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FOREWORD

The Winter Navigation Research Board presents its report

no. 35. The report describes an advanced mathematical

model by which the cooling rate and the changes of vertical
temperature profiles in enclosed basins can be calculated
using meteorological parameters. The model has been adjusted
to the Bay of Bothnia and tested against actual vertical
temperature measurements during an autumn cooling period.

The results presented are very.promising.

The study is a part of a thermodynamic ice project aiming
at the forecasting of water cooling, ice formation, growth
and decay.

- The Winter Navigation Research Board expresses its thanks
to the authors and those who have assisted them in their

work.

Norrkdping and Helsinki, March 1982

Kaj Janérus Jan-Erik Jansson



ABSTRACT

Autumn cooling in the Bay of Bothnia provides an opportunity for
studying wind mixing, convection and restratification below the
temperature for maximum density. Vertical temperature profiles for
a 52 day period are analysed for the case of cooling of brackish
sea water around the témperature of maximum density. A mathemati-
cal model, which is based on the conservation equations for momen-
tum, heat and salt in their one-dimensional form and with an equa-
tion of state which is linear with réspect to salinity but quadra-
tic with respect to temperature, is presented. Turbulent exéhange
coefficients are calculated with‘a kinetic energy-dissipation

model of turbulence.

Due tb the fact that both salinity and temperature effect strati—(
fication and that buoyancy flux changes sign at the temperature
for maximum density several processes influence the cooling rate.
The mathematical model describes these and the general development

of the temperature profiles in a most satisfactory way.
SAMMANFATTNING

H&stavkylningen av Bottenvikens vattenmassa ger mdjlighet till
studier av vindblandning och konvektion f0r temperaturer runt
temperaturen f£6r maximal tdthet. Under en 52-dagars period 1979
mdttes vattentemperaturen pd 22 olika djup. Dessa data har dygns-
medelvdrdesbildats och analyserats. En matematisk modell preSenteT
ras hd3r. Den dr baserad p& en-dimensionella konservationsekva-
tioner f&r momentum, vidrme och salt tillsammans med en tillstands-
ekvation som #r linjirt beroende pd salthalt och kvadratiskt pa
temperatur. De turbulenta utbyteskoefficienterna berdknas med en

turbulensmodell (k-t modell).

Den matematiska modellen beskriver fdr&dndringarna hos de métta'

temperaturprofilerna péd ett tillfredsstdllande s&tt.
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1. INTRODUCTION

Under the joint Swedish-Finnish winter navigation research pro-
gramme the Swedish Meteorological and Hydrological Institute
(SMHI) is participating with a programme in which the interaction
between atmosphere, ice and sea is studied. One project within
this programme treaté cooling and freezing in the Bay and Sea of
Bothnia. The time of the year when ice starts to form is very
variable due to differences in meteorological forcing from year to
year, figure 1. It is therefore of great interest for shipping and
icebreaking service to get information about changes in sea sur-
face températures during autumn cooling as a first information on

how soon ice will form,

A simple thermodynamic model for the large scale cooling in the
Bayrof Bothnia is now used at SMHI, Sahlberg and Toérnevik (1980).
The model, however, just treats the whole Bay of Bothnia as one
layer and therefore neglect the importance of varying temperatures
with depth, which are of particular importance before ice forma-
tion. The purpose of this paper is to present a model which could
calculate the vertical variations in the temperatures during cool-
ing of brackish sea water, that means water with less salinity

than 24.7O/oo, down to the freezing point.



Figure 1 The charts show the dates for the first (a) and latest day (b) of
ice formation in the Bay of Bothnia, SMAI and FIMR (1982).

In water with a salinitY'léss than 24.7o/oo, vertical convection
continues until the temperature for maximum density (Tpm) is
reached, figure 2. Further cooling causes a change in sign of

buoyancy flux and creates a restratification which increases the

cooling rate.

Many attempts have been made to predict chanées in the sea surface
layer due to different meteorological conditioné. One dimensional
models have often been used as temperature and salinity often
varies more along vertical axis than horizontal. A discussion of
different kinds of one dimensional models for the upper ocean is

made by Niiler and Kraus (1977).




The modelling of brackish sea water during autumn and winter cool-
ing has received little attention in the literature, but the tem-
peratures for maximum density and freezing have been considered

frequently and these equations are well documented.

Figure 2 The temperature for maximum density (Tpm) and the temperature for

freezing point (T}J.

Several other studies provide useful information for the problem
addressed. To be mentioned are the studies of salinity effects in
the ocean mixed layer by Miller (1976) and the numerical simula-
tion of thermohaline convection by Delnore (1980). Miller (1976)
showed that the most significant effects produced by.the inclusion
of salinity are the reduction of the deepening rate and the corre-

sponding change in the heating characteristics of the mixed layer.

Delnore (1980) also pointed out the necessity of including gra-
dient information for both temperature and salinity in modelling

the diurnal heating cycle of the ocean.

It is also noted that the non linearity and pressure dependence
in the equation of state for cooling of deep lakes have been dis-

‘cussed by Farmer and Carmack (1981).

One main problem in modelling the upper layer of the sea is the

formulation of the turbulence processes. A wide spectrum of turbu-
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lence models is now available. At present a two-equation model,
with one equation for the turbulent kinetic energy and the other
for the dissipation of turbulent kinetic energy, is most widely

tested one for hydraulic flow problems, Rodi (1980).

This kind of turbulence model has also been used for modelling the
seasonal thermocline in lakes, in studying the structure of the
turbulent Ekman layer, Svensson (1978, 1979) and calculating the

turbulent boundary layer under drifting sea ice, Svensson (1981).

The present study extends this turbulent model to the Bay of Both-
nia, where the stratification depénds mainly on temperature and
salinity. The purpose is to analyse measured temperatures for a
52 days cooling period from October 23 to December 13 1979 and to

develop a model for autumn cooling.

2. GENERAL DESCRIPTION

The Bay of Bothnia is the northern extension of the Baltic. Clima-
tically it is situated in the northern part of the westerlies and
therefore the weather is influenced by the meandering polar front
and the disturbances on it which during late autumn could cause

strong winds. During late autumn and winter the low pressure sys-

tems normally pass south of the area and cold air masses cover the

whole bay.

The Bay of Bothnia has a typical estuary circulation with lighter
fresh water from rivers mixed with the under-1lying saltier water.b
The water exchange with the Sea of Bothnia goes through the
Northern Quark. The amouﬂt of saltier water going from the Sea of
Bothnia to the Bay of Bothnia is about 400 km?’year—l and the
amount of less saltier water leaving the Bay of Bothnia is about
500 km3year—l. In late autumn and in winter the water is two
layered. The depth of the upper layer varies between 30-50 m and
has a salinity of 330—3.50/00, while the bottom layer salinity is
in the range of 4.0—4.50/00. Tidal effects are negligible, but
water level variations mainly due to wind and air pressure exist
with amplitudes in the order>of one meter. Maximum water-depth is
126 m,while the mean depth is 41 m and the Northern Quark sill
depth 20 m. A typical residence time for the water in the Bay of

Bothnia is about 3 years which is a rather slow process compared
4



with autumn cooling. It might thus be expected that cooling in the
main basin is mostly influenced by the heat exchange through the

air-water interface.

During autumn the cooling causes horizontal temperature gradients
- due to water depth variations close to the coast. In tke main
basin however the horizontal temperature gradients are less pro-

nounced.

The internal hydrographic response in a system like the Bay of
Bothnia is mainly baroclinic in a narrow coastal region, while the
response in the main basin is essentially barotropic, Walin (1972).
This means that in the main basin, temperature and saiinity sur-

faces are horizontal and one dimensional approach could be possible.

For the cooling rate the heat loss at the air-sea interface and

‘the mixing depth are of most importance. The mixing depth depends
mainly on wind mixing,'convéction and restratification when cool-
ing has passed the temperature of maximum density. These processes

can be well described by one dimensional boundary layer theory.
3. MODEL EQUATIONS
3.1 Basic assumptions

\The study will restrict attention to horizontally homogeneous
'flows which means that terms containing gradients in the horizon-
tal plane are neglected. It is further assumed that there is no
mean vertical velocity. Short wave radiation is known to penetrate
the water body following an exponential decay. During the period
considered the solar radiation is however of minor importance and
will therefore be treated as a surface flux of heat. Gravitational
effects are assumed to follow the Boussinesq approximation. A
schematic representation of theimathematical model as applied to
the Bay of Bothnia is given in figure 3. The variation of horizon-
tal area versus depth is in accordance with the Bay of Bothnia.
This is of fundamental importance when modelling changes in the
total heat content, Svensson (1978).
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Figure 3  Schematic representation of the one dimensional model for the

Bay of Bothnia.

3.2 Mean flow equations

Primarily the temperature distribution is of interest but a few
more variables are needed to describe the problem. Salinity is on%
of them and another is the velocity distribution which, needs to
be considered since turbulence is to a large extent produced by

shear. With the assumptions made the equations for the variables

read: .
A= 2wl ’, e
%% = %E(—§§+Ks§%)p (2)
22 = (il rev, (3)



whgre z is the vertical space coordinate, positive upwards, t time
coordinate, f Coriolis parameter, U and V mean velocities in hori-
zontal directions, T mean temperature, S mean salinity, v molecu-
lar kinematic viscosity, k molecular thermal diffusivity and.KS molecular diffu-
sivity for salt. The correlation terms wu, wv, w8 and ws represent Reynold

stresses and turbulent transport of heat and salt respectively.

Boundary conditions for the mean flow equations at the surface ure

specified according to:

T (%)
(-waavdy = X T (5)
9z - Py
T, () , :
(mwvtvdY)y = X T _ (6)
92 po
—Ustr 85y -
( WS+KS'B—Z' = 0 B (7)
(—G§+K%%> = g(t) / | (8)
o p '

where po is the water depsity, TX(t) and Ty(t) wind stresses, C
specific heat of water and Q(t) net heat flux. Q(t) is of course a
sum of several processes as sensible heat flux; latent heat flux and radiation
fluxes. They will be discussed further in chapter 3.5. The zero

» flux condition for salinity is an approximation -since. advection .
from rivers, precipitation and evaporation in effect generate a
non zero flux. At the lower boundary a zero flux condition is used
for all variables, the reason being that this boundary is posi-
tioned well below the depth of surface influence and the deep

water flow due to estuary circulation is neglected.

The mean fiow equations however do not form a closed system due to
the turbulence correlation terms. An equation for the turbulence
is therefore needed, but first the equation of state has to be
studied.

3.3 Equation of state

The equation of state for sea water describes the relation between



salinity, temperature, pressure and density. From very accurate
measurements in the Baltic in the beginning of this century, Knud-
sen et al (1901) constructed hydrographical tables for density;
These tables are still in use and later measurements have shown
that they are in good agreement when salinity is higher thanlSoﬂxu
Kremling (1972). At lower salinities the comparison differs due to
input of dissolved river salts into the Baltic and an other clori-
nity-salinity relation has to be used when determlnlng the density
for low salinity water, Miller and Kremling (1976) . Pressure
effects both the density and the temperature for maximum den51ty
This has been treated by Farmer and Carmack (1981) in a study of
cooling in a deep fresh water lake. As a lake ¢ools through the '
temperature for maximum density, the thermal expansion coefficient
becomes critically dependent on pressure and a phase where strati-
fication is mainly pressure sensitive 1is reached. The importance (
of the pressure effects increases rapidly with depth. In the Bay
of Bothnia salinity gradient however inhibits. convection to deeper

layer why pressure effects have been neglected.

- As the relationship between salinity, temperature and density 1is
nonlinear and rather complicated a simplified equation of state

is used. This equatioh should reproduce the almost guadratic rela-

tion between temperature and density around the point of maximum

density and also the linear dependence on salinity, figure 4.
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Figure 4 The density of sea water as a function of temperature and salinity.
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The equation of state used in this study reads:

- 9 e 2
p = po(l a(T Tpm)

+Bs) ' (9)

where a and 8 are constants and Tpm is the temperature of maximum
density. The constants o and B are chosen with respect to the tem-
perature and salinity interval under consideration. In this study
they are set to 5.57-10_6 and 8.13-10“4 respectively. The tempera-
ture of maximum density, Tpm’ is strictly a function of salinity
and pressure, Caldwell (1978). In this study Tpm is however set to
a constant value of 3.2OC which is within + O.loC accuracy for the
mixed layer under consideration. As density variations are small a

more useful density unit is Sigma-t (ot) defined as

o, = p-lOOQ.
in SI-units.
A comparison between densities calculated from equation (9) and
from Knudsen et al (1901) modified with a chlorinity-salinity re-
lation according to Miller and Kremling (1976), is given in figure
5. .The accuracy of equation (9) within the studied interval is

£ 0.03 (kg/m°).

Temperature (°C)

.y
(=3

03

30

20 .02

00 : . - - - : ' '
30 3 ED) 33 4 35 36 37 38 39 40
Salinity (%)

Figure 5  Error diagram in o, -units for sea water density according to Knudsen
' et al (1901) modified with a chlorinity-salinity relation according
to Miller and Kremling (1976) and according to eq. (9).
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The relative importance of the salinity stratification grows when
the temperature for maximum density 1is reached and even very small
changes in salinity can cause the density structure to look quite
different. The relative importance between the salinity and tempe-

rature on density becomes:

which, with coefficients according to this study, means that
wiggles 'in temperature of 1°C around the temperature for maximum
density could be stabilized by salinity vériations of aboutO.deaa
Small salinity variations in the upper sea surface layer are there-

fore of most importance for the density structure.
3.4 Turbulence equations

A fundamental process in mixed layer dynamics is the conversions
of energy. Turbulent kinetic energy can be converted into poten-
tial energy. A budget equation for k, the turbulent kinetic energy,
is needed. With the introduction of a kinematic eddy viscosity,
Vpr @ modelled form of the k—-equation, see Launder and Spalding
(1972) for details, reads:

ok d ok 3u, 2, , 0V, 2
o By (55 gy

g, 20 _
Z StV T e (10)

[s%
t
[s%)

9

<3

where Oy is a Prandtl/Schmidt number, g gravitational acceleration'

and ¢ dissipation rate of k. Another advantage of solving an equa-

tion for k is that a velocity scale, kl/z, is available for the

determination of Vi From physical reasoning and dimensional ana-
lysis it is expected thatv\)T is the product of a velocity scale
and a length scale. Given the velocity scale a length scale is
thus needed. If once again dimensional analysis is employed it
can be shown that‘a‘length scale, L, can be obtained from k and

£ as:

1 . %%/ (11)
Recalling that the velocity scale is kl/z, the Prandtl/Kolmogorov

relation for vT is obtained:

10



- 2
Vep = Cuk /€, (12)
where CU is an empirical constant. It remains to formulate an egqua-
tion for e if Vp is to be calculated according to (12) .

This equation is the weak point of most turbulence models present
up to the date and some scientists argue that a prescribed length
scale is as good as any dynamical eguation presented. The success
met by the e-equation in predicting a wide range of shear flows,
see Rodi (1980) and Singhal and Spalding (1981), does indicate

a certain degree of generality and the form of the e-equation gi-

ven by these scientists is therefore employed:

£,,0U,2, 3V, 2

V)
o€ 8-, T 3¢ -
ot 532 vk (Gg) T e

= = (== ) +C

= op _ 3
ot 37 Oe 9%

gEg, 90 £
3¢p kVraz ~C (13)
Having introduced the eddy-viscosity concept it is now- possible to
relate the turbulence correlations in the mean flow equations to

their approepriate gradients through the following expressions:

— _ , 3

WU = Vpee (14)
-wy = vT%;Z, (15)
w8 = _;% % (16)
s = Z—Z 38, . (17)

where Orp and o, are turbulent Prandtl/Schmidt numbers for tempera-

ture and salinity respectively. At present o,, and 0, are assumed

T
to be constant, and equal to one, even if a dependence on strati-

fication is known to exist.

The empirical constants appearing in the turbulence model are

treated as being universal. For complex flows, i.e. recirculating,
curved, etc, this universality may be questioned but for boundary
flows the standard values, used in the present study and shown in

Table 1, may be used with confidence.

Equations (1), (2), (3), (4), (9), (10), (12), (13), (14), (15),

(16) and (17) form a closed system and thus constitute the formu-
11



lation of the mathematical model. This set of equations, in their
finite difference form, were integrated forward in time with a
time step of one hour, using an implicit. scheme and a standard
tridiagonal matrix algorithm. A complete derivation of the finite

difference equations could be found in a paper by Svensson (1978).

In chapter 4.3 different eddy viscosity assumptions and their con-

sequence for cooling are discussed.

“u Cie  C2¢  C3¢ % o

0.09 1.44 1.92 0.8 1.0 1.3

Table 1  Comnstants in turbulence model ' (
3.5 Processes at the air-sea interface

The processes at the air-sea interface should in general be trea-
ted as a three dimensional boundary layer problem, which means
that both horizontal and vertical variations in the atmosphere
should be considered. From atmospherical boundary layer experi-
ments, bulk formulas have been determined which parameterize the
heat and momentum exchange at the air-sea interface from a fixed
level above the sea surface. With these bulk formulas the boundary
layer is reduced to two dimensions and only horizontal variations
in the atmosphere had to be considered.

. (
In this work the cooling of the whole Bay of Bothnia is studied in
a one dimensional sense. The horizontal variations in the atmo—l
sphere is therefore just treated by taking the input data for the

bulk formulas as areal mean values over the whole basin. This is

discussed in chapter 5.2.

The surface heat budget equation is
Q = Qg+Q +Q. 0y _ (18)

where QS is the net short wave radiation, QL net long wave radia-

tion, Q. sensible heat flux and QE latent heat flux. During late

C
autumn and in winter time the net short wave radiation (QS) is of

12
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L

minor importance. For a complete description QS is here taken into

account and it becomes, see also Bodin (1979)

= w

Qs = (l—a')TuQOCOS Z'(TR—AW)i (lfNi(l-Ti)) (19)

1

where o' is the sea surface albedo, Tu the air turbididty, QO SO~
5 C

lar constant (1395Wm_ Yy, 2' zenith angle, Tthransmission function,
AW absorption function, Ni amount of clouds of category i = 1, 2,
3, Tilcloud function. The surface albedo is chosen as a function
of the zenith angle according to Thompson (1979). Due to lack of
turbidity data T, is constant and equal to 1. The transmission
function is

0.5

TR = 1.041-0.16 (SecZ ")

given by Kondratyev (1969). The absorption function is

A, = 0.077 (Usecz )03

where U is the amount of precipitable water vapour content in the

atmosphere in cm, Mc Donald (1960).

Low, middle or high clouds effect the short wave radiation differ-

ently. According to Pandolfo et al (1971) the cloud function is
T. = a,b.SecZ’
i ivi

As the extracted weather data in this study only include one cloud
coverage parameter, the constants a; and b.l are chosen according
to the middle high transmission function with the values of 0.45

and 0.01 respectively.

The net long wave radiation (QL) consists of two parts, one going

from the sea surface to the atmosphere (QL+) and one going from

the atmosphére to the sea surface (QL+)' The outgoing long wave

radiation is

Q

_ 4.
L4 = emoTSv | (20)

where € is the water emissivity egual to 0.97, o the Stefan-Bolz-
o 8, -2.-4
(Wm “K 7).

13
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The major problem in determining the net long wave radiation is to
get a proper estimate of the incoming long wave radiation (QL+)'
In this study Brunt's formula modified with a cloud factor accord-
ing to Washington et al (1976) is used. It then reads

0.5

_ 4
Q = OTa (c+d(ea)

Lt ) (1+hN) | (21)

"where ¢, 4@ and h are empirical coefficients equal to 0.67, 0.05
and 0.25 respectively, e, is the atmospheric water.vapour pressure

(mb) , N the total cloud cover in tenths and Ta the air temperature.

The sensible and latent heat flux formulations are taken from
Friehe and Schmitt (1976). They used bulk aerodynamic formulas for
the sensible heat flux (QC) and the latent heat flux (QE) accord—(/
ing to

a a L
PaCp cc|\v | (T,-T,) (22)

O
N
il

_ . .
Q LcE{\v | (Q,-0)) (23)

E
where pa is the air density, Cpa specific heat at constant press-
ure for the air, Cc and CE heat transfer coefficients, I\Va[ mean
wind speed, L latent heat of evaporation, QS and Qa water vapour
densities at the sea surface and the atmosphere respectively. The

heat transfer coefficients C, and C_ are put equal to l.4J_-lO—.3

and l.32-10_3 respectively. ﬁeasureients of QS and Qa are not di-
rectly available why a transformation to the water vapour pressure
(es) and’(ea) was done. Under the assumption that the air close to
the sea surface is saturated and has the same temperature as the
sea surface, ey is only a function of the sea surface temperature.
The water vapour pressure in the air, e, r is a function of both
air temperature and relative humidity. Based upon humidity data

from Bjurdklubb the relative humidity is put constant equal to 90%.

Within above assumptions, the surface heat budget equation (18)
can be solved just knowing wind velocity, air temperature, water

temperature and cloud amount.

Apart from the surface heat fluxes the wind stress, T, on the
water surface had to be calculated. Generally a gquadratic stress

law is used
14



T = p,Cql WV (24)

where \Va is the wind velocity at 10 meters above sea surface and
Cd the wind dfag coefficient; In general it is a function of the
wind and the stability but in this study a constant drag coeffi-
cient, equal to l.3-lO-3,is used. '

4. MODEL ILLUSTRATIONS

4.1 introduction

Before analysing the cdoling'of the Bay of Bothnia some simplified
~calculations are presented to illustrate the model with special

emphasis on changes in water temperatures.

The presence of salinity in the Bay of Bothnia causes great differ-
ence compared with lakes. Neglecting salinity effects the model
describes temperature changes in a lake. Note, however, that press-
ure effects on density and temperature of maximum aensity are neg-
lected in this paper, see Farmer and Carmack (1981). For constant
net heat loss of 200 Wm_z, constant area versus depth and a con-

stant wind of 5 ms_l'the solution becomes according to figure 6.

021000 20 Lo 60T 0 W u (ks
L5 B BBk

20t 2

5
5

Depth (m)
L

s
g

00[ 100 |

Figure 6 Cooling in a lake during idealized conditions. The wind velocity is
5 ms—l and the net heat loss 200 wm'g. The numbers at the curves

are day numbers.
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From the computed temperature profiles one can see how the fresh
water mass first is cooled down to the temperafure of maximum den-
sity, whiqh is close to 4OC. The whole water coiumn, down to the
bottom, reaches this temperature and further cooling leads to re-
stratification. This speeds up the cooling fate of the surface
water and cooling down to freezing point can be rather fast, par-

ticularly if the wind is weak.

Turbulent exchange in the water is illustrated by the right dia-
gram in figure 6. The dynamic eddy viscosity values‘(ueff) repre-
sent how effective the turbulent processes are. Large values, due
_to convection and shear, are calculated before the temperature of
maximum density is reached. After this the buoyancy flux changes
sign and restratification starts reducing the turbulent exchange.

(

4.2 Cooling of brackish sea water

If the water is saline some additional processes become important
for the cooling rate. In this chapter initial profiles of salinity
and temperature is used according to figure 7 and the variation of

horizontal area versus depth is in accordance with the Bay of

"Bothnia. 32 34 38 40 42 lo.llo L6 l'.‘B S (%)
-10 00 10 20 30 40 50 60 T (O
T | F T T T T T
oF |
ol | ,,
I (
30t !
WE
E ~.
B ™~

Figuré 7 Initial profiles of temperature (T) and salinity (S) for the model

1llustrations.
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Figure 8 illustrates cooling of brackish sea water in a basin
corresponding to the Bay of Bothnia with a constant net heat out-
flow of 200 Wm_2 and a wind speed of 5Ams_l. Two most important
differencies compared to figure 6 are that the temperature for
maximum density is now lowered down to 3.2°c and that the halo-
cline inhibits convection down to the bottom. The salinity profile
also reduces the deepening rate of the wind mixed layer which
could for example be seen in eqguation 10, where a stable salinity
gradlent always works as a sink in the turbulent kinetic energy
equation and therefore reduces the turbulent exchange From figure
8 it is also seen a negative temperature gradient just below the
well mixed layer. This is possible as the salinity gradient stabi-

lizes the density profile.

0000 20 LD 60 TO o 20 kD

pgfwgms)
5 35 5 MS 5 "
20 20 ¥s/ sk
R 40
ﬁ-,
60 60 |
80 80
100 ¢ ‘ 100 |

Figure 8 Cooling of brackzsh sea water during idealized ﬂondmtzons The wind
velocity 18 & ms and the net heat Zoss 200 wm . The numbers at

the curves are day numbers.

Meteorological forcing is however most changeable. To illustrate
the importance of wind mixing on the cooling rate, calculations
were made for zero wind speed and wind speeds of 15 ms l, figure 9.
The ngt heat outflow is as before 200 Wm 2. The figure 9 should be

compared with figure 8. Due to the wind, the mixed layer differs

17



considerably. This-highly effects the cooling rate. One could for
example see that cooling down to freezing point during zero wind
condition takes about 25 days. If the wind speed is 15 ms—l, the

freezing temperature is not reached even after 45 days..

0 -10 00 20 40 60 T(T) 0 20 L0 M. (kg/ms)
—~— ——————— " gff

i H\E \5 s
20/ | 20t

Lo} Lot

m)

Depth (

60 | 60 :
L - ( .
80+ 80
a
m 100._

0000 20 Lo 60 T o 20 L0 60 8 10 u.lkg/ns)

W s s b
20 20+
EL0} 40
£
=% |_—
& | ]
60| 60 [
4 .
' — ; {
80' k\ - 80'
- : - b
100 | | 100}

Figure 9  Cooling of brackish sea water during idealized conditions. In a) the
wind velocity is 0 ms™ L and in b) the wind velocity is 15 ms ~. The

net heat loss is 200 Wm—g. The numbers at the curves are day numbers

4.3 Different eddy viscosity assumptions

A main problem in modelling the mixed layer is to represent the

turbulent processes in a physical way. One classic approach to
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this problem was made by Ekman (1905). Ekman used a constant verti-
cal exchange coefficient when he studied the influence of the

earth's rotation on ocean currents. Later work has prdposed eddy

diffusion coefficients of different forms. For example Madsen

(1977) pointed out that an eddy viscosity coefficient which increa-
ses linearly from the sea surface is a more realistic model for
the wind induced Ekman boundary layer. From observations in the
Baltic, Kullenberg (1976) studied the vertical mixing in the sur-
face layer of the sea. In his work just conditions with fairly
strong winds and stable stratified waters were t;eated. During
cooling both stable and unstable condition must be considered,

and therefore the complete turbulent kinetic energy equation must

be solved.

Figure 10 illustrates how important different assumptions on the
eddy viscosity are for the cooling rate. In figure 10 a, b and ¢
the net heat outflow is 200 Wm_2 and the wind speed is 5 rrls_l but

different eddy viscosity formulations are used. Figure 10 a illu-

'strates a constant dynamical eddy viscosity coefficient which in-

creases linearly with depth in the upper surface layer, but is
constant in the main water column. The calculated temperature pro-
files are completely unrealistic compared with temperature profi-
les in the Bay of Bothnia. In figure 10 b also a constant dynami-
cal eddy viscosity coefficient is assumed which increases linearly
close to the sea surface and is constant just down through the
well mixed layer. The calculated temperature profiles seem a
little more realistic but the negative temperature gradient just
below the well mixed layer is to exaggerated and the solution also
disregards the dynamics of the turbulent processes. In figure‘lo c
the solution is in accordance with the model presented in this

paper.
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5. MODEL APPLICATION TO THE BAY OF BOTHNIA
5.1 Water temperature data

On October 22,1979 a water temperature measuring system was placed
in the Bay of Bothnia, see figure 1l. The system contained two
thermistor chains, type Aanderaa, with 11 thermistors in each. The
water temperature was measured from a depth of 1 m below the sea
surface to a depth of 75 m. The vertical resolution was 2 m for
the upper chain and 5 m for the lower chain. Temperatures were
measured every 30 minutes and stored on a magnetic tape. The rela-
tive accuracy of the data is better than 0.05°C. Due to the risk
of ice formation the experiment ended at December 14. The tempera-

ture system had then been working for 52 days and fortunately no

data were lost.

Figure 11  Map over the Bay of Bothnia with the 150 km meteorological grid
given by the crosses. The position of the temperature measurements
is indicated by the star. The measuring system is shown schemati-

cally beside the map.
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To get a first insight in how the water was cooled during the pe-
riod, changes in heat content were calculated from observed tempe-
rature data. In figure 12 the heat content in the upper 50 meters
and in the deeper layer are plotted separately. The upper layer is
influenced by meteorological forcing and therefore the heat content
decreases during the cooling. The deeper water layer on the other
hand shows a slight increase in the heat content. This is probably
due to advective currents and could not be predicted by a one-di-
mensional theory. From figure 12 it is also seen a rather rapid
éhange in heat content between November 8 to 1l4. This change is
seen in all temperature data which indicate that advective currents
could be important during this period.
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Figure 12  Heat content in the Bay of Bothnia based on the thermistor chain.

In the upper layer of the sea it is also interesting to study how
the vertical temperature profiles vary during autumn cooling. In

figure 13, the measured temperatures are plotted as 24 hours mean
values for the whole period. The figure shows several interesting
features. The temperature profiles start with a pronounced thermo-

cline. During cooling a negative temperature gradient is reached.
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Further cooling deepens the mixed layer and at the temperature of
maximum density the temperatures are almost constant with depth in
the surface layer. Passing the temperature of maximum density re-
stratification starts in the surface layer and the well mixed

depth is reduced}
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Figure 13  Measured temperature profiles, represented as 24 hour mean values.
5.2 Meteorological data

To calculate the heat and radiation fluxes and the wind stress,
weather data have been extracted from analysed synoptic weather
charts,'This was done every third hour in a 150 km cartesian grid,
see figure 11. Air temperature and air surface pressure data were
extracted from niné grid points. The cloudiness was extracted as
an areal average over the whole Bay of Bothnia. The grid used here
is the same as the grids used in the routine weather models. In
the future it will therefore be easy to couple the cooling model
with a routine weather forecast model. The geostrophic wind speed
was calculated from the extracted air pressure data. Together with
areal mean temperatures and cloud coverage values net heat flux

and wind stress were calculated according to chapter 3.5. Mean
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values of the meteorological data are shown in figure 14.
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Figure 14  Meteorological data.

5.3 Comparison between calculated and observed temperatures

In this section the results of the field measurements and compu-
tions with the mathematical model will be presented. The model
calculated the water temperatures with just initial profiles in
salinity and temperature and with meteorological input data accord-
ing to synoptic weather charts. Boundary conditions for the mathe-
matical model were obtained as described in the previous section.
Starting profiles in temperature and salinity is shown in figure
15, where the salinity profile is in accordance with an observa-

tion made by the Swedish Coast Guard close to the temperature

system.
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Figure 15 Initial profiles of temperature (T) and salinity (S) based upon

measurements from October 23, 1979.

" Computed and observed temperaturé profiles are compared in figures
16 and 17. In general there is a very good agreement between model
results and observations. The deepening of the thermocline due to
wind mixing and convection and the development of the restratifi-

cation are well calculated.

The interest is now focused on details of measured and predicted
temperature profiles. Figure 18 shows profiles of measured tempe-
mture @ashed line) and calculated profiles of temperature (T),

salinity (8), density (OT) and dynamical turbulent viscosity

(Mggg) -

The first profile to be examinedvis the one on October 28. It is
~clear that both the measured and the predicted profile have a tem-
perature maximum below the well mixed layer due to the combined
effect of temperature and salinity gradients which cause stable
stratification. During the next few days the model seems to be
more sensitive to the increased wind stress and cooling than the
measured profiles. In the model the temperature maximum below the

well mixed layer is eroded faster than shown in the observed data.
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As no sinks and sources exist in the salinity eguation and as ad-

vection is neglected, a much better result cannot be expected.

November 2 the depth of the well mixed layer is over predicted but
two days later there is. a strong wind and the depth of the mixed
layer is again in good agreement with measurements. Details of

these two days is found in figure 18.

A less encouraging period starts on November 9 and lasts for about
five days. The cause of the disagreement might be traced by noting
the rapid change of total heat content of the water column from
November 7 to 9. The change is not caused by the surface heat flux.
Advective transports are thus the only explanation. In figure 19
the explanation is firmly supported. It-is seen that the change in
the heat content by net surface heat flux does not correspond to
actual change in heat content during the period. Actually, a dia-
gram like this points out periods of strong advective influence,
periods when one dimensional models are inadequate. The next date
to pay. particular attention to is November 30, since the mixed
‘layer temperature now passes the temperature of maximum density,
3.2°C. Further cooling causes restratification. In figure 18 the
"mixed layer depth is almost 50 m as compared to 20 m on October 28.
The temperature of the mixed layer is still correctly predicted
even if the measured profile is not as straight as the one predict-
ed. In December both temperature and salinity gradients act to
reduce the mixing. December 8 and 12 are displayed in more detail
in figure 18. The eddy viscosity profiles show that the fully tur-
bulent layer is much more shallow than what could be concluded
from the density profiles; The weak stable stratification due to
the temperature is giving this effect. Interesting enough, these
conditions are favourable for once again producing a maximum in
temperature below the mixed layer. During the last days of the

period the maximum is found both in measurements and predictions.

Presumabiy the examination of the particular profiles has demon-
strated that cooling of brackish sea water brings out a number of
interesting phenomenon. When judging the performance of the mathe-
matical model one ought to have in mind the importance of salinity
on density, that just initial profiles in temperature and salinity
are used and also the inevitable uncertainty in the boundary con-

ditions. In light of this the agreement obtained after 52 days of
29



integration is, in the authors view, most satisfactory.
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Figure 19 Heat content of the water column as given by the thermistor chain

(dashed line) and’empected variations due to the one-dimensional

model (solid line).
6. SUMMARY AND CONCLUSIONS

The objective of this study was to examine cooling of the Bay of (
Bothnia during autumn. For this purpose temperature profiles were
measured in the Bay of Bothnia during 52 days, from October 23 to
December 13, 1979. The measured profiles have been compared to
calculated ones, obtained by a mathematical model. The mathemati-
cal model is based on the conservation equations for momentum,
heat and salt in their one-dimensional form and with an equation
of state which is linear with respect to salinity and quadratic
with respect to temperature. Turbulent exchange coefficients are

calculated with a kinetic energy—dissipation model of turbulence.

It was demonstrated by the model that salinity influences the
cooling by lowering the temperature for maximum density and that a

stable salinity gradient reduces the deepening rate of the wind
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mixed layer and inhibits convection down to the bottom. This sali-
nity effects are of great importance when modelling cooling in the
Bay of Bothnia.

The measured temperature profiles clearly demonstrate the import-
ance of both temperature and salinity gradients in the mixed layer

dynamics during autumn cooling.

Most important factors for the cooling rate are the heat loss at
the air-sea interface and the mixing depth. The mixing depth
depends mainly on wind mixing, convection and restratification
whén-cooling hasApassed the temperature of maximum density. All _
these processes could well be described by the mathematical model

and the computed and observed temperatures therefore agreed well.

‘-During five days, advective effects were found to have a strong
influence on the measured temperatures. Such events show the weak-
ness of one-dimensional models, which of course cannot handle ad-

vection.

To test the model further temperature data have been collected at
- two locations in the Sea of Bothnia during 1981/82. If the results
from these measurements are successful and model calculations are
in as good agreement with measurements as above, an operational
model for calculating cooling of sea water in the Bay and Sea of

Bothnia is planned.
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Nomenclature

Symbol Meaniﬁg

a; - constants

Aw absorption function

bi constants

C a constant

Cle’ C2€, C3e' Cu constants in turbulence model
Cp’ Cpa specific heat

CC’ CE heat transfer coefficients
Cd drag coefficient

d a constant

e, g vapour pressure

£ _ coriolis paraﬁeter

g gravitafional acceleration
h a constant

k turbulent kinetic energy

[/ ‘ length scale

L latent heat of evaporation
N, amount of clouds’ of category .i .
N ) total cloud coverage

Q net heat flux

Qg net short wave radiation
QL’ QL+’ QL+ long wave radiation

Qc sensible heat flux

Qp latent heat flux
Q9 _ solar constant

Qqr Oy water vapour density

S salinity

T , water temperature
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ol

air temperature

freezing point temperature

air turbidity

cloud function

transmission function

surface water temperature
temperature for maximum density
time

mean wind velocity in x-direction
mean wind velocity in y-direction (
mean wind velocity

Reynold stresses

turbulent transport of heat and salt
vertical coordinate

zenith angle

a constant

sea surface albedo

a éonstant . | (
rate of dissipation of k

water emissivity

molecular thermal diffusivity

molecular diffusivity of salt

effective dynamical eddy visdqsity (ueﬂfmvT)
molecular kinematic viscosity

turbulent kinematic eddy viscosity

air density

water density

Stefan Bolzmans constant
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k' Te
O

T.., T
x' 'y

Prandtl/Schmitt numbers
water density (p-1000)

wind stresses
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