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3. Water balance
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1. History of Baltic Sea research

 earliest explored sea, many observations, source area
for oceanography

* longrecords of historical observations:
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1. History of Baltic Sea research

 earliest explored sea, many observations, source area
for oceanography

* longrecords of historical observations:

1. totally ice covered Baltic, e.g. 1323, 1333, 1349, 1399,
1690



(dp)
)
-
(@)
T
=
V)
>
@
Op
gm
Ty
= o
s 9
= <
= o
©
-
T
(@)
N
Y
o
o
T
=

James Ford Bell Library, University of Minnesot




el Climate of the Baltic Sea Region

Physical Oceanography of the Baltic Sea and other regional seas

1. History of Baltic Sea research

. earliest explored sea, many observations, source area
for oceanography

« longrecords of historical observations:

1. totally ice covered Baltic, e.g. 1323, 1333, 1349, 1399,
1690

2. flooding events, e.g. 13 Nov 1872 (271 dead persons in
Denmark and Germany)



St. Petersburg
Example of an catastrophic flood:

November 1824, 4,21 m above normal
ca. 570 dead
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Highest sea level in Kiel 1904

I el A

[Rvave. ]

Zum Jahreswechsel 1904 stand die Flut nach einem starken Orkan in allen StraBen

Als Kiel im Wasser versank

Ruheund Frieden
wiinschtensichdie Kieler
Ende 1904 fiirdas kommende
Jahr —dochstattdessenwurde
ihneneinturbulenterJahres-
wechselbeschert, derals ,De-
zember-Katastrophe"indie
Annaleneingehensolite. Vor
90JahrenerlebteKieldasver-
heerendste Hochwasser die-
sesdJahrhunderts.

ereits am 30. Dezember, ei-
nem Freilag, traute sich
9 kkaum jemand vor die Tiir.
Der seit Tagen andauernde

Sturm wandelte sich zu einem .

kriftigen Orkan, abends peitsch-
ten Schneeschauer durch die
Stadt. Alsder WinddannaufNord-
ost umsprang, wurden ungeheure
Wassermassen in- die Férde ge-
driickt, Wahrend der Nacht stieg
der Pegel immer mehran, am letz-
len Altjahresmorgen warendie ha-
fennahen Strallen vom Eisen-
bahndamm bis zum Seegarten
itberschwemmt. Durch die Hol-
stenstrafe zwischen Hafenstrafle
und Holstenbriicke wilzte sich die

{riibe Flut, auch das Hindenburg- |

ufer und die Gérten am Diistern-
brookerWegversankenim Wasser.

Fischer hoten fiir zwei
Groschen eine Bootsfahrt
durchdie Stadtan

Die Kieler Zeitung berichtete am
Sonnabend iiber vollgelaufene
Keller und Wohnridume: In vielen
Rédumen hingen die Mdbel an den
Zimmerdecken, Eswarunmdglich,
sie herauszuschaffen. Insbesonde-
re die dlteren Menschen sallen in
ihren Hédusern wie in einer Falle.
Behelfsstege, vor allem aber Boo-

Beim Wiischehaus Meislahn: Am 31.

wieder hat s auch an der Ostsee
verheerende Sturmfluten gege-
ben. Unvergessen war Ende 1904
insbesondere die gewaltige Flut
vom 13. Novermnber 1872. Sie ver-
selzle die Kiistenbewohner der

i~

v — )

Dezember 1904 war die Flt bereits_er raisig gesunken, O daBB man mit der u_lsche ‘durchs Wasser fahren konnte.  Abbildungen Archiv Niebergall

tuationen noch, wenn bei Voll-
mond an der Westkiisle eine
Springflut entsteht und das Hoch-
wasser der Nordsee mit hhererm.
Wasserstand durch Skagerrak ur.c.
Kattegat zwischen den dénisci..:

Treaaln in Aia Metrnn of
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1. History of Baltic Sea research

earliest explored sea, many observations, source area
for oceanography

long records of historical observations:

totally ice covered Baltic, e.g. 1323, 1333, 1349, 1399,
1690

flooding events, e.g. 13 Nov 1872 (271 dead persons in
Denmark and Germany)

periods of lacking oxygen causing fish death in German
fjords were known before industrial times
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1. History of Baltic Sea research

. earliest explored sea, many observations, source area
for oceanography

« longrecords of historical observations:

1. totally ice covered Baltic, e.g. 1323, 1333, 1349, 1399,
1690

2. flooding events, e.g. 13 Nov 1872 (271 dead persons in
Denmark and Germany)

3. periods of lacking oxygen causing fish death in German
fjords were known before industrial times

4. Andreas Celsius (Prof in Uppsala) noticed 1724 land rise
in the Bothnian Sea (but gave wrong explanation)
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1. History of Baltic Sea research

e old universities with oceanographic
research: St. Petersburg, Helsingfors

(
(
(

Helsinki), Uppsala, Konigsberg
Kaliningad), Kiel, Copenhagen, Goteborg,

Krakow)
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Important dates of Baltic Sea research

e 1576: weather and ice observations by Tycho Brahe (1546-
1601) on the island Vers in the Oresund

) (13

 1697: Samuel Reyher’s “experimentum novum” in the
harbor of Kiel (measurements of salinity)

e since 1869: monitoring in the Baltic (Denmark, Germany)

e 1871: “Pommerania” expedition from Kiel (Meyer, M6bius,
Karsten, Hensen)

e 1877: Swedish expedition (G. Ekman, O. Petterson)

e 1892: resolution on international cooperation (DK, S, D,
SF, Russia)

e 1898: agreement on simultaneous investigations on a
regular basis at a few selected deep stations

e 1902: start of the International Council of the Exploration
of the Sea (ICES)
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Important dates of Baltic Sea research

* 1937: foundation of the Institute of Marine Research in
Kiel

e 1957: first Conference of the Baltic Oceanographers (CBO)
in Helsinki



2. Bottom topography of the Baltic Sea
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3. Water balance of the Baltic Sea
Q:QF +P-E :Qout _Qin

Q- =15310m’s™ =483 km°yr* (1950-1990)

interannual variability = £ 30 km®yr™

NEVA: Q. =2460m’s™ =77.6 km’yr*



Baltic S>ea catchment area

300 400 S00km

with Kattegat (without Skagerrak):
1729 000 km? =
4 times Baltic Sea surface

Baltic surface (without
Kattegat) = 398 470 km?

Baltic volume (without
Kattegat) = 21 500 km3

18



Annual and winter (JFM) mean runoff

—

7 15;

[y ]

€ 16|

B L

=14 N

e 12

3 |

® 0L D
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

Runoff [10° m® s7']

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Year
(Meier and Kauker, 2003a) (thick line: 4-year running mean rugoff)



Monthly mean runoff to the Baltic
without Kattegat
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Month

(solid line: 1902-1998, dotted line: 1902-1970, dashed line: 1971-1998)

(Meier and Kauker, 2003a) 20
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Monthly mean runoff (dashed), precipitation

(dotted), and net precipitation (solid) for Sep
1988 to Aug 1993
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4. Heat balance
Qa :st "'QLW "‘Qs +QL

Q,, =90 Wm™ short - wave radiation
Q,,, =—-45Wm™ long - wave radiation

Q. =-12Wm™ sensible heat flux

Q, =-32Wm™ latent heat flux

Q, =1Wm™ net atmospheric heat flux

Exercise: What are bulk formulae?



= '""'m'z, Climate of the Baltic Sea Region

Physical Oceanography of the Baltic Sea and other regional seas

I\/Ionthly mean sensible (solid) and
latent (dashed) heat flux, and long-
wave radiation (dotted)
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eat loss to the atmosphere (solid)
and solar radiation (dashed)
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Monthly mean total heat flux
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5. Currents

e only permanent current: Baltic current
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10-year mean stream function of
the vertical intearated flow

9 i s E

Lehmann and
Hinrichsen (2000)

0.9-1.0

0.8-0.9

0.7-0.8

0.6-0.7

0.5-0.6

0.4-0.5

' 0.2-0.3

0.1-0.2

| 0.0-0.1

| LAND

Figure 2: Streamlines representation of the 10-years average of the barotropic circulation un-
derlayed with the stability of the barotropic flow. Colour bar represents stability values 0-1.



Depth(m)

—
[=]

Salinity(PSU)
8

57.5 65.0

65.0

62.5

55.0 57.5 60.0

Pseudo Latitude

Overturning stream function

Sigma0 (kg/m3)

Temperature(C)

—
[=]

-
o

52.5 55.0 57.5 60.0

575 60.0
Pseudo Latitude

52.5 55.0 62.5

D00s et al. (2004)



NOAR - 10 SST
5.7.1989

7:30 UTC

I0W 7 Siegel et al.

Satellite image of SST

i1

Abb. 25. Satellitenaufnahme der Wasseroberflichentemperatur in der westlichen Ostsee
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Abb. 26. Satellitenaufnahme der Chlorophyll-Verteilung in der eigentlichen Ostsee
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6. Sea level
e tides:
S,(12.00 h), M, (12.42 h),
K, (23.93 h), O, (25.82 h)
e seiches

e sea level forced by wind stress and sea
level pressure gradient




Semi-diurnal tides

Abb. 2. Geographische Verteilung des Springtidenhubs T
gigen Gezeiten




Diurnal tides

Abb. 3. Geographische Verteilung des Springtidenhubs T, der eintdgi-
gen Gezeiten
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Ratio between diurnal and |
semi-diurnal tides

28

32

54"

12° 18* 20°

Abb. 4. Geographische Verteilung der Formzahl F

0<F<0.25: semi-
diurnal tide

3<F: diurnal tide



Schematic of seiches
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/. Temperature, salinity, density,
and oxygen
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Cross section of salinity

Skagerrak Kattegatt Danska Egentliga Ostersjén Bottenhavet = Bottenviken
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100 —

150

DEPTH [M]

200 —

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
YEAR

I
.5 /.9 3.9 9.5 10.5 11.5 12.5 13.5
(Meier and Kauker, 2003a)
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Average salinity of the Baltic Sea

-
8,2

8,0

7,8

Salinity
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T2+

2 IR s
1800 1920 1940 1960 1980 2000

Year

Winsor et al. (2001)



SALTHALT, PSU

Skagerrak
Djup, m Kattegatt Botterhavet

Salthaltens firdelningen liings en sektion frin
Skagerrak till Bottenviken 1988.

Fig. 3.10. Salthaitsfordelningen i ett vertikalsnitt frdn Skagerrak till

Bottenviken. Skagerrakfronten, Bdltfronten, Bottenhavsfronten och
Bottenviksfronten kan ses som skarpa fordndringar i salthalten®”

SOMMARTEMPERATUR

_ Skagerrak Egentiga Oslersion Bottenviken
Diup, m Kattegatt Bottenhavet

-100
-150
-200

-250

-300

VINTERTEMPERATUR

Skagerrak
Djup, m Kattegatt
] 5

-50
100
150
-200

-250

-300

Fig. 3.11. Temperaturfordelningen i ett vertikalsnitt frdn Skagerrak
till Bottenviken®” .
a) Sommartemperaturer i ytvatinet med kallt vintervatten under
detta och haloklinenoch varmare djupvatten.
b) Vinterforhdllanden med ndstan homogen temperatur i
vattenpelaren.
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Abb. 32. Typische thermohaline Schichtungsstruktur in der zentralen Ostsee im Winter (aus-
gezogen) _und im Sommer (teilweise gerissen)
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Cross section of oxvaen

SYREHALT, SOMMAREN 1988 (mi/l)

Skagerrak Egentiiga Ostersjon Bottenviken
Kattegatt Bottenhavet

a) Sommarforhallanden

SYREHALT, VINTERN 1988 (ml/l)

Skagerrak Egentliga Ostersjén Bottenviken
Djup, m

Fig. 7.1  Syrgaskoncentrationen i ml/l under sommar- och vinterfor-
hallanden i ett ldngdsnitt fran Skagerrak till Bottenviken®”
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8. Baltic sea Ice

( Cou'rtesy of Seppo Keranen )

L




Wahrscheinlichkeit der _|ss-
Eisbildung

75-100%

8§ 50 -75%

291 Jo Ajjigeqoid

096T-TS6T 92Ua4IN220

‘ 12* 18* 20° 24° 28"

Abb. 1. Wahrscheinlichkeit der Eisbildung, berechnet fiir den Zeit-
raum 1931-1960 (nach PALOSUO, 1966).
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t::3 Helmholtz-Zentrum
i1:: Geesthacht
(Centre for Materials and Coastal Research

Observed changes ...

] i " Baltic Earth

Sea ice cover

Maximum annual sea—ice extent in the Baltic

450 T | I ' 3,2
trend during the last 100 years : 3.9773 10 km®/10a
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Fig. 8.3 The maximum extent of sea-ice cover in the Baltic Sea, 1900-2012. The red line shows a long-
term declining trend of ~2% per decade

BACC 2
Chapter 8

www.baltic-earth.eu



Relative frequency of maximum ice extent during
1720-2000
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R=correlation coefficient,

VAR=explained variance



model-data 3 ] 88
350
------- . sssssmmrEs aeme ;.D
= —20
__ 500! =i
2 4{]':' ﬁ i i \ &
= | ! :i & i! i I.I.'
— 300 =y L I A 1
al'l . .'I'
D 200 51, A . WA . ‘
- A 1Y " e P V. - ¥ i '
W 100E 1Y & AR A : VAR
_ 'D | —
1900 18910 1920 1930 1940 1950 1960 1970 1980 1980 2000
TEAR model — data — - -
Period | ME RMSE | R VAR Model biases:
1903-26 | 3.9 73 9 0.66 0.37 RMSE=root mean square error in 10° m?,
R=correlation coefficient,
1927-66 | 29.1 52.8 0.94 0.79 _ _
VAR=explained variance
1967-98 | 11.1 39.5 0.93 0.83




petiiil  Climate of the Baltic Sea Region

WARNEMUNDE

Physical Oceanography of the Baltic Sea and other regional seas

9. Climate relevant processes



The circulation of the Baltic Sea is determined by :

A * the interactions
o at between atmosphere-
L ice-ocean

e the water exchange
through the Danish
straits,

e the bottom topography,

(mean depth 52 m, max depth 459 m)
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Kattegat Baltic proper Gulf of Bothnia
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= salinity
Sea ice :

Forcing Processes

¥ Freshwater supply M, Deep inflow

% Heatexchange ¥ Entrainment flow
+« Wind stress % Baroclinic exchange
s  Wind mixing 1& Energy radiation
«» Barotropic exchange &Y Internal mixing

2 Tidal mixing j‘ Internal circulation



Processes in the surface boundary layer

Breaking waves

(’
OX\VE C%Nk ﬂ' ‘ ?ggg#gn
# 4} = 3

Shear-induced r
turbulence U

Breaking ‘
internal
waves

(Source: Thorpe, 1985)



renzter
Wasseraustausch

BELTJS5EA ARKONA

Saltwater
inflow
January

+ 1993

o

GULF OF FINLAND

GULF OF RIGA

i

BORNHOLM BASIN
BASIN

20

Bottom salinity
and currents

20

40

60

Depth [m)

S0

60

Salinity along a section

40

(Meier et al., 2003; JGR)

O

100 200 300 400 S00
Distance aleng section [km]

BN B0 [T

7 9 11 13 15 17 19 21 23 25

LU

1900

1860 1880

saltwater inflows

ol -
= =
T 3
O o
= =
\‘
drte it
1920 1940

]

iR,

w
o

T
]
o

Fri Jan 1993 00Z +00h
valid Fri 1 Jan 1993 00Z
Relative intensity =z i
Historical T L
%

T
-
o

Mumber of cases

JASONDJFMAMJ

M
LA

1960

1980 2000

(=]

(z661 “ouelq pue sneypey)



peatd Climate of the Baltic Sea Region

Physical Oceanography of the Baltic Sea and other regional seas

The major Baltic inflow In
January 2003 and
preconditioning by smaller
Inflows In summer/autumn
2002



Sea level at Landsort: model
(solid), observations (dotted)
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Detrended accumulated inflow through the Sound: RCO
(solid), hydraulic model (dotted)
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Accumulated inflow: Sound (dotted), Darss Sill
_(dashed), sum (solid)
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Regional model
RCO
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Baltic Sea topography
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Characteristic periods of major Baltic inflows
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Fig. 4. Characteristic periods for major Baltic inflows, illustrated by Baltic sea level variations, and their mean characterization.

(Source: Fischer and Matthaus, 1996)
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Saltwater inflows

e major Baltic inflows (e.g. Matthaus and Franck,
1992; Fischer and Matthadus, 1996)

« randomly at intervals of one to several (?) years
 most probable between November to January

e forced by a sequence of easterly winds lasting
about 20 days followed by strong to very strong
westerly winds of similar duration

e Latest, documented inflow events: 1983, 1993,
2003, 2014, 2015, 2016
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Saltwater inflows during 1898-2017
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Ergebnisse der Arbeitsgruppe Umweltliiberwachung und Langzeitdaten am IOW

(Courtesy: Michael Naumann)



Situation zum Ende der Stagnationsphase 2004-2013 im Vergleich zur

Ankunft eines Salzwassereinbruchs in der zentralen Ostsee (MBI vom 14.-22.11.2015)

1.-8.11.2013 (CrUise: EMB'GO) 3.-7.02.2016 (CrUise: EMB-lZO)
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Entwicklung der Sauerstoffmangelgebiete in der zentralen Ostsee

(Courtesy: Michael Naumann)

Measurements (selection) Stations: Areasof P
5 02-Max. I5 H2S-Max. 213 - Bornholm Deep 284 - Landsort Deep

2 : Oxygen Deficiency ; =
o [min o [mg/l] g;?:giT[Z?‘(ngeegp 286 - Fard Deep (suboxic; <2mifl) E5 Hydrogen Sulphide — _:IeW
A: November 2014 - stagnation prior the MBI of December 2014 (cruise: EMB-89)

B: April 2015 - arrival of the MBI December 2014 (cruise: EMB-100)



Entwicklung der Sauerstoffmangelgebiete in der zentralen Ostsee
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Ventilation of the Baltic Sea deepwater

Freshwater

{3 diffusion (mixing)
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(Stigebrandt, 2001)
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Horizontally integrated transport at the
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Horizontally integrated transport at the
Gotland Deep section

Inflow par unit dapth (ETIEI'B]
maap pver 1975-1994

il 110 154
u |||||||||| IR ER T AT I D_ — 1 T T T | T T T | T T T T T T 1 <|—-|’__‘__.-| ]
.imj —50__ 7]
€ 1007 = —100 - -
£ ] T N ]
& 130 b _ -
W 150 .

’.d[J[I: —200 :_ \ _:

=250 v . L ]

Elken (1996) ° ™ wwsorpim S0 O

103




Schematic view of the large-scale circulation
in the Baltic Sea (Elken and Matthaus, 2008)
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Baltic Sea surface
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10. Climate variability

Positive trend of temperature during the
20™ century at almost all stations and
depths (Fonselius and Valderrama,
2003), no significant trend of salinity
(Winsor et al., 2001; Meier and Kauker,

2003a)
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Observed changes ...

] i " Baltic Earth

Sea ice cover

Maximum annual sea—ice extent in the Baltic
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Fig. 8.3 The maximum extent of sea-ice cover in the Baltic Sea, 1900-2012. The red line shows a long-
term declining trend of ~2% per decade
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SST Change in Large Marine Ecosystems: 1982 - 2006
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Summer (JAS) SST 1880-2003
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warming rates differ significantly among seasons

summers have warmed most (2-3x other seasons)
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Observed changes ...
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Baltic Earth
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Mittlerer jahrlicher Salzgehalt im Oberflachenwasser
seit 1900 im Gotland-Tief
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The oxygen variability during 1958-2006 is well explained assuming constant
oxygen removal rates in the sub-basins (Gustafsson and Omstedt, 2009).
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11. Comparison with
other seas
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caastal

Shel
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Estuarine circulation

Matthias Tomczak (1998).
Shelf and Coastal Oceanography

http://www.es.flinders.edu.au/~mattom/ShelfCoast/
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Physical Oceanography of the Baltic Sea and other regional seas
Definition:

An estuary Is a narrow, semi-enclosed
coastal body of water which has a free
connection with the open sea at least
iIntermittently and within which the salinity of
the water is measurably different from the
salinity in the open ocean.
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Physical Oceanography of the Baltic Sea and other regional seas

Definition:

An estuary Is a narrow, semi-enclosed
coastal body of water which has a free
connection with the open sea at least
iIntermittently and within which the salinity of
the water is measurably different from the
salinity in the open ocean.
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Salt balance for a two-dimensional estuary

19 S99 (3, 5) - 2 (k, %) =




water level at high wrater

i
wrater lesrel at lowr wmter

¥ depth (m)

T tidal period Tidal volume V
Fresh water volume R
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1) 1 < R/V salt wedge estuaries
2
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2) 0.1 = R/V = 1 highly stratified (fjord) estuaries




Salt balance for a two-dimensional estuary

Tor T o~ e (Kny) ~ 57 (Ko3) = O

w entrainment velocity

1) salt wedge and 2) highly stratified estuary
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3) 0.005 = R/V = 0.1 Partially mixed estuaries
2




Salt balance for a two-dimensional estuary

a(us) | d(wS) 0 (Kh 65) 0 (K 6_5) 0
0

ox 0z 0x X 0z ' 'V oz

3) partially stratified estuary
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4) R/V = 0.005 vertically mixed estuaries




Salt balance for a two-dimensional estuary

Tor T or ~ ax (Knoy) ~ 7 (Ko3) = O

4) vertically mixed estuary
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BIE salinity
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30 salinity
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Physical Oceanography of the Baltic Sea and other regional seas

/) The intermittent estuary Is
characterised by the temporary
disappearance of the thermohaline
forcing and, as a consequence,
changes more or less reqgularly from an

estuary to an oceanic embayment and
back.



water level at high wrater
by

Qout A wrater level nt low water
Qin —
¥ depth (m)
T tidal period Tidal volume V

Fresh water volume R



Knudsen's hydrographical theorem

Qin + Qf = Qout
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Physical Oceanography of the Baltic Sea and other regional seas

Knudsen's hydrographical theorem
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Knudsen's hydrographical theorem

Qin + Qf = Qout
QinSin = QoutSout

QfSout
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R/V can change in time as a result of
variations In rainfall over the catchment
area of the rivers

Horizontally iInhomogeneous, three-
dimensional estuaries (when the
Coriolis force becomes important)



¥

diztance across estuary

=y
E' %.H_HIE!
Bl N
Y
|
to ocean

to rver

(pemredxa) pdap

distance aciozs estuacy

-

to oCean

to Mver

(pemredza) pdap

diztance across estuary

-

-

to oCearn

to rver



¥

Schematic of different vertical circulation patterns
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