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" ‘Note:

The research work reported here has been carried out at the
Research and Training Department of the Swedish Meteorological
and Hydrological Institute by Ingemar Holmstr8m, John Stokes,
Arne T8rnvall and H8kan T8rnevik.,

A Qetailled report on the first part of the work is being
published as a SMHI Report, Holmstr¥m and Stokes (1977).
Reports on further work will be published during 1978.
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INTRODUCTION

For shipping along the Swedish coast of the Baltic, in-
formation on sea level and its variation has become
more and more important.

A major reason is here that merchant ships have in-

creased in size, which means that access to certain

ports is only possible at normal or high sea level.

This is the matter especially with the ports in the

Northern Sweden where sea level .variation of 1 meter
in one or two days is not uncommon.
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Figure 1 Sealevel-variations in Ratan
1969, September ~ December

Baltic tidal variations are of very little interest.
They are only of the order of a few centimeters.

For planning the shipping and for operational purpose,
forecast of sea level will obviously be of great eco-
nomic value.

The dominating factors influencing sea level are sur-
face pressure and surface wind stress and since these
can be predicted 2-3 days ahead, it should be possible
to make predictions of sea level changes.

A comparison between a numerical finite difference model
and a statistical model both forced by surface stress
and pressure for the Lake Vinern showed some interesting
results.

Both of them gave about the same accuracy in predicted
values of sealevel-but the statistical model was con-
siderably more economic and it was therefore decided
to test a statistical model on the Baltic.
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Available data

In the first experiment data were available from 6

Swedish coastal stations (see figure 2). A 3.5 year
period, 1 June 1967 - 31 December 1970 was chosen as
a basic data period. There were 6 observations a day

(every 4th hour) which means 7860 observations from
each station.

Figure 2 Distribution of stations used in the first
experiment

“Statistical approach

At each station an arithmethic mean (for the basic
data period) was subtracted and the series were ex-
panded into eof.

The expansion had the form

o : 6
sj(tl = I B (t) » h (1)
n=1
i = station index
s = waterlevel
Bn(tl = a time dependent amplitude function common

to all stations
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hni = a local responsefunction for the station
i (independent of time)

(1) is doubly orthogonal:
T

' T
B, (E)B (t) dt = anm({ B2(t) at

h . » h . = 68

J
(o}
6
L ni mi nm
i=1

where we also have applied a normalizing condition on
the response function hn

i

Figure 3 shows the normalized responsefunction hni for

the different modes where the index number represents
the stations from north to south and h, is Sm&gen on
the west coast. The numbers to the riggt give the rela-
tive variance in each mode and below the numbers the
accumulated relative variance.
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Figure 3 Local responsefunctions. The numbers
correspond to the stations in figure 2.

The first function covers no less than 65.5 per cent
of the total variance.

It consists of a simultaneous rising or lowering most
pronounced in the northern part of the Baltic and less
pronounced on the west coast.

A covariance as large as this must naturaliy depend
on a forcing.characterized by a very large scale, a
fact that will have to be taken into account when
atmospheric predictors in the regression scheme are
to be selected.

The next two functions describe a north-south tilting
of the Baltic, h2i with the west coast in phase and in

h3i out of phase.

The last three modes correspond to very small variations,
together just 2.7 per cent of the relative variance,
mainly small scale variations in the centre and southern
part of the Baltic for the fourth and the fifth mode and
in the Sea and the Bay of Bothnia for the sixth.
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In figure 4 we see the amplitude functions for June
and-July during the period 1967 - 1970.
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Figure 4 Amplitudefunctions for the basic data
period.

Since the response functions are normalized, the magni-
tude of the variations of the amplitudes is representa-
tive for the contribution of each term in the series
expansion.
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The amplitudes decrease and the frequencies increase
with higher modes.  This indicates that small 'and rapid

changes in the weather are becoming more important as
forcing for higher modes. :

If we look at the long term variation we see that even
for as short periods as lto 2 months the mean value of
amplitudes of order 2 or higher is almost zero.

But for the first mode we can, except for 1968, see a

yearly trend. For determination of a typical yearly trend
we need a longer period.

In order to investigate characteristic features of the

amplitude functions Bn(t) a Fourier analysis has been
made.

The spectral distributions are shown in figure 5 and
6 where we can see that the main part of the energy

lies in frequencies, corresponding to typical meteo-
rological periods.

External forcing is obviously of major importance for
the system.

The peak at 12 hours most pronounced in B3 and By is
due to the tidal variations.

K-Elk)

P!

0.30 %’ | | \\\\\\

0.3

0.20

0.20

a0

010

TaAm T

cq—— gt =

" Ink - =4 bt et + + et gttt
8h 1Zh 18h  24h 4Bh 72h 4d 5d 64 10d. 15d  20d 25days

Figure 5 Spectral distribution of the first three
modes.
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FURTHER EXPERIMENTS

As we now have seen, the general behaviour of the Bal-
tic seems to be rather simple. But can we draw such a
conclusion when the expansion is based on just 6 Swedish
coastal stations and the basic data period is only 3.5
years. Would we get similar results by using observed
data from stations all around the Baltic? Another gues~-
tions is; how long a period of basic data is required

in order to obtain local response functions that do not
depend on the length of the period.

To get answers to these questions two new expansions
into eof were made including also Finnish data. The
stations are given in figure 7. Dots indicate stations
in the first expansion and crosses in the second. The
different modes in these expansions showed the same
characteristics as in earlier results.
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Figure 7 Correlation between B:s determined from two expansions:
1. YSTAD, LANDSORT, FURUUGRUND, KEMI, RAUMO, HELSINGFORS
2, KUNGSHOLMSFORT, LANDSORT, RATAN, KEMI, MANTYLUOTO, HANG?

In the figure is also given the correlation between the
— corresponding B-functions in the two expansions. We see
" that the correlation is very high for the three first
modes. Together they cover not less than 98.5 per

cent of the total wvariance.

But what about the basic data period? Is a 3.5 year pe-
riod sufficient for determining the time independent
response function? To get an answer to this gquestion,
data were expanded from 3 Swedish and 3 Finnish stations.
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We started with a period of 1 month for determining the
h-functions, then added 6 months and redetermined the
response-functions and then added further 6 months and
so until finally we had a 3.5 year period. We see in

figure

8 that after 6 months the values are very stable.

This is true for the first mode, but even for the 6th
mode half a year is sufficient for determining the
response-function.
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Looking again at a set of response-functions based on
an expansion of 6 Baltic stations (2 Finnish and 4
Swedish) during a 3.5 year period with data measured
every 4th hour (see figure 9).

The first function covers here 76.4 per cent of the
relative variance and as mentioned earlier this mode
represents a general behaviour of the Baltic influenced
by a very large scale forcing. In fact this must repre-
sent a general rising or lowering of the surface of the
Baltic mainly due to a total inflow or outflow in the
Baltic.

The other modes have response functions with an average
very close to zero and they therefore represent inter-
nal effects. One would then expect that a similar ex-
pansion based on sea level data averaged over longer
periods would give low order functions a larger va-
riance.

Comparing figures 9-11 we see that this is true. But
what is remarkable is: the response functions do not
change in appearance.
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Figure 9 Response functions. The expansion based on
7860 observations from each station 1967, June - 1970
December (every 4th hour). The numbers in the right of
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Figure 10

The same as in figure 9
but the expansion is based
on observations daily

averaged.
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The same as in figure 10 but
the expansion is based on ob-
servations 10 days averaged.
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Volumes

For a 20 year period 1950 - 1970 Lazarenko [1977]

has computed monthly mean values of the total water
volume of the Baltic. Comparing his results with the
Bi-function we see from figure 12 that the results are
almost identical. The correlation between his and ou
results is 0.99. '

Lazarenko's results are based on data from almdst 80
Baltic coastal stations, while the B;-series is de-
termined from 4 Swedish and 2 Finnish coastal stations.
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Figure 12
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Redundant information?

As we have seen (figure 7) the modes, at least the
first three modes seem to be identical from one expan-
sion to another. These modes do really represent a gene-
ral structure of the Baltic. In other words: knowing

the amplitudes (determined from a set of observations)
we are able to describe the waterlevel situation fairly
well at an arbitrary point on the Baltic coast. There
are two methods available for determining the local re-
sponsefunctions for an arbitrary point.

l.

A simple linear interpolation between the local re-
sponsefunction from two surrounding stations. This
method would not guarantee a good result because

the variation in h along the coast does not need

to follow a straight line.

The other method takes advantage of the orthogonal
properties of the B:s. If we have a period of obser-
vations from the "arbitrary point" (a period of 6
months would probably be enough), the data could be
expanded into eof i.e.

6
(t) = & Bn(tl « h
n=1

S

AP n,AP j

(AP denotes "arbitrary point")

where~the B:s already have been determined from a
set of stationg,

Multiply $,,(t) by B8, and integrate over the period

T T a
S . ,(t) B, (t)dt = B, (t) ¥ (¢} h dt
é AP k é k n=15n. n,AP

But for this period Bkandsn, k # n are approximately
orthogonal so we get

[ORmnN o~ |

T
Spp By (tldt = hy ,p cf) BE (t)dat

from which we can determine hk AP
¥

By using the B:s from the very first expansion (based
on stations in fig 2) responsefunctions for additional
11 stations were determined. In figure 13 we can see

to what extent the total variance can be covered .
in the different stations by using response functions
determined with method 2.
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As we can sge the method is very successful except for
- the stations in the Gulf of Finland (Hamina, Helsing-
fors) and those in and near the narrow straits (Klags-
hamn, Bj6rn, Degerby).

How many observation stations do we really need in

the Baltic to describe the behaviour of the sea suffi-
ciently well?Various estimates have been made all in-
sisting on a need for more observation stations to

be built.

Since mareograph-stations are expensive it is of inte-
rest to note that this investigation does not confirm
such demands. On the contrary it seems that part of
the network could be excluded after say one or two
years of measurements,

stn/B By By +B3 +B4 +8g +B¢

HAMINA 59.3 59.3 59.8 69.1 71.1 71.1
67-06--64-03

HELSINGFORS 69.3  69.4  70.0 81.2  82.0  82.0
67-06-~70-13

HANGD : . 76.8 77.2 78.1 90.7 21.3 91.4
67-06--70-12 -

RAUMA 89.8 90.0 90.2 94.7 95.0 95.3
67-06--70-12

MANTYLUOTO 91.2 91.7 92.1 - 95.1 95.3 95.6
67-06--70~-12 o

VAASA 87.6 88.6 90.4 90.9 91.0 90.9
68-09--70-12 o

KEMI 75.7 84.5 93.0 94.9 94.9 95.8
67-06--70~12 - C

STOCKHOLM 79.5 84.8 84.5 97.3 97.7 97.5
68-01--69-12 ’ ,

KLAGSHAMN 28.8 79.0 79.0 81.5 8l.6 81.7
68-01~-69-12

BJURN 69.0  69.2 69.1 76.2 76.7 79.2
67-06--68~-10

DEGEBY 71.5 70.7 70.4 83.7 83.8 84.4
67-06--68~-11

"¥igure 13 The relative contribution (accumulated
in 8) from the different modes to the total
variance. The B:s determined from the sta-
tions in figure 2.
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Predictors

The surface pressure data required for prediction were
taken from grid point values in a 7 X 7 grid .in the
routine numerical analysis and forecast model of the
Swedish Weather Bureau (see fig 13).

For the basic data period (June 1967 - December 1970)
these pressure data were expanded into eof. '

The expansion had the form:

49
p.(t) = I a (t) » g, +p: (2)
] qe] T mj © Fj
j = gridpoint index
E; = local average over the period

The reason for subtracting a local mean of the pres-
sure is that it should correspond to local mean
values of the sea level which was separated out ear-

lier.

The response functions for the 8 first modes are.
showed in fig 13 and 14.

The convergence is here much slower than in the sea
level example and in order to arrive at a variance re-
duction of 98 per cent not less than 13 terms in the

expansion were needed.

An advantage of expanding the surface pressure field
into EOF 1is seen if we apply a finite difference gra-

dient operator to both sides of the relation

49
Vp. = V(X o_(t) * g .)
] m=1 ™ )
49
=> Vp., = L t) -V .
P E a, (t) I

This means that the amplitudes Oy not only represent

the pressure field but also the wind field (at least
the geostrophic wind).
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Figure 13 The response functions gij - g4j, J = 1.49.

The numbers below the figures give the relative wva-

riance in each mode. (In paranthesis the accumulated
relative variance).
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" Figure 14
The response functions 954 ~ 98-

The numbers below the figures give the relative
variance in each mode. (In parenthesis accumulated
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The regression method

Since sea level variations in the Baltic may imply
transports of large masses of water throuch narrow
passages such as Oresund and the Belts and the Aland
sea one would expect that the response to varying pres-

sure and winds is not immediate.

The sea level changes are to be considered as an inte-
grated effect of wind and pressure variations over a
period of a certain length.

As we have seen the o:s represent both wind and pres-
sure and so we use 0:S over a period as predictors

(see fig 15).

One may also expect that the Baltic has a certain
inertness, and the system needs a certain time to go
back to normal from a distribution caused by a forcing.
That means we ought to use a series of B:s also as pre-
dictors.

However, if forecasts of Bn(t) are to be made, actual
values of these functions will only be known up to the
time when the forecast is issued, while predicted values
of an(t) will be available up to the time for which the

sea level forecasts should be valid.

In fig 15 we have the predictors used in the regres-

sion scheme for the 24-hours forecast.

t-48 t-36 t-24 t-12 t t+12  t+24

Fig 15. Predictors used for the 24-hours forecast.
The a:s and the B:s are truncated at numbers
13 and 4 respectively.
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ak(t+l2) and ak(t+24)(k=l,13) are taken from the nume-
rical forecasts.

The predictands are Bn(t+24)(n=l,4) and the sea level
at time t+24 in station i is described by

4
Si(t+24) = §= Bn(t+24)hni

1

Of course these predictors carry a considerable amount
of redundant information. This will create difficulties

when determining the regression coefficients.

To avoid this, it was necessary to orthogonolize the
predictors. This was made in the most efficient way,
i.e.by expanding the o:s and the B:s into a common

set of empirical orthogonal functions.

In this series-expansion a sufficient number of terms
were retained in order to cover about 99 per cent of
the variance. Regression coefficients were then conve-

niently determined.

Results

Regression coefficients were determined for the basic
data period. In this experiment the forecast method was
(for several reasons) chosen to be a "perfect prog
method". The forecast method was then tested for an
independent data period 1971, 1 January - 1973,

31 December. The result is shown in figure 16. The
first line represents the rms-error for a persistence
forecast. The second line represents the rms-error for
the statistical model when using predicted surface
pressure from the numerical model at SMHI. Line number
3 represents the rms-error of the same model but now
using observed pressure. It shows the result that would
be obtained if the prediéted pressure fields were cor-
rect.
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Figure 16

For a 24-hour-forecast the result is surprisingly good.
The error is about 60% of the error for a persistence
forecast. For a 48-hour forecast the rms-error is in-
creasing rapidly. But if we look at line 3 we can see
that this is mainly due to the increasing error in the
predicted pressure fields. A MOS-technique would pro-

bably give better results in this case.

The predictions were extended up to 120 hours but since
pressure data is not available for the period 48-120
hours this is a pure statistical extrapolation. The
result is rather poor and there is no sense in making
longer sea level forecasts than available pressure

forecasts.

In February 1977 the model was tested operationally.
The interpolation method 2 which was described earlier
(see page 13) was used to extend the forecast to other

stations than those in the model.

In figure 17 is given a comparison between observed
sea level and 36-hours predicted sea level in the har-
bour of Gothernburg.
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Figure 17

36-hours predicted sea level in Gothenburg compared
to observations during the period February, 22 -
March, 14.

Conclusions

The investigations reported here have shown that sta-
tistical methods in connection with forecasts of sur-
face pressure over a large area can be utilized for

predicting sea level variations in the Baltic.

A number of improvements on the model are possible

and preparations for these are actually being made.

In its present shape the model takes only 10 seconds
CPU-time for a medium size computer like the UNIVAC
1100. A finite difference model giving the same fore-
casting possibility would require much longer computa-

tional time.
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