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ABSTRACT

The change in water vapour content of a so-called mixed
boundary layer is studied by means of fairly simple
models, of the type where a constant value of conserv-
ative quantities is assumed. It is found that near an
ocean surface the relative humidity has an upper limit
lower than 100% and, therefore, that the condensation
level is at some height above the sea surface.
Exceptions may occur in cases where the air-sea temper-

ature difference is large.

A model of this type is integrated numerically. The
model takes into account both the phase-change of the
water substance and the influence of water vapour on
the buoyancy. The result is compared to observations

from the weather ship "M" in a special case.
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Introduction

Laboratory experlments have demonstrated that When ‘
turbulence is generated mechanically near the surface

of a resting, stratified liquid, a turbulent layer
develops, and this layer gradually grows in thickness by
entrainment of. the. undlsturbed fluid. The turbulent layer -
is separated from the rest of the fluid by a more or less
well-defined interface. Below this 1nterface the fluld
is virtually undisturbed. A s1m11ar development occurs
when turbulence 1is generated by convection resulting

from heating the liquid from below.

These laboratory experlments have dlrect applications to
the atmosphere where turbulence may be generated by |
surface friction, or by. heating when the earth s surface
is warmer than the air. The development in t1me of such
a turbulent or 'mixed" layer has been studled Dby direct
observations. It has also been s1mulated by models of
different kinds. A spe01al type of model has been con-
structed for.the purpose of s1mu1at1ng speclflcally y
this type of boundary layer development. . Ball (1960),
Carson (1973) and others studied dry models, while Lillv
(1968) constructed a cloud- topped model in order to study

inversions over subtropical oceans.

These models have certain common features; Apart from;
turbulent fluctuations the potential temperature and
water vapour mixing ratio is assumed to be constant w1th
“height through the mixed layer, although they usually
vary in time. If clouds are formed and the clouds are
considered to be non—pre01p1tat1ng, the sum of the )
mixing ratios for vapour and liquid Water 1s assumed to
be constant. Also, in this case equlvalent potentlal
temperature or wetébulb potentlal temperature may take
the place-of the potential\temperature. The very stable

layer, often_found;above'thermixed_layer, is simulated by



a discontinuity in temperature and mixing ratio. As time
goes on this inversion is 1lifted in relation to the over—~
laying air, leadingbto entrainment of warmer and usually

dryer air into the’boundary layer.

A Veftically cdnstant potential temperature'and mixing
fatio;implies cdhstant flux-convergence and accordingly

a iinearly varying flux. Therefore, if the fluxes are
known at two heights, for instance at the bottom and top
of the boundary layer, they are known everywhere inside
the layer. However, the value at the top, which is
connected with the aforementioned entrainment, -is- not
easy to assess, and here certain dubious assumptions have

to be made.

In a humid boundary layer the convection and the associated
prbduction df turbulent kinetic energy may also be pro-
vided by the water vapour, since an increase in water
vapour content gives increased buoyancy of the air. 1In
fact, as pointed out by Ball (1960), the flux of water
vapour may be more important than the flux of temperature
when mean fropical conditions are considered. Lilly
(1968) spécifically demonstrated that a cloud-topped
Abdundary layer may be maintained with a downward sensible
heat flux, although in this case most of the turbulent:
energy probably comes from release of latent heat in the

cloud.

Lilly'(1968) also points to another source of turbulent
energYﬁlif the wet-bulb temperature of the cloud-tops is
highef‘than the wet-bulb temperature of the entraining
air, a dixing may produce air which is colder and heavier
than’fhe éhrroundings. This process may lead to more

rapid erosion of the air overlaying the boundary layer.

Iﬁ the following we shall first consider a model for a

 bouﬁdafy layer developing over an ocean with water surface

!



temperature higher than the air. We shall use this model
as the ba81s for a dlscu551on of the rate at which water
_vapour is accumulated in the boundary layer For the sake
of 81mp1101ty we treat the vapour as a paSSIVG admlxture

vw1th no 1nf1uence on the air motlon. As we already have

mentloned thls is not necessarlly the case in nature

Later on we descrlbe a more general model where we take
into account the buoyancy of the m01st air and the release

of latent heat above the condensation level.
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Dry model’

The model boundary layer is characterlzed by a potentlal
temperature 60, and a water vapour m1x1ng ratlo qoé which
arelndependent of helght but 1n general varies w1th tlne
The boundary layer 1s separated from the overlaylng stable
atmosphere by a discontinuity, 61‘— g >0, in potent1a1
temperature There is also a dlscontlnulty 1n m1x1ng

ratio, q_ - ql (see Fng 1),

Budget relatione for sueh a model have been established
by several authors, starting with Ball (1960). For the
benefit of the reader we derive them below, with a

brief description of their main content.

Following the analyses of Ogura and Phillips (1962), we
may write the thermodynamic energy equation for this

model as
26
o)

3t

= 0 TR
—-'-a—zwe

Since, according to the assumptions 98/3t (aeo/az) =
it follows that w'0' must vary linearly with height, and
especially that

do
(1) h g% = (W) ~(WOT),

where the two last terms are the turbulent fluxes at the
bottom and top, respectively, and h is the boundary layer
thickness,

The turbulent flux at the top is connected to the entrain-
ment of potentially warmer air from above into the
boundary layer. In the absence of large-scale vertical

velocity and radiation one gets

(2) (w'e')q = —(leeo) g%



Similar equations-exist for the mixing ratio, i.e.

. : ,-dq(j L - S
(3) h ¢ = (W'a )Q—w(wfq )1‘
and

|‘ .'r, co T dh

Equations. (2) and (4) show that'thére is a'cdﬁhectioﬁ
between the flux of heat and humidity through the top.
Indeed 2 B o

(5) | (W'g“)l =’— k(W‘G')l
whetre
, . qh'n—-(.l V
&) k=2
. 1.0

For the surface fluxes one may use the bulk formulae

which we shall write as

(7 (wo), =C¢C (8,-8,)
(8) @Fq'), = C (a o, )-9,)

o

where 0, is. the 'sea Surfaceftemperaturé~aﬂdvqs(ew) is the
saturation mixing ratio at this temperature: Also, it is
assumed that the air pressure at the sea surface is 1000mb,
so that 60 is effectively the air 'temperature'at the
lower boundary. The use of the same constant ‘¢ in both
equations is based on the. assumption that eddy diffusivity

for heat and moisture is the same.

Equations:(1);'(2)iand‘(3)Adetermine the time evolution
of*eo,qbrandAh, provided the other unknown quantities-can
be eliminated. - We may substitute for the surface fluxes
from (7) and (8), but are still left with one unknown,



namely (W)l » the turbulent flux of heat at the top of -
the boundary layer. Physically this flux is tied to the
erosion of the overlaying'non—turbulent atmosbhefe and
presumably connected to the density of turbulent kinetic
energy. :

The turbulent energy equatidn, relevant to the present

situation, may be written as

- 0 =T g8 —va
-t = - B—Z (VV E ) + 5 'W'Q - £
o
where E=%(u"+v“2+w“”). The two last terms are the

production and dissipation of turbulent energy, while the
second term may be thought of as representing the eddy
transfer in vertical direction. Ball (1960) assumes that
both the first and the last terms are small compared to

any of the remaining ones.  Then -

(w'e')l = - (W'@')0

and this relation closes the system of equation.

Ball's hypothesis has been questioned by Deardorff,
Willis and Lilly (1968) on the basis of laboratory experi-

ments, and several authors have later used the assumption-
9 , prtec - NUSIR TIATY -

P s - A,

where A typically has the value 0.1..

It may be shown that an assumption equivalent to (9) is
that a prescribed fraction, R, of the total turbulent -
energy production;’P+,.is transformed into potential energy
in the upper part of the boundary layer where the heat -

flux is negative.
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If this "negative production' is called P—, we therefore

have
(16) TP = RP
On the other hénd véinée thé production, being proportional

to the heat flux, varies linearly through the boundary

layer, one may ea811y Verlfy that

N (W‘B“)i]
_(W'é'bﬁ'

and, thgrefore,;A_% R:.

4|

P

S

In the following we shail use (10) as our closure assump-
tion. However, as mentloned by Deardorff et al. (1968),
the actual value ‘of R is not well known, and it may also

vary in time as phe,boundary layer develops.

Slnce we have left out of con31derat10n the 1nf1uence of
water vapour on the productlon of turbu]ent energy, the
model is bas1ca11y appllcable to cases with significant air-
sea temperature dlfference espe01a11y in cold climates, and -

where no release of latent heat.takes place.



The relative humidity and condensation level .

Since dry air is mixed into the boundary 1ayer‘from abeue,
at the same time as water vapour evaporates from the sea
surface, it is not obvious that the mixing ratio will

, increase. Furthermore even when the m1x1ng ratio A q
1ncreases the relatlve humldlty may decrease, 51nce:the'

temperature increases at the same time.

In order to study the relationpbetWeen thesefeffects, it
is instructive to develop an equatidﬁ for the relative
humidity, UO at the sea level. To thls end we rewrlte‘
(8) in the following way, assuming that the air-sea
temperature difference is small

138

c‘éi’a

(1 U )e (6 )+e (6 Y(a: —eoi]

Where e (e ) is the saturatlon water vapour pressure o
at. temperature 9 and e (6 ) its derlvatlve whlle
e = 0. 622 v»Furthermore Aqo —I%gp 1e (9 ) g1v1ng
dgq dU"‘"" de
0 _ -1 ' 0
qT " P © (e )Tt UotP, es(eo) T
and inserting from (1), (3), (5) and (7) one gets after

some manipulation

(12) h ili.? (1) |1 + EL (1+a) (o -6 ):l
C dt o’ |’ ig? w O
(0]

Ak
-A——(e_e) - (6_-6 )
Rﬁg © ag(8,) ~'w "o

Here also the Clausius-Clapeyron equation has been used

. _ -1 -2
in the form eé(eo) = eLR eo es(eo).
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The physical reality behlnd the terms on. the rlght hand

gside of (12) is clear. The flrst term contalns the two o
opposite effects of evaporation and heating, while the
remaining terms represent the influence~ofvthe‘entraining
warm and dry air. The eduation shoWs that-for a sufficiently
large value of Uj (U, close to 1), dU,/dt < 0 so that

the relative humidity then will. decrease. On the other hand,
if UO is below a certain limit, determined by the value of
the other variables, the relative humidity increases. In
the cases we shall be primarily concerned with, the-air .
initially tends to be quite dry. Therefore, this analysis
indicates that there is an upper limit to the. relative
humidity at the sea surface as long as the a1r 1s belng
constantly heated. However, we find it necessary once more
to stress that cooling by long-wave radiation, which has been

left out of consideration, may change this picture.

An expression for the mentioned limit of U is easily
derlved from (12) by equating the right hand 51de to zero.

In terms of the "saturation deficit” one gets

.E‘ezzq(e_)] w o’

1+ (1+A)———(9 %)

Re
o]

'(1on)1im

Further s1mp11flcat10ns may be. obtalned if only the

limiting value -for A + O is considered. \ Then according

to (2) and (9) also (6 -0 )-+0 . However, since in
the limit '
?—62—_-( ) dh:]_" g]:_l
d 3z’1 dt 1 dt
one . gets
A 1 -
(7—5—)
5,0, ~ BTy

as A~>0



- 10 -

and the asymptotic value in this case becomes

e L T
) w o . 1
(13)- (1 U )11m 1+ €L (5 o ) rlhq [Sh
e bt : : R—GZ W0
. .0 .
-1,-2 i

“>Since*a characteristic value of eLR™ -60. is 7, S
.(13) shows-that the limit is independent of the air-
sea temperature difference, if this dliference.ls,not

very small.

As an example we insert the numerical values .
wTeT PR Gomiy ™ 0 dg(80)= 7710

=5 x 107%kn™! and b = 10%m,
and get

(1054 = 0.096.

We may evaluate the speed at which this 1limit is approached.
To this end let us assume for a. moment that U varies much
more rapidly than the other Varlables in (12), so that they
may be considered as constantsi:mThen for A =0, one may

solve a differential equation for (1-U):

d -

& (1—ﬁo)+’— (1+RT © _eé»>>zg-1;ub') i
) T ) - O . . : .
_C (qn-qy) (8,-6.)
h ™ r h qs(eo)

with constant coefficients;kand the solution shows that
(1—U0) approaches exponentially the asymptotic value
(13). One may take as a characteristic time scale for

this variation the expression

t =

g eL
c c

-1
(1 + = (6 - 08.))
Reg °

derived from the exponent of the solution.
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For C = CH|V| - 1.3 x 10°x 10 ms—l, and the other
parameters as above, one gets tc’= 16 hrs. Since this
time is so long we cannot have much trust in the assump-
tions -upon which-it.is based, namely the constancy of the
other variables. It also indicates that a solution of
the ‘initial:value problem derived .from the previous
equations, in. most cases will show larger values:than

the value derived from (13). This is demonstrated by

thé example integration to be described later.

It is easy to derive. a simplified formula for the heighf
of the condensatlon 1eve1 h To thls end we first
develop an expres51on for the vertlcal derlvatlve of q

assuming that 6 1s constant

'(Eg§j = EEEESEz (1- eL —=)
3z "6 RpT cpT
where
T = (B H¥
Po

From thié an-éxpreséion for U at any height in the

bouiidary layer follows:

9q * dgg *
qso+z'(az) 1+qSO (Bz

where the asterisk indicates a specific value inside the
boundary layer. Inserting from above we get

UO
U =

el Z
1-¢p ~U-m_
p O

o]

where the approximation consists in assuming

*
EQ 89 S(T ) ( el ?2 - 1) = (iZE - 1)
* p*
T Eée ) cpe o T cpe
and where HO = —5— . We then get the condensation level as
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‘H
o~

ek -1

(14) ", = (1- Us)
R - T9,
Since most of the”simplifying'aSsumﬁtiOnshweﬁhave made,¢5
in order to derive this formula, have the effect of
reducing the condensation level, we may consider: it as

some sort of a lower limit to the possible values of:hé;

With the numerical values of  (1- UO)mln - derived: above.

one gets hC = 177m.

The derlvatlon of (12) rests on the assumptlon that the 1
air-sea temperature dlfference is small However yp
this temperature dlfference is large ‘we may flnd 1t'
necessary to include another term in the series expansion
of (wq'), in (11). Then (12) wiil,CohtainAthe addi-

tional term

en(e ) _
o) 2
e 2e_(0_) Cu 95)

on the right hand side. Since this term is always:
positive, it has the.effect4of_increasing.Uou? This is
the reason why such phenomena as arctic sea. smoke can
develop under conditions similar to those descrihed hy
the model. ‘



Moist model

In this section we devélop a‘modeivforwa mixed boundary
layer where the upper part contains a cloud (strato—
cumulus). Accordingly, it will be necessary to consider
heating (cooling) associated with phase changes of the .
water substance. We shall also take into account the
influence of the water vapour content on the buoyancy

of the air. 1In its basic concepts the model 1s s1m11ar

to Lilly's (1968). However, we have trled to use a

more general closure assumption. Also, we have neglected
any large-scale vertical velocity, and radiation from the
cloud tops. The modifications are partiy dictated by the
circumstance that we. intend to use the model ba51ca11y

for studying a rapidly developing boundary. layer over the ‘
ocean.

As already mentloned the approprlate conservatlve
quantities in thls case are the equlvalent potentlal
temperature, ee , and the m1X1ng ratio of the water
substance to the dry air. We deflne ee by the

differential equation

where above the condensation level 4 is identical to dg
Apart from the small differences produced by the turbulent
eddies, ee will be assumed to be vertically constant
through the whole boundary layer. Below the condensatlon
level 6 also has a constant value, 60 , virtually the
air temperature at the ocean surface. Then, with

sufficient accuracy

La,

C_ 6.

(21) ee»=,eo(1'+ 9
: PO

where a4, is the constant value of the water vapour nixing

ratio below the condensation level.
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In the cloud top the water substance consists partly of -
vapour and partly of liquid (frozen) Water and the

constant m1x1ng ratlo 1s‘
(22) 95 * % =4,

where ¥ is the mixing ratio of liquid water (ice).’

For emali’fiﬂctuetions'we get from (20)

(23) e ©  La’
;&:- . : e .".-. e 4‘ C T
€ b
wheréi}fﬁ;‘q;ebove‘the’condeneation 1eve1.

We now proceed to develop an expression for the production
of kinetic energy, taking 1nto account both the content
of water vapour and of 11qu1d water. W1th1n the present
level of approx1mat10n we may wrlte the buoyancy term

in the equatlons of motlon as

1, _ 1 . '
(24) -5 p' = 7 Q.+ 8q

below the cloud base, and
R T '
6."+ Gqs _Z.

above Here,

(1 e)/e = o'.a‘bgsl

In the expressions on the right hand side we now introduce
the conservative quantities ee and q§+£ =q, > using (23),

and ‘get
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. eé L
(26) — + (8- =% ) . q'
ee CO‘-GO o
and
S e'e LR L :
oy . € _ e v 1
27y = - (g7 -9 a5 - ¥
Looe Pt A
= &L= - -
TR P (1+8))al - (af + &%)

:I'es'pe"c‘tivel'y'.‘j
Now at constant pressure

_ -1 s
qé:‘f—'l EpP .. __ET.—- T!

This, together with (23), gives

o

(28) = 8" (1+0)

@
[0}
[e> Nas]

where, in Lilly's notation

P

1 8o g eg(D)

& =F®P" —gr T RT? "D

\.-L‘ .

When,this\ia,inthoducedvabpve, we get.the buoyancy term

in the, cloud .layer expressed as

0 14d(1+68)6 0 6
(29) . =

£ _ ' '
Frg o T " (qs + 4"
e
The production of turbulent energy by the buoyancy is
then.given by .the two following expressions, valid below

and above the condensation level, respectively

E WET + g(6- )W’
O e ‘CPGO
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1+a(1+5)ee o
1 + a Eewee—gw(ﬂ,ﬂls)

We shall treat a and a as constants. Then, since the
fluxes of the conservative quantitigs vary Iinearly with "
height, the production terms we have just written, will
also do so. Because of this, the fluxes and the pro- '
duction terms are known- at anyzlevel‘as functions of the
boundary values (W'60)_ , (w'a'), (w'8l)y and:W'(Qé+lf)1,

and we may compute the total production by vertical

integration.

Equation (5) and (6) is applicable also in this case, if.

0,1 — O, is substituted for 8;-6, ., Also, wé&aSsume‘that}
—— T,
(30) (w ee)o = C (Gew Se)
quw
where 6 = 6_(1 + ).
ew w cpew

This follows from (7), (8) and (21). ‘However, we still
need a closure assumption and, as before, we assume that .
(10) is satisfied where now P+ is the total'prbduction and
P~ the total destruction by the buoyancy, both layers
taken together. From this relation it is possible to
deduce an equation by whichg(WT§g)1 mayfbé determined

from the surface fluxes. However, this equation is quite
complicated, and we therefore propose an iterative pro= < °
cedure, which may be programmed quite easily on a computer.
Also, this seems to be a natural thing to do, since the
other equations for the prébiem also have to be solved
numerically.

It is convenient to write the production in the following
form B ' R o

(31) Po(l—co) + PCO Eo ,for Z <~hc»,

(32) Pcl(l—zl)+ P1 Cl for z > hc



- 17. -

where P and P, is the production at the bottom and top .
of the cloudfree layer, where P cl and P1 apply for the"
cloud layer. Furthermore, co and tq are. scaled helghts,

i.e.
_ oz
CO = H;
z-—hC
4 T h-n
c

Formulas for the P's in (31) and (32) are derived from
the expressions for the production terms above, taking

into account the linear variation with height. They are

(33) b =& (@O, + 88— g ) (WA
e [0
1+a(1+6)6 L IR
e .
(35) P__ =P (1 hc) + [ B k(5= =2 )}119 @)
5 co =Pt -1 = - sk(8- g5 )iy (W01
e PO
1+a(1+6)ee - o hc :
(36) P = { T+o. = W 6e)o"'g(w"q")o}(l-' )t
e ’ .
h o
(6]
+ Py T

The iterations start with a guess value of-(WTﬁg)l from .
which the above four P's are computed. Algorithms for
calculations of the positive and negative value of the
vertically 1ntegrated production are easily derived us1ng

the procedure we outline below for the lower part
If P and Pcd have the same sign, the integral»is simply -
(37) 3 (P + P,,) hy

If the signs are different, the integral consists of two

parts of different signs, i.e.

P2
o
L s
(o} co

(38)
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and’ "
T pe
1"‘.';:'1"-1;,;1 [ 516 BRI

co o)
We then compute —P—/P+ and, if necessary, repeat with an
adjusted value of the flux. Note that P1 < 0 and,
therefore, an increase in the absoclute value of (w '6'51

usually makes the ratio larger.

HaviﬁQ”ﬁhﬁs-derived‘aavalue‘for‘CW'Gé)1, we can compute

a time-step of “the wvariables ee and qomfrom

e _ TH . w'p '
(40) h?ﬂ? = (w.ee)o _h(wfee)l'

dqo - o
(41) b T =:gwiqi)d+‘$(w'6é)1
(42)0 7 (84-80) TF = ~(WEL),

Whilé h, may be derived from (14).

If we also want to take into account a-large—scale
vertical ve1001ty, LT at the inversion level, and
congider; the effect '0of a net outgoing radiative flux, F,. -
from’ theﬂcloud~top, equatlon'(42)~take5;the form ..
AR N = _ﬁ . F
(43) (8- 8y) (dt = W) = =W
p
3 v _P
The equatlon follows more or 1ess 1ntu1t1vely from an
energy. balance. consideration, but may. also be derived more

rigorously, following Lilly's (1968) procedure.
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An"example

‘As 8 dembnstration of the performance of the model we have
made & simulation of a specific meteorological case. :Some
relevant observations are ‘given in Fig. 3, containing
radiosonde data from 6r1andet on the coast of Norway, for
March 15th 1978, 12 GMT and from the weather ship M

12 hrs. later. These observing stations are about 400 km
apart. -Making due allowances for observational errors,
especially with regard to the humidity, we shall assume
that the mixed layer is 710m thick at the coast and about
1700 m at the weather ship. Also, for the weather ship,
the condensation level is probably somewhere around 700m.
Simultaneous satellite pictures show that clouds start to
form about 100 km from the coast.

Cold air from the continent enters the Norwegian Sea and
blows towards the weather ship, and the idea with the
experiment was to simulate the changes which a column of
air undergoes when it is heated over the ocean. Because
of lack of observations, the wind field over the ocean 1is
diffibﬁlt‘tb assess. However, one may to some extent

make use of the following considerations.

According to (30) and (8), both.(w'e')' and (Era“)

is proportional to C. The same must then be true for the
value of (w'e')1 derived from (10), since all the
expre551ons (33)-(36) are homogeneous in (w'eé)o

(w'q" ) and (w'8" )1 It then follows that the right
hand 51des of the prognostic equations (40), (41) and (42)
also is proportlonal to C. On the other hand we may

erte

where s is the distance along the trajectory and v is
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the wind speed. If we also assume that C is proportional
to the wind speed, s may be used as independent variable
instead of. t, and v drops out of the equations. . Therefore,
we may find the value of the variables along the trajec— ..
tories without. knowing the speed at which the column

moves.

As initial data for. the model we used h = 710m, 6_ = 270K
and q, =:0.008. The sea surface .temperature was assumed
to be 5°C.

The result of a model integration, shown on Fig. 4, is
in‘reasonable agreement with the observations from the .
weather ship. The value of R was chosen to be 0.01 in.
this case. The strength of the temperature discontinuity
at the top of the mixed layer varied strongly with
distance, but showed:a value of 1..2Q at 400 km. : This
value seems.to -be a bit too small. A change of R to |
0.1 gaveq2.8°; However, . the boundary layer -thickness .
then grew to;a.,seemingly unrealistic value (2152m)..

On the ba51s of the observatlons (Flg. 3) one may also try
to verify the model assumptlon of a constant value of the
conservative quantities. This assumption seems to be
reasonably well satisfied for 6 e However the same \
cannot be sald for the mixing ratlo Wthh at the weather
-3 to 0.7 x H)Sfrom bottom

to top. This is partly due to the fact that in Flg. 3

ship decreases from 2. 4 x 10

the amount of 11qu1d and frozen water has not been taken
.into account. Besides, there most certainly are errors
in the humidity measnrements. In fact, the relative
humidity is measured to be below 84 p.c.ﬂeven in the upper
part of the boundary layer. However, this is in contra-

diction with the dense cloud cover observed from satellites.

Finally, one must expect a decrease of the mean values of

the conservative'qnantities in the direction of the



turbulent fluxes. Taking into account that there is a -
downward flix of equivalent potential temperature in the
upper part of the mixed layer, one must expect 8 to -
increase upwards in this region, However, this is not’
the case for the mixing ratio, since the air which -
entrains the boundary layer from above is usually much
dryer and, therefore, the mixing ratio will decrease -

monotonously from bottom to top.



Conclusions. <«

In this;pgperJwe;have_studied‘a‘simpliﬁied theoretical
modelvof;é developing. boundary, layer over the ocean. It.
 has beenapossiblexto:demonstrate,that”in{most cases the .
relative humidity close-to-the ocean surface is unlikely
to exceed; an.upper. 1imit less than-1004per cent.
Accordingly, the cloud base, if‘any,:must,be»weii above
the ocean, usually at least 100-200m. In fact, a
numerical integration of a more complete model gave
values around 800m for a specific case. Exceptions from
this rule may be found in cases when the air-sea temper-

ature difference is extremely large.

The numerical model is easy to modify, and a systematic
use will presumably give valuable insight into the
dynamics of the planetary boundary layer in different
weather situations. Also, a systematic comparison with
observations could give useful information about the
size of the surfacé fluxes and the somewhat uncertain

closure assumption.

Another interesting thing which we have barely touched
upon, is the question of what is likely to happen when
the equivalent potential temperature above the capping
inversion is lower than in the boundary layer. Lilly
(1968) concluded that a stationary boundary layer cannot
exist in this case. 1In the non-steady case we study,
the effect is different but may be equally important.

We have previously mentioned that it presumably leads to
increased turbulent energy and increased erosion of the
non-turbulent air above the boundary layer. Satellite
pictures show that the clouds, while in most cases taking
the form of strato-cumulus, sometimes have the structure
of open cells. One may even observe a downstream change

from one type to the other. This phenomenon is often
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considered as a reflection of the increase in boundary
layer thickness. However, one may speculate that the ,
open cell structure is associated with the abovementioned

configuration of equiValent potential temperature.
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Captions

Fig. 1:
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Structure of a "dry" model (water vapour
considered as a passive admixture).

Structure of a "wet'" cloud-topped model.

Equivalent potential temperature and water
vapour mixing ratio computed from radiosonde
data from Orlandet and the weather ship i L

Results of a model integration. Numbers on
abscissa represent distance along a
trajectory. The curves show computed values
of boundary layer thickness, height of con-
densation level, equivalent potential
temperature and mixing ratio.
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Fig. 1 Structure of a "dry" model (water vapour
considered as a passive admixture).

| dg = dg + | = const.

qo = const. I

a1

Fig. 2 Structure of a "wet" cloud-topped model.



- 27 -

z(km)ﬂ

[ ]
\
\
\
WM
N\
\
N 20 N q (x10%)
Vo L \F
270 275 280 285- 290 fe

Fig. 3 Equivalent potential temperature and water vapour mixing
ratio computed from radiosonde data from Orlandet and the

weather ship "M'".
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Fig. 4 Results of a model integration. Numbers on abscissa

: represent distance along a trajectory. The curves
show computed values of boundary layer thickness,
height of condensation level, equivalent potential
temperature and mixing ratio.
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