 4th mode (0.03%) reveals 
high levels in the central part of the Gulf and low 
levels near the coast, or vice versa, depending on 
the sign of the amplitude. This mode therefore 
represents amplification or decay of the mean 
cyclonic circulation.
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Fig. 5. horizontal eoF mode patterns of the sea level, modes: (a) mode 1 (98.6%), ci = 0.05 cm; (b) mode 2 
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Sea level gradients have significant depend-
ence on wind direction. Along-channel gradi-
ents (2nd mode) are amplified by wind stress 
projected to 275° (R2 = 0.77) and cross-channel 
gradients (3rd mode) by wind stress projected to 
195° (R2 = 0.49). In other words, sea level rises 
in the eastern end of the Gulf by the westerly 
wind stress component and on the northern shore 
by the southerly (slightly south-westerly) wind 
stress component. The 4th mode of the sea level 
gradients is excited by the westerly wind stress 
component (direction 285°, R2 = 0.39) and the 
amplitudes correlate with the 3rd “circulation” 
mode of the surface currents (R2 = 0.55).

The currents below the surface Ekman layer 
are forced by the sea level gradients and dynami-
cally adjusted baroclinic pressure gradients. In 
order to suppress the possible distortions from 
the highly dominating almost uniform first sea 
level mode, the sea level gradients were decom-
posed into EOF modes separately. The along- 
and cross-channel gradient modes yield 23% and 
17% of the total gradient variance, respectively. 
The amplitude correlation with the original sea 
level is high (R2 = 0.92) for the cross-chan-
nel components and lower (R2 = 0.73) for the 
along-channel components. On both analyzed 
current depth levels, 24–30 m (thermocline) and 
50–60 m (halocline), the two first dominating 
current modes are quite homogeneous. The flow 
components are oriented along the main axis of 
the Gulf (24% of variance in the thermocline and 
40% in the halocline) and along the transverse 
cross-channel direction (13% and 16%, respec-
tively). The along-channel flow (1st current 
mode) is related to the cross-channel sea level 
gradients (2nd mode) in the thermocline with R2 
= 0.71 and in the halocline R2 = 0.46. The trans-
verse flow (2nd current mode) is correlated with 
the along-channel sea level gradients (1st mode), 
a bit more (R2 = 0.64) in the halocline than in 
the thermocline (R2 = 0.50). Therefore, we con-
clude that an evident geostrophic relation exists 
between the dominating sea level gradients and 
the flows below the surface Ekman layer.

In the frequency domain, the amplitudes of 
the wind modes have dominating energy in the 
synoptic range with a peak from 80 to 110 h. 
Most energetic, 1st sea level mode exhibits spec-
tral maximum on the period of 31 h. Higher sea 

level modes are dominated by 24 h oscillations. 
We note that energetic diurnal tidal oscillations 
have been found also by the spectral analysis of 
observational data at selected sites in the Gulf 
of Finland (Johansson et al. 2001). Currents 
on the fixed levels are dominated either by the 
24 h oscillations (1st mode) or inertial oscilla-
tions (higher modes). However, the 2nd (“cross-
channel”) and 3rd (“circulation”) modes have 
maxima also in the low-frequency range, on the 
periods about 66 h and 30 days, respectively. 
During the strong upwelling event on the south-
ern (Estonian) coast in July–August 2006 (Lips 
et al. 2008a), the amplitude of the 3rd surface 
current mode revealed distinct anomaly through-
out the whole period.

Section modes

Further we studied the details of circulation pat-
terns on selected meridional (cross-channel) sec-
tions. Since the horizontal analysis of the wind 
fields, presented above, showed quasi-uniform 
patterns, then (not surprisingly) correlations of 
the wind amplitudes between individual sections 
yield R2 above 0.9. The same is valid for the 1st 
mode of the sea level variations.

First four modes of the east-west current 
anomalies cover 74% of the variance in section 
B (Fig. 6). In other sections of the western and 
central areas (A and C), both the geometry of 
patterns and the fractions of explained variance 
are similar. The amplitudes of the current modes 
are well correlated (R2 > 0.8).in the western part 
between A and B, and less correlated (0.4 < 
R2 < 0.6) in the eastern part of the central area 
between B and C. Further to the east, in the 
wider area of the Gulf (sections D and E) the 
similarity of the mode geometry and the correla-
tions are lost.

The modes of density anomalies in the sec-
tion B are depicted in Fig. 7. Three first modes 
cover 88% of the variance. In different sec-
tions, the most energetic 1st mode (52%–55%) 
presents mainly the seasonal density variations 
(Haapala and Alenius 1994) — strengthening 
of stratification during summer and weakening 
during winter — and is therefore highly coherent 
between all the different sections. Higher density 
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Fig. 6. Patterns of eoF modes of the east-west currents in the section B: (a) current U mode 1 (42%), (b) current 
U mode 2 (18%), (c) current U mode 3 (7%), and (d) current U mode 4 (6%). the mode patterns are dimensional 
(cm s–1), scaled by the square root of the variance of each mode.

modes describe stratification disturbances due 
to the circulation variability. The geometrical 
similarity of these modes is apparent only from 
section A to C. Change of mean over section 
density is governed by the 2nd almost flat mode 
(22%–27%).

EOF analysis gives some physically mean-
ingful modes. The 1st current EOF (23%–42%) 
is a flat (“barotropic”) mode, characterized by 
unidirectional flow through the whole section. 
By amplitude variability it is related to the short-

term (hours to days, spectral peak at 24 h) water 
storage variations in the Gulf, since correlation 
with the time derivative of the sea level 1st mode 
amplitude is acceptable (R2 ≈ 0.4).

The 2nd current EOF (19%–22%) is an 
“Ekman” mode (surface Ekman transport with 
deeper compensation flow). The flows are oppo-
site in the surface and deeper layers but unidirec-
tional within a layer. In the frequency space the 
amplitudes are dominated by the inertial (14 h) 
and low-frequency (days to a few tens of days) 
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Fig. 7. Patterns of eoF modes of density in section B: (a) density mode 1 (55%), (b) density mode 2 (22%), (c) 
density mode 3 (10%), and (d) density mode 4 (4%). the mode patterns are dimensional (kg m–3), scaled by the 
square root of the variance of each mode.

oscillations. By correlation analysis with the 
wind stress, highest surface layer outflow and 
deeper water inflow occur during north-easterly 
winds (R2 ≈ 0.6). Elken et al. (2003) obtained 
the same angle of wind stress projection, which 
provided the best correlation with the deep water 
outflow. We also made EOF detection of the joint 
east–west and north–south vector components. 
The joint 1st mode (32%) is “barotropic” for 
both of the current components. By the ampli-
tudes, it is highly correlated (R2 > 0.9) with 
the east–west component. The joint 2nd mode 

(15% of the variance) has similar geometry for 
the east–west component as the one-component 
mode (Fig. 6) and is well correlated with the 
latter (R2 ≈ 0.8). The north–south component of 
the joint mode has quite similar pattern geometry 
as the east-west component. It means that cross-
channel flow components cause dynamical tilt-
ing of isopycnals.

The 3rd density EOF (15%–20%) is a ther-
mocline “upwelling” mode that presents oppo-
site density anomalies near the northern and 
southern coasts, concentrated in the mean (over 
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the seasons and years) pycnocline (≈ thermo-
cline), located at depths of 35–40 m. The ampli-
tudes of this mode did not show any correla-
tions with wind stress projections. However, this 
density mode is acceptably (R2 ≈ 0.4) correlated 
with the 2nd “Ekman” mode of currents, which 
is furthermore correlated with the north-easterly 
wind stress projection. Unfortunately, analysis of 
the reasons for such a loss (or in some instances, 
gain) during correlation transfer is out of the 
scope of the present study.

The 3rd current EOF (6%–9%) presents a 
quite interesting structure of the “Bennett-Csa-
nady” mode. In the long channels closed at least 
at one end, the steady flow is characterized by 
along-wind coastal jets and a compensation flow 
in the middle (deep part) of the channel with its 
maximum below the surface, since there is a 
competition between along-wind drift compo-
nent and the return flow forced by the sea-level 
gradients established in a channel (Bennett 1974, 
Krauss and Brügge 1991). One might expect that 
this mode is amplified during the periods of per-
sistent along-channel winds. We check this in the 
next sub-chapter.

Examples from EOF amplitude time 
series

Although the amplitudes of individual modes 
of the same data sets are uncorrelated over the 
whole period of determination, during specific 
events a joint excitement of different modes may 
occur.

One example of the amplitude time series 
behavior is given by a snapshot from July to 
September 2006 (Fig. 8), that covers the period 
of intense upwelling, observed near the south-
ern coast of the Gulf from the end of July to 
the middle of August (Lips et al. 2009). Using 
the shipboard CTD measurements, the “normal” 
situation observed on 25 July was replaced on 8 
August by upward displacement of the bound-
ary of the upper mixed layer near the southern 
coast. The isotherm 10 °C was during the first 
survey everywhere at 10–20 m depths, but lifted 
by the second survey to the surface and shifted 
from the southern coast some 15–20 km off-
shore. The isohaline 6 psu, located during the 

first section at 10–30 m depths, also surfaced and 
shifted offshore by the same distance. Minimum 
surface salinities, that should be present in the 
water masses of the Finnish Coastal Current, 
were found on 8 August in the central part of 
the cross-gulf section. On 15–16 August and 22 
August, further sections revealed relaxation of 
the upwelling process, i.e. warming of colder 
waters transported formerly to the surface from 
the deeper layers. The whole upwelling event 
was accompanied by the increase of salinity of 
deep layers.

The upwelling was created by the domi-
nating easterly winds (Fig. 8a) that occurred 
from 29 July to 29 August. Sea level in Tallinn 
(both observed and modeled, Fig. 8b) was below 
the long-term average throughout the whole 
period. Standard deviations of model errors in 
respect to the sea level observations were 3.5 
cm. Within this period, the model produced 
smaller amplitudes of the 25–28 h period seiches 
than observed. We can present the modeled sea 
levels in Tallinn (Fig. 8b) by the horizontal EOF 
modes, multiplying the sea level mode values in 
this location (Fig. 5) to the time series values of 
the amplitudes (Fig. 8d). The 1st flat mode gave 
maximum error 10 cm, but counting all the first 
4 modes the maximum error reduced to 4 cm 
(Fig. 8c). Larger errors occurred on 15 August 
after sudden wind change from easterly to south-
erly and westerly directions. Such rapid wind 
changes occurred also later on 29 August and on 
4 September. The amplitude of the 1st horizon-
tal sea level mode (Fig. 8d) showed a negative 
value, corresponding to the lower than average 
sea level in the Gulf. The 2nd sea level mode 
(see the pattern in Fig. 5) was of positive ampli-
tude (i.e. the sea level was lower in the eastern 
part of the Gulf than in the western part) and the 
3rd mode was of negative amplitude (higher sea 
levels occurred near the northern coast due to 
the Ekman transport of easterly winds). Stronger 
easterly wind pulses took place from 29 July to 3 
August and from 12 to 15 August. An interesting 
sea level feature is the amplification of the 4th 
horizontal “circulation” mode after 3 August. 
The amplitude value –3 (scaled to the standard 
deviation) corresponds to the cyclonic sea level 
doming with elevation about 3 cm in the central 
part of the Gulf.
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The patterns of currents revealed 24 h to 30 
h period oscillations of the amplitude (Fig. 8e) 
of the 1st barotropic mode around the value 
–0.28, that gives the mean westward speed up 

to 1.8 cm s–1. The 2nd “Ekman” mode had an 
amplitude of –1.3 from 29 July to 15 August. 
This corresponds to the maximum of 12 cm s–1 
westward flow in the surface layer (as can be 

Fig. 8. time series snap-
shot in July–september 
2006: (a) wind compo-
nents in the central gulf 
derived from the model 
forcing data; (b) observed 
and modeled sea level in 
tallinn (see Fig. 1); (c) 
errors of sea level pres-
entation in tallinn by hori-
zontal eoF modes (see 
Fig. 5) compared with the 
original modeled data, 
mode 1 and cumulatively 
the modes 1 to 3 and 1 
to 4; (d) amplitudes of the 
first four eoF horizontal 
modes of sea level (see 
Fig. 5); (e) amplitudes of 
the first four eoF section 
modes of the east-west 
currents in section B (see 
Fig. 6); (f) amplitudes of 
the first four eoF section 
modes of density in sec-
tion B (see Fig. 7). the 
eoF amplitudes (d–f) are 
non-dimensional, scaled 
by the condition that the 
standard deviation of each 
amplitude over the period 
of 2006–2008 is equal 
to 1.
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expected from the wind direction) and up to 8 
cm s–1 eastward flow in deeper layers. The high-
est amplitude value — up to 3.4 standard devia-
tions — had the 3rd (“Bennett-Csanady”) section 
mode of currents (see the pattern in Fig. 6), that 
was persistent throughout the whole upwelling 
period. However, since the mode amplitude 
was positive, its presence has no direct physical 
explanation because the flow component due to 
this mode was against the wind direction in the 
more shallow coastal zones. By looking at the 
mean flow during the shorter period from 9 to 12 

July (Fig. 9a, the mean wind was 3.9 m s–1 from 
92°), the Finnish Coastal Current had shifted 
to the central axis of the Gulf. This feature is 
quite well reproduced by the superposition of the 
four first EOF modes, plus the mean flow over 
the longer period (Fig. 9b). Therefore the high 
amplitude of the 3rd mode was just a mathemati-
cal result of the EOF analysis to shift the Finnish 
Coastal Current southwards.

Amplitudes of density modes (Fig. 8f) 
revealed ordinary stronger summer stratifica-
tion (negative amplitudes of the 1st mode, see 
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Fig. 9. mean east–west currents (a, b) and density (c, d) in section B of period 9–12 august 2006, calculated from 
the model data (a, c) and as a sum of the four first eoF modes with the mean amplitudes over the period.
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the pattern in Fig. 7), higher than usual mean 
density over the whole water column (positive 
amplitudes of the 2nd mode), and increase of 
density in the thermocline of the southern coast 
and its reduction near the northern coast (posi-
tive amplitudes of the 3rd mode from 29 July to 
15 August). The amplitude time series of the 3rd 
“upwelling” density mode reflects the behavior 
of the 2nd “Ekman” mode of currents. Let us 
remind, that during the longer period the correla-
tion of these modes was R2 = 0.4. The modeled 
short-period mean density (Fig. 9d) with sloping 
isopycnals is close to the observed stratification 

during the upwelling (Lips et al. 2009). Again, 
as for the currents, the main characteristics of the 
density distribution are reproduced by the super-
position of the four first EOF modes (Fig. 9d).

To compare the upwelling event in August 
2006 with other periods of persistent winds, we 
present the mean currents and density in section 
B for the same dates as in 2006, but in 2007 (i.e. 
from 9 to 12 August 2007, Fig. 10). The mean 
wind in the central gulf was also 3.9 m s–1 but 
from 121°, still with easterly component as for 
2006. The shorter period mean current (Fig. 
10a) reveals the Finnish Coastal Current near 
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Fig. 10. same as Fig. 9, but for the period 9–12 august 2007.
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its long-term location on the northern slope of 
the Gulf. The mean amplitudes of the 1st and 
2nd current modes were about 3 times smaller 
than in 2006. Among the EOF amplitudes during 
the period, the highest share — 1.9 times the 
standard deviation — had the amplitude of the 
3rd “Bennett-Csanady” mode, whose sign was 
consistent with the channel flow theory. The 
resulting flow field, both in original model data 
and in superposition of the first four EOF modes 
(Fig. 10b), shows upwind compensation flow in 
the deeper part of the section. Mean flow is geos-
trophically consistent with the tilting of modeled 
isopycnals (Fig. 10c). Although the mean slopes 
are reproduced by the EOF modes well (Fig. 
10d), the counter-flow in the deeper area is not 
in agreement with the monotonic tilting of EOF-
derived isopycnals. The stratification in 2007 
was considerably weaker than in 2006. Despite 
the similar short-term wind forcing during both 
years, the distributions of currents and density 
were quite different due to the different history 
of forcing.

Conclusions

Variance of the studied circulation and forcing 
fields, explained by the four first EOF modes, 
is high for the wind (96%) and sea level (99%). 
Horizontal modes of currents explain 71% of the 
variance on the surface and 67% in the halocline. 
On the meridional (about cross-gulf) sections 
of the western and central parts of the Gulf, 
three first density modes cover 86%–89% of the 
variance. Since the 1st density mode includes 
regular seasonal variations of the stratification, 
the explained “circulation” variability part of the 
leading density modes is lower than the above 
numbers. Indeed, the four first modes of east-
west currents explained only 65%–73% of the 
variance. This moderate explanation rate (about 
2/3) is not surprising, since the Gulf of Finland 
has intensive mesoscale and small-scale proc-
esses like eddies, frontal meanders, filaments, 
inertial waves etc., which cannot be presented by 
the basin scale coherent patterns.

Time series of EOF mode amplitudes con-
tain interesting information. In several cases 
they allow quantitative estimation of qualita-

tively known cause-effect relationships within 
the complex ocean dynamics. Furthermore, 
the amplitude time series reflect well the main 
events in the basin scale circulation. Since EOF 
method is based on the products from the cor-
relation matrix, we expect that extensions of 
EOF analysis, both by regions and studied vari-
ables, may contribute to the better assimilation 
schemes implemented in the operational models.

By the analysis of non-steady circulation pat-
terns of the Gulf of Finland, we can distinguish 
two regions with a specific regime of variability.

Firstly, a western (near-mouth) wide chan-
nel that connects the entrance area to the central 
part of the Gulf. The topography is characterized 
by quasi-uniform width and cross-section area. 
Time-dependent wind forcing (the wind fields 
are quite homogeneous over the whole gulf, the 
flat modes cover 93% of the variance) creates 
similar along-channel current patterns on the 
cross-sections of the channel, as shown by the 
EOF modes. Time-dependent EOF amplitudes of 
the dominant modes correlate well between the 
sections.

Secondly, the eastern (near-head) wide basin 
that extends from the central part to the narrow 
estuary head. The flow dynamics here is more 
complex due to the topographical features and 
the vicinity of large freshwater source. We were 
not able to discover simple meridional patterns 
of circulation variability in this region, except 
for the patterns that are quasi-uniform over the 
whole gulf.

In the western, wide channel region, the 
dominating current variation (23%–42%) is 
barotropic (unidirectional flow over the whole 
section) oscillation (spectral peak at 24 h), that is 
related to the water storage variation of the Gulf. 
Two-layer flow (surface Ekman transport with 
deeper compensation flow, 19%–22%) has both 
the inertial and lower frequencies. In respect 
to the wind forcing, highest outflow of surface 
waters occurs during north-easterly winds. Third 
by energy (6%–9%) current pattern presents a 
quite interesting structure of the “Bennett-Csa-
nady” mode: coastal jets and a compensation 
flow in the middle (deep part) of the channel, 
with a maximum below the surface. This mode 
in actual conditions usually appears in combina-
tion with other modes.
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On the sea surface, quasi-uniform drift cur-
rents are deflected on the average by 40° to the 
right from the wind direction and they cover 
60% of the circulation variance. Sea level varia-
bility is heavily (98%) dominated by almost uni-
form changes due to the water storage variations 
of the Gulf. Dominating sea level gradients are 
described by the main axis (23%) and the trans-
verse (17%) components, forced by the winds of 
the same direction. Namely, the sea level rises 
in the eastern part of the Gulf during westerly 
winds and near the northern coast during south-
erly winds. The flows below the surface are 
also decomposed into the main axis (24%–40%) 
and the transverse (13%–16%) components, 
which are correlated with the sea level gradients 
according to the geostrophic relations.
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