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Correct i ons 

Page_5,_bottom_line : 

.. ... quantities but a.s mean quantiti e s (deviations), which are the 

Page_l0, _line_4: 

.. . . Fig . 1 shows 

Page_101 _line_24 : 

the same variation of W * as used for 'i;yg in the Ching & Businger 

Page_101 _bottom_line: 

mass field by means of inertial oscillations . 

0 

Page_ll1 _line_20: 

in the pressure gradient, which are enhanced when a ~ f. 

Page_12,_line_161 17~_19_and_20: 

1 should read Q, 

or y = l • log(k- l • Z + 1) 
log k a 

Page_l'7.2,_line_l4: 

2 2 -nTTKt 
.S 

( 26) T(z,t) (D - z) + ..?_ 'f e D2 
D n=l 

. rnr 
sin D z 

D 

fh(z') sin !!1!. • Z 'dz' - 2 'f 1 e D2 sin 
D TI n=l n 

Page_20 , _line_l7: 

.. . .. It shows that (29,1) does not give 

Page_25 , _s econd_line_f rom_the_bottom : 

• •• , boundary layer models during a visit to 

n2n2K t' 
---8-dt' 

n2 





SMHI, RMK 2 (1974} 

l 

2 

3 

4 

5 
6 

7 

8 

TA BL E 0 F C O N T E N T S 

Summaries (English, Swedish) ••••••... ~ •••••••.• page 

Introduct ion .................................. . 

Derivation of model equations •••••.••••.•••..•• 

Filtering of inertial-diffusive oscillations ••• 

Formulation of K for neutral and stable 
stratification ................................. . 

Nl.llllerical solution ............................ . 

Heat conduction in the soil and heat flux 
at the earth~ s surface ••••••••.•.•••••••••••.•• 

Results of numerical integrations ••••.•.••••••• 

Conclusions and discussion •.•••.••••••.•..•••.. 

" 
Il 

Il 

Il 

" 

Il 

Il 

Il 

1 

3 

5 

9 

11 

13 

16 

20 

24 

Figures 1-15 • . • • . . . • . . • • • • • • • • . • • • • • • . • • • • • . • • " 26-40 

References ..••..••• , • • . • . • • . • • • . • • • • . • . . • . • . • . . " 41 





SMHI, RMK 2 (1974} 1 

SUMMARY 

To serve as an aid in preparing lecal ferecasts as well as lan­

ding ferecasts at airperts, a develepment ef an atmespheric boun­

dary layer medel has been started at S.MHI. The medel is geing to 

use large scale wind, te.mperature and meisture predictions from 

a numerical weather prediction model as variable boundary condi­

tions. Instead ef using the ordinary Ekman boundary layer equationE 

an approach due te L N Gutman (1969) has been used in deriving a 

set of one-dimensional boundary layer equations. It is shown that 

this formulation filters out inertial- diffusive oscillations, 

which are present in an Ekman boundary layer due to time variation~ 

in the geostrephic wind. 

Experiments with variable large scale winds have been done, using 

a simple dry medel with prescribed variations in the boundary va­

lues for wind and temperature. A turbulent exchange coefficient 

formulation has been used, which is based on Monin & Obukhov;s 

similarity theory and which uses a mixing length formulation due 

to Blackadar. For the numerical solution a Crank-Nicolson scheme 

has been used. The computations show large differences between 

the steady state and the unsteady state solutions. This is shown 

in wind hodegraphs as well as intime functions of friction velo­

city, u, and cross isobar angle. Finally, from two different ana-
* . 

lytical solutions as well as a finite difference solution of the 

heat conductien equation, heat fluxes at the earth;s surface due 

to heat conduction in the soil have been computed. These analyti­

cal solutions have been compared in terms of accuracy and effi­

ciency. 
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SAMMANDRAG 

För att tjäna som ett hjälpmedel för lokalprognoser och flyg­

platsprognoser har vid SMHI startats ett arbete med att utveckla 

en atmosfärisk gränsskiktsmodell. Modellen ska kopplas till en 

storskalig, numerisk prognosmodell som förser den med variabla 

randvärden för vind, temperatur och fuktighet. Istället för att 

använda de vanliga Ekman-ekvationerna har använts en metod ut­

vecklad av L N Gutman (1969) fär att härleda gränsskiktsekvationer 

för en en-dimensionell modell. Dessa ekvationer har fördelen att 

de filtrerar bort .de tröghet-diffusionssvängningar som är när­

varande i ett Ekman-skikt när den geostrofiska vinden varierar 

i tiden. 

En enkel, torr version av modellen har utnyttjats för att studera 

effekten av variationen i tiden av bakgrundsvinden (den storska­

liga vinden). En turbulent utbyteskoefficient, som är grundad på 

Manin & Obukhovs similaritetsteori och som använder Blackadars 

reduktion av blandningslängden, har använts i dessa experiment. 

Crank-Nicolson-metoden har utnyttjats vid den numeriska tids­

integrationen. Beräkningsresultaten visar att det blir stora 

skillnader mellan vinden beräknad ur den icke-stationära modellen 

och motsvarande stationära lösningar. Detta visas med vindhodogra­

fer vid olika tidpunkter SBJJlt med figurer med friktionshastigheten, 

u, och tvärisobara vinkeln som funktion av tiden. Slutligen har 
* 

också en jämförelse gjorts mellan två olika analytiska lösningar 

samt en finit differenslösning, från vilka värmeflödena vid jord·­

ytan, beroende på värmeledning, i marken som funktion av tiden har 

beräknats. 
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Introduction 

At the present time numerical weather prediction medels for 

large scale atmospheric motion a.re in use all over the world. 

They have rapidly become an integrated part in mast weather 

services. The medels can predict and describe the large scale 

synoptic developments fairly well but the actual interpretation 

of the numericl forecasts inta terms of local weather 1s by and 

large left to the human forecaster . Attempts have been made along 

climatological/statistical lines to develop automatic interpre­

tation programs with varying degrees of succes. 

Local weather is toa large extent the result of boundary layer 

processes, influenced by topograpby, which are forced by the large 

scale flow . It is therefore natural to try to formu.late medels of 

the atmospheric boundary layer in order to get forecasts of tem­

perature, wind, moisture and water content near the ground. This 

is particularely important as an aid in preparing landing fore­

casts at airports especially regarding fog conditions. The main 

obstacle has been a lack of an adequate parameterization of the 

turbulent exchange in the boundary layer, but since the develop­

ment of the Manin & Obukhov similarity theory several attempts 

have been made to formulate and develop numerical models of the 

boundary layer ( Estoque, 1963, Pandolfo et. al., 1965, Sasa.mori, 

1970). Neither of them have been used operationally. These medels 

have usually employed one-dimensional boundary layer equations 

of the Ekman type with an assumption of a. stationa.ry constant- flux 

layer in the lowest part (Prandtl layer) of the boundary layer. 

L 2 Another : . .approach has been taken by L N Gutman, who is working 

at the Novosibirsk Computihg Center. His approach seems to ha.ve 

certain advantages when the aim is to couple the boundary layer 

medel toa synoptic large ses.le medel. In many places nowaday 

. a so called telescope t_echnique is used in ordinary numerical 

forecast medels in order to run the medel on small, limited areas 

where it is possible to use high numerical resolution, i.e. small 

horizontal and vertical grid distances. In this technique variable 

boundary values are supplied to the limited area model from a run 

over a much larger area with less resolution. Gutman~s approach 

is very suitab,le for such a . technique to be applied to the atmos­

pheric boundary larer. In Gutman (1968) sets of equations for 



1:!. 



SMHI, RMK 2 (1974) 4 

use in non-linea.r problems in meso-meteorology are derived. 'l'his 

stud.y follows Gutman in its ba.sic approach in order to derive a 

set of one-dimensional. boundary layer eq_uations. 

The main idea in this approach is to let the boundary layer medel 

only take care of the specific boundary la.yer processes, s.g. tur­

bulence, long wave radiation etc. In the mathematical deriv<1.tion 

this is achieved by defining two sets of equations of motion. The 

first set isa "complete 11 set of equations of motion capable of 

describing all types and scales of motion e.g. large scale motion, 

convection, mountain waves, sound waves etc. The second set con­

sists of equations of motion corresponding to the primitive equa­

tions used in large scale nume:i;-ical forecasting or synoptic scale 

numerical medels. By subtracting the syneptic scale equations from 

the first, "complete", set of equations we get a new set of equa­

tions, simply describing the difference between the two, where 

ålse the beunda:ry layer processes are included. These equations 

can then be further approximated according to the particular 

problem cencerned. In eur case convective motions are excluded 

as well as sound waves and n.en-linear effects in the boundary 

layer resulting in equations for an one-dimensional boundary 

layer model. 

The main difference between equatiens a~rived at in the way de­

scribed above and the Ekman type of boundary layer equatiens 

is the elimination of inertial-diffusive oscillations present in 

the latter fermulation. These are caused by unsteadyness in the 

pressure field, i.e. time variations in the geostrophic wind ( Chin.g & 

Businger, 1968). In steady state conditions the twe formulations 

behave similarly. 

The aim with this work has been to apply Gutman"s approach and 

to study the effect of unsteady conditions in the imposed, "for­

cing" large scale flow. Therefore the formulation of the turbulent 

exchange in this medel is fa.irly c-rude. The model bas also been 

run without moisture and rad.iation. This will be improved on in 

the future work, partly in cooperation with the Meteorologica1 

Service of t.he Royal Swedish Air Force. 

1. 3 An important part in all beundary layer medels is the inclusion 

of a top seil layer in order to be able to com:pu.te the heat flux 

from the soil 13,cross the earths,..surface. In this study is also 
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included an investigation of numerical methods to compute this 

heat flux. A fourier solution of the heat conduction equation 

for the top soil layer has been compared with ordinary finite 

difference methods as well as with a Greens function solution. 

Derivation of model eguations 

We will in this section discuss the equations and the assumptions 

behind them. Fora detailed discussion see Gutman (1968). 

The main idea, as stated above, is to express the motion as com­

posed of a large scale flow component anda boundary layer compo­

nent. If we denote the total motion with overbar, large scale mo­

tion with a star and the BL-motion(boundary layer motion) with a 

prime we get following relations 

* + u' * u' u = u u ... 

( 1) * v' * v' V = V + V ,. 

w = w * + w' *< w .. w' 

T = T* + T' e = e + 0 1 T'<< T*(absolute temperature 

* + p' p'<< * p = p p 

* + q' q' < q * q = q 

(2) Q = Q* + Qf Q* ~ Q' q_ q q q 

p = p * + p' p'<< * p 

~- _§_g §.s' ~· ~ §.9.' 
dt - dt + dt dt dt 

K = K* + K' K* ~ K' 

u, v, w, T, 0, p and p have their usual meaning. q is specific 

humidity, Q isa moisture source or sink term and * the cor­. q 
responding term for heat (e.g. radiation, condensation etc). Kis 

· the turbulent excha.nge coefficient. It must be emphazised that the 

primed quantities are not to be considered as "fluctuating" tur-­

bulent ·quant.ities but as mean quantities (deviations), wbich are tb 
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result of specific processes in the boundary layer. The turbulent 

para.meterization is instead taken care of by means of a turbulent 

exchänge· coefficient ofeddy v-iscosity formulation. (See fig below) 

For temperature, density and pressure the boundary layer induced 

variations are much smaller than the corresponding large scale quan 

tities. '.This is obviously not true for the wind wbere the adjustmen 

to the lower boundary condition u = v = 0 gives u' ~ v' ..., u* ~ v*. 

z 

* u Free atmospher 

zH "' 1500-2000 m - u '= O - - - - top of boundary ( computational 

u' 

u' u 

* u 

* layer 

u = u* + u' 

u 
z = 0----------------... 

Boundary laye1 

At some level we should have negligible influ.ence from the boundary 

layer processes where we assume only large scale flow. Denoting 

this level by H we have 

(3) z = H: T' - p' = q' = p' = 0' = Q' = 8Q'/dt = u' = v' = w' = 0 q 

· (4) z = z0 zero slip conditions: u = v = w = 0 

* * or u' = - u, v' = - v. 

T 1 and q' will be prescribed functions of time to start with. 

The computational top of the boundary layer is taken to be high 

enough for the actual boundary layer height, h, to fullfill h ~ H 
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in the majority of cases, except for penetrating convection. The 

level H can then conveniently be taken at a height corresponding 

to for exa.m:ple the 850 mb level ( ... 1 500 m). 

The :procedure followed to arrive at the boundary layer equations 

is: 

a. Substitute (1) and (2) in the complete set of equations for 

overbar quantities. 

b. Subtract the equations for the large scale flow from the resul­

ting equations. 

c. Use the << inequali ties to simplify the equations ( i. e. a gene­

ralized Boussinesque approximation.) 

aw• d. Assume ät = O, that is neglect convective problems (mountain 

waves etc). The effect on the mean motion in the boundary layer 

will instead be taken care of by the turbulent terms. 

e. Assume no horizontal gradients in the boundary layer variables, 

that is, V'1/ 1 ~ VT' = Vq' = Vp 1 = O, horizontal homogeneity. 

This implies that z0 is constant over the influence domain. This 

gives us 

( 5) 

(2) 

(3) 

( 4) 

au• 
at = fu' + L (K' dU) a (K* au 1

) 
c)z m c)z + 3z m ä"; 

= - fv I + L ( K I av) + L ( K* av I ) 

az m c)z az m dZ 

T* ~' a (K* a01) + L (K' aä) 1 .§g' 
0* at = ä;:- H 3z c3z H az + ~ dt 

(5) p' = O p = p*(z) 

(6) dn* * = = - gp 
dz 
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where Km is the eddy coefficient for 10.omentum, ~ for the heat and 

K for moisture and water droplets. A simple scale analysis shows 
q 

that if the non-linear term. W'V'0/ 1 is disearded then should also 
. * 
the term W 1 • 'i/'W be neglected. 

In the simplified version studied.here we will further assume that 

the backgroti.nd, large scale flow, is barotropic (au*= av*= o) - az az 
and frictionless (K* = O}. 

This reduces the set of equations (5) to the set used in this 

study: 

(a) ~ut'= f v'. + L (K' au•) 
o 3z m oz 

(b) av' - fu' + L (K• ~·) 
c)t = az·. m c)z 

(6) 

(c) ae , = .L ( Kil aä } +Å .§S' 
at dZ ·. äz C dt p 

(d) 19..' = .L (K' ES) 
at clz q ::tz + Q' q 

where 

u' * = u - u 

v' * = V - V 

(7) 
0' = e - e* 

q' * = g_ - q 

We have also assumed T*/e* ~ 1, which isa good approximation in 

the boundary layer of depth ~ 1 000 m. In the experiments carried 

out so far. the boundary layer is assumed dry, tbat is eq. (6 d) is 

not used. 
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The bounda.ry conditions for (6) are: 

z = zo T' = T0 ( t) , q' = qo(t} 

u' = - u*(t} 

v' = - v* ( t} 

z = H u' = v' = T' = q' = 0 

The set of equations, ( 6), ·· is consistent in the sense that if we 

put all primed quantities equa.l to zero it yields aset of iden­

tities, where the flow is entirely described by the large scale 

equations. 

The ma.in difference between (6) anda usual set of Ek.man type 

boundary la.yer equations 

dU f ( V - V )' + _L ( K i)u 
at = g 3z 3z 

(8) 

av f ( } cl ( K i3v} ät= u - ug + az c)z 

are 

au* 
J.. inclusion of the term at in ( 6) 

- * 2. the coriolis terms are of the form ( u - u ) • f instead of 

(u - u ) • f. We are using the actual background wind instead of 
g 

the geostrophic wind. 

. . au* 
It is also seen that in steady state cond1t1ons at = 0 so that 

(6) and (8) are almost identical but for u ~ u*. This means that g 
they beha.ve ma.thematically similarly · in the steady case. The in-

. au* * _, clusion of the term at and the replacement of ug by u have, how-

ever, fundamental consequences, which will be discussed in the 

next section. 

Filtering of inertial-diffusive oscillations 

Ching & Businger (1968) solved the Ekman boundary layer equations 

(8) with constant K and with a rotating pressure gradient given 
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by a time variation of tbe geostrophic wind according to 

(9) ~ (t} 
g 

= u e go 
ia.t 

\Vg = u g 
+ i• V 

g 

Fora corresponding toa period of rotation of 24 hours the so­

lution exhibited very marked inertial oscillation. Fig 2 shows 

a corresponding numerical integration, but with the va.riable K 

described below. The wind hodographs in fig l look very similar 

to the ones obtained by Ching & Businger. The amplitude of this 

oscillation is quite large but decreases with the rotational 

speed of the pressure gradient. Even if these inertial oscillation 

might be essential in some cases, for example as a contributing 

factor in explaining the nocturnal jet of the Great Plains in 

USA, where f anda (30°N) are of about the same size, it seems 

that these inertial oscillations, depending on variable pressure 

gradients, are not observed in northern latitudes (~ 50° - 6o0 N) 

and are probably overshadowed by other processes. (See for examp­

le Peagle & Rasch(1973), Young (1973)). It seems therefore to be 

desirable to filter out these inertia-oscillations. This is in 

fact done by the formulation (6). Inertial oscillations are not, 

however, completely excluded from the model. The large scale 

equations are still ca.pable of' taking care of inertial oscillation: 

to the extent that they exist in the large scale model, and are 

introduced by means of the boundary condi tians u' = - u * ( t), v' = 

- v*(t) at z = z0 . A test run was made with the eq_uations (6) with 

the same variation 'vi as used for "iJ/ in the Ching & Businger 
g 

case. No inertia-oscillations were present. 

We can also see this clearly if we assume the background f'low to 

be defined by 

au* 
f'(v*- V} 0 ät - = g 

(10) 

·av* 
f'(u*- u) 0 ät+ = g 

and~ g given by U,). 

Eq (10) can only describe an adjustment between the wind and the 

massfield by means of inertial oscillations. 
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We al.so have from eq (6) 

- * 
au au (~ * l = .L ( K' OU 1 , ~t .... -:;;-t-fv-v ,., ,.. 1 
0 0 oZ fil DZ 

= L (K' au) 
az m oz 

(11) 

av av* - * a dU 1 

ät - ät" + f(u - u ) = ~ (K'm az ) ==L (K' av) 
dZ m az 

adding (10) gives 

au f(V - V) a ( K' dU) ät - g = dZ m az 
(12) 

av r<u - u) ö c K' av) ät+ =-
g az m az 

which is the set of eq (8) above. We thus see that in this simple 

case we have just subtracted the inertial motion from our boundary 

layer equations and instead placed it in the large scale flow 

equations. In order then to get inertia-oscillations as a solution 
iat to (6) we must solve equations (10) with 'u/ = u e and the 

g go 
initial conditions u* = u , v* =Oror t = O. ~l:h.e proper time 

. . . * * . go . . variation in u, v is then given by the solution 

(13) * * * f) -ift f iat) w=u+1•v=u ---e +--e 
a.+f a+f 

'l'he equations ( 6) 

Of ty * ia.t = u e go 
as ( 8). 

go 

were sol.ved with this boundary condition instea.d 

and gave, as expected, exactly the same solution 

Our boundary layer equations therefore have the desirable proper­

ty of fiJ.tering out inertial oscillations due to time variations 

in the pressure gradient, which are enchanced when a ~ f. 

4 Formulation of K for neutral and stable stratification 

The turbulent coefficient used in this study is based on 

1. An extension of the exchange coefficient for neutral condi tians 

in the constant flux layer to include the whole boundary layer. 

This is done by means of a reduction in mixing length Q, which is 

due to Blackadar (1962). 
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2, A stability dependence using Monin -Obukhov;s similarity 

theory. The present form of Kis suggested by Karlsson (1972). 

K is then expressed as 
m 

(14) 

where 

(15) 

K = 
m 

• 1 I dVI 
(l+a.Ri)2 dz 

(clT + f) 
Ri = S. ._Tz_z __ 

T 1:12 
= Richardson Number 

r = adiabatic lapse rate {dry or moist) 

K = von Karmans constant taken as o.4 
(measurements by Bus inger et. aL ( 1971) indicate that K instead 

is eQual to 0.35) 

(16) "-
G (u2 2 1/2 

= µ•- where G = + V ) . 
f g g 

and 
-1i 

p = 3 • 10 

a = 3.0 

In -this case u and v are replaced by u* and v*. 
g g 

The mixin_g length is then taken as. 

(17) 

with 

KZ 
1 =---

1+ g 
A 

lim 1 = A 

z ➔ 00 

The eddy -coefficient for heat exchange is given by~= 
K 
m 

l+a • Ri 

· The assunrption that ~ only depends on geostrophic wind is however 

a. weak point. 1 should in same way depend on stabili ty, as for 

exrunple suggested by Delage (1973), The form (17) was suggested 

by Blackadar for neutral conditions. This is however not crucial 
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for the present study where the aim has been to study the problems 

and effects of large scale forcing, i,e.variations intime of 

background wind and temperature.A new parameterization of the tur­

bulent exchange in the boundary layer will be adopted in the fu­

ture work. This formulation is suggested by Deardorff (personal 

communication) and follows essentially Delage for the stable case 

and employs the results from Deardorff (1972, 1973) for the un­

stable boundary layer. It also uses the equation for turbulent 

energy instead of an explicit formulation for K. 

Numerical solution 

The equations (6}are approximated by means of finite differences 

in space and time. In the z-direction an expanding grid 1.s used. 

The strongest gradients are found in the·lowest 20-30 m of the 

boundary layer and it is therefore convenient to have the highest 

resolution .in the bottom layer. If we denote 8Z1 = z1 and liZi = 

z. - z. 1 and assume a constant ratio 
l 1-

k = 

z 
n 

z. 
1 

t:,z. 1 
1.+ 

/J.Z. 
]. 

z=O 

z = H 
N 

we can write the heights to the gridpoints 

(18) 

n = 0, 1 , 2, , ..•.....•..• . N 
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The top of the computational bow1dary layer , H , is usually 

1 500 m. The lowest ·gridpoint is not, however , Z = 0 but Z· = z0 , 

where the boundary conditions are applied. In mast of the corupu­

tations 100 points (k = 1. 0555) have been used which almost comp-· 

letely elminates the error intrOduced by ro.aking the centered fi­

nite differences slightly "uncentered" because of (18). In fact 

experiments have shown that this grid can be used successfully 

down to the order of 40 gridpoints (k = 1 .1823), z0 2 Z S 1500, 

without any noticeable errors. 'rhe solution has then been compared 

with the case where the vertical coordinate Z has been transformed 

toa new one, y, by means of 

(19) or y = 
1 

log K 
K-1 log(--• Z + 1) 

a 

y ha.s been discretized inta equividistance points. No significant 

differences were found for N::: 30 points. It should be pointed out 

that this is applicable only to the stable or neutral BL, where 

Kis fairly small. 

5.2 For the numerical time integration a Cra.nk-Nicolson scheme has 

been used. If we write the first equation of motion as 

au F + f•v whell'e F 1... ( K au) -- = --at· dZ ;.)z 

we get 

n+l n u. - u. 
• F~+l (20) J J = e + ( 1-0 )F1: + f n 

6.t •V. 
J J J 

where 

n n n n u. - u. 
. .n J+l. J • .n 
Kj+l/2 z. - z. - ½-1/2 F~ = ____ _..J~+_l ___ .~J ________ _ 

. J Zj+l - zj-1 

u. - u. 1 
J J-

z. - z 
J j+l 

2 

With r+l = r in (20) we obtain aset of linear equations in u. 
J 

to be solved . In (20) the Crank-Nicolson scheme is stable if 

0e::(l/2, 1) (Richtmeyer & Morten) However, the coriolis term, which 
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is treated explicitly, grows slowly, but with a time-step about 

30 sec there are no problems. Treating the coriolis term explicit­

ly simplifies the numerical procedu.re quite a lot. An improvement 

would be of course to use some type of multistep method for this 

term, e.g. Adams-Bashforth. Eq (6 b) and (6 c) are treated in a 

similar way, The sets of linear equations are solved by means of 

Gauss'elimination. 

av 5 
Due to the formulation of K, where Kis proportional to lazl , the 

equations (6) are highly non-linear. This resulted in non-linear 

instability in the first runs. To av-oid this non-linear instabi­

lity a time smoothing in K was applied according to 

-
(22) Kt = (Kt + 2 Kt-l + Kt-2 )/4 

This remedied the non-linear instability. 

During most of the computations 100 gridpoints "between z = 0 and 

z = 1 500 m have been used but in the later ca.ses only '(O grid­

points. 'föe timestep h.as been 30 seconds. 

In most experiments the integration has started forma steady-statE 

windprofile 'OJ (z) sa.tisfying 
s 

u 
·!z (K'm :/-) + fvs = 0 

( 23) 

with K' as in (ll.1). Initial values for T 1 have been used i.n the 
ro 

R:i.chs.rdson number and an iterative techniq_ue has then been used 

in solving (23), giving a K'-profile and u (z), v (z) wbich are m s s 
consistent with each other. In this case the two equations ha.d 

to be solved simultaneously. The procedure takes alJOut 50 itera­

tions to converge when starting from an Ekma.n spiral. However, 

this method is considerably more efficient than a time integration 

toa stea.dy-state, In some integrations we have started. from 

different initial condi tions., i .e. not ini tialized in order to study 
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6 

the effect and influence on the solution from variations in the 

initial data. This is of course an essential pröblem since in 

reality we can expect fairly large errors in the input data for 

the :m.ode1, especially as regarding wind data. This will be studied 

in some more detail in future work. 

Heat conduction in the soil and heat flux at the earths"surface 

When trying to model the atmosphere boundary layer it is essen­

tial to include the heat transfer across the earths' surface to 

oralcula.te the energy balance due to in- and outgoing rad.iation, 

turbulent heat flux and heat flux from the soil. Even early boun­

da,ry la.yer models (Estoque, 1963, Pandolfo et al,1965) · as well as 

more recent ones ( Sasamori, 1970, Zdunkowski & Barr, 1972) have 

an eq_uaticm for heat conduction in the top soil layer :in order 

to get the surfa.ce heat flux from the ground. Usually a fairly 

crude approximation of the heat flux has bee·n used, partly due 

to a lack o±~ knowledge of specific soil cha.racteristics and their 

-vertical distribution. Generally the boundary layer models use 

horizontal averages of z0 as well as specific heat (c 8 ) and heat 

conducti vi ty ( A) in the soil. But both c and A depend on moisture 
A 

content in the soi1 in a complicated way. Due to lack of more de-

ta.iled knowledge of these properties ve:rtically,constant values 

for c and A have been used which reduces the heat conduction 
s 

equation to the simple form 

( ~~4) 

where the thermal conductivity 

K 
s 

).. 
=-

C 
s 

This is the ordinary parabolic diffusion equation. In most cases 

(24) has ·been solved numerically be means of finite differences 

in space and time. However, it seems that the numerical techniq_ue 

invo1Yes a riumber of superflous computations considering the poor­

l y known initial ~tate of the soil temperature, and the simpli­

fying assumptions behind (23). Instead it should be possible to 





SMHI, RMK 2 (1974) 17 

use a simple fourier serieE: solution by mea.ns of whicb the heat 

flux, H( t), is ca.lculated f'rom knowledge of the surface tempera­

ture 'l.10 (T), o ~ T ~ t . 

.Ass,ume a soil layer of depth D, below which the temperature does 

not change 

z :: 0 --➔) T 

z = d. ~ .... -------· 
'l' = 

D constant 

and a surface 'tie:ttl1Jlel:"at11r:~ toft}. Initially the tein:pera.ture distri­

bution is @;(z). We then have to solve eq (2-4) with the boundary 

and initial conditions 

'1' = TD z = D 

(25) 'l' = T0(t) z = 0 

rr = g(z) t = 0 

A classical solution to this problem is (see :for exa.mple Ca.rslaw, 

1921) 

where 

T( z, t} 2 00 

(D - z} + D r 
n=l 

2 2K 
- n rr st 

-n2.,....,.._ . nrr 
e sin - 2 

D 

22 , 
t .c,T n_TT Kst 

n·rr __ _2 00 1 
sin n· ·Z'dz' rr t - e 

n=l n 
• nTT J?i O · ··~ sin - z ·---e D 

D ot t dt 

0 

h(i) 

that is we have subtracted an initia1 linear profile. 





lC)It 

more tban 

g( z) '"''° z) 

then 

H ·-

I11 order to a tirne 

il.t so :Cl1a:t t.; 
1J 

In th,:: t,Lt:L. 

'I' 
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t 
r ;,] 

( ; 
I 

J 
dt 1 ·~ ,: 

0 

a f :::\: 
,. 
l~ 

l j"'-"l 

.1) 

0 

J 

the :flu.:tc 

the 

mu.lated f:ront to t:.irne 

extra terms for e&ch new timc"! 

however 

the 

corrvergence; both ror ( 

convergence :rate on the 

the analyt 

thE, lowe:r 

] 

+ 

N 

D n~1 
(e 

to eq (26) 

f 
le 
t 

(j+l) 

to 

. 'l'he convergence rate is 

of thi s methor1 

methods, 'rhe resu1ts 

a, 

.2} anda dependence of the 

of the soil D. 

another form for 
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a11d get ;:~ GrE,ens .funct:i.on so111ti0n --whicb. in-voJ.v·es nc seT].2s 

ex_pansion. 

Tl'1ey do :r)ot, discuss ~ }io11e1ler, tb.e effect of this otl1er l)oundt\.r~r 

condition on the sol-u_tion fo:r H er the B,ccu.ra.cy as cornr,).ared 

with the finite difference solution. 

'1'he two egua.tions ( 29, l) and ( 29, :2) as we11 as a correcteci 

v·ersion of S}1affer & I1ongs forrn.ula.tion ha\re bee:n tested togetb.er 

w:i th a fini te dif:Ference analogue to eq ( ~~3) wi th a simple e:x.­

plicit time integration. 'I'he variation of Te/ t) bas been given 

liy-

0.) 

i~ e" a, ternpe:rat,ure rnaxinru1u at 1300 hou:r·s., 

In the fir1ite difference fornn.1.lat ion. a logarit:.hraic ·verticn,1 

frorn the t,esi~ :cuns e- It s}1crvTs tb.at nei t}1e:r ( ) nor 

satisfacto:ry r:::su1ts" :I1he SYic1.ffer & Long for:nru1ation seems to 

give o, fairl~y good i'EiSVlt 1 especi~:t.lly f'cr 1aY"ge f.lu:'{es" In tbe 

the initial p:rofile et/lds sorne e1ctra er.ror f':.1r1et-.ions t,o l-;ie eva-· 

l1.1ated. e.t each ti1ne ~~::teJ), w:t1j_c11 mak::::s thi::· cornputat,icn q_·11.ite 

time constun:ing. 

con1pa~re tl1ern wi th otb.er au.tho:.c·s-4 :.re;.3u.1ts as a check. or1 tbc:' 

gross p1 .. cr;ertiE::f:) of tb.f.: :mode1 and the acc1.1.r.:.i,c;:r of tb.e r111me:ci·-~ 

c.s.l. forrnulation ~ 1Ihis i1~tcJ.ude:s c:.xpf~Y·irnertt~::i vritJ1 y•otat5.ng l!ttt 
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roughness he:~ight ( I) J-\ 'rayJ_o~c ~. 1969) ,and varia:tion of \-lindspeec1 

but not di~cect.ion ( I_J~~,r}:oso-v, 1972) ,. 

In all the ex1;:e:r:i1nents tne ·b.s,ckground. te1nperat-u.n~ :i:Ja;3 been eon-= 

stant~ Tb.e 1ov1er and 1..1pp2r -bo1~1nd.ary conditi1.:;r1s for T'' bc1_;ve been 

7., 1 A very in1po:ctant piaol,;lern_ today .~LS the pararaeteri za.tion of' t;I-.1.e 

1Joundary 1ayer~ in large 2.e:a.le numerical ruoCLels .. In tl1e ::c·esistance 

law fornrulations tb_e stress ( in fact, u_ ) and tJ1e angle ·oet.w·een 
* 

tbe geof:trophic 1.-vir1d a.nd t11e sl1:rface 1.-sri.110_ are comrj1.1ted frorn a 

rnatcl1ing of an inner logarithrnic su.rface layer Etnd ax1 olrter 

Ek.man la.;/er,. '.Ff1e tb.eor:v- 1'1as also heen ger1eralizea_ to i.ncl.1.1.de 

eonstants ~ ~A .. and B, as f\1:nctio:ns of a bulk Richa.rdsoL n.1.nri""ber 

or the Monin-Obukhov length to observations. In the theory, 

In Me1gorejo ,Se Deardorff ( 1974); using a formuiation of the 

resistar1ce la:w .accord.ing to Deardorff & Zili t:ir1ke"',ricb. ( 19711-), 

the constants ll and f) a.re detern1ined from the \Jlar1ga1""cL data, 

set ( Clarke et al 1971), An interesting feature in t:he result~o 

so b.as been preser1.t in ea~elier evalu_atior1s,, In t11e ex:pey·).:rnents 

carried ou.t ir1 ttiis study frict~ior1 velocit:y-, ll , and t}1e a,ngle 
* 

between the -background, large sc:aJ..e wind, and the sur:face wincl 

(deviation) have been computed. In addition the corresponding 

steady state u and deviation with the same background winds 
* 

as in the u.nsteady mode1 have been computed. '[be differences 

-betvreen stead;'l and lJ.nstea.,d~r corrrpu.ta~tion.s are rnost strilr.in.g 

resul t ~3 seern to indicate that t11e unr;teadyn.ess in tl1e Ja.,rge 

scale flow is a contri1::uting facto1' in determining the streBs 

and crossisobar flo-w near the su_rface and a poornible explana·­

tion to tl1e large scatter obtained 1'1}1en fi ttir1g the ~cesistance 

lo~r eons tants to obser'v'atior1s in tb.e stable rar1ge ~ 

7. 2 The first experiment J_E, -!Jasically the same a;:; in Ly ko sov ( 1972). 

TJ1e background wind W ~, is given by 

u* - 10.0 - 10.0 cos t, ) ) 
.L 





:\ "'Es~ .. t11e: back_ground. -~•.rind sta.:rts at roughly ~?O rn/ s s decreascs 

to zero a,nd. in.c:r·ease:3 -bf:tck. a,gain to 20 n1./s, Tbe -back_grcn1r1d 

Rc;-ughness b,eigl'1t l3 z 0 ;..~ O ~ 01 m .. F1ig 3 and 11- sho1.1 w:in.d l1odo-­

gra1)l1s for' eacr1 t/nird b.our,, ~21.1.e initial ... vrind 11:rofile is ob··­

tained -Dy means of the initiali zatior:: procedure J.D paragraph 

5" 2 •I ':I1]1e .most str-ikiri.g feature is the sl1a,pe of the ·tvind hodo­

g:caphs after 15 hours, The background wind is thcn approxi­

mately ze:ro but there is cltill a momentum transport going on 

:.n the ·bounda.ry laye:r showing the slow response to c:hanges 

1-11 the Tiackground f1ow. 'I'he hodographs after 19 and 22 hours 

sl101,r a spiral forrn a,nd a 1r_i11k. at a .. bou~t 300 ID. \-rb.en the back~ 

gro1.1nd w·:ir1d forces an adtjustn1ent to a,n Ekrna:r1 t~y-~pe of l1odog:raph,. 

Large ·varia .. tions in the crosB iso-ba.r angle ar'e also :3een,, 1111is 

is rnore oty1riou_s in fig 6) -vTf1ich sb.01;vs the deviation angl.t::' a,nd 

tt1e fr-iction ·ve1oci ty a.s a f\1nctioI1. o:f' time" Both are Ct::tlcu.-

lated a.t z - 2 rn .. Tl1e d.evj_ation angle e.xhi1)i.ts large· 11arir1-

tions 1.•1i t}1 time t<li th ar1 oscillatior1 p:r:~esent ct:fter tht::;: -bB~ck .... 

gro11nd ·wincl has started to increa2.e afsa:in... u haB t't much 1:nore 
:¼ 

regul.ar behaviour being basica11y proportiorw1 to the background 

and l:t fi 0 orn steacly sta.te co1n11utatif.)n,. Tl1e de:1riation angJ_e is 
:It 

fair 1y cc;nst.ant o-v·er a11 tl-1e 21+ b.ouTs., \tfhile tbe steady state-

u 
* 

f"o11()Y:rr=:; t.be -cir1~=;tead_y~ "U~ 
); 

q1-1_it, e \'.1·e11 vri tb an. error gen.er -:111;/ 

alJ011t 10 % t11e CLiffe:cen.c,:es between the t·wo d.eviation ~=.r,ng1es 

1,,1·indfs 1_;1.J.t, e•ren f"o:c a 1)a.c,k;_sroL1nd. wi11d arrrol1nting to 1() 1n./ s the 

stea~r state deviation angle 1s only 

one~ 

a.l)Out, 900 rn in -1c~Dis case ~ Tl1e b.eight o:f 1n.a~x.inn,,nr1 K dec'.'.:r·ectses 

wind is abo\,,1.t 'T., :5 rn/s ~ 

'T ~ 3 1rhe sec;J11d experirn.ent dealf; 11r.l.tb a p:r~oble1n of Et s1,1.dd.en cl1ange 

-both in "'itind dir ect i.on_ and 'v:rind. spe ed_~ IJ:hi ;::; ca .. n l1e t11ot1gf1t of 

as for exampl.e the passage of a through line o:c o, f:tont. 'I'he 

i:ni-tia.l t'.Ja.ckgrou.nd vrind is 1-1es-terly ::. 5 m/s .. The In.adel is 1.TLL -





'rbe co:rresr)ondi:n.g de1Iiat.ion angle c1,nc1 -li ~. ~both .f'1:·om. the un~­
* 

steady and steady state :;, a,:r~e sl10·\1'1r1,, De"Viation and u osciJ-·-
"' 

la.te ccnsidera-bly approaching as:y-n1ptcticall~t tl1(:: stead~y- state 

values. ~:he error in 11 -t disrega:rding the first 30 1ninutes~ 
>< 

is at a ma:xirn.1un after 2·-3 11011rs axnou.ntir1g to abcn1t 2G % "' 

7. 4 The J_ast expe:d.m.ent :i~eported on here d.eals -witb a rotating 

wind ·t;,,;hict;. at tl1e same tirr1e decreases Jir1e,9,r1:y" Tl:ie ·back­

ground wind ir:; descril:,ed by 

·,1 ·.~ = I 'f\(" 1-~ C"'' (J' T 
~ t \o.t. >-..- 1.::::, •''-' 

* -- l1 n, * 1· V \Y s 1.n G,t 

15 

17 = 0~01 m i.Jo 

- 10 -, 
_,_ 
\, 

l~? h 

T' 0 at Z = Z~ and Z - H 
I_) 

model he,s been run with tbree diff'erent initial wind-distribu-

tions in the vertical. 

Wind profi.le fro1n t.he init.iaJ.iza.tior1 ~procedure 

2 ~ E}:man prof"i.le 1~.ri th co:n.stant I{ 

z 3 ~ u ·~ 15 ~ 
H 

V ·~ 0.0 

1 ~ "} 2 <, a,nd _"J .. It is obviot1E1 tb.at the dit•f\?1"ent .:i :nit:l.ct1 condi tions 

have a marked influence an the result. Hcwever, the constant 

t di.ffe-
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is :rathe.t'. absu_rd and s1101r1s 1arge (lifferences f1.,.,o.n1 tb~e othe:c 

as u 
* 

f1~01n tbe t1nstead.;y- a,nd. steady c.ases" In the initializecl 

case in f'ig 11 the dif:f"erences in deviation ang1e is not so 

p1·onounced as in the former experiments vhile u. differs .,, 
witb about 10 ~- 15 % • Of course the differenc:es increase J.n 

the cthe1s two , .. d,0,::S' 

This shows that in stable stratification in the bounc1ar::v layer 

the ad,justment time due to tu.:rbulence is fairly long leading 

toa strong dependence in the solution on the initial wind 

distribution, On the other hand this also means that in un­

stead.y conditions it is risky to use initialized steady state 

prof'iles s,s initial condi tions, How this is going to be sol ved 

in practice is a dii:TicuJ.t guestion. 

FinalJy, fig 15 shows two K11i-profi1es, one after 6 hours and 

a.nother a:fte:r 12 bou:r·s. The behaviour is very :regular with a 

me..ximu1-::i1 at 100 m after 6 hom·s which goes down to 1,5 m after 

21 hou.rs when the background vind speed iB only 5 mj[,. 

8 Conclusions and discussion 
=----...= -~ 

This study, which is the :first part in an effm:·t to deve1op an 

operational atmo:::,:pheric ·bound.ary laye:r model, has shown the 

:t'easabili ty of using Gutmans approach in f'or:muJ_ating a one-­

dimensional lJoundary layer model. It has also been demonstrated 

that thic; formulation :filt,e:rs out inertial-diffu.sive oscilla­

tions due to unsteadyness in the pressu.re field. This property 

gives the mod.el eertain advantages as compared. with the usual 

Ek.t,ian formulation. 

'I'he use of tbe Crank-Nicolson scbeme seems to be a natuTa.1 and 

efficient choice when dealing with diffusion problems. The 

:rather ad hoc introduction of a time smoothing of' K is probably 

possible to get rid of when turning to the new turbulence forrnu­

lation using a turt,uJ_ent energy equation for closing the set of 
'. equacJ.ons. 

'l'he first simple experiments with a sta:bly stratified boundary 

layer model witb unsteady large 2.cale ·be,ckground flow shov 

very big 1.u1d mP.rked ö.i:f:f'erencer:: as eompared witl1 stead.;y state 

solutions,. 





!. , • .,, (1971.i.) 

e betwce~ t~e surfsce wind and 

the bctc~k.grouJ.16. 'l;lfind ar rl f'i·ict.i. on ..,1.reJ_o1~: i tv· 1I from the u.11f_; tea .. 0.~y 
' * 

r.nade.. 1Thi s compariso1,. ::;t10\•lf3 t}1at t1:_,::; dit·ferer1c~:s in 1.1 

* 

sistance la"~'!' C()nstan.ts to o·bservations 1.n tb.e stable ra11ge,; 

sol·L1tior1 to the heat condt1e:tior1 eq11ation ir1 order to ePJ.,l.cula.te 

Long metbod (al~er correc~i~ns) gives the best results even 

~s not &s efficient as claimed oy Shaffer & 

Professor G1rrman for discussians af tbe basic ideas in for-
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Ji'ig. l Wind hod.ographs conrputed from 

\i 

t 
I 

Ekman equations. 'I'he eddy 
coeff'icient is the one described u1 the text but the temperature has 
been kept constant intime and space, The geostrophic wind vector rotates 
with one :revolution in 2h h with constant ma.gnitudes 10 m/s, z0 = 0,1 m 
and the c01rrputational top of the model at H = 1 500 m, The o.ots mark 
the height 535 m, 

Vindhodograf'e:r som beräknats från Ek:man--skiktsekvationer, Den turbulenta 
utbyteskoefi'icienten år den som beskrivits i texten. 'I'emperaturen har dock 
hållits konstant, både i tiden och rixmmet. Den geos:trofiska vindvektorn 
roterar ett varv 2L, timmar med konstant styrka, 10 m/s, z0 "' O.l m 
och den översta nivån i modellen ligger på H"" 1 500 m, Punkterna markerar 
hö,jden 535 m, 
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2.0 

tO 

0.5 

-0.5 

:Pig, 2 Sununary of heat fluxes as a function of time computed from different solutions 
of the heat condue:tion equation, 'I'he heavy· full e:urve shows the asswned surface 
temperature as a fu.nction of time. The thin full shows the high accuracy, 
fin.ite differences solut . Dashed a.nd dashed-dotted curves show heat flu.xes 
obtained from the fourier solutions according to eq. (29.1) witb depth o.64 m 
and L 5 ru vely, In both cases 50 terms are included in tbe series. 
Finally the dotted curv-e shows the heat flux to the corrected Shaffer & 
Long method, 

Sam.manstållning av värme:t'löden som funktioner- av- tiden berå.,.ltnade frå11 olika 
.lösningar till värmeJ.edningseinrationen, Den tjocka heldragna kurvan v-isar den 
antagna variation av marktemperaturen som funktion av tiden, Den tu:rm.a heldragna 
k11rvan sa.r resultatet en med stor noggrannhet. De 
streckade och streck-prickade kurvorna erhållitE från 
ekvation (29 .1) med djupet o.64 m och L 5 .m. I fällen har 50 
termer anvånts i serien. Slutligen visar den kurvan vårmef'löd.et. enligt 
den k(1rrigerade Shaf'fer E~ rt1et,,od~ 





.,, ,·1 •·-
;.,;,J\;_§'IJ_:, 

3 ~Jind }1odograpb.s cornp·uted_ by tf'1e n1odel de\rlOJJed 
wind variation J_s given -by 

,., - n "l Lio ......... ~ . _ _; 
'I'he wind. 
L t c:: O 

v"· •- 0 

= 10.0 - 10.0 cos ( 2Tf ( t __ 
·T 

m9 T* = 283.0 K for all z. 
}1odogra1>}1s correspond to 

) ) 

h, 2 .. 3h, 3. 6h,, I+. 9h, 5. 12 h Et.nd 6 ~ 

this study. The background 

h. 

\Tindhoclografer beräk.nade rn.ed elen 11-9.,r ut-veck.lade r11ode1len ... ·Bakgrt1ndsv-inden 
ges a"l 

-,. 0 
u* = 10.0 - 10.0 cos 

= 283.0 K f5r alla Z. 

1.risa,s efter 
L t ·- 0 t, 2. 3 6 t, L. 9 "),, 12 och 6. 





' 4 Tb.e same as for ., 3 trut aft er 

1. t: 16 h, 2. 19 h, 3. 22 hand 4. 25 h 

Sanrrna sorr1. för f'ig 3 r.nen -efter 

1." t =: 16 t, 2,. t, 3. 33 t och 4. 25 t 





t 
hei~~ht m 

Pig, 5 

5 10 

Profiles of the eddy exchange coefficient after 

h , 2. 6 h and .3 , 9 h , Bac kgrcund w:i nd as 

.Profiler för den turbulenta utbyteskoefficienten efte::: 

') 
_) 

1,\ t = 3 t;l 2~ 6 t och 3.- 9 t,O; Sa.nuna bA-kg::rur1ds·vind son:. _j_ f'ig 3 





·t . . m/s 

I 

/ 
/ 

$ 

I 

/ 

I 

/ 
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. 6 Friction velocity and surface wind deviation angle as a function o:f time. 
Background wind as in fig. 3, Dasbed curves show the corresponding steady 
state u and deviation angle for the same background wind. 

* 
Friktionshastighet och avvikelsen mellan markvind och bakgrundsvind som 
funktion av tiden. Bakgrundsvinden samma som i fig 3. Streckade kurvor 
v1.sar motsvarande stationära u och vinkelavvikelse för samma bakgrunds­
vind. * 

31 





;jAhI, RMK 2 ( l9"(l+) 32 

5 
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Fig. ~( 

5 m/s 

Wind hodographs. The background wind is initially u*= 5 m/s, 
v*= O. '11l1e model is initialized and then the background wind 
s;;-ddenly changes to u*= 0, v*= 15 m/s. In the run z0 = 0.01 m, 
T = 283,0- 0.005 Z. The dots A, B, C and D correspond to the 
heights O. 81+ m, 4. 4. m, 24. Lr m and 62. 6 rn respecti vely. The 
hodographs are shown after 
l, t = 0 h, 2. t = 5 min , 3. l h, 4 • 2 h , 5 • 3 h, 6 . 4 b and 
7. 5 h. 

Vindhodografer. Bakgrundsvinden är initialt u*= 5 m/s, v*= 0. 
Modellen initialiseras varefter bakgrund.svinden plötsligt änd­
ras till u*= 0, v*= 15 m/s. Under denna körning är z0 = 0.01 m, 
'l'"'== 283.0 -· 0.005 Z. Prmkterna A, B, C och D visar respektive 
höjderna 0,84 m, 4.4 m, 24,11 rn och 62,6 m. Vindhodograferna är 
tagna efter 1. t =z O t, 2. t = 5 min, 3, l t, lt. 2 t, 5. 3 t, 
6. 4 t och 7, 5 t. 
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·J 2 3 1. 5 

Fr:i.ction velocity and deviation angle for the sudden change 
in background wind experiment. Full curves show results from 
the unsteady computations and dashed curves from the corre­
sponding steady state results. 

F'riktionsaastigheten och tvärisobara vinkeln för experimentet 
med en plötslig ändring i bakgrundsvinden. De heldragna kurvor­
na visar resultaten från de icke-stationära beråkningarna medan 
de streckade visar de motsvarande stationära resultaten. 





u 

. 9 W:i.nd hodographs. 'I'he background wind 1.s given by 

'I'he mod.el 
t:tre sI1cYwn 

* 'i~•*I. r u = w cos ,at) 

v*:.-e I w* ! " SlD (cd;) 

a correponds toa period 
of 24 h 

, t in ho urs. Zr1 = 0. 01 m and T* = 283. 0 - 0. 005 • Z. ,_ 
lS sta:rted from initialized wind and K profiles, The '\•rind hodographs 
after L t :::: o, 2,. t. ::: 6 h and -;, 

...),·, 12 h, 

Vin:ihocl:ografer. BakgrundsYinden är given av 

* V~ 

I *' Wj cos (at) 

(ett) 

a motsvarar en period 
av 2lr t 

! 'i),l* l = lC ·· J\ , t i timmar. z0 = 0.01 m och T*= 283.0 - 0.005 • z. 
Integrationen har startats från initialiserade vind- och K-prof'iler. Vind­
hodograferna är tagna efter 1. t = O, 2. t= 6 t och 3. 12 t. 
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Fig. 10 :F'riction velocity and deviation angle as a function 
of t:ime, Background wind at-:; in f:ig. 9. F'ull eurves 
show unsteady and daaShed cm.:-ves steacly state results. 

::➔-riktionshastighet och tvärisobara vinkE:::.JL Bakgrunds··· 
vinden densamma som :i fig 9- Heldragna kurvor visar 
icke-stationära och streckade stationära resultat. 
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S 'lO is m/s 

Ii'ig. 11 The same as for fig, 9 but the integration is started from and Ekman'­
profile wi th K "" constant. 

m 

Samma som i fig 9 men integrationen har startats från en Ekman-profil 
med K = konstant. 

m 
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Fig. 12 'I'he same as for fig. 10. Initial El:', .. man-profile. 

Samma som för fig 10. Initial Ekma:n-profil. 
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Fig. 13 

\j 

1S 
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"3 \ 
\ 
\ -,~---------r---------.-.1,,-----u 
1 _, 10 ,_, m/s 

) 

The same as for fig. 11 and 9 but the initial wind is given 

by u 1 = 15· ½- 15, V'= O. 

Samma som för fig 11 och 9 men med initiala vinden given 

avui 15· 2 -,5 v 1 =0. H -'- ,, 
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}'ig. 14 The same as for f'ig. 10. Initial data as in fig. 13, 

Samma som för fig 10. Initialdata som i :fig 13. 
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Profiler f'ör turbulenta utbyteskoefficienten efter 6 
och 12 ti:nu,mr. Initia1 Ek,.111an-profil. 
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