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ABSTRACT

EKarlier attempts to prediet the heat budget and temperature in the
sea are reviewed, and the problems to be solved for successful prediction
of the temperature in surface layers are discussed.

Surface water masses are defined for practical forecasting purposes
on various geographical and physical bases, corresponding roughly to the
definitions of air masses in the atmosphere. Furthermonre, the classification
of optical water masses has been revised.

A general heat budget is established, and the terms in this budget are
evaluated for computing local changes of surface temperature. Some
examples of measured daily incident radiation during clear and cloudy
days are presented, and the following empirical formula for estimating
insolation from the noon altitude of the sun, the length of the day and
the cloudiness is derived (symbols see Chapter 4):

Qs = 0.014 A,t; (1 — 0.0006 C®) [g cal cm~2 (24 h)~1]
This formula is valid to 4, = 75°, above this value @, remains constant.
For short periods, the following formula can be used:
@os = 1.9sina [gcal cm=2 min=1]

It is concluded that average cloudiness (and also low visibility) during
the day can be estimated from pyroheliometer measurements by the use
of the following formula:

B e

_ —|/ _QOS - Qs_
’0.0006 Q,,
For estimating radiation reflected from the sea surface, the following

empirical formula, whicl is valid only for daily computations, is derived:

Q= 0.156 Q, — (0.01 Q.)* [gcalem=2 (24 h)~Y

For the computation of short term (hourly or three-hourly) albedo, a
simplified formula can be used:

300
Qr = Qs
44

For computing effective back radiation, the linear formula of LoNw-
QUIST is adopted and a graph is constructed for the estimation of effective

(tenth of sky covered)

r cal em—2 min—?1
g
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back radiation (Figure 12). The effective back radiation is corrected for
the effect of cloudiness with MOLLER’s formula:

Qs = Qo (1 — 0.0765 C) [g cal em—2 min—1]

Various theoretical and empirical formulas for estimating evaporation
from the sea are compared and the modified formula of ROEWER is found
to be the most accurate one.

B =026+ 0.077 V) (0.98¢, —e,) [mm (24 h)~1]

The change of wind speed with height over the sea in various stability
conditions is discussed and the average change is given in Figure 13.
Convective transfer of sensible heat is computed with the formula:

Qi = 39 (0.26 + 0.077 V) (T, — T) [g cal cm—2 (24 h)—1]

The possibilities for estimation of the changes in the temperature of
the air moving over the ocean are pointed out.

Diurnal variations of sea surface and air temperatures are discussed
and the selection of proper values for use in the above formulas is re-
commended.

When the differences (7 — 7.) or (0.98e¢.— ¢,) are negative,
sensible heat is transferred to the sea or condensation of vapour takes
place on the sea surface. In these conditions high stability of the air
close to the sea surface is expected and therefore the following modified
formulas are proposed:

Q.= 0.077 V (0.98 ¢, — &) Ly, [gcal cm—2 (24 h)~1]
=3V T,—1T) g cal em—2 (24 h)—1]

The heat budget of seas covered with ice is discussed, and a formula
for the computation of heat conduction through the ice is given.

The factors affecting the thermal structure in a given locality in the
sea and procedures for the computation and prediction of temperature
structure are critically reviewed, and the methods, formulas and theories
applicable for prediction of temperature changes in given localities are
set out in Part IT.

Tables are computed for the determination of the amount of radiation
absorbed in different layers of the sea and by different optical water
masses. Synthetic procedures are described ancd formulas given for the
computation of temperature changes at various depths in the continuous
density model and in the two-layer system, using the above-mentioned
tables.
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The changes of temperature caused by mixing are discussed, and the
difficulties of the estimation of the austausch coefficient are reviewed.
Convective stirring and mixing by wave action are considered as the most
important mixing processes in the surface layers, and formulas for the
estimation of the thickness of the mixed layer caused by these factors
arve given. Wave forecasting formulas ave reviewed and a new simplified
formula 1s proposed, in which the length of the fetch, the duration of
the wind, its speed and the difference betweeun the sea and air temperatures
enter as parameters (Formula 48).

The periodic short- and long-term fluctuations of the thermocline
depth and the difficulties of their prediction are discussed.

The horizontal transport of heat by currents must be accounted for
by predicting the temperature changes in a given locality. The separation
of wind euwrrents from permanent flow is recommended, and procedures
for the estimation of the direction and speed of surface currents from
wind and from changes of atmospherie pressure data are described.

The influences of tidal currents on the temperature in shallow water
are outlined. The principles for the estimation of the movement of current
divergences and convergences are established.

The influence of the changes of sea level, caused by changes of baro-
metric pressure and the piling up action of wind, on the water temperature
and the depth of the mixed layer are described, and existing formulas
for computing sea level variations are reviewed.

In Part IIT the application of the formulas and procedures for the
forecasting of sea temperatures are illustrated with hindecasts in three
different sea aveas. General rules are given for the selection of data
(both. meteorological and oceanographic) to be used for the computation
of forecasts. The hindecasts are presented in tabular form, and the
procedures of estimation in case of lacking or deficient data are briefly
described. The accuracy of the forecasts and the local factors affecting
the accuracy are pointed out. At the end, an antoevaluation of the whole
work is given and some problems to be solved in the future, in oxder to
improve the accuracy of the forecasts, are listed.

The author wishes to express his thanks to Prof. I. Hrra of Helsinki,
and to Dr. J. Lymax and Dr. B. E. Ousox of Washington, for their
encouragement in this work; to the U. 8. Navy Hydrographic Office for
providing valuable data; to Prof. H. Parmen, Prof. L. Vuorrra and
Dr. H. SmmoJsoxi, Helsinki, for constructive criticism; and to Mr. C.
Day and Miss P. ANDREWS for checking the language of the manusecript.



PART I

HEAT EXCHANGE BETWEEN THE SEA AND
THE ATMOSPHERE

L. INTRODUCTION

Successful conduct of human activities at sea (navigation, fishing,
ete.) requires the ability to predict the behaviowr of natural phenomena
which influence these activities.

One of the most important practical aims of science is to provide
predictions, made possible by scientific descriptive and experimental
procedures and by interpreting the vast amount of data gathered on the
behaviour of elements in the natural system.

Forecasts of various oceanographic conditions have long been made,
and some have been extremely successful (e.g. prediction of tides, waves
ete.). In recent years, attempts have been made to extend forecasting
to other conditions which especially affect fisheries and navigation
(Terapa and Hanzawa, 1957, and others). Lamvastu (1960) has
summarized the general principles and procecure of complete hydroptic
forecast.

Hydropsis (= hydro synopsis) (Liyaraw, 1958) is roughly comparable
to synoptic meteorology. Hydropsis is defined as analysis of oceanic
conditions in a given area, based upon more or less »synoptics data
obtained within a few days, and predictions based upon this analysis.
(The term hydroclime was selected by Lyman (1958) to indicate average
hydrographical conditions, based on statistical treatment of, for example,
monthly data, collected over many years).

This paper analyzes and summarizes the principles and methods for
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forecasting temperature and its changes in the surface layers of the sea.
New approaches and significant improvements to the earlier procedures
are proposed. Emphasis is put on the construction of empirical formulas,
based on the consideration of physical cause-effect principles, which can
be used with ease for practical predictions. The parameters and factors
in these formulas are selected so that they are either contained in routine
meteorological and oceanographic observations, or can easily be derived
from them.

2. BARLIER WORK ON THE PREDICTION OF THE
TEMPERATURE AND HEAT BUDGET OF THE SEA

The temperature hydroclime of the sea surface is relatively wellknown
and is shown on monthly maps in many atlases. However, considerable
differences occur between the average temperatures at different seasons
and in different years. The big temperature variations from year to year
in the surface water of the Norwegian Sea, and their causes, were analysed
by Hrrrawp-Hawsexw and Nawsew (1920). They concluded that the
major causes of these variations are to be found in the variations in solax
radiation, that the change in air temperature goes ahead of the change
in water surface temperature, and that the winds are the principal cause
of the temperature variations of the surface layers. The wind action also
causes the surface waters to pile up, and there is, thevefore, a positive
mathematical correlation between the water level along the European
coast and the temperature.

On the other hand it has long been recognized in Japan and
in maritime countries elsewhere that the temperature conditions in the
surrounding seas govern the air temperature over the land and influence
the annual field crops. Many attempts have been macde in Japan to
forecast sea swrface temperature (HavasHi, 1935, Suba, 1938, Taxe-
NouTi, 1957).

SHULBIKIN (1953) considered in detail the processes of energy exchange
and summarized the Russian papers on the prediction of sea water
temperature. The most complete treatment of forecasting the thermal
structure of the sea is that by Scwuir (1952).

Attempts to predict water temperatures may be divided into two
groups covering the long term trends and the short term changes.
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2.1. PREDICTION BY CORRELATION AND LONG TERM TRENDS

Harawaxa (1948) found that the secular variations of coastal water
temperature in the north-eastern sea region of Japan had a 9-year period.
WaranaBe and Hirano (1955) tried the slong term trendsy method by
computing the correlation between the resemblance and the temperature
anomalies for four different areas west of central and southern Japan
and predicted the temperatures by correlation. McLELLAN and LAUzZIER
(1956) considered the cyclic nature of the variations of temperature in
past years around eastern Canada and concluded that long term trends
could be forecast with some confidence.

Mirrar (1952) showed the possibilities and limitations of statistical
temperature forecasts for 8 days, in the Great Lakes of North America,
based on one past temperature observation and the normal annual curve.
He concluded that predictions could be improved by using more past
observations and an elaborate regression formula.

Koumsnikov (1947, 1953) derived a complicated theoretical formula
for determining annual variations of temperature; it had 6 arbitrary
constants and 6 auxiliary equations from which the constants could be
determined. These formulas required the use of computers and have not
been applied for practical prediction.

It can be concluded from the study of the above and other similar
attempts that the predictions utilizing seasonal temperature curves for
restricted localities are unsatisfactory and do not allow any greater
accuracy. Considerable variations occur from year to year, as pointecl out
by Hrerranp-Hansgn and NANSEN (1920), and it is important to know
these as well as shorter term variations,

2.2. SHORT TERM PREDICTIONS BY CONSIDERING THE HEAT BUDGET

The heat budget method has been used by several workers for the
computation of seasonal averages of heat-exchange components (Jacoss,
1951; Masvzawa, 1952; NrumaN and RosExaw, 1954). Almost identical
formulas have heen used by the workers mentioned. These formulas
were worked out by Kimsarnr (1928), MossBy (1936) and SVERDRUP
(1945). Hrrpa (1951) developed a slightly different approach for the
computation of energy exchange between the sea and the atmosphere in
the Baltic Sea. He analysed the exchange processes and adapted Drvix’s
(1932) formulas for the computation of the exchange. In his work, Hrra
pointed out the relation between the direction of the wind and the sea
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surface temperature in the Baltic Sea and discussed other factors pertinent
to hydropsis in coastal waters and semi-closed seas. Juna and GILCREST
(1955) and WaTaNABE (1955) investigated the heat budget of a water
column in the North Atlantic and the North Pacific respectively, taking
into consideration the advection and change of thermocline depth.

The aim of the present paper is to perfect existing methods and
formulas for the prediction of the temperature structure in the sea and
its changes caused by the changes in the heat exchange between the sea
and the atmosphere in a given locality and by the advection of heat by
currents.

3. PROBLEMS OF FORLECASTING TEMPERATURE IN THE SEA
AND AN OUTLINE FOR A FORECASTING PROCEDURE

There are many processes acting simultaneously in the sea and tending
to change the temperature of the water. It is often difficult to ascertain
the varying influences of different factors separately because of the
difficulties in carrying out controlled experiments and the expense of
collecting data at sea. In order to facilitate investigation, the problems
can be grouped according to several principles. In the present paper the
following sets of problems are considered:

I. The influence of factors from outside the sea which affect local
changes of water temperature: that is, the exchange of heat
between the sea and the atmosphere (insolation, back radiation,
evaporation, precipitation, etc.).

1I. Absorption of radiation in the sea.

III. Temperature structure in a given locality as determined by
turbulent mixing and vertical convection. Here two different
models must be considered (ScHUuLE, 1952):

(1) Density as a continuous function of depth;
(2) The two-layer system.
In the two-layer system it is necessary to determine:
(a) the average thickness and temperature of the upper
mixed layer;
(b) the sharpness of the thermocline and related pycnocline;
and
(¢) periodic and non-periodic variations in the depth of the
thermocline.
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IV. Horizontal transport of heat by upper currents and run-off and
horizontal mixing.

V. Other factors affecting the temperature structure (variations of
sea level, piling-up, convergences and divergences of currents,
upwelling, ice cover, etc.).

The exchange processes between the sea and atmosphere take place
at the sea surface, where also the deep water masses are formed, which
are later modified by mixing. Furthermore the activities of man are
mainly concerned with the surface waters. Therefore, in hydropsis, the
main emphasis is on the prediction of changes in the surface waters,
caused by the day-to-day changes in meteorological conditions.

For application in hydropsis, it is necessary to have formulas in terms
of readily measurable physical parameters, preferably those used already
in routine observations. Therefore, the solution of the problems in this
paper must, in the main, be sought on an empirical basis with a
consideration of cause-effect principles.

Relatively little advanced statistical treatment of data has been per-
formed in the present work, mainly because of the availability of only a
limited number of samples and observations on heat exchange problems.
TFurthermore, emphasis has been put on the explanation of the dependence
of happenings, especially in relation to routine meteorological and oceano-
graphical measurements, and not on the determination of the probability
of occmrrence. Kinsmaw (1957) pointed out that the data in geophysical
problems, in contrast to laboratory problems, arve characterized by small
samples which cannot be readily extended. He suggested that the small
sample theory makes feasible a division of the data into two groups, one
to be used in formulating hypotheses and the other to be used as test
material. In this way, the validity of any hypothesis may be established
without the long delays inherent in gathering more data.

Where the physical or dynamical processes are known, the formulas
have been constructed and the corresponding argument derived on the
basis of known relations. If a statistical treatment of a problem has been
necessary and wherever the nature and amount of the data have allowed,
the regression curves have been constructed and the numerical arguments
derived at first hand according to conventional statistical methods (see
Kzrxinrn, 1941).

In most cases, the nature of the problem and the data, and the
already existing background knowledge, have made the application of
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routine statistical procedures undesirable. In some cases, curve fitting
and the determination of empirical arguments have been carried out
through trial fitting of curves with the simplest possible formulas which
would yield the same or higher accuracy than the standard statistical
curves. I'ormulas (10) and (17) can be given as examples of this kind of

fitting.

AH —

H, —
Hw ‘
H 1/3 -

h —

4. NOTATIONS AND UNITS USED

Austausch coefficient

Amount of air (g)

Noon altitude of the sun (degrees)

Amplitude of the tide (m)

Percentage of energy absorbed in a layer 1
Atmospheric transmission

Cloudiness (in tenth of the sky)

Optical air mass (D = 1 with the sun at zenith)
Difference between the dynamical depth of two stations
(or of anomaly of dynamic height)

Average depth of the thermocline (m)

Change of the depth of the thermocline (m)
Thickness of the mixed homogeneous surface layer
(depth to the upper limit of the thermocline) (m)
Depth of the deeper end of the thermocline

[(Din — Do) = thickness of the thermocline) (m)]
Density of the air (~ 1.24 g 1-1)

Thickness of the ice (em)

Evaporation [mm (24 h)—!]

Water vapour pressure of air (mb)

Saturated water vapour pressure at the temperature of
the water surface (mb)

Length of the fetch (km)

Acceleration of gravity

Humidity factor (2.0 by 1CAO Standard Atmosphere)
Elevation of sea surface (in em per 100 km)

{p — aapn) — geostrophic potential

Depth of the water (m)

Average height of the 1/3 of the higher waves
(significant wave height) (m)

Specific heat of the air (a 0.238 g cal g—1)
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Change of sea level (mm)

Intensity of monochromatic energy transmitted through
cloudless atmosphere

Intensity of solar rvadiation on a horizontal surface
outside the earth’s atmosphere

Constant, proportionality factor in general
Proportionality factor (explained in text where numerical
values are given)

Stefan-Boltzman constant (8.13 x 107%calem 2°K~4min"1)
Evaporation constant (explained in text)

Constant for Bowen’s ratio (given in text)

Conversion factor for conversion of water vapor pressure
to grams of water in the air

Specific heat conductivity of the ice (given in
Smithsonian Meteorological Tables)

Latitude

Latent heat of evaporation (g cal)

Thickness of the layer (cm)

Distance in nautical miles

Thickness of layer 1 and 2 (i)

Mixing length by tidal currents

Percentage of reflected direct radiation

Percentage of reflected sky (diffuse) radiation

The change of atmospheric pressure (mm Hg)
Fraction of total radiation from the sun (direct radiation)
Air pressure (mb)

Pressure

Amount of precipitation (snow) in mm. of water
Amount of heat in general (g cal.)

Effective back radiation from the sea surface (long wave
radiation)

Black body radiation

Heat from the bottom of the sea

Heat transfer by condensation of water vapour

Heat used for evaporation

Heat transferred by fresh water run-off

Net convection of sensible heat to and from the atmos-
phere
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Heat released by chemical processes

Heat used in an area for the local change of water
temperature (residual heat)

Back radiation by clear sky

Heat transferred by precipitation

Reflection back from the sea surface (albedo of the sea
surface)

Total incoming radiation (solar and sky)

Total incoming radiation by clear sky

Heat transported in or out of the area by currents
Heat from the dissipation of wind and tidal energy
(transformation of kinetic energy)

Fraction of total radiation from the sky (diffuse)
Specific heat of sea water

Bowen’s ratio

Percentage of total incoming radiation reflected
Temperature in general

Temperature of the air (°C)

Absolute temperature of the sea surface (= 7', + 273)
Dry bulb temperature (°C)

Temperature of deep water below thermocline (°C)

(1 and 2) Temperature of the opposite surfaces of the
ice (°C)

Initial temperature of the water (°C)

Average initial temperature of the surface mixed layer
above the thermocline (°C)

— Temperature of precipitation (°C)

Normal, average surface temperature for the date under
consideration

Temperature of sea surface (°C)

Wet bulb temperature (°C)

Temperature of the water in layer 1 (°C)

Average calculated (new) temperature of the surface
mixed layer above the thermocline (°C)
Temperature of the layer 0 to 2.5 m. (°C)
Temperature of the surface layer as computed with
Formula 41 (no heat losses accounted for) (°C)

Time, in general

Period of tidal current
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la — Length of the day from sunrise to sunset (minutes)

Lo — Time in days

th — Time in hours

tp — Period

byec — Time in seconds

U, — Volume of heavier water passing through unit interface
in unit time

U, — Relative humidity (%)

vV — Wind speed (m sec™1)

V, — Wind speed in miles per day at the height of 2m above
the water surface

w — Velocity of the current (cm sec—1)

W, — Critical velocity of mixing

W, — Velocity of the surface layer

W, — Mean velocity of a tidal current

W nx — Maximum velocity of a tidal current

X — Distance from the coast (ki)

Y/ — Zenith distance of the sun

Zu — Depth

q — Specific volume anomaly (constant along d, — surface)

a — Average solar altitude (degrees)

Vom — Temperature lapse rate (°Ckm~1) (6.5 by ICAO Standard
Atmosphere)

0 — Density of the water

il} — Densities of layers 1 and 2

<2

@ — Anomaly of the dynamic height

5. CHARACTERISTICS OI' WATER MASSES

The surface water masses need to be defined, if possible, in terms
similar to those defining air masses, for the use of general forecast in the
sea. The term »surface waters refers usually to the water above the
thermocline and/or to a depth of 200 m. In this paper water types have
been defined in a generalizing way only, sufficient for hydropsis. The
definitions are made on the basis of salinity, temperature, range of
seasonal changes and »coastal influences. A separate classification of
waber types on the basis of optical properties has also found to be
necessary, because of the variations in the absorption of insolation.
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Table 1. Characterisiics of oceanic and coastal surface walers

Property of the Oceanic surface Coastal surface
waler mass waters waters
1 2 3

Temperature | Determined by heatl exchange | As well as col. 2, the changes
between air — water, vertical |are caused by intensive
mixing and transport by mixing, transport by fresh
curremnts. water and bottom influence.

Salinity Uniform; determined by £ —P | Usually lower, owing to runoff

balance, vertical mixing and | from land.
locally by melting of ice.

Turbidity Low; mainly caused by High; influenced by runoff
plankton. and upwhirling of sediment
from bottom by wave action.

Seasonal and Small; depencls on latitude | Large, influenced by land

Diurnal changes mMasses.

Currents Wind cwrrents and permanent | Tidal currents predominate;
flov. cwrrents Influenced by the

morphology of the coast.

Fertility Uniform and low, (higher in | High, influenced by mixing,
upwelling zones). upwelling and runoff.

Detailed characteristics of the oceanic and coastal waters are given in
Table 1. A further division of oceanic water masses can be made on a
geographical basis, considering salinity and temperature and their
seasonal changes. The values of these properties, given below, are
approximate average criteria.

Polar waters of low temperatwre and low salinity (<< 8°C and << 34%/y,);

relatively small seasonal changes in salinity and temperature
(< 5°C).

Boreal (or temperate) waters of medium temperature and salinity.
Relatively large seasonal changes.

Tropical waters of high temperature and usually high salinity (> 20°C
and > 35%,). In the doldrums, however, the surface salinity
may be relatively low, because of precipitation. Small seasonal
changes (<< 5°C).
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A further subdivision of coastal waters is unnecessary, as these waters
can easily be classified by optical properties and salinities.
Mixtures of different water masses have been described by means of
various terms. For hydropsis the following terms have been selectec:
Subpolar — a mixture of polar and boreal water masses.
Subtropical — a mixture of horeal and tropical water masses.
(Boreal mixed — a mixture of polar and tropical water masses).
Slope water — a mixture of any offshore and coastal water masses.
It is necessary to know how much radiation is absorbed by various
water masses before temperature changes can be computed, and so the
optical properties of the water masses must be classified. These properties
also indicate the productivity of the waters and, sometinies, their origin.
The optical classification, presented in Table 2, is largely hased on the
works of JErLOV and KurLLeNsrre (1946) and JerLov (1951). It was
found necessary to combine several optical water masses cefined by the

Table 2. Optical water masses

No. Water mass Characteristics

1 | Oceanic, clear. »Oldy clear oceanic waters in low-productive arveas
(especially in low latitudes). Water colour 0 to 2
(Forel Scale). (J. Oceanic TI).

2 | Oceanic, normal. | Medium-productive oceanic waters in medium and low

|

}

latitudes. Water colour 2 to 5. (J. Oceanic 1T and TIT). |
\

3 | Oceanic, turbid High-productive oceanic arveas, especially during

and plankton bloom. Tropical coastal waters, especially

‘ Coastal, clear. ‘ over deep shelves. Water colour 5 to 8. (J. K. Coastal
‘ 1—3).

4 | Coastal, normal. Normal, medium-productive coastal waters and waters

over shallow shelves. Water colomwr 8 to 10. (J. K.
Coastal 5).

5 | Coastal, turbid. Estuarian and coastal waters during intensive plankton
bloom and waters close to the coast where much
sediment has been whirled up by wave action. Water
colour 10. (J. IC. Coastal 9).

Abbreviations: J. . — Jerlov and Kullenberg, 1946
J. — Jerlov, 1951.



Table 3. Values of some small terms <n the heat budget

Heat term

Value

Locality and other
remarks

Author

@5 — Heat flow through
the bottom of the
sea.

Q.+ — Heat from dissipa-
tion of wind and
tidal energy

@Qr — Heat bound and/or
released by
chemical processes
(mainly photo-
synthesis).

50—80 g cal em— year-?

1050 g cal cm™ year—?!
(=0.002¢g cal em™min—)
0.002 g cal em™ min?

-
1 g cal cm

235 g cal cm™? year-1

(= 0.00045 g cal cm~*
min~1).

Irish Channel

Bay of Fundy (tidal
energy only).
Dissipation of wave
energy, generated by
16.5 m sec~! wind

Assuming organic
production 250 ¢ Carbon
m™ year—l

Helland-Hansen, 1930

(from Sverdrup, Johnson
and Fleming (1949). |
Bullard, 1954.

Taylor, 1919. (from
Sverdrup et al., 1949). ‘
Recalculated from
McLellan, 1958.

Olson, 1959. ‘

Present author. ‘

# Dissipated in unspecified time in area equal to area of generation.

msoaen T
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above authors, because (a) a very detailed classification is only possible
when actual measurements are made, and (b) the optical properties of
water masses can change relatively rapidly to a certain degree (e.g.
through plankton bloom, upwhirling or sedimentation of minerogen
suspension), which makes the detailed classification superfluous.

6. HEAT BUDGET OF THE SEA

The amount of heat used in the change of temperature in a given
locality and time can be represented by the formula below (for notations
and units used, see Chapter 4):

(1) Q5+QB+QIUI+Qk+Qf+Qc_Qb_Qr_Qh_QB+QP+
+QUZQI

The amounts of @p, @ and @ are found in the major part of the
oceans to be < 1 per cent of ¢, or even very much smaller and can
therefore be ignored for practical purposes (Table 3). The formula can be
reduced to:

(2) Qs+Qf+Qc+Qp_Qb’_Qr_Qh_Qe_{_Qu:QI

@y can be ignored in offshore areas and ), needs be taken into account
if there is a considerable amount of precipitation, if the temperature of the
precipitation differs considerably from the temperature of the sea surface,
or especially if the precipitation comes down as snow or hail. @, and @,
are computed with the same formula, where the negative values give Q..
In the following, a critical examination is made of the terms in equation
(2) and formulas for computing these terms ave derived and/or existing
formulas revised.

7. INSOLATION

7.1. BARLIER WORI ON THE DETERMINATION OF INSOLATION

In most of the earlier work, the intensity of parallel monochromatic
energy transmitted through the cloudless atmosphere was computed from
the values of solar radiation on a horizontal surface outside the earth’s
atmosphere, according to the formula:

(3) I, = Iy, e,
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The solar radiation on a horizontal surface outside the earth’s
atmosphere (/,;) [g cal ecm=2 (24 h)~1'] is given in LisT 1951,
Smithsonian Meteorological Tables. According to the latest investigations,
the average solar constant is between 1.90 and 1.94 ¢ cal cm—?min=tand
can vary from 2 to 3%, either in very short or very long waves (Drum-
MOND, 1958). Furthermore, according to DrummonD (1958), the solar
radiation varies with the earth’s distance from the sun, being circ. 7 per
cent greater during the northern winter. The atmospheric transmission («;)
depends mainly on the turbidity of the air caused by dust, water vapour
and water particles. The unit optical air mass (D) can be presented with
the values of sec Z except for large zenith angles.

KmBarr (1928) computed the daily totals of solar radiation received
on a horizontal surface on the earth, in the absence of clouds, for various
regions between 90°N and 60°S and for the 21st day of every month.
He corrected the values for average atmospheric turbidity. These cata
have been used by the majority of workers on heat budget studies as a
basis for computing insolation.

MosBy (1936) has given an empirical formula for the determination of
insolation by a clear sky:

(4) Qo = 0.0275¢ (g cal cm~2 min~1)
The factor 0.0275 varies slightly with the air mass and turbidity. Mospy

(1936), SVERDRUP (1945) and JacoBs (1951) have used KimBarL’s (1928)
Formula (5) for the calculation of insolation by varying cloudiness:

—
O
~—

Qs - Qos [029 —I_ 071(1 - O)]

AxprErson (1954) found that Mosey’s insolation formula (Formula 5)
gives circ. 15 per cent too low values.

Relatively few radiation data over the sea areas were available when
KmBarr and MosBy dervived their radiation formulas. No suitable
formula exists at present for the computation of insolation on a daily
basis. In the following such a formula is derived, using the 102 full-day
radiation measurements made on board USS »sRehoboty at different
latitudes and during different seasons and kindly given to the author by
the U.S. Navy Iydrographic Office. An examination of the accuracy
of the insolation computed is also made, together with an examination
of the factors affecting the variations in insolation.
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7.2. EXAMPLES OIF MEASURED DAILY INCIDENT RADIATION

The incident radiation was read from continuous pyroheliometer
recordings on board USS »Rehobot» (U.S. Navy Hydrographic Office,
1955) and presented as g cal em~2 for the past hour.

Examples of measured incident radiation are given in Iigures 1 and 2,
where cloudiness and the types of clouds are also indicated. Figure 1

100

[{o}
O
I

®
©

RADIATION g cal cm=2 (in the past hour)

L . L 1

Figure 1. Examples

1. Data for the curves

Number Lat.
1 58°N
2 40°N
3 23°N
2. Cloudiness symbols
Cloudiness
0 —3
4 —5
6 —17.0
7.1—8.0

6 7 8 9
HOUR OF OBSERVATION

of measured incident radiation (clear days).

Total incicdent

Long. Date racliation g cal
em™? day~!
9°Ig 12. I1I. 53 728.7
11°E 12. II1. 51 429.2
57°W 5. I1I. 53 596.4
Symbol Cloudiness Symbol
O 8.1— 9.0 O
|
© 9.1— <10 ®-
|
€& 10 -@-
1
]




26 T. Lacvastu

100
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304

201

RADIATION g cal em~2 (in the past hour)

9 10
HOUR OF OBSERVATION
Figure 2. Examples of measured incident radiation (cloudy days).

1. Data for the curves
Total incident

Number Lat. Long. Date radiation g cal
em~? day~t
1 41°N 11°W 28, IT1. 51 401.3
2 43°N 51°W 9. IX. 51 190.9
3 42°N 29°W 28, III. 52 204.6

2. Cloudiness symbols see Figure L.

presents the insolation under a predominantly clear sky. The irregularities
in curve 1 during the 13th and 14th hour of the readings are caused by
changes in the cloudiness. The same cause is operative in curve 3 during
the 8th hour of reading, when the temperature of the drvy bulb dropped
3°T, the wet bulb temperature remaining the same as during the previous
hour; consequently, the relative hwmidity of the air increased. As a
further consequence, the visibility decreased from 37 to 13 kilometres.
During the 12th hour of reading on the same day (curve 3), the dry bulb
temperature dropped 2°F and the wet bulb remained the same. There
was also an increase of cloudiness and a decrease of visibility (from 37 to
18 kilometres). In both cases (during the 8th and 12th hour of readings)
the insolation decreased because of the increase of the cloudiness and the
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increase of the relative humidity, with the accompanying decrease of
visibility and increase of the turbidity of the air.

Figure 2 shows examples of measured incident radiation during
cloudy days and days with variable cloudiness. On curve 2 a cold front
passed after the 5th hour of reading and caused considerably lower
insolation for the remainder of the day, probably because of the higher
relative humidity of the cold air immediately behind the front. Curve 3
on Iigure 2 represents insolation during a stormy day, during which
visibility varied between 3.5 and 15 kilometres.

7.3. EMPIRICAL DETERMINATION OF INSOLATION WITH A CLEAR SKY

Obviously the magnitude of the daily insolation on the ocean surface
by a clear sky depends mainly on the length of the day and the noon
altitude of the sun. The latter factor accounts partly for the factor «;
used in formula (3). Excluding so far the corrections for cloudiness and
turbidity of the air, which are considered in a later paragraph, the formula
for determining incident radiation per 24 hours with a clear sky may be
given as
(6) Qos - ](]Antrl
The values for A4, and f; can be computed using nautical almanacs.

SOUTHERN HEMISPHERE

| !

JUL. AUG. SEPT.  CGCT. | NOV. DEC. JAN. FEBR. MARCH APR. ~ MAY  JUN

° °

90“ 90
80- 80
2
§ 70 70
S
2
2 60 ‘60
E
D56 ‘50
L
&
L 40 40
O
8 30 30
a3
L
20 20
<t
10 10
0 — o
' | i

b — - 7 - 5 ; = T
JAN. FEBR. MARCH AFR. MAY JUN. JuL AUG. SEPT. OCT. NOV. DEC.
NORTHERN HEMISPHERE

Figure 3. Noon altitude of the sun.
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SOUTHERN HEMISPHERE
JUL. AUG. SEPT. = OCT. NOV. DEC. JAN. FEBR. MARCH  APR MAY : JUN

24

LENGTH OF THE DAY (hours)

L S N T S S —— [ T ] T ] .
JAN. ! FEER.‘ MARCH APR. ' MAY ‘ JUN. ! JuL. \ AUG. SEPT. ' OCT. NOV. DEC.

NORTHERN REMISPHERE

Figure 4. Length of the day.

For convenience and to save time, these values are given in graphical
form in Figures 3 and 4, from which the noon altitude of the sun and the
length of the day can be taken with sufficient accuracy for given dates
and latitudes. The U.S. Navy Hydvographic Office (1959) prepared a more
advanced solar altitude nomogram, which is especially useful for short-
term (e.g. hourly or three-hourly) determination of insolation.

The proportionality factor K, also contains indirectly the turbidity
factor of the air. As will be shown later, the variations of this turbidity
factor with place and time in general affect the insolation much less than
cloudiness, and therefore variations in the turbidity factor can be
neglected for the present purpose. In orcer to determine the average value
of proportionality factor K, empirically, the measured total daily in-
cident radiation (g cal em=2) was divided by the length of the day (in
minutes) and the factor so derived was plotted on the abscissa with the
noon altitude of the sun as ordinate. The available insolation data with
the cloudiness less than five tenths are plotted in Figure 5. Figure 6
contains data for cloudiness 6 to 9, and Tigure 7 the insolation data with
cloudiness greater than nine tenths.
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There is considerable scattering of the values on the figures due to:

(1) Difficulties in determining visually the exact amount of the
cloudiness. '

(2) The variation of the amount, thickness, height and types of
clouds from hour to hour.

(3) Variation of the water vapour content of the air and other
meteorological factors.

(4) Human and instrument errors in reacing the pyroheliometer and
recording and computbing the data.
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Figure 5. Average daily incident radiation at different noon altitudes of the sun
(cloudiness 0 to 5).

1. Data for the regression lines

Line 1 — Cloudiness 0 [Formula (11)]
» 2 — Cloudiness 5 [Formula (11)]
» 3 — Cloudiness 3 [FFormula (11)]
» 4 — Cloudiness 0 (from ICimball, 1928, Table 3)
» 5 — Cloudiness 5 (computated from Kimball’s Table 3 and calculated

with the formula: @, = ,[0.29 + 0.71 (1 — ()]
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In considering the plotted data (Figures 5 to 7), it is evident that the
relation between the factor derived by dividing the total measured
insolation by the length of the day and the noon altitude of the sun can be
conveniently presented by a straight regression line with the formula:

(7) Qos = 0.014 4,4y [g cal cm—2 (24 h)~1]

If more data become available, the factor 0.014 could be expressed
more exactly. With a solar altitude greater than circ. 75° and with a clear
or slightly cloudy sky, the relation seems to be non-linear. This deviation
might be due to three factors: (a) the higher turbidity of the air in the
tropics; (b) decrease in reflected radiation from the sky by small zenith
distances of the sun; and because (c¢) the value of the solar constant is
approached at the high noon altitude of the sun. Therefore linear Formula

NOQON ALTITUDE OF THE SUN (An)

i = T 7 = o P o i R T T T T
ol 02 63 O 05 08 o7 08 09 10 Ll
DAILY AVERAGE INCIDENT RADIATION (%1 g cal em-2min-!

TFigure 6. Average daily incident radiation at different noon altitudes of the sun
(cloudiness 6 to 9).

1. Data for the regression lines

Line 1 — Cloudiness 8 [Formula (11)]
» 2 — Cloudiness 7.2 [Formula (11)]
» 3 — Cloudiness 7 [FFormula (11)]
» 4 — Cloudiness 6 [Formula (11)]
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(7) is valid up to about 75° of the noon altitude of the sun. Above this
altitude, the product K, A, can be taken as constant, in which case the
formula reads:

(8) Qo = 1.06 1, [g cal em~—2 (24 h)~1]

The relation of the incoming radiation to the noon altitude of the
sun as computed from IK1mBari’s (1928) Table 3 is given in Figure 5.
His theoretical values are considerably smaller when the noon altitude of
the sun lies between 50° and 80°. This might be due to the fact that the
reflection of the radiation from the sky considerably increases the in-
solation on clear days at medium solar altitudes. The theoretical formula

B S 1 3 2

i

|

|
80 - |
{
/

70

60

504

40 -

307

NOON ALTITUDE OF THE SUN (An)

20-

T =y T T T 1 —— ;
ol oz a3 04 Q5 08 o7 o8 0.3 1o 1

DAILY AVERAGE INCIDENT RADIATION (9{;_) q col cm °min”'

Ifigure 7. Average daily incident radiation at different noon altitudes of the sun
(cloudiness > 9 to 10).

1. Data for the regression lines
Line 1 — Cloudiness 10 [Formula (11)]
» 2 — Cloudiness 9 [Formula (11)]
» 3 — Cloudiness 9.6 [Formula (11)]
» 4 — Cloudiness 10 (from Iimball’s Table 3 and caleulated with the
formula: Q; = Q,; [0.29 + 0.71 (1 — ()]
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used by KimBarr does not account for this reflection and radiation from
the sky.

Incident radiation measurements per minute by a clear sky, taken
from the USS »Rehobots, have been plotted against the average solar
altitude in Tigure 8. According to this figure, the insolation can be
expressed by:

(9) @os = 1.9sin e (g cal cm—2 min—?)

or by linear Formula (4) using factor 0.028, which is close to Mossy’s
value. The linear formula is valid to about 67.5° average solar altitude,
()»s remaining constant above this altitude (= 1.9 g cal cm~2 min—%).

The factors in Formulas (7) and (4) ave not directly comparable becaus>
Formula (7) uses the noon altitude of the sun and gives the insolation per
day, but Formula (4) uses average solar altitude, giving insolation per

907

70

60+

(degrees)

oC AVERAGE SOLAR ALTITUDE

e 3= .k
© o2 03 08 o8 o 2 ra 3 8 20 22 24 26
INCIDENT RADIATION g. cal, em~Zmin-!
Figure 8. Incident radiation (solar and sky) wish clear sky at various solar altitudes
(g cal em™2 min™?).
1. Data for the regression lines
Line 1 — @ = 0.025 & (Mosby’s formula)

» 2 — Qo = 0.028 ¢ (Moshy’s formula, with modified constant)
» 83 — @, = 1.9sin g [Formula (9)]
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minute. Formula (7) can be used for hydropsis for daily values and
Formula (4) for three-hourly insolation reports (in connection with
weather reports), taking « as average solar altitude during these hours.
Furthermore, the following observations could be made during the
plotting of Tigure 8:

(1) The factor K varies slightly both with latitude at the same solar alti-
tude and with solar altitude at the same geographical latitude, decrea-
sing slightly with increasing solar altitude and latitude. This varia-
tion is probably caused by: a) variation of predominant types of
clouds, b) variations of atmospheric turbidity, and c¢) seasonal
variations of the solar constant. The available data are insufficient
for numerical determinations of the velations of these variations.

(2) The insolation with the same solar altitude seems to be higher in
the morning than in the afternoon. The reason for this change can
probably be sought in the changes of relative humidity during
the day. (Variations in the amounts of precipitable water in the
atmosphere can cause a -4 10 per cent variation of insolation
[Orson, 19597]).

7.4. INFLUENCE OF THE CLOUDS ON INSOLATION

As seen from [igures 5 and 7, Formula (5) gives considerably lower
values of insolation than the observed ones, especially with slight clouds.
However, the influence of cloudiness on insolation for the awvailable
plotted data can best and simplest be represented by the following formula
(see Figures 5 to 7):

(10) Qs = Qos (1 — 0.0006 C?) [g cal cm~2 (24 h)~1]
Combining Formulas (7) and (10) we can compute the total insolation:
(1) Q. = 0.014 Aty (1 — 0.0006 C%) [g cal cm=2 (24 h)~1]

As seen from this formula and Figures 5 to 7, the influence of slight
cloudiness on the insolation is relatively small. When cloudiness is slight
and the clouds are scattered, the insolation may be even at times greater
than when the sky is clear, because of the reflection from the clouds.
The extent of the cloudiness is difficult to determine exactly by the
currently used visual estimations. Slight cloudiness also varies
considerably within a short time. Using Formula (7) for estimation of the
insolation on clear and partly cloudy days (cloudiness up to 6), and

3
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ignoring the cloudiness terms, relatively small errors ave introduced in
the results.

The USS »Rehoboty data reveal that the amount, type, thickness and
height of the clouds at sea vary considerably from hour to hour. This
variation, especially around midday, probably influences the scattering
of the insolation values as seen in Tigures 5 to 7. Cloudiness, higher than
say b, associated with fronts and cyclones is usually easier to forecast
and must be taken into account when computing the insolation.
Cloudiness higher than 5 can also be estimated with greater accuracy
from the insolation measurement than can cloudiness below this value.

DrounmmonDd (1958) has stated that the variability in the amount and
type of clouds is the principal factor in determining the value of the
diffuse total radiation from hour to hour and day to day at a particular
spot. Hoorwirz (from List, 1951) gave the ratio of total short wave
radiation with overcast skies of different types of clouds to the total
short wave radiation for cloudless skies. This ratio is smallest with fog,
nimbus and stratus clouds (15—25 per cent), and greatest with cirrus
and cirro-stratus clouds (65—85 per cent).

From the available data, it is not possible to ascertain the influence
of the types of clouds on the insolation when cloudiness is less than 8.
This effect of slight cloudiness is masked with the hour-to-hour variability
in the amounts, types and thickness of the clouds, as mentioned earlier.
With cloudiness greater than 8, and especially with cloudiness 10, it can
be recognized that nimbus and low, thick stratus clouds suppress
insolation more than other types of clouds. Small insolation can be
especially found when the visibility is below 9 kilometres and on foggy
days. The little available data do not permit exact determination of the
magnitude of the influence of fog, nimbus and low stratus clouds, but it
can be estimated that the correction to be subtracted is between 10 — 20
per cent.

The height of the clouds also seems to influence the insolation. With
the same type and amount of clouds, insolation is smaller when the clouds
are low and higher when the clouds are high. Although no definite
quantitative coneclusions can be drawn, on the basis of the available data,
about the influence of the water vapour content of the air on insolation,
it seems that high relative humidity slightly decreases insolation,
especially during cloudy days.

Formula (11) was used to compute the insolation at the places and
during the days where full day radiation measurements were made by
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USS »Rehobots. Leaving out 26 rainy, foggy or hazy days with cloudiness
higher than eight tenths, the computed values of @, differed 4 5 per
cent or less from the measured values during 41.6 per cent of the days and
4 10 per cent or less during 51 per cent of the days. The average
differences were 4 8.2 per cent and — 12.3 per cent, indicating that the
constant 0.014 in Formula (11) might be circ. 2 per cent too low. However,
it is not possible to establish a more accurate constant with the available
data. During the 26 rainy and foggy days the computed values were on
the average 5.5 per cent higher than measured. However, among these
values lower ones also occurred. During rainy days the instrumental
errors are expected to be higher than during dry days. The seasonal
variation of the solar constant (cire. 4 8.5%) has not been accounted
for and therefore the overall accuracy can be considered as good.

7.5. POSSIBILITIES OF USING PYROHELIOMETER MEASUREMENTS FOR
DETERMINATION OF CLOUDINESS

It is obvious that if higher accuracy in the measurement of the
amount of insolation is desired, it must be measured directly. These
direct insolation measurements will also permit estimation of cloudiness
instrumentally. Since insolation is closely related to cloudiness, the
latter can therefore bhe computed if the insolation measurement for a
location and time is given:

3

(12) C = //OQ(TW%; (tenth of sky)

Formula (12) is derived from Formula (10). The greater the amount
of cloud, the more accurate will be the determination of the cloudiness.
This accuracy is also desirable from the point of view of aviation, meteoro-
logical forecasts, ete. If the wvalue of the cloudiness computed with
Tormula (12) is higher than 10, fog, haze, rain and the associated low
visibility can be expected to prevail at the location of measurement.

It is anticipated that the above indirect measurement of the cloudiness
by means of pyroheliometers will be more accurate and consistent than
visual observation.

7.6. SUMMARY OF CHAPTER 7

Earlier existing formulas for computing insolation have been found
inaccurate. In particular, the factors expressing the influence of the
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cloudiness on the insolation have been badly evaluated in the existing
formulas.

The insolation measurements made at sea by the U.S. Navy Hydro-
graphic Office have been used for deriving a new, improved formula for
computing daily insolation.

Tixamples of daily insolation during clear and cloudy days ave given.
For the computation of daily insolation Formula (11) has been established,
which gives insolation values which may vary on an average circ. + 10
per cent from the measured values. The variations are mainly caused by
the variations in the cloudiness and humidity. Seasonal variation of solar
constant has not been taken into account.

TFor the estimation of short term insolation Formula (9) has been
established, which gives approximately the same results as Formula (4),
using factor 0.028. With higher altitudes of the sun, Formulas (11) and
(4) reach a constant value.

A pyroheliometer can be used for measurements of the cloudiness
(Formula 12) and during cloudy days can also indicate rain and fog.
Properly constructed pyroheliometers ave therefore also useful
instruments in self-recording and reporting (telemetring) buoys.

8. RADIATION REFLECTED FROM THE SIEA SURIACE

8.1. BARLIER WORK ON THIE DETERMINATION OF REFLECTED
RADIATION

Part of the incoming radiation is reflected from the sea surface.
Referring to ScaMipT (1915), SVERDRUP (1945) stated that the reflected
amount of the direct solar radiation varies with the altitude of the sun,
being 34.8 per cent at a solar altitude of 10° and 2.0 per cent at a solar
altitucle of 90°. SVERDRUP also presented a table for the percentage of the
total incoming radiation from the sun and sky which, on a clear day, is
reflected from a horizontal smooth water surface at different altitudes of
the sun. Furthermore, SVERDRUP (1945) quoted PowsrLr and CLARKE,
whose measurements on clear days were in agreement with the data from
ScrvipT though on overcast days the reflection of diffuse radiation
amounted to 8 per cent of the incoming radiation. SVERDRUP gave the
following formula for the computation of reflected radiation; the direct
radiation from the sun and the scattered radiation from the sky swere
considered separately:
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(13) r = mp + ng

Jacoss (1951) used the values for veflected radiation derived by ScamrpT
(1915), which are given in tabulated form also by MosBy (1936) and show
a variation with latitude from a minimum of 3.3 per cent at the equator
to 8.0 per cent at the poles. These values are invalid, as shown by Burt
(1953). NEIBURGER (1954) found that the reflection from the sea surface
is probably 9.5 per cent of the incident radiation. GopskE, BERGERON,
Bizrxyns and Bunpeaarp (1957) quoted the same data as SVERDRUP
(1945) but seem to have overlooked the fact that Burt (1953) discovered
that ScuMIDT made an error in his computations.

SroJoxr (1949) assumed the veflection from the surface in the Baltic
Sea to be 7 per cent in the period May to September and 10 per cent at
other times. These assumptions are close to the real values as shown later.
ANDERsON (1954) found that the average reflection in Lake Hefner was
6 per cent. He presented the reflection as a function of the solar altitude:

(14) r =118 ¢ %"

He furthermore found that the constants 1.18 and — 0.77 vary only
slightly with the height and amount of the clouds.

Considering the variety of views and formulas for computing the
amounts of radiation reflected from the sea surface, a re-examination of
this problem is necessary.

8.2. TXAMPLES OIF MEASURED DAILY REFLECTED RADIATION

Some examples of reflected radiation measured on hoard USS
»Rehobots (U.S. Navy Hydrographic Office, 1955) are given in Iiguve 9.
In the morning and evening hours, when the altitude of the sun is low,
the amount of reflected radiation increases rapidly with the increasing
insolation, reaching a maximum value circ. 3 hours after sunvise (or 3
hours before sunset). On clear days (curve 3) the total amount of reflectec
radiation decreases at midday. On partly cloudy and cloudy days it
remains more or less constant during the day between circ. 3 hours after
sunrise and 3 hours before sunset, or changes with the varying insolation
caused by cloudiness.

8.3. EMPIRICAL DETERMINATION OF THIE PERCENTAGE OF
REFLECTED RADIATION

Two separate ways must be selected in determining empirically re-
flected racliation: if the reflected raciation is determined per 24 hours, it
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Figure 9. Examples of measured reflected radiation.

1. Data for the curves
Reflected radiation

Number Lat. Long. Date g cal em™2 day ™!
1 41°N 1°W  28. 111 51 53.6
2 43°N 51°W 9. IX 51 26.8
3 58°N 9°RE 12. VIII 53 48.7

can be related to the total incoming radiation; if the reflected radiation is
determined per minute (e.g. for 3 hourly values), it must be related to
the average solar altitude.

8.3.1 Reflected radiation in 24 hours

A trial was mace to relate the daily reflected radiation to the noon
altitude of the sun, the length of the day and the cloudiness. Although
there seems to be an indication of quantitative relation, as expected
theoretically, between the daily percentage of reflected raciation and the
noon altitude of the sun, the relatively scattered values, and the lack of
values, when the noon altitude is less than 42°, do not allow statistical
treatment.

Another attempt to relate the reflected radiation to incident radiation
during the same day is shown in Figure 10.

From this figure two alternative tentative solutions can be offered for
the computation of the amount of daily reflected radiation in relation to
daily insolation:
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(1) Assuming a linear relation, the data presented can be expressed

(15)

with the formula:
@ = 0.087Q, [g cal ecm—2 (24 h)~1]

This formula gives a higher value than the percentage reported by
ScEMIDT (1915) and used by Jacoss (1951) and than that reported
by ANDERSON (1954) but is slightly less than the average found by
NEIBURGER (1954).

(2) Assuming a nonlinear relation, the average for given data can be

(16)

doy

REFLECTED RADIATION g cal em-2

expressed by:

@ = 0.15 @, — (0.01 @)% [g cal ecm—2 (24 h)~]

Both formulas are valid only for daily reflected radiation, and the
regression lines of these formulas are shown in Figure 10.

A comparison of the reflected radiation, computed with Formulas
(15) and (16) using computed ¢, with the measured radiation shows

1o
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Figure 10. Reflected daily radiation versus incident daily radiation,

. Data for the regression lines

Line 1 — @, = 0.15 Q, — (0.01 Q,)? [Formula (16)]
» 2 — @ = 0.087 @, [Formula (15)]
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that the reflected radiation, computed with Formula (15), varies in 48.5
per cent of cases less than 4 25 per cent from the measured values, and
the average variations are 4 28.1 per cent and — 45.3 per cent. (A 4 25
per cent variation in the reflected racdiation causes a 4- 2.2 per cent
variation in the total insolation.) The values computed with Formula (16)
vary in 59.2 per cent of the cases less than 4 25 per cent from the
measured values, and the average variations are + 27.4 per cent and
— 29.9 per cent. Formula (16) is therefore more accurate and gives a
higher percentage reflected when the incident radiation is smaller,
compensating therewith the effect of neglected solar altitucle factor in the
reflected radiation. The incident radiation is smaller when the noon
altitude of the sun is low and the degree of cloudiness usually high in
higher latitudes. In both cases, data support the theory that the
percentage of daily reflected radiation is higher. Formula (16) gives
approximately the same shape of curve, with very slightly higher values,
as that of the reflected radiation measured on Lake Hefner by Axprrson
(1954).

The data do not permit a quantitative determination of the relation
between the cloudiness, or the types of clouds, and the daily percentage of
reflected radiation, although there is a slight qualitative indication, and
also a theoretical reason (see Figure 9) why the percentage of reflected
radiation is slightly higher during cloudy days than during clear days.

The influence of cloudiness on the reflected radiation is relatively
small as can be seen from ANDERSON’s (1954) work. The cloudiness and
the height and types of clouds vary considerably during a day and ave
difficult to forecast with accuracy. Therefore the cloudiness factor can
be neglected in computing the average daily reflected radiation.

There seems to be some relation between the length of the day and the
radiation reflected during clear days with the same noon altitude of
the sun, because the percentage of reflected radiation is lower hetween
the 3rd hour after sunrise and the 3rc hour before sunset during clear days.

8.3.2 Reflected radiation dwring short periods

The percentage of reflected radiation during one hour versus the
average solar altitude during the same period are plotted in Figure 11.
Generally, data for a clear sky are used. The scattering of values is as
great as in Figure 10, due to many factors (e.g. instrument errvors,
influence of the state of the sea surface, etc.). During the plotting it was
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found that the percentage reflected was slightly lower in the morning
than in the afternoon, as is also indicated in Figure 9 (curve 3).

The following tentative empirical relation could present the per-
centage of reflected radiation at various solar altitudes (minimum cire.
7.5%):

300
(17) =

(21

This formula gives higher values than that of ScaMIDT (1915) but agrees
reasonably well with the values reported by Anprrsoxn (1954). However,
Formula (17) fits present data better and is more convenient to use than
that presented by ANprrson (Formula 14). A detailed evaluation of the
reflected radiation during short periods is in progress in the U.S. Hydro-
graphic Office (Orsow, M.S.).
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8.4. SUMMARY OF CHAPTER 8

Several widely used formulas for the computation of the radiation
reflected from the sea surface have been shown to be in exrror. No generally
valid formula for the computation of the daily reflected radiation existed
previously. On the basis of the available measurement of the daily reflected
radiation on board USS »Rehoboty Formula (16) for the estimation of
the daily reflected radiation has been given, as well as a tentative Formula
(17) for the estimation of albedo during short periods. The factors
influencing the albedo of the sea swrface are briefly discussed and the
relative accuracy of the formulas is indicated.

9. BFFECTIVE BACK RADIATION FROM THE SEA SURFACE

The measurement of long-wave radiation over the sea presents some
technical difficulties. However, this radiation must be taken into account
in the heat budget studies of given water masses, because the loss of
heat by long wave radiation from the sea surface is considerably greater
than the long wave radiation received by the sea surface. This difference
might account, under certain conditions, for more than 10 per cent of the
incoming radiation from the sun and sky.

The sea surface emits long-wave radiation as an almost black body.
There are no new measurements of this radiation available for discussion
in this paper, and therefore a short summary of the present knowledge
and controversies thereon will be presented here.

Qu for sea water is given by WATANABE (1955) with the formula also
vsed by SVERDRUP (1945):

(18) Qbigseny = 0.94 K,T0* (g cal em™ min™")

ANDERSON (1954) has used the same formula, except that his factor is
0.970. However, he also considered reflected long-wave radiation, which
amounts to circ. 3 per cent and makes approximately the difference
between these two factors. The sea surface also receives long-wave
radiation from the sky. No applicable formula exists for the computation
of this atmospheric long-wave radiation. The best approach is therefore
to account for the seffective back radiation» leaving the sea surface.
AwasTrROM (1920) (quoted by SVERDRUP, 1945) has computed the effective
back radiation with a clear sky, taking into consideration the humidity
of the air and making allowance for the fact that back radiation from the
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sea surface is about 6 per cent less than radiation of a black body.
SvERDRUP (1945) also mentioned that AwgsTrOM’s data are somewhat
greater than the values obtained by BRUNT’s empirical formula:

(19) Qot = Qo (1 — 0.44 — 0.8 4/¢,)

ANDERSON (1954) found that AxagsTrOM’s modified straight-line relation-
ship expressed the relation befween atmospheric radiation and local
vapour pressure adequately.

For the correction of back radiation for cloudiness effect Mospy (1936)
and SVERDRUP (1945) used the factor (1 — 0.083 (). According to
DirrricH and Kazre (1957) the latest cloudiness factor of MOLLER (1953)
is:

(20) Qs = Qo (1 — 0.0765C) (g cal em~2 min—1)

The effective back radiation depends also upon the altitude and density
of the clouds. With a sky completely covered with cirrus, the effective
back radiation is 0.756 @., with altostratus 0.4 @, and with strato
cumulus 0.1 Q. The back radiation Q. has relatively little variation
between day and night (except the differences caused by diurnal variations
in 7, and e,).

LONNQUIST (1954) has reviewed the existing measurements and
formulas for effective back radiation (long-wave radiation). The true
magnitude of this radiation by the ICAO Standard Atmosphere is still
unknown. Iiight plausible empirical values (Lowwquist, 1954) give an
average of 0.144 g cal em~2 min~1, The linear formula of LownquisT for
effective back radiation (for clear sky) is in mw cm—2

(21) Qo = 16.2 — 0.09 T, — 0.046 U, + 0.12 y,, — 1.3 H,

If upper air observations ave not available, we can replace y, and H,
with the average values for the ICAO Standard Atmosphere (6.5 and 2.0
respectively). Furthermore, we can convert mw cm—2 to g cal cm—2min—1
and we get the following formula:

14.28 — 0.09 7, — 0.046 U,

(22) Qo = 69.72

(g cal cm™% min™!)

Thisformula givesa value of 0.145 g cal cim=2 min—?, for the ICAO Standard
Atmosphere, which js in agreement with the plausible empirical value and
is therefore the hest formula available. The graph in Figure 12 lhas been
computed with the uge of this formula, taking various temperatures and
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humidities. Besides humidities, which have already been considered in
Formula (22), the effective back radiation is also dependent on cloudiness
and height and type of the clouds. Although there is a considerable
scattering of the measured values, reported by ANDERSON (1954), they
suggest, however, that the formula used by MosBy (1936) is approximately
correct. Taking into consideration the latest improvements by MOLLER,
the present author suggests the use of Formula (20) for the correction of
the effective back radiation for the cloudiness effect.
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TFigure 12. Effective back radiation from sea swface to a clear sky
(Lonnquist’s formula, modified).
g cal emn™2 min—?!

9.1, SUMMARY OF CHAPTER 9

The earlier practices for the estimation of long-wave radiation to and
from the sea have been veviewed. LonwQuisT’s Formula (21) for the
estimation of effective back radiation has been found most accurate.
When substituting the temperature lapse rate and humidity factor in his
formula with those defined in the TCAO Standard Atmosphere and
converbing the formula to g cal em=2min—* [Formula (22)], it gives a value
for the ICAO Standard Atmosphere which is nearly identical with the
mean plausible empirical value. The cloudiness factor of MOLLER [Formula
(20)] is recommended for use.
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10. LOSS OF HEAT TROM THE SEA BY EVAPORATION

10.1. BARLIER WORK ON THE DETERMINATION OF EVAPORATION
FROM THE SIEA

The rate of evaporation depends on (a) the water vapour deficit of the
air above the water (e, — e.), and (b) the factors affecting the removal of
the moisture saturated air above the surface (wind speed and thermal
convection).

Several formulas for the determination of the annual and seasonal
evaporation from the heat balance and from the surface salinity values
have been used by many workers, but as they cannot be used for the
purposes of this paper, they will not be discussed here. Dmacoxw,
PriesTrry and SwinBaxk (1958), and SveErprUP (1951), have given
various theoretical and hydrodynamical approaches (including mass
transport formulas) for evaporation calculations and have described the
practical difficulties met in the use of these approaches. SVERDRUP
(1951) concluded that different theoretical approaches lead to different
evaporation factors and are useless until valid arguments can be advanced
for accepting one of the many models. Also Marcrano and HARBECK
(1954) found that all theovetical evaporation formulas ave unsatisfactory.

There are several empirical formulas for the estimation of evaporation
which can be expressed in the general form (Davrron’s formula):

(23) I = Ky(ew — eV

The comparvison of the wvalues for the constant £; as given by
SVERDRUP (1945) [3.6 cm year— or 0.099 if expressed in mm (24 h)~1]
and the one given by Jacoss (1951) as 0.143 [mm (24 h)~1] reveals that
the former is ¢ire. 31 per cent smaller. The above-mentioned constants
are applicable only to climatie cata, although they have also been used
by several authors for short periods. According to SmuLmIRIN (1953),
MixmALEVSKIT has used a factor of 0.157 in Formula (23) [mm (24 h)~1].
In an earlier work, Jacoss and CLARKE (1943) used the value 0.149 when
e, and T were measwed 3.6 metres above the sea level.

Juwe and Girncrest (1965) used a modified Davron’s formula, in-
corporating the theoretical approach used by MoNTGOMERY, SVERDRUP
and others in the study of diffusion of water vapour. The basic idea of the
modifications was that the sea surface is changed from smooth to rough
by a wind speed of approximately 6.5 m sec™! and that the evaporation
from a smooth surface is different than from a rough one. PriverT (1958)
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doubted whether evaporation is considerably increased when the sea
surface changes from smooth to rough. The same doubt has been expressed
by DEAcoN, PRIESTLEY and SWINBANK (1958): »Sverdrup’s aerodynamical
consideration that the rate of evaporation from a rough water surface
may be two to four times that from smooth water must be open to serious
doubty. Marciawo and HarBrexk (1954) also concluded from observations
on Lake Hefner that a natural water surface is always to be considered as
rough. However, SvErRDRUP (1951) also found that the empirical evidence
is too meagre to allow a firm conclusion that the sea surface is hydvo-
dynamically smooth at low wind speeds.

It is often pointed out that a consicderable amount of spray is
brought into the air by higher wind speeds and that in consequence
the evaporation must be considerably increased by such winds. How-
ever, quantitative consideration of the amounts of the sea salts in the
precipitation, on an average 6.2 x 10~%gof NaCl m=2 per day (Junem
and GUsSTAFSON 1957), shows that thiscon tribution by spray isrelatively
unimportant. In the Lake Hefner studies ANDERsON (1954) also found
that the effect of spray and the stability of the air are negligibly small.
According to Jacoss (1951) the same conclusion has been reached by
SVERDRUP.

Deacow ef al. (1958) advocate the latest revised Darrox formula by
Pexaan (1948, 1956), who has compared the available evaporation
measurements in different conditions and derived the following formula
(water vapowr pressure being here in mm Hg):

(24) L= (ew —€) 035 (1L 4+ 9.8 x 107° F,) [mm (24 h)~1]

Jacoss and Crarke (1943) found through evaporation measurements
on hoard the »Carnegie» that the data showed an increasing rate of
evaporation with increasing air temperature. Wirst (1957) presented a
modified Darron’s formula (a slightly modified version of the one in his
earlier (1920) fundamental work on the subject) where the temperature
of the air was taken as a factor. Hrra (1951) used the formula deduced
by Dzvik (1932), where the temperature was also consicered:

(25) Q.= 3.02 %” V+ 0.3 (ew—e) (g cal em2 h™1)

a
(P isin mb and e in mm Hg). Later works have shown no direct
relation between evaporation and temperature, except that e, is de-
pendent on 7.
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One of the most exhaustive and carveful works on the evaporation from
free water surfaces during 24 hour periods is by Romwrer (1931), but it
seems to have escaped the attention of those working on this subject,
probably because it was published in an agricultural series. RoHWER
reviewed all the existing empirical formulas and amvived, after several
vears of careful experimental work and analyses of voluminous amounts
of evaporation measurements in various conditions, at the following
empirical formula (recomputed for the ¢ ¢s system, with the altitude
term eliminated for the measurement of evaporation at sea level):

(26) B = (0.26 + 0.154 V) (0.98 ¢, — ¢,) [mm (24 h)™]

KorLER (1954) used a similar formula for the Lake Hefner evaporation
studies. By averaging the results of the measurements in his four different
evaporation pans and recomputing for the cgs system, the following
formula can be derived:

(27) = (047 4 0.225 V) (€ — ¢.) [mm (24 h)™1]

The direct lake evaporation, as computed from heat and water budget
studies, gave:

(28) B =(0.13 - 0.138 V) (e — €,) [mm (24 h)~1]

These formulas are not divectly comparable with Rouwzr’s Formula (26),
because RoEwxR used wind speed at the water surface and ICoHLER used
average wind speed at higher levels. Therefore a mean for the reduction
of the wind speeds to the speeds at the water surface is sought in the
following section.

10.2. WIND SPEED PROTFILES OVER THE SEA

The constants in the DarTox’s type formulas depend on the height
above the sea surface at which e, and V ave measurved. ROEWER (1931)
presented a graph for the reduction of wind speeds measured at different
heights above the ground to the velocity at the water surface.

A revaluation of RoEwER’s graph was found necessary, because the
lapse rate of the wind speed over the sea might differ from that of the
wind speed over the land. Furthermore, it was found necessary to
evaluate the wind speeds measured at different levels to the snormaly level
of 8 metres, to which the Beaufort scale usually vefers. Several available
estimates of wind speeds over the water are summarisec in Figure 13
and an average has been selected.
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The water surface speed has been defined for practical reasons as the
wind speed 5 cm above the water surface. This selected lower level is
approximately the upper boundary of a great temperature instability
layer close to the water surface, as the measurements of Rorr (1952)
show.
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Figure 13. Variation of wind speed with height above sea level.
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The wind speed is assumed to increase in neutral conditions linearly
with the logarithm of the height (Rorr. 1949, CrARNOCK 1856). MARCIANO
and Harerck (1954) found on Lake Hefner that the wind profiles were
logarithmic regardless of the stability of the air. The relations of wind
speeds at 8§ and 2 metre levels varied from 1.239 to 1.269.

Several investigators have pointed out that the lapse rate varies
slightly with the stability of the air. Brooks and Brooxs (1958) have
investigated the accuracy of wind speed estimates at sea and conclude
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that scolder water produces a more or less stable layer of chilled which air
inhibits wind thrusts to the surface, especially in winds not exceeding 4
Beaufort (13—16 knots). It cools the entire turbulent layer of air and,
thereby, reduces the general turbulence and increases also the vertical
gradient of wind speed so that the wind at the surface will actually be
considerably less than that on the masty. However, TaxAmasar’s
(1958) measurements of wind speeds at various levels over a bay show
the opposite relations. His data reveal that the ratio of the wind speed

TEXAS TOWER HO.2

| GEORGES SHKOAL

1 13 ROVEMBER 1956

|| ANEMOMETER MEIGNT = 175 FEEY
= AT T T

TEXAS TOWER MO.2
Z, GEORGES SHOAL
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ANEMOMETER HEIGHT = 20 FEET

Figure 14. Examples of continuous wind registrations at 20 and 175 feet
levels in Texas Tower No. 2.
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at 0.25 and 4 metres levels in stable conditions Is 1.34, in neutral
conditions 1.39 and in unstable conditions 1.47.

The U.S. Navy Hydrographic Office has kindly put at the author’s
disposal four wind registrations at heights of 20 and 175 feet taken at
Texas Tower No. 2 on Georges shoal (see examples Figure 14).

From these registrations the following additional observations can be
made:

(1) At higher wind speeds, the lapse rate of the speed is greater than

- ab low wind speeds. (see also Rorr, 1949).

(2) The gustiness of the wind is greater at a lower (20 feet)level than
at a higher (175 feet) level, but the gusts have longer duration
at a higher level; if the speed is low, the gustiness is nearly the
same at both levels.

(3) There is a slight difference of wind divection between the two
levels. The short-perviod variations of wind direction are greater
at the lower level.

Considering the great variability of wind speed and the results of other
investigations desoribed above, it can be concluded that no great error
in the estimation of wind speeds at various levels is introduced when the
stability conditions are left out of consiceration. It is estimated from
Tigure 13 that the wind speed at the water smface is about half of the
speed at the 8 metre level, The profiles of ¢, and 7', vary similarly with
height above the sea. e, and 7', are usually measured on the ships hridge
the height of which is usunally not veported and no conversion to»standard»
height has yet been established.

10.3. COMPARISON O VARIOUS LEMPIRICAL FORMULAS FOR
LESTIMATING BVAPORATION

A change in evaporation with a change in the roughness of the sea
surface has not been established by the measurement of evaporation.
Although the amount of spray might slightly influence the evaporation
locally, it has been shown to be rvelatively unimportant, as discussed
above. In consequence, the formulas of June and GreresT (1955) and
others are unnecessarily complicated. Although the influence of air
temperature on evaporation has been observed, the bullkk of the
evaporation data does not show any direct correlation with the actual
temperature of the air, and these formulas are not considered in the
comparison below. Formulas (27) and (28), although very similar to
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Formulas (24) and (26), were derived specially for one lake and ave
therefore not considered in the comparison,

Formulas (24) and (26) are very close to each other, if expressed in
the same units. Both are basec on numerous evaporation measurements.
Formula (26), however, is basecd on a very large amount of data from
various conditions and is considered to he better suited for evaporation
estimates from natural water surfaces. It remains to compare Formulas
(26) and (23).

From Iigure 13 and from discussions in Chapter 10.2 it can he
concluded that if the wind speed is estimated by force (on the Beaufort
scale) and converted to m sec™! RomwER’s formula can be revised to:

(29) = (0.26 4 0.077 V) (0.98 € — ¢,) [mm cm=2 (24 h)~]

The e, and e, have diurnal variations, and the selection of the proper
24-hour average value is described in a later chapter. If the depression
of the wet bulb temperature is known, the e, is taken from proper tables
or derived by multiplying the relative humidity with the vapour pressure
at saturation at the same temperature. The factor 0.98 can be eliminated
if the saturated vapour pressure for sea water is taken from MIvARE’s
(1952) table.

A comparison between Formulas (23) and (29) is made in Table 4,
using the actual evaporation measurements made at sea on hoard the
»Carnegien (Jacons and Crarxs, 1943). It should be noted that the
measurements do not present the actual evaporation values from the sea
surface and that the correction factor 0.53 applied by WusT is not well
established. This correction factor was adopted by WtsT in 1936 when
velatively few data on the subject were available. SvErpRUL (1951) found
it also uncertain and WusT agrees (in a personal communication) that
according to recent estimates this correction factor should he somewhat
higher. Konrnr (1954) found the pan coefficients of the four pans used
in the Lake Hefner studies to vary hetween .69 and 0.91. These pan
factors vary from type to type. Considering the ahove, and, in addition,
the fact that the evaporation measurements on boavd ship are likely to
give higher values than the measurements made by IKoELER on the lalke,
the measured evaporation values in Table 4 have been corrected with the
factor 0.65. It is also noted that Jacow’s and Crarkx®E’s computed values
are increased by a factor of 1.33, because they used mm. insteac of mb.
and did not adjust the factor accordingly. As the wind spesd factor in
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Table 4. Thwenty-four-hour values of sew water evaporation

(Measurements made on board »Carnegie» 1928 —29)

From Jacobs and Clarke 1943 Present author
— . |
. Calculated
Run Mean Moan |Lotal 24 k) Correctad after |F=(0.26
No. relative wind megsured] | values; Sverdrup | +0.116 V)
humidity speed evapora- factor | p_ o 149 (ew—a)
o, S tion 0.65 (—ea)V
mm mm mm mm
1 ’\ 3 1 3 ‘\ 4 ‘ 5 \‘ 6 \ 7
| \
1 90 3.8 1.99 (a) 1.30 0.90 ‘ 1.12
2 76 4.8 6.68 4.35 6.74 | 7.70
3 75 5.4 9.60 6.24 8.10 8.95
4 79 6.1 10.12 6.60 6.50 6.95
5 85 4.5 6.13 3.99 3.38 3.96
6 82 1.3 5.91 3.85 1.16 2.47
7 83 1.8 5.98 3.89 2.14 3.84
8 83 5.7 6.34 4.12 6.66 7.25
9 83 5.0 2.49 1.62 (b) 5.43 5.58
10 81 4.0 5.06 3.30 (c) 2.84 3.48
11 73 3.2 7.31 4,75 (d) 3.10 413
12 80 2.4 4.75 3.09 (e) 1.33 2.01
13 83 3.1 2.84 1.85 (f) 1.53 2.07
14 75 4.3 8.50 5.53 4.16 4.96
15 80 3.8 7.25 4.72 3.52 4.39
16 72 4.2 9.94 6.45 5.14 6.17
17 78 3.2 | 7.21 4.70 2.66 3.48
18 73 47 | 411 2.67 3.90 4.43
19 74 2.3 5.72 3.72 2.03 3.17
20 91 5.2 3.38 2.20 0.72 0.80
21 88 3.6 3.96 2.58 (g) 0.93 | 1.18
22 67 0.4 6.48 4.22 0.53 \ 2.15
23 81 3.0 6.36 4.14 1.85 | 2.52
Means: l‘ 79.7 k 3.73 6.22 k 3.91 “ 3.27 l 4.06 'I
(a) — Salt spray in air; (b) — Ivaporimeter not moved on account of spray;
(¢} — Heavy dew during night; (d) — Volume of vessel 1791 ce.; (¢) — Little direct
sunshine during run; (£) — Vessel upset, sample collected at once; (g) — Heavy

dew during first night.
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Formula (29) 0.116 7 has been used, because the wind speed presented
is an average of those measured at the evaporation pan and those at the
rail. It can be noted that Formula (29) gives slightly higher values than
the measured amounts corrected with the factor 0.65. The values given
by Formula (29) deviate less from the actual measurements, especially
at low wind velocities, than those given by Formula (23).

Marciavo and HarBmcr (1954) advocated that the extra term in
Darrox’s type formulas is unnecessary, because evaporation in the
absence of wind is a slow molecular diffusion process. However, in the
opinion of the present author, the air over the ocean is scarcely absolutely
quiet if the sea surface is warmer than the air; convective movements
are caused by this temperaturve difference. Furthermore formulas without
an extra term are for use with climatological data. Therefore the extra
term present in ROAWER’s modified formula should remain for 24 h
formulas. However, in certain cases the extra term can and shounld he
neglected when the difference e, — e, isnegative and the wind speed low,
as shown in Chapter 12. In addition, Formula (29) is based on numerous
measurements and it gives more consistent values as compared to actual
measurements at sea. Therefore it is conecluded that Romwrr’s modified
Formula (29) is the best available for the computation of evaporation
from the sea surface.

10.4. SUMMARY OF CHAPTER 10

Barlier existing formulas for the computation of evaporation from
natural water surfaces have been reviewed. The theoretical evaporation
formulas have been found unsatisfactory. It is concluded that the effect
of spray on the evaporation can be neglectecl.

The formula of Romwnr has been modified for the computation of
evaporation from the sea. For the modification it was necessary to
estimate the wind speeds at various levels over the sea. It was concluded
that the effect of stability of air can in general be neglected and that the
speed of the wind at the surface is about half of the speed at the 8 wetre
level.

For conversion of the evaporation measurements at sea to actual
evaporation a conversion factor of 0.65 is adopted and the modified
RouwER Formula (29) has been found the most accurate and suitable for
the computation of evaporation from the sea.
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11. EXCHANGE OF SENSIBLE HEAT BETWEEN THE SEA AND
THE ATMOSPHERE

11.1. EARLIER WORK ON CONVECTIVE TRANSFER OTF SENSIBLE HEAT

Measurement of the convective transfer of sensible heat between the
sea and the atmosphere presents difficulties. However, this transfer may
considerably modify the thermal characteristics of the water and air
masses above it and must be taken into consideration in heat budget
studies. Also an estimate of the modification of air masses is most im-
portant for forecasting weather in coastal areas (TErapa, 1956), and
Mossy (1957) has shown the possibilities of estimation of temperature
changes of the air which moves over the oceans.

Bowzwn (1926; from JacoBs, 1951) has related the convective transfer
of sensible heat to evaporation by the following formula:

30 ot B
(50 Q T (e —e) 1000

The constant I, depends on the units used and is in our case 0.66. The

term lgﬁ is very close to unity and is usually neglected. This formula
has been used by most workers concerned with the transfer of sensible
heat. AvprErsow (1954) found in the Lake Hefner studies that Bowrx’s
ratio is valid and gives in general consistent results, except when the
difference between the vapour pressure of the atmosphere and that of the
water surface is small.

SVERDRUP (1945) developed a theoretical formula, but because the
temperature and humidity gradients in this formula were difficult to
measure, he came to the same formula as BowEn.

SHULEIRIN (1953) used no wind factor in his formula for computing
the exchange of sensible heat, if the water was warmer than the ai:

(31) Qn=3024 (T, —T,) [g cal em™2 (24 h)™]

If the water was cooler than the air, SHULEIRIN (1953) used the following
formula where wind speed was considered:

(32) Qn = 0432 (Te — TW) V' [g cal em™2 (24 h)™1]
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11.2. DEVELOPMENT OF A FORMULA FOR CONVECTIVE TRANSFER OF
HEAT

The convective transfer of heat can be approximately related to the
evaporation with the following assumptions:

All the air which has been in confact with sea swrface obtains the
same water vapour pressure and temperature as the sea surface; therefore
the amount of air (in grams) per unit area which has been in contact with
sea surface is:

100 & d,

(33) L4.l|l = (09-86,: ) ]{5 [g Clllk—2 (26[— 11)_1]

The factor K for the conversion of water vapour pressure to the
amounts of water in the air is slightly variable with temperature; but the
variations are relatively small and for all practical purposes it can be
taken as 1if (e, — e.) iIs expressed in mm Hg, and as 0.76 if it is ex-
pressed in mb (variations: 0° — 0.805; 10° — 0.772; 20° — 0.745).

The convective heat transfer can be expressed according to the
assumption:

(34) Qn=An T —THh [g cal ecm~2 (24 h)"1]
Substituting 4, with (33) and £ with (29) we get:

(35) @Qn = 39.0 (0.26 + 0.077 V) (T, — T') [g cal em2 (24 h)=]
From Bowex’s ratio we get:

(36) @n = 38.9 (0.26 + 0.077 V) (L' — 1) ¢ cal em™® (24 h)—1]

The results from Tormulas (35) and (36) are practically identical if
for the latent heat of evaporation in (36) the surface temperature is
assumed to be cire. 10°C. Additional confirmation for the assumptions
on which Tormula (35) is based can also be found in the fact that there is
usually a good correspondence between humidity and temperature
profiles over the sea.

When the difference 7', — 7', is negative, the sensitive heat is
transferred from the air to the water. This transfer is deseribed in Chapter
12. There are diurnal changes in sea and air temperature which affect
the transfer of sensitive heat. These changes are described in Chapter 11.4
and suggestions are made for the selection of proper values for use in
Formula (35).
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11.3. CHANGES IN THE TEMPERATURE OF AIR WHICH MOVES OVER
WATER WITH A DIFFERENT TEMPERATURE

If the heating of the air by direct radiation and the release of the
latent heat of evaporation are neglected, one could compute the change in
the temperature of the mixed surface layer of the air from the convective
transfer of heat when the air moves over the ocean.

Assuming in the following example that the thickness of the mixed
layer is 500 m, the wind speed 5 m sec—* and the sea surface 3°C warmer
than the air, computation of the exchange of sensible heat gives that by
this exchange the mixed layer of air will get warmer by cire. 1°C during 6 h
when the air has moved circ. 108 km. Increasec wind speeds will of course
reduce the time of temperature adaptation. A visual examination of daily
weather maps shows that such rapid warming up (and/or cooling) actually
takes place. Mosey (1957) also found by theoretical and empirical
consideration that the temperature difference hetween the sea and air is
reduced to 10 per cent of its initial value cluring 5 — 6 hours and that the
temperature adaptation is faster in a warm wind than in a cold wind. The
latter case is probably due to the change in the thickness of the mixed
layer. There is of course, a continnous exchange of air between the lower
mixed layer and the upper layer, and for a more precise calculation this
eddy conductivity must be taken into consideration.

The estimation of the temperature changes of surface air moving over
the oceans seems to be important for daily and especially for long-range
weather fovecasts, and a further elaboration of this subject seems
desirable, in connection with the large, slow-moving and long-lived
patterns of temperature anomalies. This subject, however, is outside the
scope of this investigation.

11.4. DIURNAL CHANGES IN STA SURFACE AND AIR TEMPERATURE
AND THE EFTECTS OF THESE CHANGLS ON THE ESTIMATION OF
EVAPORATION AND CONVECTIVE TRANSFER OIF HEAT

In Formulas (29) and (35), the selection of 1, — 7, and e, — e,
presents some difficulties becanse these quantities vary dimrmally.

In the case of scarcity of actual data, any available good diunrnal
mean has to be used in approximate calculations. For more precise
calculations, and when more daily measurements are available, care
should be taken in the selection of values.
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From numerous studies (e.g. L1iu 1934, Hay 1956 and others) we know
that the sea surface temperature varies less than 1°C diurnally and that
there are local minute to minute fluctuations of the same range as the
diurnal fluctuations. The diurnal temperatures are usually lowest ab
06% hours and highest at 15% Jocal hours. The diurnal variation in both
sea and air temperature is greatest on quiet, fair days in summer. The
variation is generally small in autumn and winter,

Knowledge of the convective transfer of heat and evaporation has
great meteorological implications, and so, when selecting the values for
gea surface and air temperature, one has to adhere to the international
standard hours of observation. It is therefore suggested that the tempera-
ture and water vapour pressure values obtained from measurements close
to 00% and 12% Jocal hours should be used, as they will represent more
closely the night and day averages.

11.5. SUMMARY OF CHAPTER 11

Assuming that all the air which has been in contact with the sea
surface attains the same water vapour pressure and temperature as the
sea surface, a new IPormula (35) has been derived for the computation
of convective transfer of »sensibles heat. This formula gives neatly
identical results to those derived from BowEex’s ratio. It is suggested
that in Formulas (29) and (35) the sea surface and air temperature and
water vapour pressure values at 00% and 12% Jocal hours be used, as these
are representative values of average day and night conditions.

The rapid changes in the temperature of air moving over the sea with
different temperature are demonstrated with an example.

12. TRANSFER OF HEAT BY PRECIPITATION AND
CONDENSATION OF VAPOUR ON THE SEA SURFACE

The transfer of heat to the sea by precipitation and condensation has
not been considered quantitatively in earlier works in heat budget studies;
however, the possible downward convection of heat has been qualitatively
pointed out by several workers [e.g. BUNKER, HaUurwrTZ, MALKUS and
StoMMEL (1949) and WaTaNaBE (1955)].

The transfer of heat to the sea by rain can usually be ignored if the
amount of the rain and the temperature difference between the rain and
sea surface are small.
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If snow or hail fall, a considerable amount of heat might be needed to
melt the particles in the sea. For the computation of the heat needed the
following selfexplanatory formula is given:

(37) Qp="19TP, 4+ 01P, (T, —T,) (g cal cm™?)

Loss of heat by melting of snow must be allowed for during late
autumn and winter in the higher latitudes because it is an important
factor in the formation of ice and the prediction of icing conditions (for
example, in the Baltic Sea).

When the values 7', — 7', andjor e, — e, are negative, convective
transfer of sensible heat from the air to the sea surface and/or condensation
of vapour on the sea surface ave taking place. In this case it is doubtful
whether evaporation follows Iforinula (29) or convective transfer Formula
(35), because the cooled air causes a high stability close to the sea smface.
This doubt is especially serious when wind velocities are low. Some data
from MosBy (M.S.) also indicate the validity of this doubt.

It is therefore proposed to omit factor 0.26 when the product 7 — 7',
m Formula (35) is negative, and the new formula for convective transfer
of heat to the sea is:

(38) Q=37 (T.—1T,) [g cal ecm? (24 h)™]

A slow vernal warming and a rapid autumnal cooling of surface water -
(Lavziegr, 1957) might also indicate that the above-proposed modification
of the formula is justified. The formula gives about seven times higher
values than the corresponding Formula (32) by SHuLBxiN (1953).
Empivical test of these formulas is difficult, except in future practical
evaluation and forecasting tests.

When the difference (e, — ¢.) is negative, condensation of vapour
on the sea surface is expected. The additional yconvectiony factor should
also be eliminated from the evaporation formula in the case of negative
values, on the basis of the discussions above; and the new formula for
transfer of heat by condensation is:

(39) Q.= 0077V (0 — o) Ly [g cal cm™ (24 h)=]

12.1. SUMMARY OF CHAPTER 12

For the computation of the heat taken from the sea water for melting
hail and snow, Formula (37) is given. Formula (38) has been suggested
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for the convective transfer of heat to the sea, if the sea surface is cooler
than the aiv, and for the computation of heat released by the condensation
of vapour on the sea surface another Formula, (39), is suggested. The
two last formulas have been derived through physical reasoning, because
an empirical test of these formulas is extremely difficult.

13. THE HEAT BUDGET IN ICE-COVERED SEAS

In addition to the formulas established in previous chapters, the
following points should be observed in computing the heat budgetinice-
covered seas:

(1) The albedo (@) of ice and snow is circ. 70 per cent (List 1951,

Smithsonian Meteorological Tables).

(2) Tor computing evaporation, the saturated water vapour pressure
over ice can be taken from Lisr (1951). As this pressure is low,
condensation often occurs on the ice surface.

(3) If theswrounding temperature of the water is higher than the melt-
ing point of the ice, melting occurs. The latent heat of melting and
the specific heat of sea ice are given in the tables mentioned above.
Tformula (37) can be used for computing the heat loss from the
water by melting ice.

(4) The conduction of heat through ice can be computed by the
following formula:

Ky (Tig — Ta) t
- (Zi

sce

(40) on

(g cal em™2 sec™?)

The thickness of the ice d; should also include the thickness of the
snow on it (UustiTaro 1957). The specific heat conductivity [, can be
taken from Lirst (1951).



PART II

FACTORS DETERMINING TEMPERATURE
CHANGES AND STRUCTURE IN THE SEA

14 TACTORS ATFLRCTING THE THERMAL STRUCTURE IN A
GIVEN LOCALITY IN THE SEA

The procecures and formulas for the computation and/or forecasting
of the heat exchange between the sea and the atmosphere have been
established in Part I. Part 1T will deal with the possibilities of forecasting
the temperature structure and its changes in the sea, using the heat
balance and the factors affecting the temperature structure.

The main influencing and determining factors ave: 1) The absorption
of heat in different layers, 2) mixing and 3) advective transport of heat.
These factors affect the sea temperature in different ways, some dirvectly,
some indirvectly. These factors are in no way simple or uniform. Therefore
some of them have been divided into additional steps; for example, the
mixing is divided into three categories: convective stirring, mixing by
wave action, and turbulent mixing by currents. In the following chapters
they are explained in detail with emphasis npon their significance to the
main problem of this study.

Beside the use of factors affecting the temperature and its structuve
in the sea, some indirect ways and means must be used: for example,
correlation between sea level and temperature; or certain general
procedures of estimation must be established: for example, determination
of the depth of the thermocline and prediction of the movement of current
convergences and divergences.

For prediction of the temperature in the sea use must be made of
several other important but complex processes in the sea, which them-
selves are subject for separate forecasts: waves and currents, for example.
Simplified methods and procecdures for forecasting these phenomena have
also been worked out in the following chapters.

In Part III the procedure for forecasting temperature in the sea will
be tested in some localities where the method of application of some of the
established formulas is also illustrated.




TFactors affecting the temperature of the surface layer of the sea 61
15. ABSORPTION OF ENERGY IN THE SEA

The first step in the estimation of changes in temperature structure is
obviously the computation of the radiant energy absorbed in the different
layers. The extinction coefficient of the radiant energy in the sea varies
with variations in the optical properties of the water and with the wave
length of the energy. Lxact mathematical procedures would therefore
require lengthy computations. In order to facilitate these computations,
the method wsed by Scrurk (1952) and Lonwquist (1954) (the
synthetical method) will be employed here.

Table 5. Thransmission of energy, Y, per metre, in various oplical water masses

. ] | Optical water mass
Spectral 9, of total B
region radiant energy 1 9 3 4 5
| |
< 0.490 4| 11 92 75 50 25 5
0.490—0.525 ‘u,l 7 98 91 85 76 42
‘ - L
0.525~0.635lui 13 89 82 76 68 55
0.635—0.690 9 67 61 52 44 38
0.690—3.0 60 (10)% | (6)* (3)* (0.5)%  (0)*

* Rough estimates only (no accurate data available).

The spectral composition of solar energy on the earth’s surface for an
average air mass of 1.5, given in first two columns of Table 5, has been
taken from the data given by DrummownD (1958). Variations in the
spectral composition with varying length of the path of the incoming
radiation in the atmosphere are relatively small, and possible errors
introduced into Table 6 by using the values of spectral composition given
in Table 5 as overall averages are less than 1 per cent of the values
presented in Table 6, even in cases when the air mass is 3.

The optical water masses are defined in Part I (see Table 2) and the
corresponding transmission values are given in Table 5. They are inter-
polated from data given by JErrov (1951). The absorption of total
energy is computed for every one metre layer. A grouping of these layers



62 1. Laevasiu

by depth intervals, convenient for application to standard hydrographical
data in the oceanic areas, is given in Table 6.

A high percentage of energy is absorbed in the upper 2.5 metres and it
could be argued that this layer should be divided into two or more units.
However, this layer can, for all practical purposes, be considered, in most
cases, as a thoroughly mixed layer, and no further subdivision is necessary.

Table 6. Absorpiion of tolal enerqy (%) 2 various luyers of the sea

Layer & mdte Optical water mass
from surface 1 9 3 4 5
0 — 25 71.4 78.2 84.4 89.6 95.1
25— 5 6.8 9.1 8.1 6.57 4.0
N 5 — 10 7.2 7.3 4.7 3.2 R 0.9
10 — 20 6.6 3.7 2.0 0.6
N 20 — 30 3.0 0.9 0.3 0.1
30 — 40 ©13 0.5 0.1 B
40 — 50 0.9 0.2 N
50 — 75 1.1 0.1 o
B 75 j; 0.6
N 100 — 150 1.1 N B

The percentage of absorption of total energy, as shown in Table 6, is
considerably higher in the swface layers than tha! given by JERLOV
(1951) for the corresponding optical water masses. JERLOV has omitted
part of the long-wave radiation. This long-wave radiation is absorbed
quickly in the fivst metre below the surface and part of it is radiated back
into the atmosphere as »effective back radiations. Mospy (M.S.) also
concluded that the diwrnal temperature variations in calm water, due
mainly to radiation, are confined to the first metre below the suiface.

Diffuse, upward scattered radiation in the water has not heen
considered by computation in Table 8, because it is relatively small and
depends on several factors, difficult to define. This radiation is in the
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wave length of 350 — 550 mu (JosEPH, 1950) and amounts approximately
3 to 5 per cent of the total radiation in this wave length vange. The solar
radiation in the above mentioned range is approximately 15 per cent of
the total and thevefore the error introduced would he around 1 per cent
of the values in Table 5 if the upward radiation were not considered.
However, this neglect of the upward-reflected radiation does not influence
the total heat budget of the water column, because this upward radiation
leaving the surface layer is indirectly included in the computation of @,
(reflected radiation).

15.1. SUMMARY OF CHAPTER 15

Ixact mathematical procedures for computing the absorption of
energy in- the sea reguire lengthy computations. Table 6 has been
computed to facilitate the estimation of the absorption of energy in the
different layers. The absorption values given in this table are slightly
different from those given by JErrov (1951) because the long-wave
radiation has been included in the present work. The possible small
errors introduced in the simplification of the estimation of the absorption
in the sea have been briefly discussed and found to be negligible in the
practice.

16. DETERMINATION OF LOCAL TEMPERATURIE CHANGES
CAUSED BY HEAT EXCHANGE AND MIXING

Several approaches have heen tried in the past for the prediction of
temperature variations in a given locality in the sea. FIELDSTAD (1933)
treated the temperature changes by a continuous density model and
derived an equation with a number of possible solutions. However, no
satisfactory theoretical thesis on the solution of the problem wag found.
SVERDRUP et al. (1949) gave a formula for the computation of teisuperature
changes where the average temperature was taken to be a linear function
of depth, and variations of surface temperature weve represented by means
of a series of harmonic terms. The term 4 /p was asswmed to be constant.
No higher accuracy can be expected from SvERDRUP's formula, because
the surface temperature vaviations do not follow a harmonic curve
exactly, and the eddy conductivity varies with locality, depth and time,
as it depends on many factors (waves, currents, stability, ete.).
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In the following discussions it is assumed that an initial temperature
structure is available from actual measurement and will be repeated after
certain time intervals (e.g. weekly, or monthly). If actual measurements
of temperature structure are not available, an approximate temperature
structure can be constructed from seasonal hydroclime data. The accuracy
of the hydropsis is adversely influenced in this case, and it will be used
chiefly to predict changes of temperature differences from the hydroclime.

The compubation and prediction of temperature structure in the sea,
using a heat exchange budget, is slightly different when using the
continuous density model as opposed to the two-layer system, and so
these two models are treated separately below. With the continuous
density model the absorption of energy in the different layers is found by
means of Table 6, and the heat losses are subtracted from the heat in the
upper 2.5 metre layer. With the two-layer system the depth of the
thermocline is estimated first, and the surface mixed layer is treated as
one layer. The methods are also given for the estimation of the changes
of thermocline depth caused by convective stirring, which is usually a
result of negative heat exchange in the surface layer, and by wave action.

16.1. CONTINUOUS DENSITY MODIL

The theoretical daily increase of temperature in various layers due to
insolation can be computed with the following formula, taking appro-
priate data from Table 6:

Cllnu)(Qs — Q)

100 q.l o + o (C)

(41) Ty =

The specific heat of sea water at different salinities can be found in
the Smithsonian Meteorological Tables (see List 1951). From the
temperature of the upper 2.5 metre layer the following components are
subtracted or added:

Qb _I— O]ELI + QI:
qulo

(42) Tu-(z.s) = Tw(nZ.S) - (OC)
If necessary, corrections should be also made for @ and @,.

It can be assumed that the upper 2.5 metres are practically always
thoroughly mixed. The surface layer might become unstable through
decrease of temperature and through excess of evaporation, which
causes an increase in salinity. Therefore, after computing 7',es and
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the change of salinity caused by evaporation, one should check that the
density of the upper 2.5 metre layer has not exceeded that of the 2.5 to
5 metre layer. Notes in Chapter 16.3 on convective stirring explain further
steps to be taken in the computation of the new temperature structure
caused by instability.

16.2. TWO-LAYER SYSTEM

When the depth of the thermocline is known, the surface layer above
it may generally be considered as thoroughly mixed, especially when
there has been excessive cooling (heat balance negative). This mixed
layer may then be treated in the same way as the upper 2.5 metre layer
in the continuous density model, with the difference that all the energy
which will be absorbed in it according to Table 6 should be included in
@wgzy, Where [ represents the thickness of this mixed layer. The layers
in and below the thermocline can be treated as in the continuous density
model. Depending on whether cooling or heating has taken place in the
mixed layer, its thickness will increase or decrease, if there has been no
other factor (e.g. wave action) to increase the thickness. The change in
the thickness depends on the original sharpness of the thermocline and
can be determined either graphically (see Figure 15) or approximately
with the following formula:

(Dlm — Dam) (Tom(m) - —rpw(m))
Tow(m) - wa

(43) ADyy =

(m)

Temperature —

Loss
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Figure 15. Graphical determination of the changes of temperature structuve.

A — continuous density model
B — two-layer system, positive heat balance
C — two-layer system, negative heat balance
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However, the surface layer above the thermocline may not always
be considered as thoroughly mixed, because the factors which cause this
mixing may change from day to day. Therefore a computation of the
thickness of this layer, as determined by waves, currents and other
factors, must usually be made before applying the methods outlined
above. This is especially necessary when heating of the surface layer is
talking place or the stability is increased by other factors (e.g.
precipitation, runoff, etc.)

16.3. ESTIMATION OF THE DEPTH OF THE THERMOCLINE AND
ITS VARIATIONS

Several different attempts have been made to determine the average
depth of the thermocline (FREEMAN, 1954; MUNK and ANDERSON, 1948;
Lumsy, 1955; and others). In quantitative attempts, the depth of the
thermocline has been related to wind speed and latitude and by Russian
researchers to waves. Unfortunately the Russian researchers clo not give
the formulas used. The other attempts are unsatisfactory and sometimes
directly misleading (for example, the effect of convective stirring and
the effects of divergences and convergences are not considered; the
included »latitudinal effectsy gives misleading values in high and Jow
latitudes, etc.).

In the following consideration the problem of the determination of the
thermocline depth is divided into: 1) prediction of the mean depth around
which the thermocline oscillates; 2) prediction of the amplitude of the
oscillation.

It is obvious that the average depth of the thermocline is directly
related to mixing, which in this paper is divided into two, accorcing to
the cause: the first cause is convective stirring and the second is wave
action. The final depth of the thermocline depends, in the case of a
negative heat exchange, on which action reaches deeper, and, in the case
of a positive exchange, only on the wave action. The possible influence of
mixing by currents is dealt with separately, as well as the effects of up-
welling and piling-up on the thermocline depth, especially at the con-
vergences and divergences of surface currents.
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16.3.1 Conwective stirring

Only a few qualitative remarks can be found in the literature on
convective stirring. MuNk and ANDERSON (1948) believed that convective
stirring plays as important a part in the oceans as wind stirring. Foronorr
(1956) concluded that the formation of Antarctic bottom water appears
to be influenced and controlled by nonlinearities in the dependence of
the density of sea water on temperature and salinity. This mechanism
of water-mass formation and mixing can also be included in convective
stirring. An attempt to consider convective stirring quantitatively is
made below.

Convective stirring occurs when instability of the upper layer(s) is
caused by evaporation and loss of heat to the atmosphere. This is a
continuous process and at present it is difficult to derive an exact,
applicable equation to describe it. However, using a 24 hour period, an
attempt is made below to derive an approximate solution for the
determination of the depth to which this convective stirring can arrive
(by a continuous density model) and for the determination of the resulting
changes of density in the stirred (mixed) layer.

When the heat balance and the resulting density for 24 hours for the
upper 2.5 metre layer has been computed, and the density of this upper
layer is greater than the density of the layer below, the computation of’
mixing should be continued layer by layer, taking the next layer (2.5 to
5 m) and its average density after the heat balance computations:

Loy + Lo,
I, + 1,
If the average density of these two layers is still higher than the
density of the following layer (5 to 10 m) the computation should be

continued as above. The average temperature of the layer mixed by
convective stirring can be found with the following simple formula:

llTII'(’l) + ZZTw(I;)
L1l

(44)

D)

(45) T gy =

Another and probably more exact way for approximate caleulation of’
convective stirring is by assuming that mixing reaches the depth where
the density equals the density of the surface 2.5 metre layer caused by a.
change over the 24-hour period. For computation of the resulting density
and temperature, the o, is taken as the average density of the layer-
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between the surface 2.5 metre layer and the point where the density
equals that of the surface layer after the change.

Molecular diffusion and conductivity can be omitted from these
approximate caleulations. Only on relatively few occasions can the upper
layers be treated according to the procedures for the continuous density
model. When warming up ocecurs, the main task is to determine the
average depth of the thermocline which has been created, or is already
present, and its fluctuations. This caleulation is described in the following
sections.

16.3.2 Hstimation of the average depth of the thermocline from wind and
wave data

Although wind is the direct force for mixing, the actual mixing in the
water is caused by its effects — wind waves and wind currents (drift
currents). The mixing by waves is mainly caused by the presence of waves
of different length and height. In order to determine the thickness of a
mixed layer caused by wave action, we must first determine the wave
characteristics on the surface and then define a depth where the particle
motion and accompanying mixing arve negligible. This procedure is
possible in the case of surface waves (short waves) which can be considered
as trochoid waves and where the orbital paths of the particles are near
cireles. In long waves the paths ave nearly horizontal and nearly constant
with depth. However, these long waves ave less important for vertical
mixing (their effect being similar to that of the current), but they are of
importance in causing the periodic fluctuations of thermocline depth.

In general, the height of wind waves depends on wind speed, its
-duration, length of fetch and the depth of the water. A summary of the
-existing formulas relating the waves to some or all of these factors is given
by Bruwns (1955). In addition, Rorr (1952) and FrrEacre (1956) have
pointed out an important fact, generally known to seamen, to be
considered in the prediction of waves, namely that significantly higher
waves are generated by cold air rather than by warm air. According to
Freacrzs (1956), the difference amounts to roughly 10 per cent per degree
Celsius of sea-air temperature difference.

Rapid determination of the wave height may be made (a) by using
-appropriate tables, and (b) by computation, using the relations of wave
characteristics and wind data. Using the wave data from DARBYSHIRE
.(1959) and the wave observations made on board USS sRehoboty (U.S.
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Navy Hydrographic Office 1955), including the temperature difference
effect, mentioned above, and the effect of the fetch and the duration of
the wind, based on the data from BureErss (1950), Neumany (1955) and
SVERDRUP, JOHNSON, Freming (1942), a simplified single formula is

ﬁ‘/;.(m)
o))
1

Figure 16. Significant heights of fully developed sea according to Darbyshire,
Neumann, Sverdrup-Munk, and Formula (46).

Data for the curves (curves 2 to 4 from Neumann, Pierson 1957)
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derived, by means of statistical approximations, for the estimation of the
significant height of the waves:

0.0008’72 [50 + (Tw - Tﬂ)]

(46) Hy,y = < 51;) ( V) (m)
I 4 Vi 1+ 3

A comparison of Formula (46) with other existing wave forecasting
formulas is made in Figure 16.

The depth of the water has not been taken into consideration. How-
ever, we have to consider it in the determination of the mixing depth
caused by waves. The following formula can be used for checking the
dependence of wave height on the depth of the water:

(47) Hyo =05V H, (m)

Detailed instructions for the forecasting of waves are given in U.S,
Hydrographic Office (1951) Publication No. 604. The Formula (46)
is an approximation and useful for quick estimates. Ior the construction
of a more exact formula, more data on the effects of temperature, fetch
and the duration of the wind are needed. In the present work we are not
interested in the decay of waves. The advection caused by the waves is
mentioned at the end of Chapter 17.3 and the possible propagation of the
depressions of thermocline, caused by heavy seas is described in Section
16.3.3.

The next step is to determine the depth at which the mixing caused by
wave action is negligible. Using the relations for trochoid waves for
computing the velocities of water particles at various wave heights and
at various depths™, the depths given by NEumany (1955), where the total
wave energy has decreased to 5 per cent of its value at the sea surface, and
assuming that the mixing by waves is negligible at approximately a depth
where the diameter of orbital baths is smaller than 10 cm., we can arrive
at a tentative formula for determining this depth from the wave height:

(48) D, =125H, (m)

* Tor relating the significant height to »corresponding» wave length, the

following empirical relation, derived by the author, has been used: Ly, = 50 \/H:/J

(m).
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This relation, which is not valid for seasonal data, is shown in Figure
(17) together with a few available actual data from Weather Ship M and
some data from LumBy (1955). The last mentioned data are monthly
averages and therefore give a greater depth of the mixed layer, because
the depth was determined by heavy winds in the near past and not by
average winds. It is therefore obvious that for the estimation of the
thermocline depth the heavy wind and/or wave data for a few days back
should be used, because the establisliment of a new thermocline may take
considerable time. Furthermore, the relation between waves and thermo-
cline depth can usually not be used when convective stirring occurs
(during autumn and winter). Furthermore, at and close to convergences
and divergences and other areas where upwelling or piling-up of waters
occurs, the approximate relation given with IFormula (48) is not valid.
These cases are described in a later chapter. (The available monthly data
show that the average thermocline depth (m) is circ. 8 times the average
speed of the wind (m sec™!) in the same locality and month, in those
months and areas when and where no convective stirring oceurs.)

100+

80+

)

60+

40 8

20+ ¢

Depth of thermocline (m

Wave height (m)

Figure 17. Relation between wave height and depth of the mixed layer.

O Weather ship M, June 1957
x Mardsen square 185, April to August| Monthly averages of the mixed
e Northern North Sea, April to August| layer depth from Lumby (1955).



72 T. Laevastu

16.3.3 Fluctuations of the depth of the thermocline

ScHULE (1952) classified five main types of variations of thermocline
depth: 1) seasonal; 2) lunar (monthly and bimonthly); 3) semidiurnal and
diurnal, tidal; 4) short period; and 5) random variations due to mixing.
He found that the third type had the largest single effect. e, furthermorve,
found that the task of predicting these fluctuations is still very difficult,
mainly because of the scarcity of data. As the tidal forces may be the
main cause of these fluctuations, some prediction in coastal areas can be
made, assuming that the fluctuations are proportional to the tidal height.
However, great uncertainties are also involved in this new method. The
difficulties of determining tidal currents in offshore areas are mentioned
in Chapter 17.4.

According to Dimrrica and KKATLe (1957), GrRoEN (1948) has shown
from the theory of short internal waves that there is a lower boundary of
the period of internal waves which depends on the density gradient. As
the fluctuation period of the short internal waves is usually rather short,
this fluctuation can be included in the actual thickness of the thermocline
in the 24-hour predictions. The great short period variations of thermo-
cline depth are caused by internal tidal waves (semidiurnal and diurnal).
The average amplitude of these variations is 2.5 to 5 metres. In coastal
areas, REID (1956) has found internal waves with heights of 10 metres
and greater. DEranT (1950) has analysed the internal tide waves in the
open sea and concluded that the displacement at the two layer boundary
is always greater than at the surface and this displacement depends on
density differences. ScHULE (1952), in cooperation with the U.S. Coast
and Geodetic Survey, attempted to analyse the semidiurnal and diurnal
constituents of these fluctuations. However, these attempts failed because
no continuous registrations of the fluctuations existed and the available
6 BT data per day did not allow exact determination of the ridges and
troughs of the internal waves. SmiwerLL (1937) attempted a harmonic
analysis of the hydrographic data of a four-day station in the North
Atlantic. He found that the 24 lunar hour vertical oscillation was the
most pronounced and the effects of the 12 lunar hour oscillations were
about 50 per cent less.

An analysis was made, by the present author, of a graphical summary
of North Pacific bathythermograph data (see LEIPPEr 1954) in order to
find the monthly and bimonthly fluctuations of the thermocline. An
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example of such graphical data is given in Figure 18. The following
observations were made from these data:




74 T. Laevastu

1) The fluctuations of the depth where temperature is 1°F different
from the sea surface are much smaller than the fluctuations of the depth
of the »mixed layery. (The »mixed layer depths was defined in the graphical
sunnary as the depth of a - 0.3°F change from the temperature of the
sea surface.)

2) The seasonal fluctuations of the depth of the thermocline are much
greater than the monthly and other periodic fluctuations. It seems that
the meteorological factors have the far greatest influence on the long
term fluctuation of the thermocline depth. A preliminary examination
gives an impression that the circ. fortnightly great fluctuations of thermo-
cline depth are caused by heavy seas and atmospheric pressure changes
in limited localities and that these fluctuations move with approximately
the same speed as fronts and are being damped down over certain distances.

3) When the thermocline descends deeper (at the end of September
and the beginning of October) and is sharp, the periodic fluctuations are
velatively small. During the winter and early spring, when the thermo-
cline is less sharp, the fluctuations within depth are greatest, but the
changes of temperature with time in a given depth are small.

4) There are considerable variations in the average depth of the
thermocline from year to year in the same locality and season.

Table 7. Long-period fluctuations of the depth of maxed layer in the North Pucific

1
Latitude N 28° 30° 31° | 33° ’ 40° 49° 50°

|

\

£
|
|

3
[ |

Number of | |

flnctuations 14 | 14 8 \ 12 10

|
recorded |

|
|
|
|
|

10 9

Range of 7 | |
periods in 10 to 1910 to 22|11 to 15
days \

\
-
‘ |
76019 | 9to 23| 7tolb 9170191

Average ‘ | “ ‘ \
period n 13.9 15.6 13.8 ‘ 13.8 1 154 | 11.5 12.8
days | |

An attempt was also made to determine bimonthly and/or monthly
fluctuations of the thermocline depth. The same difficulties were en-
countered in more exact analyses as have been described by ScHuLm
(1952). A summary of the average periods of fluctuation is given in Table
7. The overall average period is 13.95 days. It is difficult to relate this
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period to internal tides because of the difficulties of determination of
offshore tides. It is interesting to note that standing internal waves with
a 14 day period have also been observed in Gullmarfjord. The observed
long-period fluctunations in the North Pacific might result from various
factors which are difficult to analyse (e.g. tides — Mf and MSf; meteoro-
logical factors — heat exchange, pressure changes and winds; and standing
internal waves etc.). Fortnightly tides, caused by the constituents of Mf
and MSf, might be the important cause of these long term fluctuations of
thermocline depth. Groves (1957) also found fortnightly variations of sea
level over large areas, assuming the cause of these variations to be the
tidal constituents. Unfortunately, these constituents have been computed
only for very few tidal stations. Mf is a purely astronomical constituent,
arising from the variable declination of the moon, and MSf results from
the nonlinear relations between M, and S,.

It is doubtful whether these fluctuations are due to tidal forces, and
it is more likely that they are caused by combined meteorological effects:
The difference (and change) of atmospheric pressure causes a wave
rather than a current, because the pressure gradient is not balanced by
the deflecting force of the earth’s rotation. Assuming the thickness of the
surface layer to be 50 m and the density difference 0.002, this wave would
propagate circ. 100 cm sec™!, which is nearly the speed of an atmospheric
cold front. A very rough estimation of the speed of a gradient current
caused by a pressure change of 10 mb gives circ. 140 em sec™. If particle
‘transport velocity of a swrface wave is 1/5 of wave speed, as determined
-experimentally, the average velocity in upper 5 m of a 5 m high sea would
be around 100 em sec~t. The above rough estimates give speeds close to
each other. If it could be supposed that the main causes of long term
fluctuations (cire. fortnightly) of thermocline depth are the meteorological
factors and that the speed of the movement of these fluctuations is
approximately the same as the speeds of fronts, pressure changes and
wave transport, and the direction of movement is also determined by
these factors, the fluctuations would be predictable. Future investigations
must clarify these points.

16.4. SUMMARY OIF CHAPTER 16

Earlier attempts to predict the temperature variations in a given
locality have been reviewed and no satisfactory theoretical or empirical
solution has been found to exist. In the attempt to find an empirical and/
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or theoretical solution, the problem is initially divided, by the previous
temperature structure, into prediction by the continuous density model
and prediction by the two-layer system. For the computation of the
changes of temperature at different depths by the continuous density
niodel, two theovetical formulas are given. The graphical estimation of
temperature changes is shown in a figure. Ifor the two-layer system a
formula for the estimation of the changes in thickness caused by the
heat exchange is given. However, the average depth of the thermocline
is often unknown. For the prediction of this depth two approaches have
been developed: prediction of the depth caused 1) by convective stirring,
and 2) by wave action. For the quantitative estimation of convective
stirring, for which no formulas existed, a new procedure with two
theoretical formulas has been developed. For the determination of the
depth of thermocline from wave data a new empirical wave formula has
been developed, where the effects of the fetch, the duration of the wind
and the temperature differences between the sea surface and air are
included. The depth of the thermocline is related on theoretical and
empirical consideration to the wave height, and the limitations to the
application of this formula are discussed. The periodic fluctuations of
the thermocline and the factors affecting these fluctuations are discussed.
It is suggested that the main causes of the long-term fluctuations (e.g.
fortnightly) might be meteorological factors and that the fluctuations
might move with approximately the same speed as atmospheric
disturbances. At present no data are available for developing formulas for
the prediction of these fluctuations.

17. CURRENTS AND TRANSPORT OF HEAT

In the prediction of temperature we are interested in currents under
two aspects: (a) transport of heat and consequent local changes causec by
advection, and (b) mixing by currents.

In predicting the changes of surface water temperature we are mainly
concerned with the trajectories (paths) of limited water masses, in order
to follow their possible local changes day by day.

Mu~k and ANDERSON (1948) showed that currents and temperature
distribution are intimately related. Mathematically, they are linked with
coefficients of eddy viscosity and conductivity, which are functions of
temperature (and salinity) gradients and currents.
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Supa (1937—38) and Fuxuoxa (1957) concluded that the causes of
the irregular variations of temperature and salinity with time in the
Kuroshio area were connected only with the advection of the current.

Monthly and seasonal surface current charts based upon dead
reckoning are available for all oceans. However, they are not very
rveliable, especially for short periods. Hena (1954) found that if the current
displacement determined by astronomical fix is less than 2 nautical miles
per 24 hours, the given value in the atlas is entirely unreliable. In most
cases, little weight can be given to displacements of 5 nautical miles or
less per 24 hours. Jamus (1957) came to an analogous conclusion, namely,
that the surface current charts can be considered veliable and accurate
as mean values if there are at least 5 observations from 3 600 square
nautical miles and the drift is > 5 miles (24 h.)=1. Consequently, thereis a
need for synoptic or prognostic current charts (James, 1957).

The current charts in the atlases can be used for a rough average guess
of the currents in a certain month. For our present purpose we need
a more accurate method for the prediction of the surface currents on a
daily or weekly basis. In this prediction use can be made of the atlases
for estimation of the snormaly situations, but the anomalies of these
situations must be predicted.

The following problems regarding currents are dealt with below:

1) Heat transport by currents.

2) The method of separation of wind driven currents from permanent

currents.

3) The method for the prediction of wind currents.

4) Influence of changes of atmospheric pressure and transport by

waves on the surface currents.

5) The influence of tidal currents on temperature structure.

8) Mixing by currents.

7) The fluctuation of current boundaries (convergences and

divergences of currents).

17.1. HEAT TRANSPORT BY CURRENTS

The temperature change caused by advection can easily be computed
by the use of the following formula, if the current speed and direction has
been ascertained:
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ar
where i is the local change of temperature, per unit of time, causecd
. ZTIU >
by advection, and v s the change of the surface temperature of the

da

current with horizontal distance. This term should include temperature
changes by mixing and by heat exchange during transport. It can be de-
termined from seasonal charts of surface temperature and/or from previous
measurements in the localities under consideration. However, heat ex-
change comwputations should also be made in the regions of expected
inflow into the hydroptic area when abnormally rapid cooling or warming-
up of surface layers is expected, and appropriate corrections should be
made to 7.

In hydropsis it is seldom necessary to compute the volume transport
except by certain accurate forecasting of the movement of divergences
and convergences of currents. Conventional formulas are available for
the computation of this mass transport. The volume transport in a non-

homogeneous layer is:
d

(50) =10 W / (4D, — ADg) dz,
0

and in a homogeneous layer:

(51) 7 =% Wy E _0 % o

In the northern hemisphere, the direction of the average current and
mass transport is assumed to deviate 90° to the right in relation to the
direction of the slope of the isobaric surface.

Our main interest in the hydropsis is to determine the direction and
speed of the surface currents in order to be able to use these data in
Formula (49) and at other times.

17.2. PERMANENT CURRENTS AND THE SEPARATION OF WIND
CURRENTS FROM PERMANENT FLOW

The permanent gradient currents are caused by the existence of
pressure gradients, resulting usually from density differences, or they are
maintained by the great permanent and more or less constant wind
systems. The conventional formulas were usually developed for the
computation of currents at right angles to the hydrographic sections,
utilising the difference of the dynamic heights at these stations.
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These methods for computing relative currents, using the dynamic
height difference, are much criticized. It is difficult to find a veal »layer
of no motion». A dynamic height difference may also exist as a result
of the piling-up of waters due to wind action, and the current
perpendicular to the section might be balanced by the same force.
Offshore tides and other factors causing the fluctuations of pycnocline
depth also interfere with the dynamic height.

For hydropsis the computation of geostrophic currents would he of
importance only if several more or less synoptic hydrographical stations
were available. This is rarely the case, and therefore in hydropsis there
only remains the possibility of computing the permanent flow and
superimposed wind currents and currents caused by atmospheric pressure
changes and by waves from the meteorological data. However, if a large
area is under consideration, it would in certain cases be possible to
corapute changes of dynamic heights which might be caused by heat
exchange, the piling-up of waters by wind, etc. Corrections to the
estimated permanent flow could then be made, using the formula of
MoxtcoMERY (1938). He found that the logical method of deducing
oceanice flow patterns from temperature, salinity and oxygen observations,
is to chart these properties for surfaces of constant potential density.
His formula for the gradient flow in a o, surface is:

37 AH,
sin L AZ,,‘_

(52) W=

where fH, (the geostrophic potential) is: @. — ag Pu.

It is necessary to separate wind currents, which vary with the direction
and velocity of the wind and can be predicted from wind data, from the
permanent flow (gracdient currents) which is considerably more stable in
space and time.

Although one has to recognize HansEN’s (1956) complaint that, for the
detection of non-stationary movements in the ocean, no theory exists at
Present that could stand a test with regard to its practical application,
nevertheless, the practical approaches made by ParmeN (1930 b) and
Hera (1952) have given satisfactory results in some areas and merit
further application.

Parusin (1930 b) and Hera (1952) took the currents associated with a
certain wind velocity, grouped them according to the directions of the
winds and currents and thus computed the resultant currents for each
direction. In the case of pure wind-drift currents, the final resultant of
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the resulting currents connected with all the different directions of the
wind must be zero.

It is generally assumed that a rough concept about the permanent
flow can be obtained from the resultant surface currents which occur
during calm weather. MANDELBAUM (1955) has used a method similar to
that of ParmiN and Hxrra for computing »residua leurrents during calms».

It is obvious that the wind currents have a certain inertia and that
the sea does not respond instantaneously to the changes of wind-speed
and direction. Parmin (1930 b) has shown that in the Baltic, when
eliminating the drift current from the actual current data, the rest,
usually called the permanent flow, is also a function of the wind. For
this reason he introduced the name scharacteristic currents, instead of
spermanent flows.

NNW NNE
NW NE
WNW ENE
w E
Wsw ESE
sSW SE
55W SSE
S

Figure 19. Directions of winds at »no currents, Lightship »Storbrottens, 1953,
60°26'N, 19°13'I5.

An examination of current data from lightship »Storbrotteny during
1953 (see Lisrrzin 1955) shows that the currents during calms often
indicate inertial wind currents from the previous winds and can come
from all divections, showing the limitations of MANDELBAUM’s method.
By plotting wind directions at »mo currents (Ifigure 19) a better idea of
permanent flow can be obtained. From this figure it could be concluded
that the »permanent flow» in this locality is from the North which is in
agreement with LisiTzin’s (1938) results. Plotting the N—S components
of winds and currents at the same lightship (Figure 20) reveals that a
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Figure 20. North-South components of winds and currents at Lightship
»Storbrotteny during 1 to 21 January 1953.
— wind; — — — surface current;
A no current; X S or N component only;
O E component present; s W component present.

N—S seiche, normally expected to be present in narrow, long bays, is
superimposed on this permanent flow from the north.

For the purpose of hydropsis, it would be necessary to compute the
permanent flow for the area of hydropsis for each month, using the
method of Parmrin and Hrra and available surface-current and average-
wind charts. The »actual expected» wind current would be predicted from
gradient wind data for the hydroptic period required, as outlined below.

17.3. RELATION BETWEEN WIND AND SURFACE CURRLENT

Huceues (1956) found from the results of drvift card experiments that
the current velocity was 2 per cent of the velocity of the gradient wind.
ScruToN (1956) reported slightly higher values (the current speed being
2 to 3 per cent of the wind speed).

Hrera (1952) found the following relation:

(53) W =0.0137T7 (cm sec™1)

which is in good agreement with Huanrs’ values if we assume the surface
wind to be 2/3 of the gradient wind. Lawrorp and VeELEY (1956) found that,
while the expression connecting wind and surface-water movements
was linear with winds up to about 3 Beauforts, above this strength it
appeared to obey a different linear relationship or to become curved.
A similar conclusion was also reached by ManprLBAUM (1956). However,
this idea was subsequently disregarded by Lawrorp and VELEY, and
also by MANDELBAUM (1958), who assumed that the following equation
best presents the relations between surface currents and winds:

(54) W=K\V (cm sec™)

6
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where K is 2.7, W in cm sec™! and V in m sec~!. It was pointed out
already by WrTTing in 1909 that the surface current speed is proportional
to A/V (LisiTzin 1938).

Although Formulas (53) and (54) arve derived on the basis of long-
period (weekly and monthly) data, Formula (54) is best suited for the
estimation of the speed of the wind currents during 24 hours and longer
periods and also allows partly for the »rest currents» usually associated
with low wind velocities (possible »inertialy wind currents caused by
earlier stronger winds). For steady winds the Formula of Hrra (53) is
useful but tends to give too high values for winds above 15 m sec™.

Parmen (1930 a) found from theory, which was partly confirmed by
observations, that the change of current speed with depth is proportional
to the density gradient. There are no additional proper data available
for quantitative re-evaluation of Parmin’s finding. The examination of
the data on the change of current speed with depth, given by STEvENSON
(1958) and the actual measurements on Finnish lightships, show that
the speed varies only slightly with depth over the continental shelf, the
greatest changes occurring in the upper first metre. ormulas (53) and
(54) can be considered as presenting the average wind current in the
upper 5 metres.

There seems to be no appreciable latitudinal speed effect in the case of
wind currents, However, the steadiness and duration of the wind should be
accounted for in more accurate hindcasts, estimated with the use of
accumulated data.

The direction and speed of the prevailing winds also considerably
influence tidal currents, causing displacement of the centre of the current
ellipse and its deformation (ManprELBAUM 1957). These modifications of
tidal currents by wind vary with locality and can be allowed for in
hydropsis, using experiences based on corresponding local measurements.

Besides knowing the speed of the wind current, we need to estimate
also the direction of the current in relation to the direction of the wind.
Huenns (1956) found from the drift of the plastic envelopes that they
moved approximately in the same direction as the gradient wind. How-
ever, the envelopes are exposed to the direct influence of the wind at the
sea surface and might not represent the actual direction of wind currents
in relation to the direction of the wind.

According to Exman’s theory the deflection of the wind currents
should be about 45° to the right of the wind direction in the northern
hemisphere and 45° to the left in the southern hemisphere. Hay (1954)
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found that, at two different weather ships in the North Atlantic, the
average deflection of the current was respectively 42° and 29° to the
right of the wind direction. TaxEDA (1938) showed theoretically, on the
basis of the mixing length theory of turbulence, that the deflection of the
surface drift current from the wind is less than 45°. It has been shown
by many other workers that ExmMan’s theory is not valid in detail either
on the deflection of the wind current or on the change of current speed
with depth.

Hera (1952) showed that the stronger the frictional force, as compared
relatively with the corresponding drift current, the smaller the ang'e of
deflection ceteris paribus. He also found that, in the Gulf of Finland,
the rotation of the characteristic current was cum sole with increasing
wind velocity. This direction of rotation was confirmed by StoMMEL
(1954). However, in shallow seas the direction of rotation of wind currents
in the case of a change of wind direction might be influenced by the
rotation of tidal currents, which may, on certain occasions, be contra
sole.

BowpEn (1953) found with the GEX that during a radical wind shift,
when wind velocities ranged from 18 to 30 knots, the current direction
changed and became steady within 3 hours. The deflection was 18° to
the right of the wind direction. However, Strvinson (1958) found that
on the continental shelf the direction of the wind current in relation to the
direction of the wind varied with locality.

To check the direction of the current in relation to the wind in coastal
areas, a comparison of the directions of the wind and the surface currents
was made from the data of the lightship sStorbrottens (see Lisitzin 1955).
The data plotted on Figures 21 and 22 reveal that in most cases the
surface current is from the same direction as the wind or flows slightly to
the right. Further analysis of the data showed that, with stronger winds
the angle of deflection is small or the directions of the wind and current
are approximately the same, thus confirming the conclusions of Lisrrzin
(1938) and Hera (1952). ListTzin (1938) found an average deflection of
the surface current to be 12° to the right of the wind at the lightship
»3torbrotteny*

The observations on this lightship of directions of winds and currents
were made for 32 directions. From the data it is obvious that the observer

#* HuLA (1952) found that in the Gulf of Finland the angle of deflection can be
expressed with an empirical formula: a = 34° — 7.5 «\/I—’.
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Figure 21. Directions of winds and currents at Lightship »Storbrottens, 1953.
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Figure 22. Directions of currents in. relation to directions of winds at Lightship
»Strobrotteny, 1953.

in most cases used only 16 directions, probably due to fluctuations and
other factors making accurate determination of direction difficult. How-
-ever, as a very rough estimation of the deflection, 20° to the right can be
given. Hera (1952) also found that the scharacteristic current» was the
:sum of a real permanent flow and an additional current vector deflected
-about 20° to the right of the direction of the resultant wind.
Comparison was also made of the wind and current data of two light-
:ships close to each other. (»Storbrottens 60°26'N, 19°13'N and »Grund-
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kallen» 60°34'N, 18°58’E). Three observations a day were made from the
Finnish lightship sStorbrottens and currents were measured at three
depths. The observations from the Swedish lightship »Grundkalleny were
made only once a day at 8 a.m. (probably Swedish Standard Time) ancl
the currents were measured at two depths only (Anon., 1954). The firvst
observation on the »Storbrotten», 7 a.m. IFinnish Standard Time, and the
Swedish observation are compared, there being, however, a time difference
of 2 hours between these observations.

There were few differences in the wind directions at the two lightships,
the average ranging from 10° to 20°. Considerable differences existed in.
the estimation of the wind speeds, which were generally 1 to 2 Beauforts
higher at the »Grundkallen», but occasionally lower. This is obviously the
result of incorrect estimates of the force.

The differences in the current directions measured by the two ships
were sometinmes up to and above 90°, The most remarkable were the
differences in the current velocities, which were considerably lower at
the »Grundkallens. These differences could be caused by the differences
in the current measurement techniques and also partly by differences in
bottom topography.

A comparison of the surface temperature and wind data at the »Grund-
kallen» showed a relation between the direction of the wind and the
surface temperatures. A similar observation was made by Hera (1951) in
another locality. This relation might be caused by the effects of advection,
the piling-up of surface water or the upwelling of intermediate water.

Trom the discussions above, it becomes evident that the deflection of
the wind currents varies with locality and should be ascertainecd from:
measurements. 20° to the right could be taken as a rough estimate of the
deflection in medium latitudes if no data are available. The deflection
most probably varies slightly with latitudes.

The sea level responds to the changes of atmospheric pressure, as will
be described in Chapter 19, so that 1 millibar change of pressure corre-
sponds roughly to 1 em. change of sea level. This response can partly be
dynamic, i.e. some water has to flow from a high pressure region into a
low pressure region, in connection with an internal spressure wavey,
discussed earlier. The pressure changes in a given locality are rather rapid
and these changes will most probably also influence the direction and
speed of the resultant surface currents.

The distribution of the surface pressure and the winds over the North
Atlantic on March 3rd, 1957, is shown in Figure 23, and Figure 24 shows
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Figure 23. Barometric pressure (mb) and winds on 3 March 1957 in the North
Atlantic.

the change of atmospheric pressure between the 2nd and 3vd of March
1957. The magnitude of the influence of the current component caused
by pressure is unknown. However, some idea can be obtained by adapting
the available approaches used in the dynamical computations of currents.
A qualitative analysis of these figures (and other similar plottings not
shown here) in respect to swrface cwurrents permits the following
observations:

The surface current component caused by atmospheric pressure
changes is directed approximately towards the movement of low pressure
centres. Adding this current component to the wind currents, we find
that the resultant surface current is approximately along the isobars, if
no permanent flow is present. The zero changes of pressure coincide in the
majority of cases with the fronts. There is also a transport of water
particles by smface waves which is in general assumed to be with cire. 1/5
of the speed of the progression of the corresponding waves.

It seems that the gradient current caused by atmospheric pressure-
changes and the water transport by waves may explain the short term
fluctuations in the direction and speed of surface currents, the so-called
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Figure 24. Change of barometric pressure (mb) between 2 and 3 March 1957 in the
North Atlantic.

macroturbulence, and the cutting off eddies. Experimental verification of
the influence of these current components would be difficult. One in-
direct possibility could be by means of prognostic current charts. A
prognostic current chart could be prepared for every 12 hours on hoard
(considering permanent flow, wind currents, transport by waves and
gradient currents caused by atmospheric pressure). The correctness of
this prognostic chart could be checked using the drift of the vessel under
way. The other possibility is to use self-reporting (telemetring) drifting
buoys.

17.4. TIDAL CURRENTS

Tidal currents usually predominate on the continental shelf. Howevers
in semi-closed basins they can be negligible (the Baltic and Mediterranean
Seas, for example). Although our knowledge of the tides in coastal area
is excellent, the offshore tides are difficult to measure and compute.
RaTTRAY (1957) tried to compute the tidal currents in offshore regions
and obtained good results in regions where the frictional effect was
negligible, using the data from adjacent shore stations. The results were
poor for the longshore currents, where friction was strong.
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Tidal currents are an important cause of mixing on the continental
shelf. Large and almost periodic variations in the sea temperature,
observed in shallow stratified water along the coast, may be caused by
tidal stirring over an irregular bottom and by subsequent horizontal and
vertical oscillating movements associated with the tides and by capsizing
and cascading of internal waves in shallow water, especially on continental
slope. DigrrIcH (1954) found that the effect of the turbulence of the ticlal
stream increases with the approach to shallow water. He concluded also
that the mixing layer close to the bottom depends more on the tidal
stream, while near the surface it is caused by the wind effect.

The velocity of the tidal current remains nearly constant with depth,
decreasing only close to the bottom, due to friction. This fact also explains
DizTrIcH’s observations. The mixing by tidal currents occurs along the
bottom, where it is limited to a relatively thin layer, and on the submarine
slope where there is a change of depth. Mixing by tidal currents can also
occur along the boundaries of different water masses. As tidal currents
fluctuate back and forth, it is important to determine the horizontal
distance from the slope, the shallowest depth or the current boundary
where a thorough mixing is expected. The formula of Havamr, IF'uxuvo
and Yopa (1957) can be used for the purpose.

They suggested that the length 1. travelled by a tidal current from
slack to slack can be assumed to represent mixing length.

t(ll
4 . = J —
(55) b = W5

la
where TZ‘ is the half period of the tidal current.
This Formula (55) requires a knowledge of the average speed of the
tidal stream, which must be ascertained by measurements in each locality
or computed with the formula derived from FrLeming’s (1938) work:

2maa,

max T.Hw

(56) W

2
The average velocity of the tidal current (W,) is . times TV, ..

Furthermore, directional corrections must be applied in most areas where
the tidal currents form a pronounced ellipse.

For a rough approximation, one can assume for most areas that, in the
horizontal distance of the tidal mixing length from the bottom of a slope
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where the thermocline would intercept the bottom contour, no sharp
thermocline exists. It can also be assumed that this mixing length
represents in certain conditions a mixing zone in current divergences and
convergences.

17.5. CONVERGENCES AND DIVERGENCES OF CURRENTS

Mixing of water masses in a horizontal direction takes place at the
convergences of currents with different water masses and with
consequently different temperatures. The upwelling of deep water occurs
at the divergences. These divergences and convergences are in no way
stationary but fluctuate as to position and these fluctuwations cause
abrupt changes in the localities which they cover, and need to be predicted,
because the sharp temperature boundaries act as barriers to the migration
of marine animals.

The reason for the fluctuations of the current houndaries can be found
in meteorological conditions. Fugvoxa (1955) concluded that variation
of the oceanic polar front may be caused by zonal distribution of wind
systems. MoNTGOMERY (1938) concluded that the total horizontal
convergence or divergence of the surface layer is given by convergence or
divergence of drift current.

HEra (1954) gives a method for computing current divergences and
convergences using available atlases of surface currents.

A strict mathematical treatment of the current boundaries is not
possible at present. Tentatively, principles for the determination of the
position of cmrrent boundaries and their changes are established below:

1) The average monthly or seasonal divergences and convergences can
be computed from available surface current data, as done by Hrra
(1954);

2) Outside the regions of strong permanent currents, the divergences
and convergences of surface currents are determined by the
divergence and convergence of the winds. In order to account
for the positions of these current boundaries and their changes
with time, the velocities, divections and duration of the winds on
both sides of the boundaries must be considered. When the winds
are above normal on the warmer water side of a convergence or on
the colder water side of a divergence, the warm water is expected
to spread over the colder. If the opposite is the case with the winds,
a more intensive mixing on the current boundary is expected;
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3) When accounting for the changes of divergences and convergences
along the coast and on the continental shelf, the piling-up action,
mass transport and the depth of water must be talken into consider-
ation, in addition to the winds;

4) The changes of the boundaries of permanent current are also
influenced by the changes of total mass transport of either one of
the currents. Normally, when the mass transport of one current
increases, the boundary moves towards the current with less
transport. The changes of the heat balances of the different
currents might also cause a change in their positions. If the heat
gain of the colder current increases above normal in relation to the
warmer current, the convergence moves towards the colder current
or, in case of current divergences, an increase of mass transport
of the warmer current can be expected.

5) When the transport of a major current is small the current pattern
changes easily. Overspread of a warm weak current over a cold
current can then also be expected (TaxmwnourTi, 1957).

6) The boundaries can be sharper towards the movement of the
boundary especially if the boundary moves towards the direction
of the colder side. Relatively little mixing is expectec on these fast
moving boundaries. The speed of the movement can be consider-
able. Speeds up to one knot have been reported (Kwauss 1957).

A preliminary test of the influence of the winds on the movement of
the current boundary between the Labrador Current and the North
Atlantic Drift Current was made with the data from DinsMoRrRE, MORSE
and SOULE (1958) and from Wetterkarten ces Seewetteramts, Hamburg
(kindly put at the disposal of the author by Dr. RopEwaLp). Figure 25
shows the 0°, 5° and 10°C surface isotherms SE of Newfoundland from
the 20th to the 28th of February, 1957. Figures 26 and 27 show the same
isotherms and average pressure distribution (only in TFigure 26), and
the resultant direction and relative speed of the surface winds in the same
area from the 1st to the 15th of March and the 16th to the 31st of March,
1957. The heat gain of the water during March in this area is very small.
Although a detailed analysis of the situation is not within the scope of
this work, it can be easily seen that: average pressure distribution does
not explain the changes of the positions of the isotherms, but some of the
changing features can easily be explained on the basis of wind directions,
relative speeds and resultant wind divergences and convergences. Only
the surface winds deduced from the synoptic charts at noon have been
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used to plot the resultant direction and relative force in 2° squares. If a
more detailed prediction of the situation is desired, more frequent wind
data will be needed and should be plotted in 1° squaves.
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Tigure 25. 0°, 5° and 10°C surface isotherms SE of Newfoundland from 20 to 28
February 1957. (Dinsmore, Morse and Soule 1958).

17.6. SUMMARY OF CHAPTER 17

The importance of the current as a factor affecting temperature
changes in a given locality is discussed, and the necessity for the prediction
of the acunal surface currents for a day or week have been pointed out.
For the computation of the temperature change caused by advection
Formula (49) is given. This formula requires knowledge of the current
speed and direction. In order to ascertain these parameters, the permanent
and wind currents should be separated and the wind current predicted
from the wind data. For this quantitative separation the method of
Pavuix and Hera is suggested. Another similar approach by MANDEL-
BAUM has been found incorrect on the basis of the current data from the
lightship »Storbrottens.

TFor the estimation of the speed of the wind current Formula (54) is
suggested. The direction of rotation of wind currents is discussed and
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Figure 26. 0°, 5° and 10°C swrface isotherms, average distribution of pressure and
resultant directions and relative speeds of winds SIE of Newfoundland from 1 to 15
March 1957.

found to be usually cum sole in the northern hemisphere. Local differences
in the deflection of the current direction from the direction of the wind
are discussed, and an average deflection of 20° to the right in medium
latitucles in the northern hemisphere is suggested.

The influences of the changes of atmospheric pressure and wave
transport on the surface current speed and direction are briefly discussed,
and it is found probable that the change and distribution of the atmos-
pheric pressure and wave transport cause the fluctuations of direction and
speed of resultant surface currents. It is proposed to check the above
hypothesis by the use of prognostic current charts.

The influence of tidal currents on the sea temperature is briefly
discussed, and the difficulties for the computation of offshore ticdes are
pointed out.

General rules for the estimation of the movement of convergences
and divergences are established and the influence of winds on the
movement of a current boundary is illustrated.
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Figure 27. 0°, 5° and 10°C surface isotherms and resultant directions and relative
speeds of winds SE of Newfoundland from 16 to 31 March 1957.

18. TURBULENT MIXING BY WATER MOVEMENT

In earlier chapters convective stirring and mixing by wave action
have been described. This chapter deals with mixing by currents. Inorder
to account for the temperature changes caused by the mixing of waters
of different temperature one should be able to determine the mixing by
currents quantitatively, using parameters contained in routine
measurements.

The formulas for molecular diffusion and conductivity ave not
applicable in the upper layers of the ocean. Instead we have to deal with
eddy diffusivity and eddy conduetivity, which is usually called austausch.
The vertical austausch coefficient 4 varies by more than three
orders of magnitude with space and time in the oceans and is at present
neither measurable nor predictable, although numerous atterpts have
been made to solve the problem. The problems of mixing and turbulence
in the sea are discussed and summarized by DErANT (1954).

JoserH and SENDER (1958) concluded that the existing expressions
of the austausch were not suitable for the consideration of diffusion in the
sea. They derived a useful formula for the computation of diffusion on a



94 T. Laevastu

horizontal level from point source and for the computation of the
concentration at any given distance from the point source at a given
time.

The brief summary above shows that it is impossible to derive an
exact and, under different conditions, universally applicable mathematical
integration from the differential equations of motion and conductivity
(and/or diffusivity). Also the necessary observations in time and space
are not always available for computing the austausch or for predicting
the mixing. Therefore our present task is to find, if possible, a simple
consideration and expression of mixing in terms of the parameters which
are contained in routine oceanographic and meteorological observations
or can easily be derived from them (for example, stability, currents,
waves efc.).

It is sometimes necessary to express quantitatively the vertical
turbulent mixing by currents, for instance when there are two overlaying
opposite currents or strong permanent currents with weak winds and
low stability of water. Such situations are, however, not very common in
the sea. Furthermore, in localities with two overlying strong currents,
local factors considerably affect vertical turbulent mixing (for example,
the shape of the coast and the bottom topography, superimposed tides,
wind, ete.). Horizontal turbulent mixing due to cwurrent cannot be
neglected if considerable horizontal gradients of conservative properties
exist. This horizontal mixing is influenced by a) the speed of the current,
b) the horizontal velocity gradient caused by changes in the depth of the
current or its extension in a horizontal direction, and ¢) stability. These
factors vary locally and seasonally. Therefore no satisfactory theoretical
or ’universal’ empirical solution can exist to account for the vertical
mixing in the cases mentioned above. It is therefore suggested that the
changes of properties caused by mixing by currents be determined
empirically during different seasons and varying hydrographical condi-
tions and the data so found can be used for correcting the temperature
changes due to advection in the given locality. Experience shows that in
stratified water the horizontal mixing by currents can be considerable,
but in vertical direction negligible if the currents are continuous and
bottom topography regular.

In certain sestuary conditions» the approximation by KEULEGaN
(1949) is useful for a rough estimation. KEuLEeaN (1949) showed that the
amount of mixing U,, defined as the volume of the heavier liquid that
crosses unit area of the interface in unit time and having dimensions of
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velocity, could be related experimentally to the actual velocity of the
surface layer W, and the critical velocity of mixing W, by:

(57) U, = 3.5 X 1074 (W, — 1.156 W,)

W, = 0.127 in the case of REYNOLD’s number < 450, and 0.178 in the
case of REYNOLD’s number > 450. This method has been applied by
WarpicHuck (1957).

Specific features of the distribution of properties in the currents must
be borne in mind when making the corrections to the temperature changes,
caused by advection; that is: 1) there is usually a tonguelike distribution
of properties in a current, caused mainly by a) mixing which takes place
along the edges of the current, and b) the horizontal current velocity in
a gradient current, which is usually higher at its centre of horizontal
extent; 2) formation of eddies occurring in the boundary regions of
stronger currents as well as in coastal regions, caused by topograplhy.
These eddies are usually variable in space and time.

18.1. SUMMARY OF CHAPTER 18

The existing expression of austausch is found unsuitable for
quantitative consideration of mixing in the sea. It is also not possible
to derive a universally applicable empirical relation for this purpose, and
the mixing by currents must be ascertained locally. Some characteristics
of the turbulent mixing by currents are pointed out. For rough
quantitative estimation of this mixing in »estuary conditions» the use
of KrurLmean’s is Formula (57) is recommended.

19. SEA LEVEL AND TEMPERATURE

Among the procedures to correct the change of temperature of the
sea in a given locality is the indirect way to estimate the influence of
the sea level. The variations of sea level caused by piling-up of surface
layers increase the temperature of a given locality and also increase the
thickness of the thermosphere. The opposite is usually the case with a
lowering of the sea level.

The unperiodic variations of sea level are caused by atmospheric
pressure (Uwnoki, 1950) and by winds. Heroanp-Hansen and NANSEN
(1920) found a correspondence between water level and temperature on
the European coast. This finding was confirmed for the North Pacific by
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Freming (1955). Lisrrzin (1957) found that the slope of the water surface
due to wind stress can be determined from the formula:

" 2.98 172
(58) AH = .

Lisirzin (1958) tested a similar formula for the computation of sea level
changes due to winds in the Gulf of Finland.

There are relatively few data on the influence of the barometric
pressure on the sea level. Hamow (1957) and Listrzin (1957 b) have
tentatively assumed the following relation:

(59) Ah, = 13 AP

where 4k, is the change of sea level in mm and AP the change of
atmospheric pressure in mm Hg. It is obvious that the response of the
sea level to atmospheric pressure is not simultaneous, but that a certain
time lag must occur.

The sea level change caused by changes of atmospheric pressure and
by advective factors (transport by waves and wind currents) is most
pronounced along the coasts. This level change is related to the wind
speed, cosinus of the angle between wind direction and the coastline, depth
of the water, length of the fetch and duration of the wind as well as the
atmospheric pressure change.

The influence of air pressure change and the piling-up by wind on the
depth of the thermocline in offshore waters has been little investigated.
On the basis of density differences, it can be assumed that the influence on
the depth of the thermocline is considerably greater than on the change of
sea level. Tentatively, the change of depth of the thermocline caused by
piling-up and pressure changes could be assumed to be circ. 10 times the
sea level changes by a pronounced pyenocline, and more if the pyenocline
is less developed. The duration of the winds must also be taken into
consideration in these estimates.

The piling-up action of the winds causes part of the relatively thin
warmer surface layer to move approximately in the direction of the wind
and causes temperature changes in the regions of piling-up. It is im-
possible to account for these changes by mathematical formulas, and
necessary approximate empirical corrections should be made whereby the
seasonal peculiarities of the upper swuface layer, the state of mixing, ete.,
would be taken into consideration. A preliminary analysis of the wind
and water temperature data from the Swedish lightship sHavringe»
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(568°33'N, 17°31'E) substantiates the conclusions and recommendations
established above. Noticeable in these data is also the rise of the thermo-
cline and the decrease of the surface temperature during winds when
a »blowing away» of the surface layer is expected.

19.1. SUMMARY OF CHAPTER 19

The surface temperature and its changes within the depth may be also
caused by the variations of the sea level, which in turn are caused by
winds and atmospheric pressure. The formulas from Lisitzin (1957) are
suggested for use in the estimation of the variations of the sea level,
Tentatively, it is suggested that the effect of the sea level causes a
tenfold effect in the depth of thermocline; for example, a 20 cm. rise of
sea level will lower the thermocline circ. 2 metres.

~1



PART III

TEMPERATURE HINDCASTS AND FORECASTS
AND SOURCES OF ERROR

20. HY DROPTIC AREA, PERIOD AND SELECTION OF DATA

As in meteorology, so also in oceanography the forecaster’s skill and
his knowledge of local conditions play an important role in the success
of the forecast. In this Chapter, some general advice is given on the
methods of selection of data and on the necessity to consider local
conditions carefully. In the following Chapters, a few examnples illustrate
the application of these methods, and the difficulties and sources of error
are discussed.

20.1. HYDROPTIC AREA

The hydroptic area for a single computation should not be selected to
be greater than 5° square because of the changes of meteorological and
oceanographic elements with space. Several heat exchange computations
must be made for forecasts of larger areas. For the forecasting of the
temperature changes in a given locality, the effects of heat advection by
currents must be considered, as discussed in Part IT. Therefore the
possible directions of inflow — either the permanent flow or swuface
currents caused by a steady prevailing direction of the wind — into the
selected hydroptic areas must be ascertained and separate heat exchange
computations made for these adjacent areas from which advection is
expected, in order to account for the changes of temperature occurring
during the transport. In coastal areas the hydroptic area can often be
defined by the local topographical features. The general features of
atmospheric pressure and wind distribution in a larger area around the
selected hydroptic area should be ascertained in order to account for the
changes of sea level and for the piling-up action of the wind, which cause
secondary changes in the depth of the thermocline.
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20.2. HYDROPTIC PERIOD AND SELECTION OF DATA

The hydropsis is usually calculated for a week; therefore the possible
day-to-day sea surface and air temperature variations due to advection
must be estimated from an extended (for example, five day) weather
forecast. General seasonal trends can be used to some extent instead of
long-range weather forecasts. These trends can usually be derived from
data in hydrographic and maritime meteorological atlases. As day-to-day
meteorological data become available during the hydroptic period, a new
calculation for each day can be made to correct the original forecast.
These corrections are especially necessary when no actual weekly hydro-
graphic stations or sea surface temperature observations are made in
the hydroptic area. Therefore these sback corrections» can ascertain, to a
certain degree, that for the start of the next hydroptic period the starting
conditions in the sea are close to real conditions.

During cloudy days (and generally during autumn and winter), when
the diurnal variations of the meteorological elements over the sea are
small, it would be sufficient to make one general 24-hour calculation,
taking the average of the values of meteorological parameters reported
at 00% and 12°° local hours. During clear, fair days (and, in general, during
late winter, spring, summer and early autumn) it is advisable to make
separate calculations for night and day conditions if a higher accuracy of
temperature is desired. In certain conditions, the downward convective
transport of heat and the condensation of water vapour during the night
might not be compensated for by using 24 hour average values. This is
especially the case, if the days are shorter than 9 hours or longer
than 15 hours. In this case, it is advisable to malke separate calculations
of the heat budget, using day and night average temperature and humidity
values, assuming, for simplicity, that the length of the day is one-third
or two-thirds respectively of the 24 hour period. The possible short dist-
ance variations of temperature and humidity must be considered, espe-
cially in coastal areas. The accuracy of the forecast depends to a great
extent on the availability of accurate and proper meteorological data.

21. HINDCASTS OF CHANGES OF TEMPERATURE STRUCTURE
IN TWO OCEANIC AND ONE COASTAL AREA

In this Chapter, some examples are given of computations of
temperature forecasts in three different areas and different seasons,
together with varying quality and quantity of available data for these
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computations. These examples might serve three purposes: (1) to illustrate
the forecasting procedure in a variety of conditions; (2) to test possible
accuracy and to discover sources of error; and (3) to show the possible
future orientation of research and eventual partial re-organization of
oceanographic observations and data handling.

There are difficulties in finding proper data and places for use in
hindecasts, because past oceanographic and maritime meteorological data
are usually incomplete for the purpose, or presented in such a manner
that they cannot be used for present hindcast purposes. All the necessary
data are usually not available in the same institution but are divided
between oceanographic . and meteorological institutes. The following
computations are not made for an area but rather for a point from which
time series of oceanographic data were available, because it was desired
to compare hindecast and measured data. Most of the data and results of
the computations are presented in tabular form and are easily comparable.
The comments and discussions arve therefore very brief. The general
characteristics of the three selectzd points are listed below:

(1) 39°N, 153°E (Japanese Fixed Point E) in the North Pacific, SE

of the convergence of Oyashio and the North Pacific Drift Current
(the extension of Kuroshio). During winter, the convergence is
closer to the Fixed Point than in summer, Cold eddies, cut off
from the Oyashio, might reach the area. The sea surface
temperature anomaly at the point is negative during the winter
and positive during the summer.

(2) 66°N, 2°FE (Weather Ship M) in the Norwegian Sea, SE of the
Oceanic Polar Front. Cold eddies, cut off from the extension of
the East Greenland Current, in the area NE of Iceland, are often
carried into the area. The sea surface temperature anomaly is
positive for most of the year.

(3) 58°33'N, 17°3L'E (the lightship »Hévringe») in the Baltic Sea,
NW of Gotland. The location is characteristic of a partly sheltered
shallow coastal area.

21.1. NORTH PACITIC (39°N, 153°E)

Meteorological and oceanographic data for this location have been
published by the Japanese Meteorological Agency (Anon., 1952 a and b).
Meteorological data were recorded 8 times a day. In Table 8, these data
are averaged daily from noon to noon, to illustrate day-to-day variability.
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In normal forecasting it is scarcely possible to make such detailed fore
casts of meteorolegical conditions every day, and the best approach
could be the estimation of average conditions for two to fthree days.
Of interest in Table 9 is the seasonal variation of the evaporation and the
convective transfer of heat, which are both determined by the wind
speeds and the difference of the sea surface and air temperature and the
water vapour pressure. Data on the last parameter are very sparse in
daily weather reports. A possible method of improving the estimates of
relative humidity for certain localities, especially in coastal areas, would
be to ascertain the monthly average humidities for different wind
directions (andjor different air masses).

In Table 10, the duration of the wind is estimated approximately for
wave computation purposes, with the consideration of variations in
direction and speed. The computed wave heights are compared with the
observed wave heights. In the observed wave heights are given the
higher values of the height ranges for every observed state of the sea
code. These data can therefore be considered as a rough approximation.
It is obviously desirable to replace in routine observations the state of
the sea code with actual estimates of significant wave height. '

The wind current is estimated for convenience to deflect cire. 22.5° to
the right of the wind. The resultant current direction and speed is
computed by simple dynamical addition (using the graphical method) of
the wind current and permanent flow. , ‘

The permanent flow is estimated for the particular locality from the
data on the surface currents (U.S. Navy Hydrographic Office, 1944) and
from the resultant direction and force of the wind (U.S. Department of
Agriculture, Weather Bureau, 1938). These data do not allow an exact
computation of the permanent flow and the data given in Table 10 must
be considered as very rough estimates only. No data are available to the
author which would permit the estimation of the current component
caused by changes of atmospheric pressure. Likewise the possible
advection caused by wave transport is not considered. The surface
temperatur gradient is estimated from the monthly tempera.Em'e charts
(U.S. Navy Hydrographic Office, 1944). No heat exchange computations
have been made in the present tests on the water masses carried into the
area, because of the relatively short distance of travel and the short
hindecast period. No estimates of the range of the fluctuation of the depth
of the thermocline are made in the following hindcasts. The advectional
changes in Table 10, Column 14, have been computed from wind currents
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only. The resultant current velocities and directions (Columns 10 and
11 in Table 10) serve only as examples of the interaction between the
permanent flow and the wind currents. However, knowledge of these
resultant currents is important in practice (for éxample, for navigation,
fishing, ete.). Comparison of the temperature changes caused by advection

Table 8. Heal exchange at 39°N, 153°E in the North Pacific

(Meteorological data)

T —
No.| Date | T4, | Tus ;.”b Usl T | To=Ta| ew | ea |ew—ed V|C|ta| 4
e \ W,
Fébrua.ry, 1950
1116—17| 4.5/ 2.4/ 2.1 |84/11.5 7.0 |13.8] 7.1| 5.2 | 6| 10654 37
2117—18| 8.8 7.7 1.1 |03/11.4] 2.6 [13.2/10.6] 2.6 | 17| 10/656| 37.5
3(18—19| 4.3| 2.8 1.5 |88/ 11.00 6.7 [12.9] 7.3| 5.6 | 19| 7|658| 38
4]19—20| 4.9 3.3| 1.6 |88 11.0 6.1 |12.9 7.6/ 5.3 |10 7/660| 38.5
5(20—21| 6.9] 5.0 1.9 |88 108 3.9 |12.7] 8.7 4.0 |16/ 6662l 39
6l21—22| 2.5 0.8 1.7 |85 103 7.8 |12.3] 6.2] 6.1 |10] 5664 39.5
’June, 1950
7(23—24]17.4[16.1] 1.3 | 96|18.0] 0.6 | 20.2/19.0] 1.2 | 10/ 8890|745
8l24—25/16.9/ 14.7) 2.2 |92/ 180 1.1 |20.2/17.8| 2.4 | 8 7|890|74.5
9(25—26/17.2( 15.3] 1.9 |93[17.8) 0.6 [19.9/18.3 1.6 | 7 8890 74.5
11026 —27/18.5/ 17.8] 0.7 |98|18.4) —0.1 |20.7|20.8/—0.1 | 9| 10|890| 74.5
11|27—28/19.0[17.7] 1.3 |96|18.9] —0.1 |21.4/21.1] 0.3 | 3| 8]890|74.5
12 2820/ 19.5/10.2| 0.3 |09/ 19.3] —0.2 |21.9/22.5|—0.6 | 7| 10|890| 74.5
132030/ 19.3/18.7| 0.6 | 9819.0] —0.3 | 21.6 22.0—0.4 | 12| 10| 890| 74.5
October, 1950
14|10—11]19.8/ 18.3] 1.5 |96/20.2] 0.4 |23.2[22.1] 1.1| 4| 6]690| 44
15/11—12/18.9] 16.5] 2.4 |93/19.8) 0.9 |22.7]20.2] 25| 6 5/687] 44
16/12—13/20.0,19.6| 0.4 |99[20.3] 0.3 [23.4/23.1] 03| 6 8684|435
17(13—14|18.7/ 15.4| 3.3 |90/ 19.9] 1.2 |22.8/19.3 3.5| 9 5681 43
1814—15|18.2[ 12.3 5.9 |81/19.8] 1.6 [22.7716.7 6.0| 9 5677|425
1915—16|16.3| 9.4 6.9 |75/20.1] 3.8 |229(13.8 9.1| 7| 6675 42.5
20|16—17|18.5) 14.1| 4.4 |86/19.7] 1.2 |22.5/18.3] 4.2 14 10/672| 42

Remarks: 1)

2

Notations and units used, see Chapter 4. (Units: all 7 in °C,
Uy, in 9%, all e in mb, V in m sec'!, C in tenth of sky, #
in min and 4, in°)
The meteorological date presented. are averages from noon to

.noon. of available eight observations in 24 hours.

The height of anemometer is not specified in the original data
but is assumed to be at »standerds height (cire. 8 m).
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Table 9. Heat exchange at 39°N, 153°F, in the North Pacific
(Heat budget computation)

Qe QI
No. Qos Qs Qr Qob Qb L and Q}, Residual
Qe heat
Lebruary 1950
1 339 136 18 194 46 4.46 263 197 | — 383
2 334 138 18 186 44 4.08 241 159 | — 324
3 350 278 34 192 89 9.63 568 450 | — 863
4 356 283 34 192 89 5.46 322 245 | — 407 |°
5 361 314 37 192 104 5.96 352 227 | — 406
6 367 339 39 196 121 6.28 371 314 | — 506
Total | 1488 ’ 180 ( ' 493 [ { 2117 ' 1592 | —2894
June 1950
7 928 643 55 171 66 1.24 73 24 425
8 928 737 56 174 81 2.11 124 37 439 ‘
9 928 643 55 174 68 1.28 75 19 426 ‘
10 928 371 42 168 39 | —0.07|— 4| — 3 236 [
11 928 643 55 170 66 0.15 9 |— 1 514 |
12 928 371 42 166 39 | —0.22| — 13 | — 4 307 '
13 928 371 42 167 39 | —037]— 22 | — 11 323 |
Total | 3779 | 341 | | 38 | | 2e2| o1| 271
October 1950 l
14 425 370 42 167 90 0.63 37 9 192 !
15 423 391 43 171 106 1.80 105 25 112 |
16 417 289 35 164 64 0.22 13 8 169
17 410 379 42 173 107 3.33 195 45 — 10
18 403 373 42 181 112 5.70 334 59 | — 174 |
19 401 349 40 187 101 7.28 427 119 | — 338
20 395 158 21 177 42 5.63 330 63 | — 298
!
Total | 2 309 ‘ 205 ‘ 622 ’ 1441 ‘ 328 | — 347 l‘

Remarks: 1) Number in the first column refers to the corresponding entry in
Table 8.
2) Residual heat (Q;) is computed with the Formula (2):

leQs+Qp—Qr_Qb_Qe—le

3) Notations and units used, see Chapter 4. (Units: all @ in g cal
em~% E in mm em™2)



Table 10. Hindcast of waves, currents and temperature changes caused by advection
at 39°N, 153°E n the North Pacific

‘ ‘
c ted t
Wave height omputed currents | Surface|
- Wind Resultant temp. | Dis- Temp

Wind | Wind | Lergth Dura- current current grac?ient tance changé:

velocity| direc- oF tion | in direc-| travel- by
Date m tion fetch 9f Dir Velo- | Direc- V?;o- tio_n of led. by | advec-

sec- | (from) | km wind | Com- |Observed| ~1°% | city tion vy | wind wind tion
h puted - tion em | (from) le ourrent| current| o
(from) | (-1 b sec™t | °C/100 | km
b km

1 2 l 3 4 ‘ 5 6 7 8 9 10 ‘ 11 ‘ 12 ‘ 13 ‘ 14
Februaryl6—17 6 NE 24 1.5 1.25 ENE 6.6 | NNW 6.7 —0.7 5.7 | —0.04
1950 17—18 17 SE 24 8.9 9 SSE 11.1 SSW 7.2 +1.2 9.6 | +0.12
18—19 19 NwW 48 10.8 9 NNW 11.8 | NW 18.7 —2.0 10.2 | —0.20
19—20/ 10 NE 500 12 3.3 5 ENE 85 | N 6.8 —0.7 7.5 | —0.05
20—21 16 %% 24 8.2 6 WNW| 10.8 | WNW| 18.8 —1.8 9.3 | —0.17
21—22| 10 Nw 24 3.7 2.5 NNW 8.5 | NW 15.3 —2.0 7.5 | —0.15
| —0.49
June 23 —26 8 E 1 0 24 2.3 |0.3 to 1.5 ESE 7.6 | ESE 8.2 4 0.5 19.8 | 4+0.10
1950 2730 8 | s |f%0 | 24 2.3 |1.3to 25| SSW | 7.6 | SSW | 145 | +1.3| 19.8 | 4+0.26
+0.36
October 10—13 6 SE | 24 1.3 |0.5 to 1.3| SSE 6.6 | SSE 6.0 | +1.2  17.1 | 4+0.20
1950 14-17, 10 | w |f%%0 | 48 35 |1.3t05 | WNW| 85 | WNW| 125 | —1.5 | 22.5 | —0.34
—0.14

Remarks: a Upper limits of average wave heights of the corresponding observed state of the sea

b Velocity and direction of current as corrected for the effects of permanent flow, which

Month | Direction | Velocity cm. sec™?
February WNW 8
June SW 7
October NW 4

is estimated as

follows:

F0O1

ST " I
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(e.g. Table 10, Column 14) and the changes caused by the heat exchange
(e.g. Table 11, Columns 4 and 5) shows the great influence of the advective
term in the temperature forecasts and hindcasts. Extremely few
computations of permanent flow have been made in the oceans and
seas and, furthermore, the existing seasonal data are represented in
most cases, so that no such computation can be made with accuracy.
For simplification, and because of the lack of proper data, horizontal
nixing during transport is not considered in the following example. It is
also assumed that the advective change is uniform from the surface to
the thermocline.

Table 11. Water temperature changes at 39°N, 183°E in the North Pacific
from 16 to 22 Iebruary 1950
Heat received: 1 488 g cal cm~2, heat lost: 4 382 g cal em—2, @,= — 2894 gcal em~2
Optical water mass 2
Depth of thermocline: 16 II 50: 150 m; estimated for 22 IT 50 : 125 m®, 135 mb;
measured: 100 m.

Measured Forecast Measured
16. IT 1950. 22. IT 1950. 22. 11 1950.
Temp. Temp. Temp.
correction| correction| corrected Temp.
Depth Temp. Cl%4, for for for @, and o
m °ce absorption| losses |advection
°C °C °C
Dl 2 | s | 4 | 5 | s | =
0.5 12.3 19.05 11.6 11.4
10 12.49 .05 11.57
20 (12.48) .05 +0.12 —0.35 11.58
30 ‘
40
50 12.23 .04 11.52
75 12.24 .03 (11.50)
100 12.17 .03 (125)4 11.6 11.45
150 11.78 .00 11.5 11.42
200 10.84 18.87 108 | (9.75)

Remarks: a BEstimated from wave data .
b Estimated with consideration of convective stirring
¢ Temperatures in parentheses are interpolated
d Thermocline depth used for computations



106 T. Laevastu

Table 12. Water tempercture changes at 39°N, 153°E in the North Pacific
SJrom 23 to 30 June 1950

Heat received: 3 779 g cal cm-2, heat lost: 1 048 g cal cm—2, @,= 2 731 g cal cm—2

Optical water mass 2

Depth of the thermocline: 23. VI 50: 27 m; estimated for 30. VI 50: 29 m%
measured: 24 m.

Measwred Forecast Measured
23. VI 1950. 30. VI 1950. 30. VI 1950.
Temp. Temp. Temp.
correction| correction| corrected T
emp.
Depth Temp. Cl%qg for for for @; and och
m °ch absorption| losses |advection
°C °C °C
1 2 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7
0.5 17.5 18.97 18.8 18.5
10 17.56 .96 +1.26 18.55
20 (17.56) .96 —0.35 18.8 (18.5)
30 (30)° | 18.5 (17.9)
40 (14.9) (19.11) +0.02 14.9 (15.3)
50 (13.8) (.08) +0.01 13.8 13.97
75 (12.55) (.02) 12.82
100 (11.70) (.00) (11.75)
150 (10.15) (18.95) (10.5)
200 ( 8.90) (.80) (9.65)

Remarks: a Estimated from wave data
b Temperatures in parentheses are interpolated
¢ Thermocline depth used for computations

The measured temperature at the beginning of the hydroptic period is
shown in Column 2 in Tables 11 to 13, and the measured temperature at
the end of the period in Column 7. The depth of the thermocline is
estimated from the wave data and, where necessary, corrected graphically
for the effect of convective stirring. In estimating the temperature
changes caused by the heat exchange, the specific heat as well as specific
weight of sea water is assumed to be 1. Errors introduced with this
simplification are very minor compared with other sources of error.
Below the thermocline no changes are assumed and changes within the
thermocline are estimated graphically.
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Table 13. Water temperature changes at 39°N, 153°E in the North Pacific,
Jrom 10 to 17 October 1950

Heat received: 2 309 g cal em~?, heat lost: 2 656 g cal cm=2, @, = — 347g calem=

Optical water mass 2

Depth of the thermocline: 10. X 50: 45 m; estimated for 17. X 50: 44 m®%
measured: 38 m.

Measured Forecast Measured
10. X 1950. 17. X 1950. 17. X 1950.
Temp. Temp. Temp.
Depth Temp. correction | correction| corrvected Temp.
o1 oCh Cl%y, for for for @; and °cb
absorption| losses |advection
°C °C °C
1 2 3 4 5 6 7
0.5 20.7 18.96 20.0 19.6
10 20.29 .93 19.76
20 (20.1) +0.52 —0.60 (19.75)
30 (19.9) (.96) (19.65)
40 (19.65) (44)° 20.0 (19.1)
50 19.20 19.01 19.2 16.84
75 14.12 .02 14.1 14.42
100 13.01 .09 13.0 13.01
150 10.72 18.99 10.7 (11.3)
200 9.29 .95 9.3 ( 9.9) |

Remarks: a Estimated from wave and barometric pressure data
b Temperatures in parentheses are interpolated
¢ Thermoclins depth used for computation

The possible effects of barometric pressure and piling-up action on the
depth of the thermocline in this offshore area have not been considered,
partly because the effects are masked by the diurnal and long-period
fluctuations of the thermocline depth, and partly because no proper data
were available. '

In addition to the above-described hindcasts for one week, three tests
of hindcasts for 13 to 16 day periods were made for the same location.
(The available data were for 13, 14 and 16 day periods). The meteoro-
logical elements were averaged for the periods (Table 14) and only one
heat exchange computation was made for each period (Table 15).
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Table 14. Heat exchange at 39°N, 153°E in the North Pacific

(13 to 16 days average meteorological data)

] Tap-

NOI Dates Tdb T:va wa Tw'Tu €1 €a [Cw-€q Vv c td An

Uﬂ’ TIU

i

1(22. IT to 10. IIT 50| 4.9 3.2 | 1.7 [75( 9.3 4.4|11.5| 6.5| 5.0|11.8|8 |684|44
2 130. VI to 14. VII 50/21.2/20.25| 0.9 |90/20.8) — 0.4 |24.0/22.6] 1.4| 5.77.5|888|74
( 3(17. X to 30. X 50/15.0{10.9 |4.1|60(18.4] 3.4|20.7/10.2|10.5| 8.3|8.6 648‘39

Remarks: 1) Notations and units used, see Chapter 4. (Units: all T in °C,
U, in %, all ¢ in mb, ¥V in m sec™!, C in tenth of sky, ¢ in
min and A4, in °.)

2) The meteorological data presented are averaged from eight
observations in 24 hows throughout the given periods.

3) The height of anemometer is not specified in the original data
but is assumed to be at standard height (cérc. 8 m).

Table 15. Heat exchange at 39°N, 153° 4n the North Pacific.
(13 to 16 days heat budget computations)

@ |
No. Qos Qs Qr Qob Qb ¥ Qe Qn Residual
| heat
!

|

1 6742 | 4672 | 406 | 3300 | 1280 | 93.6 | 5522 | 3212 | —5748 |
2 | 12880| 9621 | 837 | 2400 | 1022 | 13.7| 808 | —96 | 7050 |
3 | 4600 2843 | 247 | 2660 | 910 | 122.9 | 1651 | 7250 | 77115’

Remarks: 1) The number in the first column refers to the corresponding entry
in Table 14.
2) Residual heat (@) is computed with the Formula (2):
ZQS—Qr”—Qb_Qe_Qll
3) Notations and units used, see Chapter 4. (Units: all @ in g cal
cm~2; I in mm cm-?)

Table 16 shows the estimated permanent flow and the computed
resultant wind currents for the periods in question. The relatively good
correspondence both in direction and speed of these currents indicates
that the estimated permanent flow in this locality might be a
scharacteristics current, as found in the Baltic by ParMin (1930 b) and
Hzra (1952). If this is true, the result is remarkable in that, although
so close to two strong permanent currents — the Kuroshio and Oyashio
— the North Pacific Drift depends only on the resultant direction and
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Table 16. Estimation of the temperature changes caused by advection at 39°N, 153°E

in the North Pacific during 13 to 16 day periods

Estimated | Hstimated Computed resultant| Surface
resultant | permanent LR r— tempera- | Estimated
wind flow %) ture tempera- |
Period Dis- |gradient in ture
(dates) | Divec- Speed | Divec- | Speed | Direc-| Speed | tance | divection |change by
tion m tion | em | tion | em | tra. | of wind |advection
(from)|sec™! |(from)| sec™! |(from)| sec™! | velled| cwrrent °C
km [°C/100 km
‘1
22. II to
10. IIT 50 [WNW| 8 |WNW/| 8 |INW 7.6 | 105 —1.8 —1.9
30. VI to
14. VII 5018 4.5 |[SW 7 |SSW 5.7 67 +1.3 4+ 0.9
17. X to
30. X 50 [N 3 INW 4 |NNW | 4.7 53 —1.4 —0.7

") This estimated permanent flow serves only for comparison with the computed
wind current and is not used for estimation of advectional temperature changes.

force of winds and is no longer a true gradient current. The temperature
changes caused by advection (Tables 16 and 17) are also computed on the
basis of resultant wind currents only.

The seasonally varying advection might also explain the relatively great
annual amplitude of the surface temperature in this location (see Figure 28).

The hindcasts of these approximately two-week periods are
summarized in Table 17. During the period 22nd Feb. to 10th Mar. 1950,
the surface temperature data show relatively great short-term variations,
which might be caused by cutting off eddies from Oyashio, and the
movement of the weather ship. These factors certainly affect the accuracy
of the hindcast in this location. By averaging the surface temperature
from the 9th to the 1lth of March, the average value is 7.3°C and the
difference between this and the forecasted temperature is 1.45°C.

In the period from 30th June to 14th July 1950, a relatively rapid
warming-up occurs. In previous days in this period there were stronger
winds than on the one used for the estimation of the depth of the thermo-
cline and therefore some warm water from the surface had been mixed
with the water in and below the shallow thermocline. If this had been
taken into account a better correspondence between the hindcast and
the measured temperature would have occurred.
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For the period of 17th Oct. to 30th Oct. 1950 two values for the
thermocline depth are given: the depth computed from wave data is
given in parenthesis above the measured one, which has been determined
by convective stirring.

e
24

224

204

o

Jon. ' Febr.' March ' April | Moy | June | July | Aug. ' Sepl. '-Oct " Nov. ' Dec,

Figure 28. Annual variation of sea surface temperature at 39°N, 153°L;
58°33'N, 17°31’E and 66°N, 2°E.

21.2. NORWEGIAN SEA (66°N, 2°I0)

For this area only daily BT curves (kindly supplied by the U.S. Navy
Hydrographic Office) and daily synoptic weather maps (kindly supplied
by Seewetteramt, Hamburg) were available. No permanent current is
estimated for this point as the appropriate data were unavailable and
also because the point is in the area of a great slow eddy in the Norwegian
Sea. The position is in an area of a relatively great E—W surface
temperature gradient. The surface temperature gradient is estimated
from charts given by ScmorT (1942).

As seen from Table 22, a colder water mass from the Kast Greenland
current moved into the area between the 5th and 7th of November, 1957,
and caused relatively great differences between the hindecast and the
actual temperatures. This change might also be caused by a slight change
of the position of the lightship.
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Table 17. 13 to 16 days temperature hindcasts at 39°N, 153°F in the North Pacific

22.1Tto | 30. VIto | 17. X to

Time period (dates) 10. TIT 50. | 14. VIT 50.| 30. X 50.

Initial average temperature of surface layers

(°C) 11.5 18.5 19.7
Initial depth of thermocline (m) 100 24 38
Estimated average depth of thermocline (m)
(Wind speeds, last 24 h: 13, 7 and 8.5 m 68 20 (32)*
respectively) B0**
Total residual heat gained or lost (g cal cm-2
for the period) — 5748 7050 — 17118
Temperature change caused by heat exchange —0.85 +3.5 (—2.2)%
(°C) — 1.2%%
Temperature change by advection (°C) —1.9 +0.9 —0.7
Estimated final temperature (°C) 8.75 22.9 (16.8)*
17.8%#
Measured final average temperature of
surface layers (°C) 6.9 292.2 18.0
Measured final depth of thermocline (m) 60 10 60
Difference between measured and hindecast —1.85 —0.7 (+1.2)*
temperatures (°C) +0.2%*
Total temperature change during the period
(°C) —4.65 +3.7 — 1.7
Remarks: * Values calculated with estimated depth of thermocline.

*i Values caleulated with measured depth of thermocline.

21.3. BALTIC SEA (58°33'N, 17°31’E)

As seen from Tables 24 and 26, there ig a relatively great difference
between the hindeast and the actual temperatures for this area in the
hindcast period in March. The heat loss by evaporation is also great in
March, and it is possible that the estimate of relative humidity for this
period is incorrect and causes the difference mentioned above.

In Table 25, the permanent flow has been computed from the wind
and current observations made on the lightship sHévringe» (Anon., 1958)
by graphical subtraction of the computed wind currents of the resultant
winds from the measured resultant currents. Ifor the months of March
and June, the current direction is from NE, as expected for this location.
The current divection from WSW for November was, however, un-
expected. It can, however, be the case, considering the prevailing direction
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Table 18. Heat exchange at 66°N, 2°E in the Norwegian Sea

(Meteorological data)

No. | Date| Tg

Uo Txo TIU_QYH Cr Ca €w-€a v c tq An

June 1957
1 |[2—5| 8
2 |6—8] 9

November 1957

3 |1—-4]| 7.5
4 [5—=T7| 5

80 8.2 0.2| 10.7| 8.6 | 2.1 8 7 1290 46.5
75 8.2 | —0.7 10.7| 86 | 2.1 10 5 | 1315 | 46.5

95 8.2 0.7/ 10.7| 9.9 | 0.8 10 7 435 9
85 8.0 3.0/ 10.5| 8.4 | 2.1 8 10 480 8

Remarks: 1)

2)

Notations and units used, see Chapter 4. (Units: all 7 in °C,
U, in 9%, all ¢ inmb, ¥ in msec™!, C in tenth of sky, ¢ in
min and 4, in °)

The meteorological data presented are estimated from synoptic
weather maps and grouped by 2 to 5 day periods. Wind speed
converted from gradient wind to surface wind at 8 m level.

Table 19. Heat exchange at 66°N, 2°K in the Norwegian Sea

(Heat budget computation)

@
No. Qos Qs Qr Qob Qb I Qtf le Residual
heat
\
June 1957
1 2520 | 2000 | 168 | 612 | 284 | 5.55 | 330 | 207 1011
2 | 2568 | 2375 | 168 | 627 | 387 | 6.48 | 384 | —63 1499
Total | 4375 | 336 671 o714 | 144 2510
November 1957
3 165 | 131 24 | 570 | 264 | 2.46 | 147 84 | — 388
4 150 | 60 | 21 | 597 | 140 | 5.55 | 330 | 309 | — 740
Total | 191 | 45 | | 404 | | 477 | 303 | —1198

Remarks: 1)

2)

3)

The number in the first column refers to the corresponding entry
in Table 18

Residual heat (@) is computed with the Formula (2):
Q=Qs+ Qp— Q@ — @ — Qe —

Notations and units used, see Chapter 4. (Units: all @ in g cal
em % K in mm cm™?)
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Table 20. Hindcast of waves, wind currents and temperature changes caused by
advection at 66°N, 2°E in the Norwegian Sea

Computed Surface
. tem :
Wind Dura- P IDistance| Temp
; Cc rent |oradi P
velo- (\i/\-’md Lenfgth tion el i)l 'gla.éi.lent travelled| change
Date| city || ° of |Wave| Velo. |2 4% by | by ad-
m | don | feteh | oo g height D%rec— city tion of | o\ rrent | vection
_1|(from)| km m | tion current ot
sec h cm km C
(from) °C/100
sec™! 1
km
1| 2|l 3| « | 5| 6| 7] 8| 9 | 10 | 1
June 1957
2—5 8 w 500 | 24 2.2 |WNW| 76| —1.0 19.7 —0.20
6—8| 10 N 72 3.6 (NNE 85| —0.8 22.0 —0.18
—0.38
November 1957
1—4 7 NW, 500| 24 1.7 INNW| 7.2 | 406 18.7 +0.11
5—7| 10 SE 24 3.5 |SSE 85| —0.6 22.0 —0.13
—0.02

of the winds during this season in the southern and central Baltic and the
rise in the sea level in the same season. Winds in this season can also
cause a large local eddy in the location under consideration. The
estimated average velocities are rather approximate, considering the
low accuracy in estimating wind force and current speeds on the light-
ships. Further, only three-year observations were used in the present
computations of the permanent flow. Because of great local variations,
it is difficult to estimate the horizontal temperature gradient in coastal
areas if detailed data from actual surveys in the locality are not available,
and consequently the value of the surface temperature gradient in the
divection of the current (Table 25, column 9) is rather approximate
(estimated from the data given by BurLic and Bintic 1954).

Considering the relative variability of the permanent flow and the
relatively rapid changes of temperature in shallow coastal areas, the
advective effect has been computed from the currents resulting from the
permanent flow and the predicted wind currents.

The possible effect of atmospheric pressure and piling-up action on
the depth of the thermocline for the March example is smaller than 50
cm., but for the June example this effect is estimated at cire. 1.7 metres.

8
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Table 21. Water temperature changes at 66°N, 2°K, in the Norwegian Sea
Jrom 2 to 8 June 1957

Heat received: 4375 g cal cm~2% heat lost: 1865 g cal cm~2, @;=2510 g cal em—2

Optical water mass 3

Depth of the thermocline: 2. VI 57: (30) m®; estimated for 8. VI 57: 45 m?;
measured: (55) m"

Measured Forecast Measured
2. VI 1957. 8. VI 1957. 8. VI 1957.
Temp. Temp. Temp.
Depth Temp. correction for|correction for{corrected for Temy.
m °C absorption losses Q@ and °C
°C °C advection °C
1 2 3 4 : 5 6
0.5 8.22 8.4 8.39
10 8.22 8.33
20 8.22 +0.97 —0.41 8.33
30 8.22 8.33
L 40 (45)° 8.4
50 8.06 8.3 8.39
75 7.89 7.9 7.78
100 7.78 7.8 7.83
150 7.61 7.6 7.61
200 7.39 7.4 7.50

Remarks: a Thermocline not well developed
b Estimated from wave data
¢ Depth of the thermocline used for computation

22. FACTORS AFFECTING THE ACCURACY OF FORECASTS OF
THE TEMPERATURE IN THE SEA

Forecasts of conditions in the sea are in this respect similar to weather
forecasts in that success depends greatly on the experience of the fore-
caster and on his knowledge of specific local conditions. The main
difference between these two forecasts is that in hydropsis several
conditions can be computed with empirical and/or theoretical formulas,
using meteorological parameters.

The accuracy and possible errors of heat budget computations are
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Table 22. Water temperature changes at 66°N, 2° in the Norwegian Sea.
from 1 to 7 November 1957
Heat received: 191 g cal em~2, heat lost: 1319 g cal em~2, @;= — 1128gca.1 cm™2
Optical water mass 2
Depth of the thermocline: 1. XI 57: 120 m; estimated for 7. XTI 57: 44 m? 190 mY;
measured: (85) m®.

Measured Forecast, Measured | Measured
1. XTI 1957. 7. XTI 1957, 5. XT11957.|7. X1 1957.
Temp. Temp. Temp. !

Depth Temp correction | correction | corrected Temp. T,
R oy for . for for Q; .a'nd o oy
absorption| losses advection

°C °C [ °C 1 [
S e e
‘ [
0.5 8.22 | 7.9 8.22 7.61
2.5 +0.60
5 +0.07
10 8.22 +0.03 8.28 7.67
20 8.22 +0.01 —0.07 8.28 7.67
30 8.22 8.33 7.67
40 8.22 8.33 7.67
50 8.22 8.33 - 7.67
75 8.22 ‘ 8.33 7.67
100 8.22 8.44 6.67
150 7.94 (190)4 7.9 8.28 5.00
200 7.39 7.65 7.67 ‘ 3.39

Remarks: a Kstimated from wave data
b Estimated with consideration of convective stirring
¢ Thermocline not well developed
d Depth of the thermocline used for computation

discussed in Part I. It cannot be too often emphasized that successful
hydropsis also depends greatly on successful weather forecasts and/or on
wise selection of meteorological parameters from existing weather fore-
casts and from climatological data. On the other hand, the application of
exact knowledge of the interaction between the sea and the atmosphere
will allow an improvement of accuracy in daily, and especially in long-
range weather forecasts.
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The differences between the hindcast and the measured temperatures
are summarized in Table 29. The possible errors are briefly discussed in
Chapter 21.

A simplified approach to forecasting water temperature changes for a
week can be made if a measurement is available. Arbitrarily it is assumed
that the difference between the actual measured temperature and the
annual mean temperature for the period in question will be equalized in

ar
four weeks. The temperature trend —— is taken from the annual curve.

di
The simple formula for this prediction would be:

arT Ty — Toults
R _l_ —
dt 28
The annual curves for the three localities in question are given in
Figure 28. The few data do not allow judgment about this approximate

method. However, this approach is not, either on physical or logical
basis, comparable to the detailed approach used earlier throughout this

(60) T = T

Table 23. Heat exchange at 58°33’'N, 17°31'E in the Baltic Sea
(Meteorological data)

fl‘w'
No. |Dates| Ty | Uo | T P & eq ewea| V C P 14 A,

March 1957

1 [1-3 0 90 0. 0.4/ 6.1, 5.5 0.6 5 10 ik 655| 25

2 |4—71—2.0] 80 0.5 2.5 6.2 4.1 2.1 8 6 — 675| 26
June 1957

1 {1—2] 12 80 6.5 5.5/ 9.6)11.2|—1.7 5 15} — 1065| 54

2 |13—7| 10 75 7.0 3.0/ 10.0| 9.2 0.8 5 3 — 1085| 54.5
November 1957

1 |3—6 8 95 6.6 [—1.4| 9.7|10.2/—0.5 8 8 — 525 16.5

2 (7—9 7 80 6.5 |—0.5| 9.6(10.0|—0.4| 10 10 — 505] 15.5

Remarks: 1) Notations and units used, see Chapter 4. (Units: all 7' in°C in9%,
all e in mb, 7 inm sec !, C in tenth of sky, ¢4 inminand 4,
in °.)

2) The meteorological data presented are estimated from synoptic
weather maps and grouped by 2 to 5 day periods. Wind speed
converted from gradient wind to surface wind at 8 m level.

3) ¥ Snow, equivalent to 6 mm of rain.
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Table 24. Heat exchange at 58°33’'N, 17°31'E wn the Baltic Sea
(Heat budget computation)

@
Resi-

dual
heat

No. Qos Qs Q- Qob Qb B . Qo @r Qp

March 1957
1 ‘ 486 183 58 418 98 | 0.78 46 20 | —48 | — 87

2 983 | 855 | 120 | 868 | 470 | 7.39 | 440 | 343 —518
Total | 1038 | 178 568 486 | 363 | —48 | —605

June 1957
3 ‘ 805 | 1745 56 | 207 | 128 | —0.65| —39 | 140 460
4 | 4140 | 4070 | 280 | 1050 | 809 | 2.60| 154 | 381 2446
Total | 4815 | 336 937 115 | 521 2906

November 1957

5 | 863 | 252 | 48| 579 | 225 | —0.92] —55 |—101 135
6 ‘ 330 | 132 | 27| 621 146 | —0.02) —55 | —d5 59
Total | 384 | 75 | | 371 | |—110 |-146 | | 104

Remarks: 1) The number in the first column refers to the corresponding
entry in Table 23
2) Residual heat (@,) is computed with the Formula (2):
leQs‘f‘Qp_Qr_Qb_Qe_Qh.
3) Notations and units used, see Chapter 4. (Units: all @ in g cal
em™% I in mm cm™?)

study. The total temperature changes during the hindcast periods are
shown in the last column of Table 29. These changes are relatively small.
The relatively few available data do not allow statistical treatment.
However, it can be mentioned that the average difference between the
predicted and the measured surface temperatures, using the heat budget
method, is circ. 36 per cent of the average temperature change during the
11 periods.
The estimation of wave height depends not only on wind speed, the
“main factor, but also on the accurate estimation of change of wind
direction and of the winds in the vicinity. As the waves are subject to
separate forecast, and several formulas and discussions of their accuracy
are available, no further comments are given here,
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Table 25. Hindcast of waves, wind currents and lemperature changes caused by
advection at 58°33’N, 17°31'E in the Baltic Sea

Computed |Surface
—_— -| temp. Dist Temp.
Wind | Wind |Length| P1r8- Current |gadient ‘Sta‘l‘lwe change
velo- | direc-| of fiom in direc-|!*2V®! ed by
Date | . . of | Wave Velo- | .. by
city | tion | fetch ; p Direc-| . tion of advec-
wind |height L1 city current ;
m  [(from)| km i m | tion current I tion
- em o km o
sec! (from){ .1 C/100 C
' se kkm
1 ‘ 2 3 4 ‘ 5 } 6 7 8 9 10 11
March 1957
1-3 5 18 150 | 24 081 8 3.0 +0.2 5.2 +0.10
4—7 8 | NW 25 48 0.7 N 94 —0.2 32.5 —0.65
—0.55
June 1987
1—-2 5 | NW 50 24 0.7 | N 7.3 | —0.05 6.3 —0.03
3—1 5 | SW 100 | 24 0.8 |WSW| 3.7| 40.08 16.0 +0.13
40.10
November 1957 |
3-6| 8|S 150 | 24 | 1.8 |SSW| 88| 401 | 228 | +0.23
7—9| 10 | SE | 150 48 2.8 | SSE 85| +0.1 22.1 +0.22
+0.45

Remarks: a Speed and direction of the current corrected for the effects of
permanent flow, which is estimated as follows:

} Month ’ Direction Velocity em sec~?! i
\
March NE 3.5
June NE 2:5
November | WSW 1.5

l

There has up to the present been very little investigation of the
response of the thermocline to the waves. Table 30 presents the measured
and estimated depths of the thermocline, from the examples given in the
previous Chapter. The differences are to a great extent caused by the
periodic fluctuations of the thermocline, discussed in Part II. These
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Table 26. Water temperature changes at 58°33'N, 17°31'I5 in the Ballic Sea
from 1 to- 7 March 1957
Heat received: 1 038 g cal cm~2, heat lost: 1 642 g calem™2, @; = — 605 g cal cm 2
Optical water mass 4. Depth of water (60) m

Depth of the thermocline: 1. ITL 57: 20 m; estimated for 7. IIT 57: 10 m®%;
measured (15)° m.

Measured Forecast Measwred
1. I1T 1957. 7. 11T 1957. 7. 111 1957.
Temp. Temp. Termp.
correction| correction| corrected
Depth Temp. S g0 for for for @; and T(:mp.
m °C absorption| losses |advection -
OC OC OC
1 2 3 4 ’ 5 6 7
0.5 0.4 6.93 +1.04 1 0 0.7
5 0.6 6.97 } —1.64 0.7.
10 0.6 7.01 (10)b I 0 0.7
20 0.7 7.08 +0.01 0.5 0.9
30 1.2 7.09 0.8 1.0
40 1.2 7.09 | 0.8 1.0

Remarks: a Estimated from wave data
b Depth of the thermocline used for computations
¢ Thermocline not well developed

fluetuations also cause some mixing in the thermocline. A comparison of
the measured data with the seasonal charts prepared by LumBy (1955)
indicates that the present method of estimation provides a much better
and more accurate approach than the approach used by Lumsy.

The majority of the errors in the prediction of temperature changes
are caused by inaccuracy in estimating the heat transport by currents.
Very little data are available in such form as to allow separation of the
permanent flow from the wind currents without time-consuming com-
putations. It can be expected that in many areas the permanent flow will
-be a »characteristic current», which is a function of the prevailing winds.
In addition, very little information is available on the variation of the
wind current speed and direction with depth. Exmax’s theory can,
however, on the basis of the few available measurements, be considered
as invalid. There are also opposing permanent currents below the thermo-
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Table 27. Waler temperature changes at 58°33’N, 17°31'E in the Baltic Sea
Jrom 1 to 7 June 1957
Heat received: 4 815 g cal cm~2, heat lost: 1 909 g cal ecm~2, @ = 2906 g cal cm—2.
Optical water mass 4. Depth of water (60) m.
Depth of the thermocline: 1. VI 57: 8 m; estimated for 7. VI 57: 10 m?; 11.7 mb
measured 12.5 m.

Measured Forecast Measured
1. VI 1957. 7.VI1957. 7.VI1957.
Temp. Temp. Temp.
correction| correction| corrected
Depth Temp. S % for for for @ and Te;rnp.
m °C absorption| losses |advection &
°C °C °C l
1 2 3 4 5 ‘ 6 7
0.5 6.6 6.41 9.2 8.1
5 6.6 6.43 } +4.1 } —1.6 8.1
10 6.3 6.42 (11.7)° 9.2 8.1
20 5.3 6.45 +0.04 5.4 4.8
30 4.6 6.55 +0.01 4.7 4.6
40 4.0 6.61 4.1 4.1

Remarks: & Estimated from wave data
b Estimated with consideration of changes in barometric pressure and
piling-up action of wind
¢ Depth of the thermocline used for computations

cline, as yet unexplored. Furthermore, the deflection of the direction of
the wind current from the wind direction is uncertain, because in earlier
attempts to determine this deflection, separation of neither the permanent
flow nor the gradient current component, caused by changes of
atmospheric pressure, has been made. The mechanism of »eddying» and
cutting off »water pocketsy with different temperatures can most probably
be ascribed to the action of the wind and variations of its direction and
to the current component caused by the change of atmospheric pressure
and transport by waves. If the dispersal and modification with time and
distance of these eddies could be followed, some quantitative idea could
be gained about horizontal mixing due to these eddies.

IFinally, also to be considered are numerous specific local conditions
in coastal areas; these local peculiavities must be ascertained through
intensive surveys.
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Table 28. Water temperature changes at 58°33'N, 17°31'E 4n the Baltic Sea
Sfrom 3 to 9 November 1957

Heat received: 384 g cal cm~2, heat lost: 190 g cal em~2, @, = 194 g cal ecm™?

Optical water mass 4. Depth of water (60) m

Depth of the thermocline: 3. XI 57: 20 m; estimated for 9. XTI 57: 35 m®; measured
23 m.

Measured Forecast Measured
3. XTI 1957, 9. XTI 1957. 9. XI 1957.
Temp. Temp. Terap.
correction| correction| corrected
Depth Temp. S for for for @; and Termp:
00 5
m °C absorption| losses |advection e
oC oC . oO
1 2 3 4 5 6 7
0.5 6.6 7.08 7.1 i
5 6.6 7.08 7.3
10 6.6 7.08 +0.11 —0.05 7.3
20 6.5 7.08 7.3
30 5.0 7.39 (35)" 7.1 5.6
40 3.4 8.00 4.0 3.4

Remarks: a Estimated from wave data
b Depth of the thermocline used for computations

23. AUTOEVALUATION AND NOTES FOR FUTURE
INVESTIGATIONS NEEDED ON THE RESPONSE OF THE SEA
TO ATMOSPHERIC CHANGES

A voluminous amount of literature has been reviewed (only part of
which is shown in the bibliography) in an attempt to find theories,
formulas and data applicable to the problems presented. Surprisingly
few of the existing theories and formulas stand testing and ave applicable
in the actual conditions met with in nature.

A complete outline of the forecasting of various factors in the sea,
with special emphasis on the forecasting of temperature, has been
presented in all its complexity.

A classification of water masses has been made, using a few important
and easily measurable properties. Considering the great local and seasonal
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Table 29. Comparison of accuracy of swrface temperature hindcasts by the heat budget
method and by the use of Formula (60)

Measured temperature minus Total
o hindeast temperature temperature
Position Dates chanoe during
Heat budget | With Formula ge  ouling
method (60) thé period
39°N, 153°% 16. II to
22. IT 1950 —0.2 —0.1 —0.9
23. VI to
30. VI 1950 —0.3 +0.2 +1.0
10. X to
17. X 1950 —0.4 0 —1.1
22. 11 to
10. IIT 1950 —1.85 —2.7 —4.6
30. VI to
14. VII 1950 —0.7 +2.0 +3.7
17. X to (+1.2)*
30. X 1950 +0.2 —0.2 —1.7
58°33'N, 1. III to
17°31'E 7. 11T 1957 +0.7 +0.2 +0.3
1. VI to
7. VI 1957 —1.1 +0.2 +1.5
3. XI to
9. XI 1957 +0.2 +1.0 +0.7
66°N, 2°T 2. VI to
8. VI 1957 —0.1 —0.2 +0.2
1. XI to
7. X1 1957 —0.2 —0.3 —0.6

* Calculated with two different depths of the thermocline (see Table 17).

variations, this classification is sufficient for most practical and scientific
problems.

In general, the formulas and procedures for computing heat exchange
‘between the sea and the atmosphere are as well-established as present
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Table 30. Comparison between predicted and measured depths of the thermocline

Depth of thermocline (m).
Position Time period (dates) —_
Predicted Measured
39°N, 153°E 16. IT to 22. 1L 1950 135 100
23. VI to 30. VI 1950 29 24
10. X to 17. X 1950 44 38
22. 1T to 10. IIT 1950 68 60 \
30. VI to 14. VII 1950 20 10 l
17. X t030. X 1950 32 60 *
58°33'N, 1. 11T to 7. III 1957 10 (15)* ‘
17°31'E 1.VI to 7. VI 1957 11.7 125 |
3. XIto 9.XI 1957 35 23 i
66°N, 2°K 2. VI to 8.VI 1957 45 (55)*
1. XIto 7.XI 1957 190 - (85)* |

* Thermocline not well developed.

data allow and as is necessary, considering the short-period variations in
meteorological conditions.

The approach to forecasting the insolation per day is a considerable
improvement on the existing practice and the new formula for correcting
the effect of cloudiness on insolation gives values far closer to the veal
conditions than earlier formulas. Although some quantitative data are
available on the influence of different types of clouds on the insolation,
the use of these relations is impracticable because of the great variability
of clouds in short-term intervals and over short distances and because of
the frequent lack of detailed data on the types and heights of clouds.

The improved quantitative relations between cloudiness and insolation
make it possible to measure the average cloudiness instrumentally and
also to predict low visibility from the measurements.

The existing disorder in the determination of reflected radiation has
been partly sorted out. The new relation of albedo to insolation presented
has been found adequate for the computation of daily albedo. A detailed
paper is being prepared on this subject (OLsow, MS).

For computing effective back radiation, the LonnqQuisT formula with
additions from MOLLER has been adopted, which is considerably more
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accurate than the other formulas at present more commonly in
use.

The revised evaporation formula of RorwEr has been found more
accurate than others. In this connection, a graph is prepared for the
conversion of the average wind speeds at various levels, Although there
are slight variations in the speed relations at various levels in various
stability conditions, it is often not possible to evaluate these differences,
and a general relation is adequate for most purposes.

A new formula has been derived by physical reasoning for the transfer
of sensible heat. As this formula is nearly identical to that derived from
BowEeN’s ratio and as the latter is considered adequately accurate, there
is this indirect proof of the validity of the new formula.

The possibilities for estimation of the changes in the air masses moving
over the ocean are illustrated by a small example. It is outside the scope
of this paper to carry investigation on this subject further.

For convective transfer of heat to the sea and for the estimation of
the condensation of vapour on the sea surface, formulas have been derived
by physical reasoning. It is at present impossible to test the accuracy
of these formulas.

Table 6 has been computed for the estimation of the absorption of
insolation in different layers of different water masses. This table is
useful for estimating temperature changes by a continuous density model
and by a shallow thermocline.

There exists no general solution for the quantitative consideration of
mixing in the sea. The problem of mixing is divided into two parts:
mixing by wave-action and by convective stirring. A preliminary
approach is given for the estimation of the depth which convective stirring
can reach. The time unit for this consideration is still somewhat uncertain.
Although, for practical purposes, a 24-hour period has been used in the
present paper, it is more probable that only night conditions should be
used in detailed study. For investigation of the problems of convective
stirring, heat-exchange computations and BT measurements should be
made at ¢irc. 15-minute intervals daily in the autumn, in a location where
there is no, or very slow, current.

Although notes were found in the Russian literature to the effect that
wave height was used for the estimation of thermocline depth, no
quantitative data or formulas were available. The present quantitative
attempt is only a possible one, considering the available data, but
presents, however, a great improvement over the existing procedures,
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in which wind data and latitudinal and seasonal effects were considered.
The relatively great variations in depth of the thermocline caused by
internal waves are pointed out. It would be possible to ascertain by
actual measurement the range of these fluctuations in given locations
and seasons. In areas where internal tides oceur, frequent BT measure-
ments (at 15-minute intervals) should be made over several days when
the current speeds are low. A tide gauge station must be located near-
shore, close to the site of these measurements, so that corrections for
surface tides can be made. Attention should also be given to the possible
relations between the atmospheric disturbances and their movements
and the internal waves.

The simplified combined formula for wave forecast presents a slight
improvement on the existing approaches. However, more data are
necessary for improving the factors of wind duration and fetch in this
formula. An investigation by the author on the influence of water
temperature, salinity and the temperature differences between the sea
surface and the air on the wave height is in progress. Field observations
are also required on the coupling of waves from previous and present
winds and on the decay of waves. Further field observations are also
necessary for the perfection of the given relation between the wave
height and the depth of the thermocline.

The accurate assessment of the heat transport by currents is probably
one of the most difficult problems. Although methods are available for
the separation of wind currents and permanent flow (Parstw, 1930 b;
Hrra, 1952), available climatological data are usually presented in such
a form that to accomplish the task of computation one has to use huge
amounts of original observations.

The existing relations between wind and current speeds have been
critically reviewed. However, it has been shown that Exman’s theory is
not valid in detail, and there is very little actual data available on the
change of current speed with depth. The question of the deflection of
current divection has also not been finally solved, although a practical,
more accurate deflection is suggested in this paper. Unfortunately, most
workers in this field have not separated wind-current and permanent
flow. Few observations are applicable for solving the problem (Hera,
1952, is one source). Further specific data on currents and winds are also
urgently needed for improving forecasts of the movement of current
eddies. Frequent current measurements should be conducted on lightships
during and after the change of wind direction. Current measurements
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should be made at small depth-intervals close to the surface. Simple
recording cumulative wind measuring apparatus should be used. Both
cumulative direction and force should be recorded.

The effect of the changes of barometric pressure on the direction and
speed of the surface currents has been very little considered by previous
workers. It is felt by the present author that this effect must be considered
in the prediction of surface currents and that it might also explain the
often observed short-term fluctuations of speed and direction in the
surface currents. The effects of gradient currents, caused by changing
atmospheric pressure, on the resultant surface currents are discussed
qualitatively, and a suggestion is made for the preparation of prognostic
current charts which will make possible the empirical investigation of this
current component. The »particle transport velocityy by waves also
requires further laboratory and field investigations.

Mixing by currents can at present not be attacked quantitively. The
following general procedure could be suggested for the investigation of
mixing by currents. A series of parachute drogues should be set in one
locality, with the parachutes at different depths. Their movement should
be followed for several days and frequent (three-hourly) sampling and/or
measurements of conservative properties should be made at the depth
of the parachutes and above and below. The mixing, computed from
these measurements, should be expressed as part per unit volume of the
original water mass replaced by other water either per unit time or per
unit distance of movement. This quantity should be related to: current
velocity and its horizontal and/or vertical gradient, stability, and the
gradient of the conservative property under consideration. Attention
when planning these experiments should be given to the possibilities of
avoiding such factors as mixing by waves and the influence of bottom
configuration; for this, special local investigations should be conducted.

For the estimation of the movement of convergencies and divergencies
only rules-of-thumb can be given at present, and no direct calculations
are possible. However, detailed investigations on the movement of
current boundaries, with simultaneous detailed analyses of wind situation,
would enable the improvement andjor testing of the present rules-of-
thumb.

There is nothing new to add on the excellent work of PALMEN and
Lisirzin on the estimation of sea-level changes. Special difficulties are,
however, met with in offshore areas where we lack data on this subject.
Therefore frequent BT measurements (at 15-minute intervals) should be
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made in offshore areas during winds, when piling-up or lowering of the
sea level is expected in the given area. A mareograph station must be
close to the site of these investigations. The current structure within the
depth should also be ascertained at frequent intervals.

The hindcast tests in Part III mainly illustrate the application of
and show the difficulties with the present data. The relative importance
of different components and their local and seasonal changes can easily
be -seen from the tables. The necessity of good knowledge of local
conditions is underlined.

The creation of procedures for weather forecasting was not the work
of one man but of hundreds, during decades. The present paper cannot,
therefore, be expected to establish complete hydroptic forecasting
methods; it could be considered as a modest contribution to the new
branch of oceanography.
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determination of 27, 32
influence of clouds on 24, 33
per minute 32
Inertial currents 82
Internal waves 72
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Lapse rate of wind 47
Long term trends of temperature 13
Long wave radiation 42, 62

Melting of ice, snow 58
Mixed layer in air 56
Mixing,
by cwrents 95
length 88

Oceanic water masses 20
Optical air mass 24
water mass 21

Permanent flow, 79
determination of 79
in Baltic Sea 111
Precipitation,
transfer of heat by 58
Prediction,
long term trends of temperature 13
short term trends of temperature 13
Pregsure change, influence on currents
85

Radiation,
absorption of 61
black body 42
long wave 42
reflected 36, 42

Residual current 80

Rough surface 45

Scattered radiation 62
Sea, level,
influence of barometric pressure on
85, 96
influence of wind on 96
influence on thermocline 96
Sea-air temperature difference, 56
mfluence on waves 68
Sensible heat,
transfer of 54

Smooth surface 46
Solar,
altitude nomogram 27, 28
constant 24
variation of 24
Spray, influence on evaporation 46
Statistical problems in geophysics 15
Surface waters,
definitions of 19

Temperature,
changes of air, moving over ocean 56
daily change 62
influence on wave height 68
Thermocline,
dependence on sea level changes 96
depth dependence on average winds
71
depth estimation 65, 68, 70
fluctuations of depth 65, 72, 75
sharpness of 65
Transfer of sensible heat 54
Transport,
by waves 75
volume 78
Tuarbulence 93
Two-layer system 65

Visibility in relation to insolation 26
Water,
level and temperature correlation 12
masses, definition of 19
Wave height,
dependence on water depth 70
forecast of 70
and length relation 70
Winel,
direction and surface teniperature 13
gustiness 50
lapse rate 48
profiles 48
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