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ABSTRACT

Observations from the weather ship station M (66 °N, 2 °E) are used in this study. For each
month of the 19-year period 1948—1967 the data are divided into 18 groups according to the
wind direction. For each wind speed interval we calculate the mean value of the difference
between the sea surface temperature and the surface air temperature, and the difference between
the saturation water vapor pressure for the sea surface temperature and the water vapor
pressure in the surface air. We find that these differences are independent of the wind speed.
These observational facts are shown to be in agreement with the classical turbulence theory,
which includes the use of wind-speed independent transfer coefficients for heat and water vapor.

Also a differential equation is derived from which we may calculate the surface temperature
of an air column when the temperature profile of the initial air mass and the sea surface
temperature along the surface trajectory of the air column are known.

1. Introduction

For parametric computations of vertical fluxes of
heat and water vapor over the open ocean, one
commonly makes use of the so-called bulk
aerodynamic formulae (see for example Krauss,
1972, p. 152):

Ju=C.pc, V(T,—T,) (1.1)

£
fi=C.pV g (p,.T,) —q,l=C,pV,—

5

x e (T) —e,] (1.2)

The turbulent transfer coefficients for heat and
water vapor are put equal to the drag coefficient C,.
z is the height where the local mean wind speed V,,
air temperature T, specific humidity g,, and water
vapor pressure e, are measured. Furthermore c,
denotes specific heat of the air at constant pressure,
p air density, T sea surface temperature, q,,( p,, T,)
the saturation specific humidity at the sea surface,
D, surface pressure, e, (T) saturation water vapor
pressure, and ¢ the ratio between the gas constants
for dry air and water vapor. These formulae for the
vertical flux densities of heat, f;,, and water vapor,
/., are supposed valid under nearly neutral equilib-
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rium conditions. Fortunately, this is a rather
common occurrence in the air over water.

The drag coefficient may be expressed as C, =
(x/In z/z,)? (see Krauss, 1972, p. 140), where « is
the von Karman’s constant and z, the roughness
length. At a given height C, will vary with z,. From
dimensionality arguments one obtains for the
roughness length over sea an equation of the form
2y = b(uk/g) (see for example Monin and Yaglom,
1971, p. 295). Here g is the acceleration of gravity,
u, the friction velocity, and b a constant. Accord-
ing to Monin and Yaglom (1971) observations
reported give rather different values for b, for
example Charnock (1958) found b = ¢ and Ellison
(1956) found b = {. However, in climatological
and also dynamical studies, one has commonly
used a constant value for the drag coefficient.
Krauss (1972) argues that this is justified from the
view that the wind interacts primarily with the high
frequency part of the wave spectrum which has the
same power over a wide range of wind velocities.
Krauss (1972, pp. 152 and 164) claims that
observations taken under nearly neutral conditions
indicate that in the 5 to 16 m/s range the drag
coefficient seems to be independent of the wind
speed.

In any case, the question of the roughness over
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sea surface is at present far from being completely
clear. Many researchers are inclined to consider
that on the sea z, does not depend just on the local
meteorological conditions, but also on the wind
fetch.

In the present study we will present observations
which indicate that the drag coefficient in the bulk
aerodynamic formulae (1.1) and (1.2) may be
considered to be constant for a very wide range of
wind speeds. The observations are presented in
section 2 and the theory in section 3.

2. Observations from station M (66 °N,
2°E)

Data from station M are treated in the following
manner. After dividing the data for each month
into 18 different wind sector groups, the mean
value of the differences (7, — T,) and (e, (T}) —e,)

310-320° /

Feb.
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= (e, — e,) within 2 m/s wind speed intervals are
plotted against the wind speed (Fig. 1). The data
for the two periods 1949-1961 (fully drawn
curves) and 19621967 (dashed curves) are treated
separately, the reason being a change in the
observational procedure. By dividing the data into
groups as explained, it seems reasonable to assume
that we obtain climatological values of the dif-
ferences (T, — T,) and (e, — e,) representative for
given airmass types and given distributions of the
sea surface temperature along the surface trajec-
tories.

It turns out that these differences (7, — T,) and
(e, — e,) are practically independent of the wind
speed. In Figs. la and b, plots for (T, — T,) are
shown for the wind direction (310° and 320°) for
February and July. This wind sector gives the
largest values of the differences. The difference is
largest in February, about 5°C, and smallest in
July, slightly less than 2 °C. For the opposite wind
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Fig. la—-f. Mean values of T, — T, (°C) and e, — e, (mb) plotted against wind speed (knots), at station M for wind
directions 310-320° and 130-140°, for the months February and July. Solid curves are for the period 19491961
(observations every 3 hours); broken curves for the period 1962-1967 (hourly observations).
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directions (130° and 140°) the value of (T}, — T ) is
about 2°C in February and zero in July (Figs. lc
and d). In February, wind sector (310°-320°), a
total of five observations were found having
windspeeds exceeding 44 knots (22 m/s). This
number of observations was regarded as too small
to be climatologically representative. The mean
value of (T, — T,), 5.4 °C, for these observations is
marked with a cross to the right in Fig. ia.

The mean value of the difference between the
saturation water vapor pressure for the sea surface
temperature and the water vapor pressure in the
surface air (e, — e,), is plotted in the same manner
and shows the same characteristic feature. In Figs.
le and f the plots are for February and wind
directions (310°-320°) and (130°-140°), respec-
tively. The value of (e, — e,) is seen to be about 4
mb for the wind sector 310°-320° and about 3 mb
for the wind sector 130°—140°. The mean value of
(e, — e,), 4.0 mb, for the five observations having
wind speed larger than 44 knots is marked with a
cross to the right in Fig. le.

3. Theory

We will assume near neutral equilibrium con-
ditions and thus that the bulk aerodynamic
formulae (1.1) and (1.2) are valid. Furthermore we
will assume quasi-stationary conditions. The con-
cept of a moving air column that receives the
vertical fluxes is also used.

3.1 Turbulent flux of sensible heat

The vertical flux density of sensible heat, f},, is
assumed given by eq. (1.1). The air column which
receives this heat flux is heated under isobaric
conditions. Thus the heat flux goes to increase the
enthalpy of the air column. The change in enthalpy
per unit mass, A, is given by: dh/dt = c (dT/df). We
assume that the turbulent heat flux takes place
under neutral conditions. The stratification of the
air will then be dry-adiabatic and the temperature
change of the mixed layer will everywhere be equal
to the increase of the surface air temperature (see
Fig. 2). We denote the pressure at the top of the
mixed layer p,. The increase in enthalpy of the air
column is then given by

——=——1(p,—Dp) 3.1

J*Psdh ép ¢, dT,
»dl g
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Fig. 2. Initial temperature sounding curve modified by
turbulent heat flux. Dashed curve to the left indicates the
mean temperature sounding curve defining T, and
6T/ép),

From eq. (1.1) and (3.1) we obtain

1 a
C.pV (T,—T,) 2
One of the basic assumptions in developing
formulae for turbulent fluxes is the assumption of
stationarity. We therefore assume dT,/dt =
V,(0T,/éx) where x measures the distance along
the surface trajectory of the air column. When
introducing this into eq. (3.2) ¥, drops out and we
obtain

(3.2)

(ps—p)

3.3)

10T,
Cz p(Ts - Ta) = g ox
From eq. (3.3) we find that the quantity (T, — T,)
is independent of wind speed if the drag coefficient,
C, (or the heat transfer coefficient) is assumed to be
constant.

In order to see which parameters determine the
air temperature and thus, assuming T to be given,
the difference (T, — T,) we seek an expression for
the height of the mixed layer. This height has been
estimated in many sophisticated ways. Here we
simply assume that

(ps - pl)

oT
T,—T,=—- ( ) (ps—po) (3.4)
ép /,

i
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where T, is the temperature at p,, T, is the surface
air temperature and (67/dp); a mean value of the
temperature change with pressure for the initial
temperature sounding curve. We will assume that it
is possible to find a representative constant value of
(8T/8p), as in the case illustrated in Fig. 2; where
the dashed curve to the left indicates the tempera-
ture sounding curve corresponding to a given T,
and a constant value of (§7/6 p); which fairly well
approximates the actual temperature sounding
curve, fully drawn. We further simplify the dry-
adiabatic temperature gradient to be constant for
the column given by (R/c )(Ty/p,), where T, and
P, are appropriate mean values, R is the gas
constant per unit mass. Considering the triangle in
Fig. 2 formed by the isobar p,, the dry adiabat with
surface temperature 7, and the temperature
sounding curve with constant (67/Jp),, the dashed
curve to the left in Fig. 2, we find that

RT, (éT
Ta_Tai: _ | < (P:‘P;)
c, Po \OP )i

=K(p;—p) (3.5)

where K, for a given synoptic situation, with little
loss of accuracy may be assumed to be constant.
This is not a necessary, but a convenient
assumption. Equation (3.5) shows that the depth of
the mixed layer depends on the form of the initial
temperature sounding curve and the surface
temperature which the air column has obtained as a
result of the heat flux. Introducing eq.(3.5) into
eq.(3.3) gives

10T, T,— T,

Cz p(Ts - Ta) =-

g ox K (36)

We have assumed K to be different from zero.
Assuming the drag coefficient (or the heat transfer
coefficient) to be constant, we may introduce a
dimensionless independent variable { = x/L where
L = T,/KgpC,. Equation (3.6) may now be written
Ta_ Tal i Ta_ Tal + Ta_ Tal
I, o T, T,
_ TS(C) - Tal
TO

3.7

This equation may be solved numerically for any
given distribution of T along the surface trajectory.
As an example we use the case presented in Figs.
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3-5. Figs. 3 and 4 show the surface air tempera-
ture at 12 GMT 10 January 1967 and at 00 GMT
11 January 1967, respectively. Fig. 5 gives the sea
surface temperature 10—-11 January 1967. In Fig. 6
we have plotted the value of T for the air column’s
path between T, = 0°C and station M. In this case
we have from the temperature sounding (Fig. 2) at
Jan Mayen (70.8°N, 8.6°W): T, = —12°C and
(6T/é p); = 1°C/100 mb. For simplicity we take T
to be linear; according to eq.(3.7) T, should then
quickly approach a value 6 °C less than T,. This
result corresponds well with the observed value of
T,, which is also plotted in Fig. 6.

3.2 Turbulent flux of water vapor

A similar line of reasoning as above may be
applied to the turbulent flux density of water vapor,
S, This flux of water vapor goes to increase the
specific humidity of the air column. Assuming the
specific humidity within the mixed layer to be
constant with pressure we obtain

p:dg 6p 1 dq,
_——=— - 8
l dt 2 g dt (p,—p) (3.8)
Introducing the assumptions
e, e, (T,)
qa X €— and qw(ps’ Ts) XeE -
Py ps
eS
_e 5 (3.9)
Dy
we obtain in analogy to eq.(3.3)
1 Oe,
C.ple,—e,l =—— (p,—p) (3.10)
g ox

Thus also the quantity e, — e, is independent of the
wind speed if the drag coefficient (or the water
vapor transfer coefficient) is assumed to be
constant.

4. Conclusions

By dividing the data into groups as explained in
section 2, it seems reasonable to assume that we
obtain climatological values of the differences (T, —
T,) and (e, — e,) representative for given airmass
types and given distributions of the sea surface



324

Fig. 3. Surface air temperature
(°C), 12 GMT 10 January 1967.

10°w [ WPE

Fig. 5. Sea surface temperature
10-11 January 1967. Ice border
is indicated by the broken line.

temperature along the surface trajectories. Accord-
ing to formulae (3.3) and (3.10) these differences
should be independent of wind speed if the drag
coefficient (or the heat and water vapor transfer
coefficients) is independent of wind speed.

All the data from the 19-year period 1947-1967
have been used, and there is no selection of data. It
is therefore somewhat surprising that the dif-
ferences (T, — T,) and (e, — e,,) stay so remarkably
constant for all wind speeds. This strongly indicates
that the bulk formulae (1.1) and (1.2) are indeed
valid using constant values for the transfer
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Fig. 4. Surface air temperature
(°C), 00 GMT 11 January 1967.
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Fig. 6. Sea surface temperature (10~11 January) and
surface air temperature (100 GMT, 11 January) along

surface trajectory from sea surface isoterm 0°C to
station M.
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coefficients. This is in contrast to the widely used
assumption that over the sea the roughness length
should be a function of wind speed.

The observations indicate also that the differen-
tial eq. (3.7) may be a useful equation for
calculating the surface air temperature in a large
variety of synoptic cases. On the other hand, when
the surface temperature, 7, is known, eq.(3.7) may
be used to test the assumptions involved.
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TYPBVJIEHTHBIE IIOTOKHW TEIJIA N

B nannOM wMCCIeIOBAHHM HCMHOJB3YIOTCA pe3ylb-
TaThl Habronenuit ¢ Kopabig moroas! Ha cTaHuuu M
(66° c.u1., 2° B.1.). Jas kaxmoro Mecsua 3a 19-
neTHuit mepuon 1948-1967 rr. nmaHHble noapas-
AesieHb! Ha 18 Tpynm B COOTBETCTBUM C HANPABIEHUEM
BeTpa. 1A Kaxaoro MHTepBaljia CKOPOCIel BeTpa
Mbl BBIYHUC/INEM CPENHEE 3HAYECHHE PA3HOCTH MeXay
TEMINIEPATYPOIl TOBEPXHOCTH MOPS M TeMrepaTypoi
BO3AYyXa Y HOBEPXHOCTH M PA3HOCTH MEXAy OaB-
JIeHMeM HaChILEHHOTO mapa [pH  TemIlepatype
MOBEPXHOCTH MOPA M AaB/JeHHEM BOMSIHOIO mapa B
BO3/lyXe y MOBePXHOCTH, HailAeHO, 4TO 3TH Pa3HOCTH
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BOASTHOT' O TIAPA HAJL OKEAHOM

HE 3aBHCAT OT CKOpPOCTH BeTpa. [lokaszano, 4TO 3TH
HabnionatesibHble  (BakTbl corjacylorcd € Kjaac-
CHYECKOH Teopueil TypOyJIeHTHOCTH, KOTOpas MCIo-
JIb3YeT He3aBHCUMOCTD K03 bHLIHEHTOB epeHoca as
Tensja U BOASHOIO Napa OT CKOPOCTH BETpaA.

BeiBoauTca takxe ouddepennnaIbHoe ypaBHeHMe,
C MOMOUIbIO KOTOPOIO MOXHO BBIYUCINTIL TeMIE-
paTypy y MOBEPXHOCTH IS BO3AYyLIHOro C€Toiba,
€CIM M3BECTHBI TEMIEPATyPHBlil Npoduns B Haua b=
HOH BO3AYLIHON Macce U TeMmepaTypa MOBEPXHOCTH
MOpA BOOMb TPAEKTOPHMH BO3OYIIHOIO CTO10a Yy
MOBEPXHOCTH.



