
A predictive numerical model of 
the Atmospheric Boundary Layer 
based on the Turbulent Energy 
Equation. 

En numerisk prognosmodell för det 
Atmosfäriska Gränsskiktet grundad 
på den Turbulenta Energiekvationen. 

by Svante Bodin 

Nr RMK 1 3 ( 1 9 7 9 ) 

Sveriges meteorologiska och hydrologiska institut 





SMHI, RMK 13 (19 79) 

Corrections 

page 10, line 9 and 10 should read: 

shown to occur in the convective boundary 
layer ..... 

page 2 5 , eq. ( 4 2 ) should read: 

Km - a 4 • b i / 2 • ,e_ ( 4 2) -

.2age 3 3 , line 2 should be: 

by simply 

page 6 'I , line 1 6 and following should read: 

The basic results are shown in figs. 13, 14 and 17, 
showing predicted potential temperature profiles 
during the day, two nocturnal temperature profiles 
anda time-height cross-section of the u-component 
of the wind. 

page 92, After fifth line from the bottom of page insert: 

We assume that the hydrostatic state is moist-adia­
batically stratified - in analogy with the dry case -
and that it can be approximated by I.1. 

page 108, reference 9 should be: 

Pandolfo et al 

page 11 7, fig. 1 5: 

The label of the x-axis should be 0 c . 
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Abstract 
Th e inter est in numerica l modeling of the atmospheric 
boundary layer has grown considerably over the last 
decad e. At SMHI and el s ewhere bounda ry layer models 
fin d app l i c a ti on s in local forecasting , especially at 
airports, i n a i r pollution diffusio n and disper s ion 
s t udi e s and i n wind energy programmes . 

In this report an one - dimensio nal n ume r ical boundary 
layer model is der iv e d a n d numeri c al simulatio n s of 
boundary layer data f r om Austra lia a nd Finl a nd are 
presented and d is cussed. The model, which is the f i rst 
step towards a three-dimens ional model, is based on 
the so-called Gutman a pproach and incorporates the 
turbulent energy e quation f or turb ulence closure . A 
scale analysis is performed , that shows that unless a 
grid distance o f 20 km or less can be use d i n a three­
dimensional model it is more profitable t o use an one­
dimensional one with more sophisticated physical para­
meterizations. 

The model also include s condensat i on, i e fog and 
clouds, and complete radiat i on computations. A pre­
dictive equation for surface temperature is used in 
conjunction with a simple soil moisture model. 

The numerical solution employs a variety of the Crank­
Nicolson scheme called Laasonen's scheme. The vertical 
coordinate is transformed log-linearly into a new height 
coordinate to allow better resolution close to the 
ground. 35 grid points are used to describe the boundary 
layer up to 2000 m. A time step of 4 minutes has been 
used in the simulations. 

Two versions of the model, the Gutman version anda 
usual "Ekman" version, have been tested on day 33 and 
34 of the Wangara data. The two versions have been com­
pared and the Ekman version has also been compared with 
the simulations of Yamada & Mellor (1975). 

The results show that the Ekman version is superior 
when simulating the wind of the Wangara data. The ther­
mal boundary layer development is very well predicted 
by both versions. Comparisons with Yamada & Mellor 
speak in favour of the present model. 

Conclusions are drawn and some future work is outlined . 
The model is intended to undergo operational tests at 
Arlanda airport in the near future. 
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Sammanfattni n g 
Intre sset för gränss k i kt smodeller h ar vu xit markant un­
der senare år . Vid S~HI planeras tillämpningar av gräns­
skiktsmodeller inom l okalprognosomr ådet , speciellt vid 
flygplatser, i studier av luftföroreningars spridn ing 
och inom vindenergiprogrammet. 

I denna rapport presenteras en en-dimensionell numerisk 
gränsskiktsmodell och r es ultat från simuleringar av 
australienska och finl ändska gränsskiktsdata diskuteras 
relativt ingående. Modelle n, som utgör första steget 
mot en tre-dimensionell modell, bygger på ideer om 
gränsskiktsmodellering framlagda av Gutman. För att pa­
rameterisera turbulensen i gränsskiktet utnyttjas den 
turbulenta energiekvationen. En enkel skalanalys av rö­
relseekvationerna visar att ett gridavstånd på mindre 
än 20 km måste användas i en tre-dimensionell modell 
för att man ska uppnå fördelar gentemot en en-dimensio­
nell modell, i vilken fullständigare fysikaliska be­
skrivningar kan inkluderas. 

Modellen i denna rapport innehåller också kondensations­
processer, d vs dimma och moln, och ett komplett paket 
för strålningsberäkningar. En prognosekvation för mark­
temperaturen finns härledd och används i samband med 
en enkel mode ll för markvatten. 

I den numeriska lösningen utnyttjas Laasonens metod, en 
variant av Crank-Nicolson, för tidsintegrationen. Den 
vertikala koordinaten har transformerats log-lineärt 
för att ge bättre upplösning nära marken . 35 gridpunkter 
används f ör att uppl ö sa gränsskiktet upp till 2000 m. 
Ett tidssteg om 4 minuter har använts i de flesta simu­
leringarna. 

Två versioner av modellen, en Gutman-version och en 
vanlig "Ekman"-version, har testats utifrån dag 33 och 
34 av Wangara data. De två första versionerna har jäm­
förts sinsemellan medan Ekman-versionen också har jäm­
förts med Yamada & Mellors (1975) mycket omfattande si­
muleringar. Resultaten visar att när det gäller vinden 
är Ekmanversionen överlägsen Gutman-versionen. Tempera­
turen å andra sidan simuleras mycket bra av båda versio­
nerna. Jämförelsen med Yamada & Mellor utfaller till 
fördel för den här beskrivna modellen. 

Vissa framtida förbättringar diskuteras avslutningsvis. 
Modellen planeras också att testas operationellt på Ar­
landa flygplats inom en nära framtid. 
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Introduction 

Numerical weather pred ict ion has so far dealt very 

little with the prediction of local weather. The pre­

diction models have been directed towards forecastin g 

the large scale atmospheric flow - the Rossby waves 

and the frontal cyclones of the westerlies. The atmo­

spheric boundary layer (ABL) has mainly been of inte­

rest to numerical modelers in so far it is affecting 

the evolution of the large scale flow. For short range 

prediction models very crude parameterizations based 

on Ekman theory have been used to incorporate the ef­

fect of surface friction. It is obvious, however, that 

most of the weather processes affecting man and the 

society are occuring in the ABL but the interpretation 

of the large scale numerical forecast has by and large 

been left to the human weather forecaster. In some 

areas statistical methods have started to come into 

use, in varying degrees of success. The stronger empha­

sis on the local forecast problem and the development 

of our understanding of the physical and dynamical pro­

cesses in the ABL in recent years have facilitated the 

development of numerical models of the ABL. At SMHI 

we have been working for some years with the develop­

ment of an one-dimensional boundary layer model suit­

able for local forecasting of meteorological elements 

like temperature, wind, humidity, turbulence, fog and 

low clouds and wind shear. The aim has been to supply 

better guidance for issuing terminal area forecasts 

(TAF) at, primarily, the international airports at 

Stockholm, Göteborg, Malmö and Sundsvall. 

The need for numerical models is also great in a num­

ber of other problem areas like the diffusion and dis­

persion of air pollution, wind energy studies and urban 

meteorology. The model developed by the author is for­

mulated in a general way allowing applications in other 

areas than local forecasting with minor modifications 

of the code. 
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The basic problem in boundary layer modeling is the 

parameterization of the turbulent exchange processes 

in the ABL but for l oca l forecasting t he model mus t 

also be able to describe condensation , radiation, long 

wave and short wave, energy and m6 is t ure exchange with 

the underlying surface and n on -s tat ionary aspects of 

the evolution of the ABL. 

In recent years there has been a considerable progress 

in the physical and numerical modeling of the ABL. 

Part of this progress is connected with the so-called 

"higher order modeling", by means of which it has been 

possible to study in detail the growth and development 

of unstable , convective, boundary layers. Deardorff 

(1974a, b) has used a three-dimensional model to gene­

rate a multitude of data on the ABL under unstable con­

ditions. Similar, but simplified, numerical simulations 

of the unstable and stable boundary layer by Wyngaard 

& Cote (1974), Wyngaard (1975), Mellor & Yamada (1974), 

Shir (1973) and others based on "second · order models" 

have indicated ways of treating turbulence in simpli­

fied ways still capable of realistically simulating 

most of the important properties of the ABL. One such 

simplified approach is the use of the Turbulent Energy 

(TE) equation. This type of closure for turbulence has 

been used by Bradshaw (1967), Delage (1974), Yu (1976), 

Lykosov & Gutman (1974), Speranskiye et al (1975) and 

Clarke (1974). The development and the state of the 

art in the field of numerical boundary layer modeling 

has been extensively reviewed by the author in Bodin 

(1978). In this paper are discussed most of the prob­

lems, physical, dynamical and numerical, arising in 

numerical modeling o f the ABL. 

In the present mode l the TE - equation has bee n used for 

turbulence cl~sur2 . It wil l be shown that by choosing 

a proper mixing length formulation it is possible to 

remedy some of the short-comings of simple K-theory, 

without going into the very extensive calculations 

required in " higher order mode ls ", wi th very little 

extra computer time requ i rements . 
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Another i mportant fea ture is t he attempt to use an 

approach to meso-scale p roblems out lined by Gutman 

(1969). Since the aim of the present work is to coup le 

the ABL-model toa large-scale, numerical prediction 

model the Gutman approach is potentially well sui t ed. 

The equations for the boundary layer do not carry the 

geostrophic wind which simplifies the upper boundary 

conditions. Furthermore i t can be shown that this 

approach also filters out a certain class of 

diffusive-inertial oscillations present in an ABL-mode l 

with time-varying geostrophic wind, as discussed in 

Bodin (1974). In that report are also discussed other 

effects of non-stationarity in the boundary layer. 

A short description of the present model and some pre­

liminary results have been presented in Bodin (1976). 

The work with the model has now reached a stage, how­

ever, when a more comprehensive documentation of the 

model has become desirable. 

Derivation of the model equations 

The momentum equations 

As the starting point we will take the equations of 

motion for the mean flow in the Boussinesque appro­

ximation (Lumley & Panofsky (1964)) 

au TI + W•Vu - fv = 

av TI + W•'vv + fu = 

a (U I 2). ax 

a (-,- , l a (-,-,) (l) - ay uv - az u w . . 

1 ap a (u'v'°l 
p ax - ax 

a (v '2) a (-'- ' ) - ay - az v w 

where we have neglected molecular diffusion. 
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The cornponents of the wind, u the westerly , v the south­

erly cornponent and w the vertical cornponent are divided 

into two parts 

u = u + u' 

V= V+ V 1 

w = w + w' 

( 2 ) 

where prirnes denote turbulent fluctuations and bars 

tirne averages. 

We have furtherrnore assurned that the rnean state is in 

hydrostatic equilibriurn. 

We will further assurne that the divergence of the ver­

tical rnornenturn flux is rnuch greater than the horizontal 

divergence, i e 

cl (U I W I) cl (v'w') >> cl ( U I 2 ) - ax cl z az 

cl 
(u'v')' 

cl (u' v') cl ( V 1 2) 
ay ax ' cly 

We will also forrnally introduce a turbulent di f fusion 

coeffic i ent through 

( 3) 

The basic equations of motion then read 

au fv 1 ~ a 
(Km 

au) 
+ V•Vu = + -at p ax az az 

( 4) 

av W• 'vv fu 1 ap + a (K av) 
af + + = - p ax az m az 
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The thermodynamic equation 

Condensation affects the thermodynamic structure of 

the boundary layer. There i s not any obvious simple 

way of treating the phase changes of water and the con­

sequent heating or cooling due to release of latent 

heat or evaporation. However, in studies of shallow 

convection different linearizationsof the moist adia­

batic process have been used as approximations. Betts 

(1973) suggested the use of a liquid-water potential 

temperature later employed by Deardorff (1976) when 

modeling stratocumulus clouds at the top of the ABL. 

Betts (1974) also discussed the conservation of static 

energy as an approximation to moist-adiabatic processes 

as suggested by Madden & Robitaille (1970). In the pre­

sent model the thermodynamic equation and the turbu­

lent energy equation are derived by using the conser­

vation of static energy in turbulent mixing. A conser­

vation of saturation static energy implies that kine­

tic energy is dissipated locally where it is generated, 

which for most turbulent regimes, in which cond~nsa- ~ 

tion occurs, can be regarded as a good approximation. 

The moist static energy is defined as 

h = c T + Lq + gz (5) s p s 

where cp is specific heat capacity of (dry) air, qs 

is saturation specific humidity, and gz the geopoten­

tial. Lis the latent heat of condensation. 

In eq (5) temperature and not virtual temperature has 

been used since the model is going to be used at 

northern latitudes where the moisture contribution to 

buoyancy during most of the year is negligible. 

A volume of air might still be heated or cooled by 

radiative heat flux diverg~nce. 
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We wil l then wri t e the conserva t ion e q uati on a s 

dhs clF 
ett+ 3z = O (6) 

where Fis th e t ota l, sh ort wa v e a n d long wave, radia­

tive heat flux. 

We now introduce a mean static energy anda turbulent 

fluctuation from t he mean 

h = h -'- h ' s s s ( 7 ) 

Expand ing the to t al der iva tive a nd i n t rod uci n g (7) 

and ( 2 ) and a s sumin g the flow to be incompressib le, 

(which is justified when the velocities are much 

less than the speed of sound). 

( 8) 

we get, after averaging, the following equation 

(h' = 0) 
s 

dh 
s + V (W'h') + 1__ (w'h') = 

dt h h s clZ s 
clF 
az 

where h refers to horizontal components. 

( 9) 

In accordance with the assumption for eqs (4) we 

neglect the divergence of the horizontal fluxes WHh~. 

Furthermore we make use of a flux-gradient assumption 

w'h' = -
s 

clh s 
Kh az 

By using the definition of hs we get 

dT dqs dz cl 
(Kh(cp C + L dt + g dt = az p dt 

clF - az. 

(10) 

clT 
L 

aqs 
+ g)) -az + clz 
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Dividing by cD and noting that rd = g/cD is the dry ­

adiabatic lap~e rate we get the thermod~ na mi c equa ­

tion in the form it is going to be us ed i n the model . 

= cl (K ( clT + L 
clz h clz c 

p 

l clF 
C 8z 

p 

dq 
s 

dt 

(11) 

In equation (11) we have also inserted a correction 

term, y , making it pos s ible to al low for a "counter cg 
gradient" heat flux which has been shown to occur at 

very unstable stratification - the so-called Priestly­

Swinbank effect. The extra, y , term will be discus-cg 
sed in section 3.3. The y is zero, however, in neut­cg 
ral and stable conditions. In eq (11) the terms 

clq L 
C p 

s 
clz are included only when 

q > qs(T), where q is total water content, gaseous 

and liquid water. In unsaturated conditions potential 

temperature is conserved in turbulent mixing, which is 

equivalent with eq (11) when the mentioned terms and 

radiation are dropped. 

Moisture conservation equation 

To predict the content of water in the air we intro­

duce the total specific water content, gaseous and 

liquid, q 

( 1 2 ) 

where q 5 = qs(T,p) is saturation specific humidity. 

This means that qf < 0 when air is unsaturated, show­

ing the saturation deficit, and qf > 0 when saturated 

conditions occur. It is assumed that q is conserved 

except for sources and sinks in the ABL. 
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2 . 4 

Th e moisture equation will be useö in the fo r m 

.9_S cl (K ~) + Q 
dt - 32 h cl z q ( 13) 

wh i c h is d e rived in a simil a r wa y as e q (11 ). 

Q i s a s ource t e rm which ma ke s i t poss ible to make q 
provisions fo r ch ie fl y two ef f ects: 

Evaporat i on fr o m raindro ps falling through the ABL; 

Drizzle o r s ett leme n t of fog droplets. 

1 1 . 

Eq (13) impl ies that water vapor and liquid water are 

diffuse d in t h e same way with the same Kh as in eq (10). 

The splitting up of the equations and Gutman's 
approach 

In Gutman (1969) and in Gutman & Perov (1970) is dis­

cussed a way of t reating t he equat i ons of motion suit­

able for meso-scale and boundary layer problems. The 

main idea is to split up the equations into two parts -

one describing the large scale synoptic flow, e g aset 

of primit i ve equations, the other describing the parti­

cular flow problem under consideration. This technique 

is in fact not different from the one g~nerally employed 

when solving partial differential equations where it is 

common to split up the solution into different parts 

satisfying different boundary conditions. Since this 

part of the model has been subject to misunderstandings 

in the past we will include a fairly complete discus­

sion of the derivation of the equations used in the 

model. To illuminate some points concerning one-dimen­

sional and three-dimensional models a simple scale­

analysis will also be carried out. 

The equations for the total flow will be the ones de­

fined by eqs ( 4), (11) and ( 1 3). 
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In addit ion we must ha ve the continu ity equation 

dp - -
dt + pv'•'lf = O ( 1 4 ) 

the hydrostatic equati on 

cl p 
cl z = gp ( 1 5 ) 

and the equation of state 

p = pRT ( 1 6 ) 

all valid for the mean, total, flow. Since we already 

have introduced the assumption for the non-resolved 

turbulent motion by means of eqs (3) and (10) we will 

now drop the bars for denoting the mean motion. 

Instead we will introduce this notation when splitting 

up the variables according to Gutman. To avoid future 

confusion we contend that here after 

~ a bar over one variable means "background" flow in 

the sense d efined below 

~ a prime over one variable refers to boundary layer 

flow i e- the mean boundary layer flow 

~ a bar over a product of two primed quantities will 

still have the meaning of a second moment, e q 

w'0' etc . 
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height 

u=u+u' 

u'(z)=u-u 

-u(O) 0 

Fig 1 

I 

I 
I 

: u = backgroond, large scale wind 
I 
I 
I 

u(O) 
u m;s 

1 3. 

An example of the definition of u and u' for the case 

when the "background" wind is constant in the ABL. 

We can regard u as given from a numerical mode l with 

boundary conditions w(O) = 0 . . 

We now split up the variables, noting the orders of 

magnitude of primed and barred quantities 

u = u + u' u' - u 

V = V + v' v' - V 

T = T + T' T' << T 

e = e + e I e' <<0 

q = q + q' q' - q ( 1 7) 
p = p + p' p' << p 

p = p + p' p' << p 

w = w + w' w' - w 

K. = K. + K~ K'. > K. i = m,h 
1. 1. 1. l l 



14. SMHI, RMK 13 (1979) 

The next step is to define aset of equations for the 

large scale, backgr ound, flow, which can be taken as 

the equations fora primitive equa tion model. We then 

formally define 

au 
+ V• 'vu f (v ) a (K au) 

TI V = 
g az m az ( 18) 

av -
f (u ug) a 

(Km av) + W• 'vv + = az at az (19) 

aif - aT 
r d) = + WH•'vHT + w(- + at az 

a - aT 
r d -= az(Kh(az + Y cg) ) -

1 ar 
C a z ( 2 0 ) 

p 

dq a - ~) + Qq = az(Kh dt az ( 21) 

0 
1 ~ = - - g p az (22) 

dp 
+ pDiv w = 0 

dt 
( 2 3) 

In eq ( 20) it is assumed that there is no condensation 

in the boundary layer in the large scale model. 

and 

p = R T p 

d 
dt = u 

a a a 
ax+ V ay + W az 

( 2 4) 

( 2 3) 

and ug and vg are large scale ge ostrophic winds. 

We now insert the relations (1 7 ) into the eqs (4), 

(11), (13), (14) , (1 5 ) and (1 6 ) and the n s ubtract 

eqs (18) - ( 23 ) after expansion. 
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The result will then formally be 

clu' n- + (U+U I) 
cl u' -- + u' clx 

~+ (v+v') ax 
d U I 

+ cl y 

+ v' cl u cl u' cl u + (W+W I) + W I 
cly cl z cl z fv' = 

1 cln' + cl cl u cl clu' 
..:...i;:_ (K I -) + - (K --) p clx clz m clz clz mclz 

• Similar for v' 

clT' + (WH + W') V T'+ w81 VT + (w+w') clT' + "'ft H H clz 

(~ L 
dq 

+ w' + r d) + s 
dt = cl z C p 

cl (K' {~ L 
clq 

+ rd + s 
Ycg} + = äz ~ -h clz c · 

p 

+ K {clT' L clqs 1 clF I 

+ - -})-- az h cl z C d Z C 
p p 

1 S • 

(24) 

( 2 5) 

+ w' 
c)o c)o_' 
~ + (W+W I ) = = clz clz 

cl c)o c)o 1 

= clz (Kh ~ + Kh ~) + Q~ (26) 

0 = c)n'. 
.:::L,_ - gp' 
cl z 

-clp' clp + (w+w') + w' - = 0 cl z cl z 

(p' "' (pT' + Tp')R) 

(27) 

( 2 8) 

The system of equations (24) through (28) has so far 

not resulted in any simplifications but isa purely 

formal result. We are now instead going to study this 

system from a scale-analysis point of view . 
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Scale-analysis of the equations of motion 

We are not going to carry out the complete scale 

analysis but satisfy ourselves with eq (24). The ana­

lysis for the other equations can be carried out in a 

simi lar way. 

Let us start with defining the following scaling va­

riables and the orders of magnitude for the boundary 

layer variables (subscript b) and large scale variables 

(subscript o) 

Large scale flow 
Variable Boundary layer scaling scaling 

------'="----- - -x. 
l 

u,v 

w 

x,y 

6p 

p 

ub~lO rn/s 

wb~l0- 2 rn/s 
X 

Lb~lO rn 

6pb~l0 2 N/rn 2 

pb~l0- 3 kg/rn 3 

x. 
lO 

u ~10 rn/s 
0 

w ~10- 2 rn/s 
0 

L ~10 6 rn 
0 

6p ~10 3 N/rn 2 
0 

p ~l kg/rn 3 
0 

The vertical scale c;; and the exchange coefficient K 

are very dependent on the stability regime. They have 

therefore been scaled for the two cases stable and un­

stable boundary layers 

Stable Unstable 

c;;b 10 2 10 3 m 

c;;o 10 4 10 4 m 

Kb 1 10 2 m2 /s 

Ko 0 . 1 10 m2 /s 
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l. 

2. 

3. 

4. 

5 . 

6. 

7. 

8. 

1 7 . 

~ 

Next we introduce non-dimensional variables x. by 
l 

means of: 

X. = 
l 

or 
x. 

l 

x. lO 

where x. lS a non-dimensional variable corresponding l 
to one of the variables ln the left column, xi' 
scaled by the scaling factor 

X ib or x. ln the two lO 
right columns. Introducing the X.: S into eq ( 2 4 ) and 

l 
after dropping the hats we get 

clu' 
clt 

+ E cl (K I ~) + E 
b 32 clz bo 

clu' -- + clz 

(29) 

where the coefficients are defined as 

u 
RoL 

0 = fL 
0 

u 
Rob 

0 = 
fLb 

p Lbfu 
0 0 

Eb 
Kb 

= 
C: 2 f 

b 

K 

Ebo 
0 = 

C: 2 f 
b 

~10- 1 

~10 5 •10-x 

~ 10 ° 

~10- 1 

Coriolisterm ~1 o0 

Large scale Rossby nurnber 

Boundary layer Rossby number 
depending on the resolvable 
horizontal scale lOx = Lb 

11Vertical11 Rossby number in the 
ABL 

Large scale 11 vertical 11 Rossby 
number 

Boundary layer pressure gra­
dient term also depending on 
Lb 

Ekman number for the ABL 

Turbulent interaction between 
the large scale flow and the 
ABL 
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The time derivative is scaled b y f ~n eq ( 29 ) an d in 

the non-stationary case considered here this te rm must 

balance the other t e~ms . 

In the table the te rms 3 , ~ a~= 6~t es~imated in the 

two stability cases. Terms 6 and 7 have the same value 

in both cases while 3 varies bt~ ween 1 0 ° i n st able 

conditions to 1 0 - 1 in unstable ccndit~on s . 

However, we s ee tha t the domi na ti ng term is 6 , i e t he 

turbulent exchange term (and 8 the Coriolisterm). The 

terms 1 and 4 are one to two orders of magni tude less 

than 6 and might be neglected in the first approxima­

tion. Term 3 is estimated on the assumption that orga­

nized convection is disregarded but can still be of 

importance. This is especially true in the termodynamic 

equation and in the moisture equation. Vertical advec­

tion is needed to describe the dynamics of an elevated 

inversion or stable layer above an unstable ABL cor­

rectly. Th e term 7 is o f the same magnitude as 1. 

For the terms 2 and S we have l eft the q ues tion open 

as to the magnitude of these terms. We can be quite 

sure that if we go down to let us say scales of the 

order of a couple of kilometers which is the typical 

scale of variation of topographical elements like hills 

and fields, woods, grooves and orchards these terms get 

similar in magnitude as term 6. If we instead look upon 

the problem from a modeling point of view the question 

is: What scale can we actually resolve by a chosen 

grid-distance? If we assume that we need at least 4 

grid points to resolve a given scale of motion we can 

summarize the scale consideration concerning the terms 

2 and Sin the following table 

Lb = 10000 km ➔ Rob - 10- 2 

Lb = 1000 km ➔ Rob 10- 1 +-➔ 

100 km ➔ Rob 1 0 ° = 1 +-➔ 

grid-distance - 2000 km 

- 11 -

- " -

200 km 

20 km 
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We see t hat for grid - distances lar;er than 200 km the 

terms 2 an d 5 are one to two orders of magnit udes less 

than the diffusion t erm in the Ekman layer (in the 

surface layer it is of co urse completel y dominating). 

From this we might draw the conclus i on , that there is 

really no idea to use a 3- dimensional numerical ABL­

model unless one can afford a gri d - distance of t he or­

der of 20 km. As has been pointed out by Barr & Kre itz­

berg (1975), each grid point in a 3- dimens ional model 

with horizontal grid distance greater than or equal to 

1 00 km will essentially behave as an isolated one-di­

mensional model. In this case it is more profit able 

to invest in a detailed one - dimensional model than in 

3-dimensionality with sacrifices in physical fide l ity 

without getting the desired horizontal coupling. In 

the present model the consequences of these arguments 

have been followed and an one-dimens ional mo de l has 

been developed awaiting increased computer capacity. 

2.6 The one-dimensional model equations 

In order to arrive at the one-dimensional model we 

wi ll make the following assumptions. 

1. The ABL is assumed to be approximatively horizontally 

homogeneous implying fairly flat land with little va­

riation in surface roughness z 0 or other surface pro­

perties. Of course this restricts the applicability 

of the model but isa fairly good assumption as long 

as airports are concerned, with large, flat land areas 

around the runway system. 

2. w' is equal to zero due to assumed hydrostatic equi­

librium and following 1. 

3. In the thermodynamic and the moist ure conservation 

4 . 

- clT' - clq' 
equation we retain the te rms w ~ and w ~ in order 

to model the behaviour of the ABL at a capping inver­

sion or overlaying stable layer. 

d p I 
In the continuity equation we assume -rr- = 0 in order 

to be consistent with 1. and 2. 
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From the scale analysis it also follows that hori-
au zontal advection terms like u' ax should be neglected 

even if that is not necessary. These terms can be in­

cluded by means of the large scale variables. 

6. In the model, pressure will be computed from pH' H be ­

ing the top of the model, and the predicted temperature 

profile from th~ hydrostatic equation. From total p 

density p will be computed (instead of p). Pressure, 

p, is used in the calculation of q and 0 (see below). 

7. In most numerical weather prediction models the treat­

ment of the atmospheric boundary layer has been very 

crude even if more refined formulations are coming into 

use at the present time. From a practical point of view, 

however, we assume that the background eddy diffusivity 

K = 0. Furthermore we will also assume in all simula­

tions in this report that u is constant with height. 
au This latter assumption will make the term K' • 3z = 0. 

The large scale flow may, however, have a non-zero ver­

tical wind shear due to horizontal baroclinicity. In 

these cases a thermal wind can be added to the constant 
au u. To provide for this we will keep the term K' • 3z· 

The equations for the one-dimensional model then read 

au' fv' + a (K' ~) 3t = 82 ( 3 0) m az 

av' fu' a (K I av) 
at = - + 82 ( 31) m az 

aT' + w 3T' _L{K' (aT rd +~ 
aqs 

Ycg)} at äz = + äz -
az h az c· 

p 

L dqs 1 aF' 
( 3 2 ) 

C dt - C äz 
p p 

aq' + w aq' a (K I ~) Q' at = + ( 3 3) az az h az q 

dp = - pgdz ( 34) 
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2. 7 

2 . 8 

Potent ial temp e rature use d in the mode l is calculated 

from 

p R / 
8 = T(~) d cp p --

= 1000 mb 

Boundary condi ti ons 

The boundary condit i on s get a slightly different form 

than usual. 

at z = 0: u = V = w = 0 gives 

u' = uc o ) 

v' = ve o ) 

T' = T surf 
- TC o ) 

In the simulations with prescribed lower boundary 

conditions 

For the cases with a complete surface energy balance 

see section 4.3. 

at z = H = the top of the model (usually at 2000 m) 

u' = v' = T' = q ' - 0 

Advantage s and d i sadvantage s with t h e Gu t man formula­
-::ion 

The Gutman formulation of the equations leads to some 

advantages in comparison toan ordinary unsteady Ekman 

f 1 . (. au f( ) a au ormu ation le 3t - v-vg = az (K az). 

1. The absence of the geostrophic wind in eqs (30) and 

(31) filters out the class of diffusive-intertial 

oscillations generated by a changing geostrophic wind 

in an ordinary Ekman formulation. 
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These os c illations h ave been d i s cusse d t heoret ical ly 

by Ching & Businger (19 68 ) but, to t h e knowledge o f 

the author, never be e n ob s erved. The "filtering ef­

fect" of the Gutman formulation is demonstrated i n 

Bodin (1974). This formulation, however, only changes 

slightly the capability of the model to simulate the 

intertia l osc i llations lead i ng to the formation of a 

no ct urna l jet as described by Blac ka da r (19 57 ). 

2. No ne e d to specify both the geo s t r ophic a nd the "real " 

wind at the upper boundary. 

3. Implicit incorporation of the effects of large scale 

advections by means of the background variables (note 

that a change in a background variable affects prac­

tically the whole ABL). This effect might, however, 

be disadvantageous if observed values are use d as back­

ground data. This will be illuminate d in connection 

with the numerical simulations. 

4. Simple adaptations toa synoptic scale numerical model 

supplying upper boundary values. 

5. Problems with the Gutman formulation may arise when 

actually observed values are used as background va­

lues. The differences between a simulation by means 

of the present formulation of the equations anda con­

ventional unsteady Ekman formulation will be discussed 

in section 7.4. 

Turbulence closure 

The turbulent energy equation for unsaturated and 
fully saturated processes 

In order to be able to properly model most o f the 

features of turbulence in the ABL without having to 

go to the more time-consuming and elaborate second­

order closure scheme s the turb ulen t energy equat ion 

(TE) has been use d . 
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It is shown in this report that by means of an also 

properly designed mi x ing length it is possible to 

simulate very well the growth of a convective boun­

dary layer, the non- stationary transition between the 

unstable and stable boundary layer and the develop­

ment of the nocturnal inversion in a typically diur­

nally varyin g boundary layer . 

The basi c TE - equation will not be derived in this sec­

tion. For that the reader is referred to, for example, 

Lumley & Panofsky (1964). The starting point will then 

be 

db u'w' au v'w' av SI w'8' dt = az - az + 8 

cl (w' b' + 
p'w' 

az p ) - E 

( 3 5) 

where b is defined by 

b 1 (u•2 + 0 + W I 2} = 2 (36) 

where primes and bars have their usual meaning as 

turbulent fluctuations and time averages. 

The first two terms represent the generation of tur­

bulent energy by shearing stress. The third term, 

proportional to the heat flux, w'0', is the genera­

tion or destruction of turbulent energy by buoyancy. 

The fourth term expresses a redistribution of turbu­

lent energy by the turbulence itself and by pressure 

fluctuations. Finally E represents the local dissi­

pation of turbulent energy. 

In order to close the system we make use of the as­

sumptions (3) and (10). Furthermore, by dimensional 

arguments (see for example Monin & Yaglom (1971) or 

Donaldson (1973)) the dissipation E can be written as 

E = ( 3 7) 

where lE isa dissipation length scale and a 3 a 

constant. 
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The fourth term i s modeled in a way c ommonly do ne 

(see for example Shir (1973)) 

w'p' w'b' + = 
p 

( 3 8) 

where a 2 isa constant of the order of one. 

By means of thes e semi-emp irical assumptions we get 

the TE-equation in the form 

ab n= K ( s,, g ( a e a ab 
m - 8 aT 3z - Ycg)) + a2 az(Km 32) 

a3b3/2 

(39) 

where aT is the ratio Kh/Km' 

Ycg is the countergradient heat flux correc­

tion d i scussed in section 3.3, and 

( 4 0) 

Eq (39) makes no provision for the change in buoyancy 

and turbulence structure when the air is saturated 

and condensation occurs like in a fog or in stratus 

clouds. By means of the assumption of conservation 

of static energy hs it is possible to modify the TE­

equation in a similar way as the thermodynamic equa­

tion. The underlying assumption is that condensation 

and evaporation are reversible processes with a time­

scale for the phase-changes of water similar to the 

dominating turbulent fluctuations. In fogs and stra­

tus clouds with a small water content and small drops 

this seems to be justified. Fora more extensive deri­

vation the reader is referred to appendix I. 
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3 . 2 

The ac tual chan ge in eq ( 39 ) consists o f an extra 

term i n the heat flux term similar t o eq (11) 

aTg 3-
3b K (S 2 (~ +!:_ 

qs 
Tt = - Y cg)) + m 8 cl z C cl z 

p 

+ cl (K 3b) b3/2 
( 4 1) a2 E - a3 -Q,-m dZ 

E: 

2 5. 

Closure assumptions, constants and boundary conditions 

Eq (41) is the form of the TE-equation used in the mo­

del. Some further assumptions, however, have to be made 

in order to close the system. In order to relate the 

turbulent energy to the eddy diffusion coefficient Km 

will make use of a mi xin g length hypothesis. Dimensio­

nal rea soning gives 

( 4 2) 

The mixing length in eqs (41 ), (the dissipation 

mixing length) and in (42) are not necessarily the 

same. However, we wil l a ss ume tha t they are equal in 

the model i e 

Q, = Q, 
E: 

This will be reflected in the choice of the multiply­

ing constant in the dissipation term. The proportiona~ 

lity constant a 4 can be determined from the ratio u:/b 

close to the ground. Peterson (1972) gives a value of 

0.16 and Zilitinkevich et al. (1967) 0.21 but the re­

sult is not critically dependent on the exact value. 

For convenience we choose a value of 0. 2. Eq ( 4 2) then 

reads 

K = ( 0 . 2b) I / 2 • Q, 
m 

( 4 3) 

Furthermore, close to the ground we should have an 

approximate balance between the generation of turbu­

lent energy by shear stress and dissipation. 
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That gives us, since u 2 
X: 

close to the ground: 

u 3 adbd 2 ) 
X 

KmS2 = E or kz = kz 
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kzu 
X: 

( 4 4) 

where we have ass umed that i approaches kz when z ➔ O. 

= 0.35 (from Businger et 

= (0.2b) 1l2 •kz we get 

kis von Karman's constant 

al. 

b = 

(1971)). Since K = kzu 
m x: 

1 2 Th. . Q.2 ux. is gives us a 3 = ( 0 . 2 ) 312 and 

( O. 2b) 3 / 2 

€ = ,Q, ( 45 ) 

The data by Businger et al. (1971) also indicates that 

the ratio 

= 1.35 for neutral conditions 

in the surface layer. In stable conditions aT is fair­

ly constant out to stability values s = z/L = 3.5 

where Lis the Monin-Obukhov length and 

L = -
u3 

X 

k 9:, w'0' 
0 

( 4 6) 

For unstable stratifications aT increases up to 2.5 

fors= - 2.5. 

The models, as it seems, is not very sensitive to varia­

tions in aT and aT has been chosen in the first ver­

sion to be constant and equal to 1 .35 over the whole 

stability range. It is, however, possible to include a 

variation of aT as given by measurements in the sur­

face layer. No data, however, are available for the 

variation of aT in the Ekman layer. 

Finally the constant a 2 is taken to be 1 .2, which is 

the value used by Yamada & Mellor (1975). Zilitinkevich 

et al. (1967) gives a value of 0.7 but then aT is set 

to 1 instead of - 2.5 in free convection. 
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Boundary conditions for b 

The existence of a logarithmic layer close to ground 

implies, as above, that the lower boundary condition 

for b should be 

z=z 0 b = 5.0 u 2 = 5.t 2 S 2 = 5.0•k 2 z 2 s 2 
~ 0 ( 4 7) 

This condition, however, underestimated the turbu l ent 

energy in unstable conditions, presumably because of 

the f irst gridpoint be ing a t S cm. Dela ge ( 197 4) u sed 

the boundary condition 

ab = 0 z = 0 
dZ (48) 

in his simulation of the nocturtial boundary layer wi t h 

very similar results as eq (47). This boundary cond i ­

tion was tested in the present model yie l ding an im­

provementfor the unstable boundary layer. The f ormu l a­

tion (48) has therefore been adopted. 

At the upper boundary we apply the same condition , 

i e eq (48). 
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The countergradient heat flux term 

Observation s have indicated that in a convective bo un­

dary layer capped by an inversion the air hasa lapse 

rate which is slightly stable, i e potential tempera ­

ture is increasing slightly with height i n the central 

and upper parts of the boundary layer. 

HEIGHT M 

gravity 

------...... waves 

500 

convective, hot plume 

9 surface - heating 

Figure 2 

Mass continuity requires a downward transport of warm­

er air from the inversion above the convective layer. 

Each new plume from the heated surface a typical sum­

merday is slightly warme r than the previous one and 

therefore penetrates somewhat higher u p into the in­

version. New portions o f warm air push the former 

ones ahead downward. This gives rise toa heating of 

the up per part of the ABL slightly stabilizing the 

mean temperature profile . 

The fact that measured heat flux profiles show a posi­

tive, upward, heat flux implies that looked upon from 

the point of view of mean temperature profiles heat 

is actually transported counter to the gradient. This 

has been demonstrated in simultaneous heat flux and 

temperature observation by Lenshow (1970) and Warner 

(1971). 
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In figure 2 is schematic a lly s howed how th i s is coming 

about. Already Pr i estley and Swinbank in 1947 gave an 

explanation of this effect in terms of a mixing-length 

consideration. Deardorff (1966) suggested that the 

effect of the "counter gradient" heat flux could be 

parameterized by a simple additional term ycg in the 

expression for the heat flux 

-- ae w'8' = - K (- - y ) h az cg (49) 

In Deardorff (1972), on the basis of the temperature 

variance equation, an expression for ycg is derived 

and 

012 
y Cg c,e ~ • W I L 

(50) 

Measurements of 0' 2 and w' 2 give values of y rang­cg 
ing from 0.3 K/km to 3.0 K/km. The contribution to 

Ycg is proportional to the temperature variance, which, 

as indicated in the figure, is much larger in a thermal 

plume than in the ambient air. 

Deardorff (1973) used results from his 3-dimensional 

boundary layer model to estimate the ratio of the tem­

perature variance and the vertical velocity variance 

and suggests the following form of ycg 

Ycg = 
w •h 
~ 

(51) 

where (w'0') is surface heat flux, h the height of 
s 

the boundary layer and w a scaling velocity 
~ 

( 5 2) 

In (51) and (52) the height of the mixed layer, h, 

enters as an important parameter. As would be expect­

ed from simple physical reasoning y is greatest cg 
when the boundary layer is comparatively thin. When 

it grows y cg decreases to values of the order of O. 1-

0. 3 K/km. 
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Mixing length f ormu lation 

The remain i ng e nti t y to spec ify i n order to clo se t he 

turbulence parameteri zation is the mixing length l. 
This problem is one o f t he most important aspects of 

the model. In Bodin (1978) is discussed different for­

mulations of l. Several expressions for l have been 

tested in the present model. We will discuss separa­

tely the stable case and the unstable case. 

Stable case, surface heat flux, w'0' <O ----------------------s-

The first expression for l tested was that used by 

Delage (1974), slightly modified: 

1 _ 1 1 B 
I - k(z+z) +I+ kL (53) 

0 

where Lis the Monin-Obukhov length 

\ an estimate of the upper limit of l propor­

tional to the boundary layer height 

z 0 is the roughness height 

B = 4. 7 from surface layer measurements 

I V I 
Eq (53) with \ = 4•1 0- 4 • ~ is an extension of 

Blackadar's formulation from 1962. More often the con­

stant in\ has been taken as 2.7•10- 4 • Eq (53) gives 

a limit consistent with surface layer theory. The last 

term B/kL isa local stability term imp l ying that the 

Monin-Obukhov length is the limiting length scale in 

stable stratification. Physically it seems reasonable 

that the mixing-length goes to zero in very stable 

stratification. As pointed out by Delage (1974), how­

ever, the height of the nocturnal boundary layer with 

this formulation is grossly underestimated. 

In eq (53) we drop the last stabi l ity dependent term 

and modify the length scale \ to be 

\ = 0.2•h ( 5 4) 

where h is the height of the mixed layer. Several defi­

nitions of h have been tested. 
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Among the ones giving too slow a growth of the ABL 

is 
Ri(h) = Ri 

C 
( 5 5) 

31 . 

where Rc isa critical Richardson number for the on­

set of turbulence. Ri = 0.4 and 0.7 gave no differ­
c 

ence. 

A defined as above has also been tested but with IWI 

instead of IWgl since IWglis not available in the 

model. The best results, however, were obtained by 

ux 
h = 0.1 • TTf 

This means that i is given by 

1 1 1 
I= k(z+z ) + 0.2h 

0 

( 5 6 ) 

( 5 7) 

The mixing length formulated in this way is only bound­

ed by the dynamical equilibrium height scale u / jfj 
}{ 

and not by L. The reason why the formulation (57) 

works better than eq (53) might be the presence of 

gravity waves in the inversion above the mixed layer . 

Now and then gravity waves break creat{ng turbulence 

thereby letting the ABL grow into regions where 

Ri>0.25. The mixing length according to eq (57) does 

not prevent this growth but acts as a potential mixing 

length in layers where turbulence is not yet present. 

With this formulation the nocturnal inversion rises 

at about the correct rate. This is evident from the 

Wangara data simulations and the simulat ion of the 

Finnish data presented in sections 7 and 8. 

The unstable case, surface heat flux w'0' >0 -------------------------s-

The mixing length in unstable conditions must be 

able to reflect the dramatic change in size of the 

energy transporting eddies. Results from Deardorff's 

numerical simulations (Deardorff (1973), (1974)) show 

that i very rapidly grows beyond its neutral value 

with height, z, toa maximum value of 0.Sh in the 

middle of the mixed layer under near free-convection 

conditions. 
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At the same time the formulation of l must have a cor­

rect neutral limit. Mast formulations of l to - day give 

too small values of lin unstable conditions. This is 

true for, for example, Djolov ' s formulation, used by 

Yu (1976), and Blackadar's ( 1962 ) used by Yamada & 
Mellor ( 1975). In Yu there is obviously too little 

mixing in the convective ABL and th e ABL is gr owing 

too slowly in Yamada & Mellor ' s fo rmula t ion. 

Another formula, used by Gut man and col l a b or ators, 

re l ates l to values of turbu lent e nergy at l ower l e­

vels. This, however, does not al low l to grow r a pidly 

enough in the lower parts of the ABL . 

The formulation of l used in this model i s s uggested 

by Deardorff (personal communication ) and is an in­

terpolation for l given i n De a rd or ff (1974b) , f igure 
E 

1 9 . 
z+z 

l+l. 32 0 

l 1 l -h- l 
I = 

Q,N 
- (58) Fi k(z+z ) L 

O. OOl+ 0 1 - a • 0 

h h 

1 0 is the surface Monin - Obukhov l e n gt h and 

lN is defined as in eq (57 ) but wi th a differe n t 

definition of h. 

The height of the ABL, h, in unstable condition s was 

previously assessed from the he a t flu x p r o f i l e but 

isat the present time c a lculat e d from the poten tial 

temperature profile (see se c tion 6 . 6.3 ) . 

Eq (58) has the limit lN whe n 10➔00 and lmax r each es 

a value of 0.Bh when 10➔ 0. Deardorff s ugges t e d a 

value of a =1 but i t pr oved to gi ve a t oo rapid approach 

to fr ee convection condi t ion s. Instead a has been 

chose n as having a valu e of 50. Furthermore e q (5 8 ) 

gives t oo large values o f lat t h e base of the c ap­

ping i n version the r eby ove r -estimatin g the downwar d 

heat f l ux in the stable l ayer . 
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l as deterrnined by eq (58) has therefore been rnodified 

by simple rnultiplying l from eq (58) by a linearly 

decreasing function defined by 

g ( z) = 1 . 9 - 1 . 8 E° 0 . 5h < z < 1. 1 h 

g(z) = 0.1 z > 1.1h 
( 5 9 ) 

This formulation of the mixing length allows a consis­

tent transition between unstable and stable conditions 

and vice versa in the diurnal cycle of the ABL. 

Surface energy balance 

Surface ternperature equation 

The surface temperature, T0 , is needed as a lower boun­

dary condition for temperature in eq (32). T is de-o 
fined as the temperature at the interface between the 

atrnosphere and the soil, i e T(o). The most widely 

used method for getting the surface temperature is to 

assurne a balance of the different heat fluxes at the 

surface. If we define Fts to be the turbulent f l ux of 

sensible heat, F l to be the latent heat flux, F s to be 

the soil heat flux and R t to be the net radiative ne . 
(long wave and short wave flux) at the surface we can 

write the energy balance condition as 

0T 4 + R t + Ft + Fo o ne s ,{_, 

E is the surface emissivity. 
s 

Fs = 0 ( 6 0) 

Usually Fts' Fl and Fs are functions of T0 rnaking 

eq (60) a 4th order algebraic equation to be so l ved 

numerically by, for examp l e, iterative techniques. 

In this model we will instead make use of an approxirna­

tive predictive equation for T0 which avoids a solu­

tion of the kind necessary for eq (60). This equation 

will be a consist~nt nurnerical analogue of eq (60). 

Such an equation was used by Karlsson (1972). 
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To derive the prognostic equation for T we consider 
0 

the surface and the adjacent layers of air and soil 

as depicted in figure 3. 

z 
j' 

AIR 

r1----------------Level 1 

~ , 
ÅZa' --------+!ÅZ0 ---------

t---------+¼ÅZa-----

Z== 0 :>---------------- Surfoce ( , : l ÅZ5-----
ÅZ5 ◄ ---------'2°ÅZ5----------

'f"'--------------- Level -1 

SOIL 

Fig 3 

The lowest layer of the atmosphere and the topmost 

layer in the ground in the model. 

At the points at + ¾ 6za and - ¾ 6zs we can formulate 

simple thermodynamic equations given by 

1 ar 
- P-Z az 

i i 

( 61 ) 

where c. is the specific heat capacity for air, i=a, 
i 

or the soil, i =s. p. is the density for the medium 
i 

considered. In the air we get 

= F ( .2_ 6z ) + F ( o) 
a 2 a a 

( 6 2) 

where Fa is the total energy flux in the lowest atmo­

spheric layer. For the soil layer we get 

From eq (60) we have F (o) 
s 

( 6 3 ) 
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After adding e q s ( 62 ) a n d ( 6 3 ) 

+ p 
s 

( 6 4 ) 

We now make a series expansion of the temperature Ta 

and Ts getting 

3T 3T 

3T o-
~ + •...• ) 

Substituting 3ta and 3ts in eq (64) and neglecting 

second order terms of the type 

3 2 T i· pcp(62a) 2 323 ~ we get 

;,:: 
C • 

clT 
0 

clt 
( 6 5) 

where ex is an average heat capacity for the air-soil 

layer 

;,:: 1 } C = - {pc 62 + p C 62 2 p a s s s 
( 6 6) 

In the model eq (65) is used to predict surface tem­

perature. The fluxes of sensible heat, latent heat and 
1 

soil heat are computed exactly at z = 2 6za and z = 
1 

- 2 6zs. 

The flux Fa is given by 

88 clq 
Fa = - pcp½i <32 - y cg) - PLJ\i 32 - FR - F sun (67) 

and 

Fs = - K ( 6 8) 

where F = E 0T 4 - F+(o) 
R s 

and K the thermal conductivity of the soil. 
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Soil temperature 

In eq (6 8 ) we need the soil temperature. It is com­

puted by solving the heat conduction equation fora 

top soil layer assuming homogeneo us thermal properties. 

The heat transfer equation is simply 

C 
s 

lS the thermal diffusivity. 

The boundary conditions for eq (69) are 

at z=O: T = T 
S 0 

z =- D=-1m: Ts = Td = constant 

( 69) 

The constants K and K are usually difficult to get 
s 

from measurements and they normally vary considerably 

with soil water content. In some simulations they have 

been systematically varied to give realistic maximum 

and minimum surface temperatures. The effect of dif­

ferent Ks and K has been discussed by Long and Shaffer 

(1975) and Zdunkowski and Trask (1971). 

Soil water 

In order to get the latent heat flux at the surface 

we need the specific humidity at the surface, q(o). 

Many modelers have been using the so-called Halstead 

parameter, H, (Halstead et al. (1954)). This formula­

tion anda formulation based on a given, constant, 

relative humidity at the surface are compared in 

Nappo (1975). In the present model surface specific 

humidity is based on the Halstead parameter approach 

but connected toa simple soil moisture model suggest­

ed by Forsman and Bergström at SMHI (personal commu­

nication). More elaborate soil moisture models have 

been used by Zdunkowski et al. (1975) and Sasamori 

(1970). 
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The approach taken here is admittedly a we a k po int 

of the model . However, the problem is c omD l ic ated 

and no sa t i s f ac t or y sol ution e x ists today taking in­

to account the ef f e ct of ve getation an d evapo-transpi­

ration. There are, h owever, s ome s i mplified paramete­

rizations that are worth trying. These are reviewed 

by Deardorff (1977) . 

In this section we de n ote evaporation from the surface 

by E and the potent i al evaporation, i e the evapora­

tion from a completely wet surface by E and soil water p 
content by w. The Halstead parameter is then defined 

as 

H = EIE = f(w) p 
( 7 0 ) 

where f(w) isa function of soil water content. This 

function will be defined as a piecewise linear func­

tion outlined in figure 4. 

E/Ep 

, 

{; 
0 □---------L----+---~ 

Field 
Wilting capacity 
point 

Fig 4 

w mm 

The form of the function f(w) shows that we can have 

potential evaporation before the ground is completely 

wet. This is usually observed in reality even if the 

range o above varies between different types of soil. 

The water content w is allowed to vary due to rain, 

evaporation and ground water run-off. 
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Th e groun d and the i nterface a re re garded as t wo in ­

terlinked re servoi r s as s h own i n fi g 5 . Whe n it r a ins 

the upper, i n te r c e ption reservoir, get s fille d f i r st 

before any wa ter penetrates into the ground. This 

reservoir is usually of the order of 5 mm and corre­

sponds to the rain water that adheres to the vegeta­

tion and the foliage of the trees. If there is water 

in the interception reservoir evaporation takes place 

from that b efore water in the ground is used. 

Evaporation 

GROUND STORAGE 

~---w---~-~ RUN OFF 

Fig 5 

The relation between run-off and precipitation, de­

pends on the soil moisture content. The higher soil 

moisture content the larger the run-off. If we denote 

the stored precipitation by 6w, hydro l ogists suggest 

the following relation 

6w/P - (1 - ~)S - FC ( 71 ) 

where S-2-3 and FC is the field capacity. P is pre­

cipitation. 

In the simulation runs so far there is no rain and 

the soil water content is allowed only to vary, i e 

decrease, because of evaporation. 
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This de creases w and becaus e o f e o ( 7C) and fi g 5 the 

evaporation decre ases . 

Knowing f(w) we can comp ute q (o) from the following 

equation 

( 7 2) 

where qs(o) is saturation specific humidity and z 1 
is the first level above the ground in the model. 

Radiation 

The radiation subroutine is taken from Shaffer & Long 

(1973) with some slight modifications. It is based on 

the radiation scheme developed by Atwater (1970). The 

major difference from Atwater is the neglection of 

the influence of air pollution and aerosols. The scheme 

treats the incoming solar radiation in a simplified 

way, allowing for absorbtion and scattering by clouds 

above and in the ABL, where also heating of clear air 

is accounted for. Long wave radiation is treated by 

solving the radiative heat transfer equation by means 

of the emissivity approximation. 

Solar radiation 

The solar radiation reaching the top of the atmosphere 

is roughly 1400 W/m 2 or 2.0 cal/cm 2 •min. Part of this 

is absorbed by water vapor and other absorbers and 

part of it is scattered back to space. In the upper 

atmosphere, i e above the boundary layer, the absorb­

tion due to water vapor is given by McDonald (1960) 

and 

A = 0.077(u secz) 0 · 3 
w 

( 7 3) 

where u is the path length and z the zenith angle 

and sec z = 1/cos z. 
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The transmitted short wave radiation, neglecting the 

influence of water vapor but accounting for scatter ­

ing, is according to Kondratyev (19 69 ) 

PH 
T = 1 . 0 4 1 - 0 . 1 6 { ( 0 . 9 4 9 + 0 . 0 5 1 ) S e C Z } 1 /2 ( 7 4 ) 

Po 

whe re pH is the pressure at the top of the BL and 

p0 = 1 000 mb. 

The amount of solar radiation that reaches the top of 

the PBL is then, in the abs ence of clouds, 

F = F cos z (T - A) 
S O W 

( 7 5 ) 

where F0 is the incident solar radiation at the outer 

edge of the atmosphere. F = 0 if cos z ~ 0 . Clouds 
s 

above the boundary layer are treated in a simplified 

way. From predicted re lative humidities in the tropo­

sphere, from the large scale model,or from cloud obser­

vatio ns the fractional cloud cover can be estimated . 

Each of these cloud categories hasa transmission 

function as given by Pandalfo et al. (1971). 

T1 = 0.35 - 0. 15•sec z i=1 ow 

Tmiddle = 0.45 - 0.01•se c z i= 2 ( 7 6 ) 

Thigh = 0 . 9 - 0 . 04•sec z i =3 

From predictions of li quid water content in the PBL 

it wil l also be possible to include 

TPBL = 0.25 - 0.01 sec z ( 7 7 ) 

The result i ng short wave flux at the top of the PBL 

wi ll then be 

3 
FPBL = F . IT (1-c.(1-T . )) ( 7 8) 

s i=1 i i 

where c. is the c loud cover of category i . i 
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Within the PBL th e absorb t i on by wate r vapor i n a 

layer o f optical thickne ss du is 

dA = - 7 . 5 5 x 1 0 - 4 ( u s e c z ) - 0 • 7 d u 
w 

Furth ermore , scat tering i s given by 

dS = - 7.59 2 •10- 5 •F • 
0 

{ ( 0 • 9 4 9 E_ + 0 . 0 S 1 ) s e c z } • - 1/ 2 • d p 
Po 

The final flux a t t he surfac e will then be 

Po 
Fsurf = (FPBL+f (dAw+dS))( 1 -CPBL( 1 -TPBL)) 

PH 

( 7 9 ) 

(80) 

( 81 ) 

The surface will reflect part of this radiation. With 

the albedo being A we get the solar radiation absorbed 

at the surfa ce as 

Fabs = C1-A)Fsurf ( 8 2) 

The heating by the reflected radiation will not be 

take n i nto account. The amount of solar radiation ab­

sorbed in the PBL a s given by (79) will be used to 

heat the a i r correspondingly. 

Long wave radiation 

The heatin g or cooling in a layer due to long wave 

radiation flux divergence is calculated from the ra­

diative transfer equation. The net radiation, F~et for 

the frequency v at the level z can be written as the 

sum of the downward and u pward energy fluxes, Fi and 
V 

Ft . The upward flux is defined to be positive. 
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According to, f or examp le, Kondratyev (1 96 9 ) , the 

transfer equation can be written 

00 

- J 
z 

0 

dTv(z,z' ) 
ITB (z') ----- dz' v dz' 

( 8 3 ) 

where Ft(o) is the flux emitted by the lower boundary 

and Tv(z' ,z ) i s the transmis sion function for t he fre­

quency vin the layer z to z'. Eq (83) has to be inte­

grated over frequency to give a total net flux . 

There are many ways of doing this. In this radiat ion 

model the integration over frequence problem is solved 

by making use of the so-called emiss iv ity approxima­

tion (see Rodgers (1977)). Instead of the transmission 

function we introduce an absorbt ion function A = 1-T. 

For the downward flux we can write 
00 00 

F+ = J dv J IT dA 
dz' B (z')dz' = 

0 z 
00 

dE ( z 'z I ) ( 8 4 ) 
J 0T 4 (z')dz' = dz' z z I 00 

B(v,z") where E(z, z ') J dv J 
dAIT dz" ( 8 5) = d z Il 0T 4 ( z") 

0 z 

The emissivity function is usually obtained from mea­

surements. E(z,z') is usually defined as a function 

of a pressure corrected optical path length u, i e 

E ( u). 

Al so expressing the upward flux by means of the e mis­

sivities we get the to tal net flux through a level z 

in the absence of clouds. 

z 
F = E 0T 4 •(1-E(O,z)) - f aT 4 dE dz' + 
net s ctzT 

+ F+( o) (1-E )(1-E(o, z )) + 
s 

0 
00 

f 0T 4 dE dz' 
ctzT z 

(86) 

where the third term on the right hand side expres-

ses the reflected radiation at the surface. Es is 

the s urface emissivity. 
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In the computations it is assumed that only water 

vapor and carbon dioxide are active . It is al s o as­

sumed that the abs orbtion bands are not overlapping, 

i e the emissivities are addi tive. 

The emissivities for water vapor are taken from mea­

surements by Kuhn (1 963 ) expressed in the form of 

simple logarithmic functions as given by Atwate r 

(197 4). 

A pressure corrected path length for water vapor is 

defined as 

z' --~ 
t u = u(z,z ' ) = f Pw udz = 

z i Po 

In terms of u, E lS given by 

0 . 1129 log 1 o (1+12.63u) 
I 

0 . 10 4 log ( u) + 0 .4 40 
I 

0.121 log ( u) + 0 . 491 
I 

E ( u) = 0 . 146 log ( u) + 0.527 

0 . 161 log ( u) + 0 . 520 
I 

0 . 136 log ( u) + 0 . 542 

u is given in cm . 

For carbon dioxide u is de f ined as 

z I 

U __ 1 .66 f d 
Pco2 z C02 pOC02 z 

p' 
1 

z 
;!~ - f qv dp 

g 
Pz f Po 

( 87) 

log u ~ -4 

log u ~ -3 

log u ~ -1. 5 

log u '~ -1 ( 8 8 ) 

log u ~ 0 

log u > 0 

( 8 9 ) 

where pc02 is the density of C02 and p~02 is the 

density at NTP. u is in cm. The p used in the C0 2 C0 2 
calculations corresponds to 320 ppm. 
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The C02-emissivity is that of Kondratyev (19 69 ) 

= 0.185 (1-e- 0 .3 919 u ~~~ ) ( 9 0 ) 

The two emissivities are added and used in eqs (91) 

and ( 92 ) below. 

Clouds in and above the boundary layer are regarded 

as black bodies. Cirrus and cirrostratus are assumed 

to be "half-black" bodies. If we introduce c for 
C 

the fraction of clouds we can rewrite equation (86) 

to account for clouds. 

For the downward long wave flux at the level z we 

get 

00 

F+(z) = J { C 1 - c C z ' ) ) • c C z , z' ) aT '+ ddE, + 
C n Z 

z 
dE 

+ c ( z ' ) c ( z , z ' ) • crT '+ • d ~ } d z ' 
C n Z 

( 91 ) 

where E (z,z') is an emissivity function modified to 
C 

account for clouds. E (z,z') is equal to one in clouds. 
C 

C (z,z') is an effective cloudiness in the layer z to n 
z', in whic h overlapping of clouds is taken into ac-

count. 

For the u pward flux we get in the same way 

Ft( z) = (E crT 4 + F+(o)(1-E ))(1-E(o,z))c (z,o) -s s n 

z 
- f 

0 

dE {(1-c (z'))c (z',z)0T 4-d, + 
C n Z 

dE 
+ c (z')c (z' z)0T 4 •--c}dz' c n ' dz' 

( 9 2 ) 
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6. Numerical integration 

6 . 1 Summary of model equations 

The model equat ions, which have to be sol ved nume ­

rically can be summarized: 

a) PBL 

clu' fv' + cl (K' ~) = 
cl t cl z rn cl z 

dV I 

= - fu' + cl (K I 
d V) 

clt cl z rn cl z 

clT' clT I cl { K' (~ L 
cl q 

+ rd + s 
8t + w = ä"z -

cl z cl z h cl z C 
D 

L dqs 1 ö F' 
dt 

- az-CP CD 
\ 

cla' ~ cl 
(K' lg) + Q' at+ w = az cl z h cl z q 

clb 3. ( cl0 + L 
clq 

K ( S 2 
s 

Y cg)) + = - a, T -
cl t rn 0 cl z Cp cl z 

+ 1. 2 
cl 

(Km 
clb) _ ( 0 . 2b) 3/2 

cl z cl z ,t 

b) soil and surface 

cl T s K 
~ = s 

clT 
X surf 

C 
cl t 

cl 2 T s 
~ 

[- 3T -I l 80 s 
= K -- + pcpKh(az 

clz - -l/26z 
s 

+ pLKh ~l+ FR + F sun 

1/26za 

Ycg)} 

- y cg) 

(30) 

(31) 

(32) 

(33) 

( 41) 

(69) 

+ 

( 6 5) 
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Time int egration 

All of the equati o ns can be formally written as 

3Q 
TT = _3 (K ~) 

3z 3z + G ( 9 3 ) 

where Q is one of u, v, T, q, bor T and G repre­
s 

sents low order terms. K usually depends on Q itself 

making eq (93) non-linear. 

Disregarding the term G, eq (93) reduces to the diffu­

sion equation with a variable diffusion coefficient. 

Numerical solutions of the diffusion equation have 

been studied by Long (1975), who compared several 

different finite difference schemes, among them Dufort­

Frankel and Crank-Nicolson . Long showed that for large 

Fourier numbers, K6t/(6z) 2 , e g for large time steps, 

Crank-Nicolson was superior in terms of accuracy. From 

an operational point of view it is desirable to use as 

long timestep as possible to cut down on CPU-time. 

A generalized Crank-Nicolson scheme as applied to equa­

tion (93) can be written 

[Le K ~)J T+ 1 + c µ-1) 1-.L c K ~)J T 
µ dZ dZ dZ dZ 

(94) 

1 where t = T•6t. If 2 ~ µ ~ 1 the scheme is always 

stable . µisa weighting factor making it possible 

to put more o r less weight on the forward timestep 

T+1 . When µ is equal to 1, i e all the weight is on 

the forward timestep, the scheme is also called 

Laasonen's scheme. This version has the advantage 

of supressing non-linear instabilities arising be­

cause of the dependence of Kon Q. 

It is the Laasonen scheme that is used in the pre­

sent model. 
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6.3 Space dif f e r ences 

Seco nd o r de r cen t ered finite dif f erence s h ave usually 

been us ed i n a p pr o x imating the di f fusion term. How­

e ver, as po inted o ut b y Tay lor & De l a ge (197 1 ), enough 

accura c y is diff i cu l t t o obtain in t he vertical with 

a uniform grid point spacing 6z. Large gradients are 

present close t o the ground and sometimes at the top 

of the ABL, especial l y at the inversion capping an 

unstable ABL. A natural way to proceed is to use a 

non-uniform grid with higher resolution in the lower 

layers. 

One way of doing this is to make use of a transfor­

mation of the vertical z-coordinate, eq 

z dz' 
s = f K( z ') 

0 

( 9 5 ) 

This would get K out of the differentiation in eq 

(93). However, the transformation would depend on the 

variable K which is not known a priori but changes 

during the integration. 

In the present model the vertical coordinate trans­

formation is based on the shape of the neutral mixing 

length lN 

( 9 6 ) 

The transformation is 

z 
s = D • f iz 

o N 
( 9 7) 

which gives after integration 

s = D • 
1 z +z 

0 Z 
C k ln -z- + I) + 1 ( 9 8 ) 

0 

The constant D can be chosen to give 6s = 1 fora 

specified number of gridpoints. s = 1 corresponds 
0 

to z = O. These properties are convenient in Fortran 

coding. 
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The constant \ is chosen to be a fraction of t h e dep th 

of the ABL-model, H, and 

A = a • H, a = 0 .03 

Fig 21a shows on the left the height to every second 

grid point when H = 2000 m and the number of grid 

points is equal to 35. 

In the soil the zs-coordinate is transformed loga­

rithmically and 

E;. = a • in ( b z + 1 ) + 1 s s 
( 9 9 ) 

Fig 6 shows the vertical grid used in the model. The 

variables are staggered. u, v, Tand q are carried 

in the gridpoints to the left while turbulent energy, 

b, and various diagnostic quantities are computed at 

gridpoints in between. 
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HEIGHT 

i=N 

N=35 N-1 

N-2 

Wind (u, v) i+1 
Temperature (T)~ 
Moisture ( ~) . 
Potential temp. (9) 1 

i-1 

AIR 

3 

2 

////##////)1/ i•1 
2 

SOIL 3 

4 
Ns=20 

z=H N 2000-2500m 

N-1 

N-2 

Turbulent energy (b) 
Diagnostic quantities 
(K, 5, Ri etc.) 

i-1 

~ =A,.Jm.z;~o +A2z +A3 

3 

2 
Tsurface, ~ surface 

SURFACE 

.. Soil temperature (T5 ) 

~s• aln(bz+1)+1 

Z•D■lm 

DEPTH 

Fig 6 

The vertical grid structure of the model 

All vertical derivatives are transformed according 

49. 

to eq (98) or eq (99) respective l y. Second order cen­

tered differences are then formed with a uniform grid 

distance 6[, = 1 . 

The Laasonen scheme is applied to the diffusion terms 

while lower order terms are treated explicitely . 
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Th e re s ulting tri - diagon a l matrices are inve rted by 

rnean s of a simple Gaussi a n elimi nation me t hod . 

The Co r iolis te r m is treat ed i n a special way. Eq 

(30) is f irs t solve d g iving uT+ 1 which is then used 

in eq (31), i e - fu' 1 is replaced by - fu ' 1 +1 

The complete finite difference equations a r e give n 

a.ppe:--:dix T -
.l.. .l... 

So l ut ion or the thermod ynamic equation 

I n the test inc:egrations re ported on her e ob se rved 

in 

data have been u s ed a s background variables instead 

of LFM-predic t ed on~s . Thi s has sorne consequences for 

the therrnodynami c e q uation. The background values for 

T, T, have been extracted from observed values at the 

top of the model, H, and 

In the vert ical adve ct i on t erm in eq (32), however, 

is assumed that t h e ba ckground temperature also varies 

because o f the l arge sca le ve rtical motion as predicted 

by a LFM. Whe n usi ng ob served data for T this is no 

longer true and the effect of large scale subsidence 

has to be i ncluded in eq (32) directly. This is done 

by changing 

clT' - clT' 
w ~ into w(~ + rd) 

since T is assumed constant with height. 

In eq (32) we also have to approxirnate the term 

dqs/dt. This c an be done by using the definition of 

q (following Karlsson (1972)) 

q = E s p 
( 100) 

Differentiating (100) with respect to time gives 

( 1 01 ) 
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Using Calusius-Clapeyron's formula 

( 1 0 2 ) 

for the phase transition "vapor to water" we get 

L dq L E 2e L dT e SE dp) s 
"" ( 

s ( 1 0 3 ) 
dt -

C C pRdT2 dt p2 dt p p 

In 

dT 8T 
W • v'HT + 

8T 
dt = TT + w 3z 

and 

dp 
= 

8p + W • vHp + w 8p 
dt TT 3z 

we only retain the following terms, consistent with 

the previous approximations, 

dT 
"" 

8T 8T 
dt TT + w . 3z ( 1 0 4) 

and 

dp 
:,; - wgp dt 

( 105) 

qs s1 2 
writing C = ( 1 + C R T 2 ) q p d 

( 106) 

we get by using eq ( 1 7 ) 

L dqs 
- ( C -1 ) 8T' 

( C -1 ) 8T (c -1 )w 8T 
+ dt - ät + TT+ 3z C q q q 

p 
gLq s ( 107) + . w 
cpRdT 

The thermodynamic equation can now finally be written 

as 
gLqs 

+ cpRdT} = 

L c)qs 
= 8 { K ( dT + rd + -- - y ) 3z h 8z c 8z cg p 

_ ( c _ 1 ) 8T _ 1 
q 8t C 

p 

aF' 
~ 

( 1 0 8) 
i. 
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Solution of the Turbulent Ene r gy equation 

The solution of the TE - equation requires some extra 

consideration. It can be written in th e foll ow ing 

form 

where 

and 

El ( z) 
clq 

s = ( 0 . 2 ) 112 ,t ( S 2 - a,T _g_0 ( ~ 0z- + L 
o C ~ -

- y ) ) cg 

E 2 ( z ) = ( 0 . 2 ) 3/ 2 I f 

D = cl~ 
z 3z 

p 

( 1 0 9 ) 

( 11 0 ) 

( 11 1 ) 

( 11 2 ) 

Equation (109) is clearly non-linear in the turbulent 

energy b with the additional propert y that b = 0 also 

isa solution of eq (109 ) . We also have the require­

ment that b > 0 at all times. 

We can formally write a Crank-Nicolson a pproximation 

of eq (109) as 

+ ( 1 - µ ) • ( E T ( b T ) 1/ 2 - E 1 ( b T ) 3/2 + F T ) ( 11 3 ) 

The coefficients are taken at timestep T but the non­

linear terms at T+1. This system has to be linearized 
. . f bT+1 in some way to make it possible to solve or 

We could also have chosen an explicit approximation. 

This may, however, lead to negat ive band would re­

quire a shorter timestep. 
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Instead we follow a suggestior by ~icntmeyer & Mor t on 

(1967), p 20 1, a nd linear ize the s e te ~ms by a Taylor 

s eries expansio n in time . 

We then ge t 

(b T+ l) 1/2 = ( b T ) 1/ 2 + l (b T)-1;2 (bT+l_bT) 
2 + higher 

order terms 

( b T+ l) 3/2 = ( b T ) 3/2 + 3 (b T ) 1/2 (bT+l_bT) + higher 2 
order 

or 

( b T + l) 112 "' ( 11 4) 

( 11 5 ) 

In order to see the effect of the linearization we 

can study a test equation 

3b 
af = ( 11 6 ) 

where a = 1/2 or 3/2 correspond to our cases and 

where E can be both positive and negative. 

The general Crank-Nicolson so lution of eq (116) can 

be written after linearization as above 

T a-1 
bT+1 = b~1+E(1-aµ)6t(b) 

1-Eaµ6t(bT)a- 1 
( 11 7) 

terms 

If µ = 1 eq (117) corresponds to the Laasonen scheme. 

T+1 We can now study under what conditions b stays 

positive if bT > 0 forµ= 1. 

I . The energy dissipation term corresponds to 

a = 3/2 and E2 = - !El < 0. In this case we get 

l l E ~ L t ( b T) 112 
bT+l 

+-
bT• 2 F•bT = = 

1+l E26t(bT) l/2 
2 

(118 )' ,, 
;i;:· 
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The factor Fis a lwa y s positi ve defini te oro vided 

that bT> O. 

II. Bouyancy term , a = 1/2 an d E = E 1~0 

where upper sign corresponds to E>O and lower sign 

to E<O. In both cases we see that b T+1 <0 if 

(119) 

Since E 1 can become quite large this might very well 

occur. The suggested form of linearization does not 

work well in this case. 

The term E 1b1/2 really represents the effect of wind 

shear and bouyancy flux generation of turbulent energy. 

For Ri>0.74 this term is negative indicating a dying 

out of turbulence. However, here is an intrinsic 1n ­

consistency in the closure assumpt i ons since the ana­

lytic solution t o the equation if E 1 = const 

lS 

1 e turbu lence decays q uadratically instead of, let 

u s say, exponentially . The analytic solut ion is al­

ways positive but a finite d ifference solution (l inea­

rized) instead gives negati v e values for too large a 

time step. 

The implicit scheme abo v e for this term can give 

negative values for E 1 being both gre ater than or 

les s than zero. An explicit scheme 

b T + 1 = ( ll t E 1 ( b T ) - 112 + 1 ) b T 

can on ly give negative solutions when E 1<0. 
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Because of this the E 1 b 112 -term is integrated explici­

tely. 

To avoid negative b:s when b should approach zero the 

tendency is numerically adjusted in such a way that 

if L'ltE1<1 

( 120) 

This isa minor alteration in the finite difference 

scheme and corrections of this kind only occur in the 

inversion capping the unstable ABL where Ri-number 

rapidly grows with height and bis smal l . 

Auxiliary relations 

Pressure in the model is calculated from the hydro­

static relation at a height z by integrating downward 

from the given pressure at the top of the model, H. 

Thus 

( 121) 

where i= N2 -NMAX, NMAX, number of highest gridpoint 

and Nz number of gridpoint at level z counted f rom 

the bottom. 

Density is calculated by 
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Saturati on vapor Dr essure 

Saturation va por pres s ure , es ' i s calc u l ated for e a ch 

degree b e twe e n - 40°C a nd +40 ° C and stored i n a t abl e , 

from which t he actual e (T) is inte r po lat ed. 0ver s -
water (- 20° <T<4 0°C ) the f o llowing formul a is u s e d 

e 5 = 6.105 exp[25.22(1- 273 )- 5 31 o T J 
T ' ~n 273 

over ice (-4 0°C <T<- 20° ) 

e 5 = 6.105 exp[4.332( 2 ~3 - ~) + 2.31 ln 2~ 3] 

es 
is used from which q s = 0 . 6 22 p is computed. 

Boundary layer heigh t i n unstable conditions 

(122) 

( 1 2 3) 

When the s urfa c e heat flux is upward the ABL is clas­

sified as unstable. In this case the ABL-height is 

needed in the mixing length formula and has to be as­

sessed in some way. 

Fig 7 shows a typ ical hea t flux and potential tempera­

t ure profile during un s tab le conditions. 

z 

h 
(j) 

Zmin 

Fig 7 

h = boundary layer height 

+---8' 

w'9' 
heat flux 

8min 

8 potential temperature 
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The first method used to assess the boundary layer 

height utilized the fact that the heat fl ux pro f i le 

had a minimum ( 1 ) at some level . This level was 

found by fitting a quadra t ic polynomial to the three 

points closest to the obs erved smallest value of w'0'. 

From the parabola the level of minimum heat flux was 

found and put equal to the boundary layer height. 

This method, working fine for the prediction of the 

mean variables,gave, however, rise to fairly large 

numerical oscillations, of the order of 150-200 min 

the ABL-height. Instead a different method is used 

now. 

The minimum of 0(z) is found. From this point a li­

near relation is established. 

0 I = 0 . + 1. 5 ~y ( z- Z • ) min cg min 

The interception between 0'(z) and 0(z) yields the 

boundary layer height. 

Astronomical constants 

Some astronomical parameters are needed in the radia­

tion computations. 

The solar declination is calculated from 

o = 23.5 sin{ ~~ 5 (DOY-80)} 

where DOY is the day of the year starting with one 

for 1 January. 

The local hour angle is given by 

HAL= (time - Noon~MT) •15 + longitude 
GMT "'·-

where longitude is counted negative to the east . 
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Numerical tests 

The model was tes t e d in a s imDle c a s e t o de t ermin e 

spatial and time truncat i o n errors. I n th ese tests 

the dry version was run from a n initia l steady state 

solution of eqs ( 30 ), ( 31 ) and ( 41) wi th a given ini ­

tial tempe rature profile resembling the init ia l tem­

perature of the Wangara data , Day 33 , at 0900 local 

time. ( Clarke et al (1971)). The bac kground wind com­

ponents were u = 5 m/ s an d ~= 0 , which were kept 

constant intime. Figures 8 and 9 show potential tem­

perature profiles after 6 hours of integration and 

temperature profiles after 24 hours of integration 

for three di f ferent resolutions, 20, 30 and 65 points 

in the vertical between the surface and 2000 m. The 

surface temperature had a sinusoidal diurnal var iation. 

Some minor differences are found at the inversion 

height in both cases. However, if the 65 point solu­

t ion can be regarded as a high accuracy reference it 

is clear that 20 points are enough to simulate the 

diurnal course of a dry ABL. 

In the Wangara data simulations 35 points between the 

s ur face and 2000 m have been used to conform to the 

resolution of the observations. 

Similar tests have been carried out with different 

time steps ranging from 30 seconds to 6 minutes . No 

appreciable deterioration was found for 6t = 4 minu­

tes, the time step presentl y used. 

No signs of numerical instability are present. The 

integrate d kinetic energy and static energy are 

checked every time step in order to detect numerical 

instability. However, some slight oscillations in sur­

face temperature have been noticed around sunset and 

in late morning before sunrise. 



SMHI, RMK 13 (1979) 59 . 

7 . Simulations of Day 33 a nd 34 o f the Wangara data 

The very complete set of boundary layer data, the Wan­

gara data, taken and compiled by Clarke et al (1971) 

has been used in a number of ABL model simulations. 

Notable are the experiments carried out by Deardorff 

(1974a and b) and Yamada & Mellor (1975). Deardorff 

used a 3-dimensional modelovera volume 5x5x2 km dis­

cretized by 64 000 gridpoints. Part of the turbulence 

field was treated explicitly part of it was treated 

as subgrid-scale motion. These 3-dimensional simula­

tions have given considerable insight into ABL behaviour 

in unstable conditions. Yamada & Mellor (1975) used an 

one-dimensional boundary layer model with a simplified 

second order closure scheme as turbulence parameteriza­

tion. They simulated three days of the Wangara data, 

Day 33, 34 and 35, both day and night. They also went 

into considerable details in extracting the time and 

vertical variation of the geostrophic wind and the 

mean vertical velocity from the observations. From the 

thermal wind relation they also determined the hori­

zontal temperature advection. Because of these and 

similar studies it is of considerable interest 

to try to simulate the same data with the present mo­

del. Another reason is that we, at the present time, 

are lacking detailed data from more northerly lati­

tudes, e g Scandinavia, which can be used for model 

validation. 

The Wangara data (Wangara meaning "west wind" in the 

language of the aborigines) were taken at a place cal­

led Hay in a flat, semi-arid region in south-eastern 

Australia. The observational campaign lasted 40 days 

centered around August 1967. Pilot balloons were re­

leased every hour from 5 points and radiosondes for 

temperature and moisture measurements every third 

hour. Some micrometeorological observations were also 

carried out. All of this is documented by Clarke et 

al (1971). 
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The location chosen for the mea s urements c ome close 

to the ideal place a s far as hori=ontal homogenei t y 

is concerned. 

Initial and background data 

The initial data, used in the simula t ions described 

below, are from 0900 local time of Day 33 (August 16) 

of the Wangara data . The profiles shown in fig 10 have 

been slightly smoothed and are interpola ted logarith­

mically between 50 m and the ground. 

The background values for u, v, Tand q have been 

extracted from the observed values at 2000 m. Fig 11 

shows the time variation of u and v at 2000 m, surface 

geostrophic wind and the mean geostrophic wind in t he 

layer between the ground and 200 0 m. The background 

wind is assumed constant with height, i e baroc l ini­

city is neglected in the simulation s. 

Tempe~ature at 2000 m only varies with abou t ±0.5°C 

during the ensuing 24 hours and is ass umed constant, 

which is also true for the specific humidity which is 

set at 0.7'g/kg at 2000 m. 

Hay is located at 34.5°S which gives a corresponding 

value for the Coriolis parameter o f 0.8 26 • 1 0 - 4 s- 1 • 

Surface roughness was estimated to be a n average 

0.01 m for the 5 stations involved . Pressure at 2000 m 

was ke pt constant at 798 mbs. 

These initial and background dat a ha ve been u sed in 

a number of experiments to study di f feren t aspects 

of the model. 

First experiment 
Prescribed surface temperat ures 

In this simulation surface te mperature was pre­

scribed. The 1. 2 m screen temperat ure was u sed to 

calculate a surface temperat ure by means of Mo n in­

Obukhov's similarity theory. 
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The Wangara data also contain information about wind 

speed at 0.5 , 1, 2 , 4 , 8 and 16 meters height and tem­

perature differences between 2 and 1 meters and 4 and 

2 meters. This makes it possible to evaluate u and - ~ 

the Monin-Obukhov length L from which surface tempe-

rature, T0 , can be determined by using the Businger 

et al (1971) flux-profile relations for the universal 

functions ~m and ~h. This also gives the possibility 

of comparing computed stresses and heat fluxes at the 

surface with "observed" ones. Fig 12 shows the com­

puted surface temperature used in the first experiment 

in which radiation and large scale vertical velocity 

were neglected. 

In this experiment the impact of different formula­

tions of the mixing length during the night was stu­

died. The basic results are shown in figs 13, 14 and 

15, showing the simulated time-height variation of 

the u-component of the wind, potential temperature 

profiles during the day and two nocturnal profiles 

at night. Observed values of temperature are also 

shown. The nocturnal profiles are only shown up to 

250 m above which the model is incapable of predicting 

any changes because of the neglection of radiation and 

vertical velocity. 

Day-time temperature prediction 

During the day potential temperature is well pre­

dicted. Fig 13 shows a well mixed ABL that is grow­

ing in depth during the day. Verification temperature 

profiles in fig 20b show that the growth of the ABL 

is well predicted. The potential temperature profiles 

slope slightly to the right, i e slightly stable con­

ditions persist above the unstable lowest 100-200 m. 

This isa result of the counter-gradient term. 

Another feature of the potential temperature profiles 

is the "overshoot" of the profiles in relation to the 

initial one. 
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It shows that turbulent mi x ing occurs in the stable 

layer capping the well mixed l aye r. T~e ability to 

simulate this well doc umented featur e of the unstabl e 

ABL is becau se of t he incl usi on of the vertical dif­

fus ion term in the turbule n t energy equation, eq (41). 

It is interesting to note, however, that excluding this 

term (as is done i n usual K-formulat ions) also affects 

the total heating and the surface heat flux. Neglect­

ing the counter-gradient term only affects the heat 

flux in the morning when the ABL is shallow. This is 

illustrated in f igs 15 and 16, which show 0-profile s 

d f h t fl . th t 3 ( K e1b) =_ O an sur ace ea ux in e wo cases az" m e1z 

and Ycg = O. In the former case the height of the ABL 

is not only much lower but the mean temperature in 

the ABL is about 1°c less than the " normal run" in 

the afternoon. y cg 
the 0-prof i les. I n 

- 0 only makes minor changes to 

the case ~ (K ~b) = 0 surface 
oz m aZ 

heat flux is considerably reduced as shown in fig 18 

while only a minor reduction is present in the morning 

when y = 0 (during the time when it is usually cg 
large st) . 

Nocturnal temperature profiles 

Predicted and observed nocturna l temperature profiles 

at midnight and 0600 in the morning of Day 34 are 

shown in fig 14. Two cases are shown, one using the 

bas ic mix ing length formulation in eq (57) and the 

other using Delage's formu lation, eq (53). This figure 

illustrates very clearly the inability of Delage's 

mixing length formulation to correctly simulate the 

growth of the thickness of the nocturnal ABL. The ab­

sence of radiation, however, also restricts the growth 

of the ABL in cas e one. The difference between the 

two formulations, however, is considerable. In Delage's 

formulation the ABL only grows up to about 50 m while in 

the present formulation the top of the inversion isat 

about 1 25 m. After 21 hours of integration the dif­

ference betwee n t he simulation and observations is less 
0 . 

than 1/ 2 Cup to 1 00 m, above which the neglection of 

radiation becomes critical. 
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7 . 2 .3 Win d simulation 

The wind s imu l at i o n will b e i ll ustrate d with the u­

component of the wi n d sh own in a time-height cross 

section in fig 17. The observed var i ation is shown 

in the lower part of t he fi gure . The two dominating 

features of the diurnal cycl e are well predicted. 

During day time well mixed ABL, weak winds persist 

most of the time with a speed varying between 1-2 

m/s. After sunset the wind speed starts to increase 

at practically all levels and at 0530 in the morning 

of day 34 a wind maximum of 11 .1 m/s at a height of 

350 m develop s in t he mod e l simu l ation. 

The maximum is, however, qui t e broad in the vertical. 

Observations indicate a simi lar development of a noc­

turnal jet. The observed maximum, amounting to 12 .8 

m/s occurs, however, at 0 300 at a height of 200 m. 

The nocturna l je t 

The formation of wind maxima of this kind was discus­

sed by Blackadar (1957) who gave a simple explanation 

of the phenomenon. More recently Thorpe & Guymer (1977) 

have studied the same phenomenon by means of a simple 

2- layer model applied to the Wangara data as well as 

data from southern England. 

The main mechanism in creating this nocturnal wind maxi­

mum, which usually exhibits a wind which is strongly 

supergeostrophic with a factor of 1 .5, is an inertial 

oscillation. In stationary large scale conditions the 

strong turbulent mixing during the day creates cross­

isobaric flow extending up to the top of the ABL. At 

sunset the whole boundary layer collapses and turbu­

lence rapidly dies out at levels above the lowest 50-

100 m. The bulk of the previously mixed layer sudden-

ly becomes the "free", non-turbulent, atmosphere . The 

wind is, however, unbalanced and an adjustment starts 

as an inertial oscillation. The period of the oscil­

lation,~= 2IT/f, is about 21 hours at the latitude 

of Hay and about 1 2.5 hours in the middle parts of 

Sweden. The maximum occurs after about 9 hours after 

the surface energy balance has resulted in a stable 

layer close to the g~ound. 
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In the case o f Day 33 of t he Wangara data t he unst a b le 

ABL collaps e s at about 17 00 LT. The maximum wo ul d then 

occur aroun d 0 200 which i s close to the observed time. 

In the model, however, the maximum occurs around 0530, 

which is about 2 1/2 hours too late. The time of the 

maximum i s probably also influenced by baroclinicity 

and variations of the geostrophic wind which is not 

constant during this period. Furthermore the present 

model uses observed winds at 200 0 mas boundary values 

instead of geostrophic wind. As shown in fig 11 the 

observed winds are fa r from being geostrophic and the 

u-componen t hasa mark ed maximum around 0600 LT. 

Other mo dels have also b een used in simulating the 

Wangara data. Yu (19 76 ), also using the turbulent 

energy e q uat ion but a usual Ekman formulation of the 

equations of motions , got his wind maximum occurring 

a little before midnight instead (see section 7.4.2 

for further discussion). Yamada & Mellor (1975) pre­

dicted its occurrence at about 0130, only 1 1/2 hour 

before the main maximum. Their model also takes inta 

account baroclinicity, i e the vertical variation 

of the geostrophic wind, and vertical advections. 

There is still another interesting feature of the 

wind variation. After the maximum wind has been 

reached, wind speed decreases much more rapidly at 

upper levels than at lower levels in contrast to the 

increase in wind speed which seems to take place at 

the same rate at all levels up to the mixed layer 

height during the afternoon. This produces a bell 

shaped tapering off of the maximum with strong wind 

shears both above and below the wind maximum. The 

final break down o f the nocturnal jet comes when con­

vect i on reaches the height of the jet. 
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Because the simulated maximum occurs so late this phe­

nomenon has no time to dev e lop . 

Second experiment: Full mode l simulation 

In this series of experiments the full model has been 

used , i e including radiation computations and vertical 

velocity. In the f irst part the model has been run in 

its basic Gutman-formulation while i n the second part 

the momentum equations have been modified to conform 

toa model using the ordinary unsteady, horizontally 

homogeneous Ekman boundary layer equations (Ekman ver­

sion) as used by for example Yamada & Mellor (1975), 

Yu (1976) and Delage (1974). This is done to allow a 

direct comparison be tween the Gutman version and the 

Ekman version and results by other authors. 

Initialization, radiation and ver t ical velocity 

In the full model simulation by the Gutman version 

the same background values for u, v, Tand q as in 

the prescribed surface temperature experiment have 

been used. The previously computed surface tempera­

ture at 0900 LT has been used as initial surface tem­

perature. Turbulent energy is calculated diagnostical ­

ly from the steady state turbulent energy equation 

neglecting the diffus i on term. 

The radiation computations require a down-ward flux 

at the upper most level and which is set to 90 w/m 2 

corresponding to the energy radiated from a black 

surface of temperature 200 K. In order to conform 

to the upper boundary condition cooling rates are 

only ca lculated up to 1 300 m above which they are 

l inearly decreasing to zero. 

The vertical velocities are not the original ones . 

Instead t he vertical velocity in the upper kilometer 

(1-2 km) has been smoothed intime and space andre­

ferred t o the ~op of the model at 2000 m. 
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Th e vert ical ve locity is assumed to vary linear l y from 

its 2000 m value to zero at the gr ound and int e rpo ­

lated b e tw e en hourl y v a l ues f or e a ch t ime step . 

The foll owing tab le sh ow s t he vert ical velocity u s e d 

at 20 00 m. 

Tab le 1 
Vertical vel o ci t ies at 2000 m ( i n cm/s) 

09 10 11 12 13 14 15 16 17 18 19 20 21 
-1 . 0 -3.4 - 1 . 0 +1. 0 +1.5 - 3 .o -3.5 -3.7 -2.7 -1 . 8 -3. 0 ±0 -0.3 

23 24 01 02 03 04 05 06 07 08 09 
0 +2 . 0 0 0 - 0 . 8 -1. 5 0 0 0 +3.0 +2.0 

It is worth r e membering that t he estimated error in 

the measured vertical velocit i tes is of the order ±2 

cm/s! 

Wind simulat ion 

The evolut i on of the u- and v-components in the full 

model simulation was f oun d to be very similar to the 

prescribed surface t emperature simu lation. The noc­

turnal maximum is oc c urring just before 0600 LT with 

22 
0 

a value close t o 11 m/s. Here is instead shown the time­

hei ght v a r iat i o n o f wi nd speed, which isa composite 

of the var i ation o f t he u- and v-component (see fig 

18). Sin c e win d s peed in this case is dominated by 

variat i o n o f th e u- component also in this case the 

maximum i s occurr i ng at 0600 LT, while the wind speed 

maximum i s observed at 0 245 . 

Temperature predict i on 

The tempera ture prediction is naturally changed by 

the inclusion of radiative temperature changes and 

vertical advection as compared to the previous para­

graph. Fi g 1 9 (a,b) shows the observed and predicted 

time-height cro ss sections of temperature. 
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Temperature is dominated by the strong heating during 

the day in the growing, unstable ABL and the radia­

tional cooling and turbulent heat flux close to the 

ground during the night. These feat ures are well simu­

lated by the model. The vertical velocity creates 

warming and cooling i n the upper 1 km of the model . 

Consequently the inversion ri s e s and sinks. In lower 

layers turbulence is the dominating term in the thermo­

dynamic equation while during the night radiational 

cooling is strong enough to offset the warming of sub­

sidence. This is also primarily because the lapse rate 

was left close to the dry adiabatic one making the 

vertical advection term w(~! + rd) very small below 

the inversion . The warming between 18 and 21 at 1500 m 

seems to be exaggerated in the model simulation . 

The growth of the nocturnal inversion is well depicted. 

The mixed layer depth during night is impossible to 

assess from the observations. The surface inversion 

height as a measure of boundary layer height is on the 

other hand possible to use for comparison. Both obser­

vations and prediction show a growth of the inversion 

height ending up at about 300 m. The observations also 

show a sudden lifting of the top of the inversion 

between 0300 and 0600 which is difficult to explain 

by radiational cooling and turbulent heat exchange . 

A more probable explanation is the presence of hori­

zontal advection which also explains the general warm­

ing occurring through a deeper layer between 22 and 04. 

Figs 20 and 21 further illustrate the behaviour of 

the daytime and nocturnal thermal boundary layer . 

Fig 20 shows predicted and observed potential tempe­

rature profiles at times 12, 15 and 18, where poten­

tial temperature is defined as 

P = 100 0 mb 
0 



68. SMHI, RMK 13 ( 1979) 

The evolution o f the c onve ct i ve bo undary laye r i s 

very well de p icte d by the mo d e l . Th e pre d ict ed mixed 

layer temperatures are a l l within 1/ 2°C from the o b ­

served ones. The temperature profile s are slightly 

tilted towards the right because of th e co unt e r-

gradient heat flux term while this slight increase 

of temperature with height is only present in the 

observed profiles at 12 o ' clock. 

The growth of the mixed layer is the result of heat­

ing and erosion of the invers ion by turbulent, thermal 

plumes and the large scale vertical velocity in the 

inversion region. The mixed layer depth is also very 

well predicted even if the height of the capping in­

version at 15 o'clock is about 150 m too high. 

Figs 21a and b show predicted and observed nocturnal 

temperature profiles at times 18, 00, 06 and 0 9 plot­

ted in log-linear height scale (grid-point plotting) 

to resolve the variation in the lowe st 200-300 m. 

Fig 21a shows that quite rapid cooling takes place be­

low 50 m. During the rest of the night turbulent mix­

ing is increasing and the top of the surface inversion is 

rising. At 060 0 it has r eached 250 m. At 9 o'clock a 

convective ABL has already formed extending up to about 

80 m. 

Looking at the observations they verify very well for 

the 18 and 00 profiles. At 06 o'clock substantial cool­

ing has taken place above 100 m and the top of the in­

version is actually at about 500 m. This cooling seems 

impossible to explain by radiational and turbulent 

cooling solely. Between 1 m and 100 m the prediction 

is quite good. Observations also show a very sharply 

peaked inversion at 1100 m, which, if it is the result 

of subsidence, indicates very strong sinking motion. 
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7 . 3. 4 

This sinking motion is not present in the vertical 

velocit ies use d in the simulation. 

69. 

The observed profile at 9 o'clock, day 34, is look­

ing somewhat strange with constant temperature between 

1.2 and 50 m while the prediction shows an unstable 

layer up to about 100 m. This discrepency between ob­

servation and prediction is di fficult to explain . 

. The 1 .2 m temperatures, however, only differ by 1/2 

a degree. 

Turbulence properties 

The primary goal with the present model is not to pre­

dict the detailed turbulent structure of the ABL but 

is focused on the prediction of the averaged meteoro ­

logical variables like wind, temperature and moisture. 

The turbulent energy equation is used to supply con ­

sistent eddy diffusivities for the momentum equations, 

the thermodynamic equation and the moisture conserva­

tion equation . It is, however, of some interest to 

study the turbulent energy and the balance of the tur­

bulent energy budget, i e distribution through the ABL 

of the different terms in the turbulent energy equa­

tion. It is also possible in this way to detect and 

correct inconsistencies in the parameterization . 

The results concerning the turbulent properties are 

shown in figs 22 th_rough 24. F igs 22 show time-height 

cross sections of turbulent energy, as defined by eq 

(36),and the mixing length used by the model . 

In fig 22a the growth of the convective ABL is well 

reflected by the increase of turbulent energy up to 

a maximum at about 1 o'clock pm occurring at a height 

about 200 m. Isopleth values are scaled with a fac ­

tor of 100 , maximum value being 3.1 J/kg . The correct­

ness of the predicted values is difficult to assess . 

Comparison with Yamada & M~llor (1975) shows a larger 

maximum value than they obtained for day 33~ 
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This might, however, depend on t he fa c t t h a t t he pre ­

sent model simulation predicts weaker winds during the 

day than the Yamada & Mel l or (Y &M ) simulation making 

the model closer to free convection c ond it i on with en­

hanced turbulent energy. The height at the maximum is 

about the same. Deardorff (1974b) presents results for 

the vertical velocity variance (the variance of the 

horizonta l components of the wind is more constant 

with height) which show a maximum at a height of around 

3/ 1 0 of the ABL-height, which corresponds to 300 m with 

a boundary layer depth of 10 00 m. This is also in 

agreement with Kaima l e t al (1976) and Wyngaard et a l 

(1974). 

The graph also shows the rapid collapse of the unst ab le 

ABL occurring after the heat flux at the surface has 

turned negative. The night time values are more than 

one order of magnitude less than the convective ones. 

Fig 22b shows the mixing length calculated according 

the formulas (57) and (5 8 ) . During the day large va­

lues are obtained in t he middle of the mixed layer in 

accordance with Deardorff (1974a). The maximum is 

about 600 mat 6 00 m height. During the night the li­

miting value is about 50 m. The large mixing length 

and turbulent energy values during the day lead to 

max imum eddy diffusivities of the order of 

400 m2 /s. This does not seem unreasonable in condi­

tions wi th strong heating and weak winds. 

Fig 23 shows the turbulent energy budget by means of 

a direct evaluation o f the terms in the turbulent 

energy equation, i e the vertical distribution of the 

shear generation, bouyancy generation, diffusion and 

dissipation terms. a ) shows the balance at 12 o'clock 

while b) shows nocturnal conditions at 3 o'clock in 

the morning of day 34. Values in m2 /s 3 are multiplied 

by a fact or of 1000 for convenience. 
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At 1 2 o'clock on day 33 the height of the mixed layer 

is 950 m. Th e bo uyanc y ge neration t erm , propo r tional to 

the kin e matic he at flux, is t he domina ting one in the 

bulk o f the ABL. It s prof i l e shape i ndicates a 50-1 00 m 

t hick c onstan t flux layer . Abo ve t h i s height t he bouyan­

cy term is decrea s ing almost linearly t oa min i mum va­

lue at 95 0. Th i s means that turbulence is generated 

through the bulk of the ABL. It is only at the top tur­

bulence is destroyed, or consumed by bouyancy . The phy­

sical reason for the latter is the existence of turbu­

lence in the stable layer right above the mixed layer 

(see sect 3 . 3) . This turbulence is the result of a re ­

distribution of turbulent energy due to the action of 

vertica l velocity, turbulent energy and pressure cor­

relation s, r epresented by the diffusion term in the 

turbulent energy equation . 

This term is negative in the middle parts of the ABL 

and posit ive in the upper 1/3 of the PBL and at the 

very bottom. This shows that turbulence is exported 

from the middle parts of the ABL and imported in the 

upper parts. 

Energy dissipation has its maximum at the surface and 

decline s rapidly toa more or less constant value 

through the bulk of the ABL . Shear production of turbu­

lence i s sign i ficant only in the lowest 5 m of the con ­

vecti ve ABL . 

The turbulent energy budget predicted by this simpli ­

fied t urbulence model is well supported by observations 

and other , 3-dimensional , simulations . 

The constancy of the dissipation term and the linear 

decrease of bouyancy (heat flux) is documented in e g 

Kaimal et al (1976) . In this paper observations show 

dissipation rates about half the surface value of the 

bouyancy term . In the present simulation the dissipa­

ti on rate is somewhat less, but coinciding with di ss i ­

pation rates predicted by Deardorff (1974b). 
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On the other hand Yamada & Mel l o r ( 1 9 75 ) ge t a linear­

ly de c rea s ing dissipation ra te wi th height which is 

not support e d by obs e rvation s a nd va l ue s s eem too high. 

In their cas e dissipation is a lmos t c omp le t el y b a l an­

ced by bouyancy d ue t o d iffusion being very close t o 

zero . 

The profi le o f dif fu sion c an be c ompared wi th Dear­

dorff ' s (1974b) results showing that t he predicted 

shape and magnitude is very similar to his results 

with negative value s in the middle parts and positive 

in other parts of the ABL. The predi c ted energy balan­

ce i s als o cons istent wit h Lenschow's (1970) aircraft 

measurement s . 

The rat io of t he maximum downward heat flux at 

the top of the PBL to its surface value is about 20 % 

but varies during day between 10% to 50%. This shows 

that the model i s capable of predicting this overshoot 

behaviour of potential temperature found by many 

authors . The Yamada & Mellor (1975) model on the other 

hand predicts much t oo small values for this ratio (of 

the order of 1-5 %). 

Yu (197 6 ) a l so used the turbulent energy equation in 

an one-d i mension a l model simulation of day 33 and 34 

of the Wa ngara da t a but failed to predict these charac­

teristics of the turbulent energy budget discussed 

here . 

Fig 23b shows the corresponding terms in the turbulent 

energy equation at 3 o'clock in morning of day 34. Si­

milar observations as in the unstable case are not 

available for the nocturnal PBL. From a physical point 

of view, however, the predicted energy balance does 

not look unreasonable. The two dominating terms are 

shear production and bouyancy destruction of turbu­

lent energy whil e dissipation is significant only 

close to the surface where it balances the shear pro­

duction. 



SMHI , RMK 13 (1 979 ) 

7 . 4 

7 3 . 

Th e di f f u sion term indicates a n export of tur bu len t 

energy f r om the s urface laye r to higher leve ls. The 

heat flux pr o f ile also shows a constan t f l ux l a yer 

extend ing up to abo u t 50 m, wh i c h s eems t o b e extreme­

ly shallo w i n Yama da & Mellor' s (1 9 75 ) s i mu l ation . 

The results show that the simplified version of the 

turbulent energy equation, with a proper choice of a 

mix ing length , can simulate the basic properties of 

the o verall turbulen t energy budget in the unstable 

ABL and does not look unreasonable i n the stable ABL . 

Fig 24 will end our d iscussion of the turbulent pro­

perties of the model . The picture shows a time - height 

cross section of kinematic heat f l ux . Upward heat f lux 

is extending higher and higher up f rom 9 through 14 

o ' clock after which the zero line actually goes down~. 

This behaviour is not exactly what has been predicted 

by other authors but might be the result of the inter­

action between subsidence and the counter-gradient 

heat flux term, which is decreasing with time due to 

the increase in boundary layer height and decrease 

in surface heat flux . This also means that downward 

heat flux exists in a deeper layer in the afternoon , 

after the maximum surface heat f l ux has occurred than 

before heat flux maximum . 

During the night the heat flux is small but increases 

with time as the depth of the ABL grows and turbu­

lence intensity increases due to enhanced shear pro­

duction following the formation of the nocturnal jet . 

Ekman- version simulations and comparison with the 
Gutman - version 

The boundary layer model , using the Gutrnan - approach, 

presupposes background va l ues predicted by another, 

primitive equations , mode l . 

~ ) This does not happen in the Ekman-version dis­
cussed below . 
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Problems arise when observed values for wind, tempe­

rature and mois t ure have to be used. Comparis ons with 

other studies and observations show that the wi nd maxi­

mum is predicted to occur about 2 1/ 2 hours too late 

while the temperature prediction is ve ry good. It is 

therefore of considerable interest to compare the pre­

sent Gutman simulation with a more conventional formu­

lation of the momentum equations. It is also desirable 

to be able to compare with other simulations, i e in 

particular with Yamada & Mellor's very extensive simu­

lation of the Wangara data. 

For this end the model has been modified so to conform 

with the ordinary, horizontally homogeneous, unsteady 

momentum equations used by most one-dimensional ABL­

models - hereafter called the Ekman version. The ther­

modynamic, moisture and turbulent energy equations have 

been left unchanged. 

The Ekman version has been run with three different 

specifications of the geostrophic wind 

1. Constant geostrophic wind from the surface to 2000 m 

equal to the average geostrophic wind. Varying in 

time. 

2. Constant shear through the PBL making the surface 

geostrophic wind and the geostrophic wind at 2000 m 

coincide with observations. 

3. Exactly the same geostrophic wind as used by Yamada 

& Mellor (1975). 

In this paragraph we will focus on experiments 1 and 

3. The former to allow a direct comparison between 

the Gutman and the Ekman version (no one including a 

shear in the background or geostrophic wind) and the 

latter to allow a direct comparison with Yamada & Mel­

lor (1975). 
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7.4.1 Modifications for the Ekman version 

7. 4. 2 

The same programme code has been possible to use with 

the minor addition of the terms fv and -fu in eqs 
g g 

(30) and (31) and changing the meaning of u' and v' 

to denote the total, ordinary wind. The initial wind 

profiles have been modified at the top to conform to 

the boundary conditions used in this case. 

z = 0: U = V = 0 

z = 2000 m: u = 

V = V g 

The variation of the mean geostrophic wind and the 

surface geostrophic wind intime is shown in fig 11 

while the geostrophic wind used in the Yamada & Mellor 

comparison is shown in Yamada & Mellor (1975), fig 5. 

The rest of the model is exactly the same as in the 

Gutman case. 

Wind simulation, no shear case 

In this case the average geostrophic wind in the layer 

0-2000 m has been used to allow direct comparisons 

with the Gutman simulation. 

Figs 25-28 show the results of this comparison. Fig 25 

shows the predicted time-height variation of windspeed. 

The most striking change as compared to the Gutman ver­

sion is the displacement of the wind maximum from 

around 6 o'clock in morning to about 20 minutes to 2. 

This is actually an improvement. This time is only 

about one hour off the observed time for the wind 

speed maximum . 

Another feature is that wind speed is somewhat higher 

during the day and the inertial oscillation seems to 

start somewhat earlier in this case than in the Gut­

man case. 
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The absence of geostrophic shear makes the isotachs 

vertical during the inertial oscillation pha se , i e 

it istaking place at the same ra te at all levels i n 

the previously mixed layer. 

In fig 26 are plotted u- and v- components of wind at 

250 m and 45 0 m from observations (ful l lines) and 

predictions, where dash - dotted lines shows Gutman­

version, dashed lines Ekman -version wi thout shear and 

dotted lines Ekman-version wi th constant shear. The 

picture shows that the u-component of the wind is 

very well predicted by the Ekman-version up to about 

1 o'clock am, after which the observed wind suddenly 

increases toa second maximum around 3 o'clock. The 

v-component is overpredicted by about 2 m/s during 

the day while during the night it follows very well 

the observed evolution. 

The Gutman-version on the other hand starts off like 

the Ekman-version but around 13 o'clock departs from 

the observed evolution. The whole inertial oscilla­

tion phase seems to be shifted intime with the maxi­

mum u-wind occurring at 6 o'clock in the morning. The 

v-component stays negative up to 15 o'clock while ob­

served values and the Ekman-versions show positive 

v-components. Also here there isa phase shift. The 

background v-component (fi g 11) is negative all day. 

The reason for this behaviour could be errors in the 

observed 2000 m wind, but a more likely explanation 

could be the use of observed background values incon­

sistent with the definition of background quantities 

as given by eqs (18)-(23), i e predicted by a LFM . 

Comparing with observations the Ekman-versions defi­

nitely perform better than the Gutman version. 

The observed variation of the wind after midnight is 

very interesting. Up to midnight the predicted and 

observed values have followed each other extremely 

closely anda first maximum is occurring exactly at 

the same time. 
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Af ter mi d n ight there isa sudden increase in u - bu t 

a decrea s e in the v- c omponent . This me an s a chang e 

in wind direction more tha n an inc r e as e in u. This 

sudden change looks s trange and is dif f icu l t t o ex­

plain in terms of a n i n e rt i a l oscillation. Hori zontal 

advection i sa more probable explanation . The same 

general evolution i s maintained also at 450 m where 

the sudden max i mum look s even more off the regular 

change d ue to the i nertial oscillation . The fact that 

the present model predicts a maximum at midnight in­

stead of at 3 o'clock should then not necessarily be 

taken as a deficiency of model . 

In their simulation Yamada & Mellor get the maximum 

of the u-component at about 0130 LT which is closer 

to the observed max i mum but further away from the 

first midnight maximum . When comparing their results 

with the present results there is one important dif ­

ference that should be pointed out . The starting time 

for the inertial oscillation, which is important for 

the time of the jet maximum, can be taken as the time 

when the well mixed unstable boundary layer collapses, 

i e when the surface energy balance changes so that 

the surface heat flux changes from positive (upward) 

to negative (downward) . If this time is changed the 

time for the maximum is qlso changed. This time occurs 

in the present model slightly before 1700 hours but 

in Yamada & Mellor ' s simulation about an hour later . 

The reason for this is that in the present model the 

surface temperature is calculated explicitly from eq 

(65) while Yamada & Mellor are using prescribed (ob ­

served) temperatures at 1 . 2 m and the temperature dif ­

ference between 1 - 2 m to calculate a lower boundary 

condition . This temperature difference is positive 

at 1700 hours indicating unstable conditions (when 

the heat flux at the ground already may have turned 

negative) and negativ e at 1800 hours . The effect of 

this can be seen in their fig 17 where the collapse 

and change of surface heat flux takes place close 

to 1800 hours . 
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This might be an explanation of why th e ir wind maximum 

is occurring about an hour l a te r than in the present 

model. Adding a n hour to the presen t time of the max i ­

mum u-componen t makes the di fferen ce only half an hour 

between the two cases. 

Temperature simulation, no shear case 

The simulated temperature during the d ay by the Ekman 

version of the model is almost exactly coinciding 

with temperature predicted by the Gutman-version. This 

can be seen in fig 12 where, in addition to the derived 

surface temperature from observations, is also shown 

the predicted surface temperature by the two versions. 

It is only after 1800 hours they start to diverge, the 

Ekman-version being about 1° warmer than the Gutman 

case. However, they are both ending up at the same 

surface temperature right before sunrise which is 

coinciding with the one derived from observed tempera­

tures at 1 .2 m. Th e reduced cooling rate during the 

first 7-8 hours after 18 o'clock can be explained by 

the increase in mixing and downward heat flux result­

ing from the stronger winds and earlier occurrence of 

the wind maximum in the Ekman case. After the wind 

maximum between 1-2 in the morning cooling rate in­

creases again while the Gutman case shows strong cool­

ing in the beginning of the night but almost constant 

surface temperature after midnight. Both, however, 

come close . to "observations" with a maximum deviation 
0 of 2 . 

Fig 27, showing predicted temperature profiles during 

the night, also illustrates this different behaviour 

during the night. They are fairly similar at 18 o'clock 

even if the inversion top is somewhat higher in the 

Ekman case. The midnight profile is considerably warm­

er than the Gutman case and the top of the inversion 

isat 250 m instead of 14 0 m for the Gutman case. The 

resulting profiles at 6 and 9 o'clock on the other 

hand are quite similar. 
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7. 4 . 4 Bounda r y l ayer h e ight and friction velocity 

Finally a comparison is ma de betwe e n the predict e d 

an d obse r ved bo un dary l a yer h eight in fig 28. Th e 

boundary layer height during t h e da y is p icked out 

from the well mixed potential t empera t ure profiles 

while during the night the to p of the surface inver ­

sion is used as a measure of ABL height. Friction velo­

city, u , is c ompute d from ob s ervations using the same 
}{ 

procedure as for the previously presented surface tem-

peratures . These are then not truly observed values 

but deduced values . 

Fig 28a show s predicted and observed boundary layer 

height . As mentioned before both predictions over ­

shoot the observed height at 1500 hours with about 

150 m but ending up at 1800 hours at about the ob­

served height. The evolution of the nocturnal ABL is 

somewhat different in the two cases. The Ekman-version 

predicts a more rapid initial growth of the inversion 

depth in accordance with the further increase in wind 

speed , faster even than the observations, while the 

Gutman case is quite good during mast of the night 

e xcept for the extraordinary cooling event around 

6 o ' clock in the morning when the predicted boundary 

layer height is too low in both cases. However , gene ­

rally speaking both versions do a very good job in 

predicting the nocturnal ABL, which usually has been 

a problem in other models. For example both Delage 

(1974) and Yamada & Mellor (1975) underpredict the 

depth of the nocturnal boundary layer . 

Fig 28b shows "observ ed" and predicted u as a func ­
}{ 

tion of time . u increases during day which is well 
}{ 

predicted by the Ekman-version but missed entirely 

by the Gutman- version of the model . On the other hand 

the low values during the night are somewhat better 

predicted by the Gutman-version than the Ekman - version 

e ven if the increase in u }{ in late night comes toa 

· early as c ompared to "observations" . 
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The Ekman-version behaviour i s very s imilar t o t he 

simulation by Yamada & Mellor (1975) . 

Relative merits of the two versions of the mo de l 

There is no doubt that looking at the wind predictions 

of the Wangara data, days 33 and 34, t he Ekman-version 

of the mDdel is superior to the Gutman one. The prob­

lems might arise because of the use of inconsistent 

background winds in the Gutman-version. The Gutman 

approach does not say anything explicitly about the 

scales of barred (eg u) and primed (e g u') quantities . 

However, the definition of u, v, Tand q by eqs (18)­

(23), i e a LFM, i mplies certain length and time scales 

as exemplified in the scale analysis in chapter 2.5. 

In a LFM, with a grid distance of 6x, u', v', T' and 

q' refer to ABL properties on C. scale smaller than 

6x while 
- - T and q refer scales larger than u, v, to 

6x. The observed values at 2000 m represent both large 

and small scale properties of the flow. Observed va-

lues are then inconsistent with the assumptions of the 

Gutman version. This aspec t has to be tested when run­

ning the model coupled toa LFM supplying the back­

ground data, the situation for which the Gutman-version 

actually was derived. Temperature an d moisture pre­

di c tions ( not s hown in this r eport ) show very little 

differenc e, probably be c ause 2000 m val ue s were prac­

tical l y constant, and from the observations during 

the night it is difficult to assess the re l ative me­

rits. 

The Ekman-version seems, however, to be preferable 

when simulating past data and certainly more consis­

tent than the Gutman-version. 

Simulation with Yamada & Me l lor ' s geostrophi c wind 

We will end this chapter by showing some results from 

the Ekman-version using Yamada & Mellor's (1975) de­

rived geostrophic winds using the reported shears in 

the two layers 0-1000 m and 1 000-2000 m and the sur­

face geostrophic wind. 
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Quadratic polynomials are use d to i nterpolate verti ­

cally. Shears a nd s urface geostrophi c wind a r e i n ter­

po lated linearly i n time. The di f f e rences b e twe e n t he 

present mo de l a nd Yamad a & Mellor ' s lie in the turbu­

lence paramet e r i zat i on , l owe r boundary c ondition fo r 

surface temperature (pre dicte d versus prescribed) , 

vertical veloc i ties and the ve rt i cal res o lution , 

Yamada & Mellor using 80 gridpoints contrasted to 

35 in the present model between the ground and 200 0 m. 

Fig 2 9 shows the predicted u- and v-components of the 

wind and fig 30 potential temperature by the present 

model . These graphs should be compared with Yamada 

& Mellor (1 97 5), figs 7, 8 and 9, where also the ve­

rific at i on c an be found . These figures can also be 

found in Bodin (1 9 78) . 

Fig 29a shows the predicted u-component of wind. The 

day-time part of t he prediction is not very different 

from the vertically constant geostrophic wind case . 

However , the nocturna l part is different. The maximum 

wind is taking place at 0020 and the u-maximum is 

11 . 9 m/s where Y&M got 11 . 7 m/s . Adding one hour (see 

section 7 . 4 . 2) to this time gives us 0120 , which is 

very close to the Y&M time o f maximum u, 0130 . 

The decay of the wind maximum, however, is predicted 

differently in the two cases . Observations show a 

very wel l marked "bell sha pe" of the u - maximum with 

a much slower decrease of u at the l eve l of its max imum 

than at h i gher levels (f i g 17b) . This leads toa zone of 

fairly strong vertical wind shear also above the wind 

max imum . This feature is very well predicted by the 

present model but toa less extent by Yamada & Mel­

lor ' s . 

The reason for this slower decay cou l d be, in reality 

and in the pre sent model, the interaction between the 

growing boundary layer and the jet max imum . 
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The slower decay at the level of the max i mum of t he 

u-component indicat es tha t the rate o f chan ge is slow ­

er t han that fr om the i ner tia l oscil l ation pre s ent 

above. This can come about if the boundary layer grows 

sufficiently high during the night s o to reach t h e 

level of maximum wind. In this c ase a turbulent stress 

term will again be introduced in the momentum equa­

tions thereby delaying the inertial oscillation. In 

the present model turbulent mixing reaches about 35 0 m 

in the early morn i ng. By 6 o'clock the top of the sur­

face inversion has only reached 150 min Yamada & Mel­

lor's simulation (see their fig 33). This does not al­

low any interaction between turbulent mixing and the 

inertial oscillation at the level of the wind maximum! 

Andre et al (197 8 ) also predict much too shallow a 

boundary layer during night resulting in a too low 

wind maximum and no "bell shaped" tapering off of the 

u-component. 

It is also interesting to note that in the observations 

there is virtually no shear in the observed u-compo­

nent above the wind maximum. This could indicate that 

the assumed geostrophic wind leading toa predicted 

shear above 300 min the morning of day 34 is wrong. 

Fig 29b shows the predicted v-component~ Comparison 

with Yamada & Mellor's result shows that they are very 

similar except for the phase shift of the maximum of 

one hour in the late morning of day 34. 

Finally fig 30 shows the predicted potential tempera­

ture. Comparison with Yamada & Mellor shows differen­

ces primarily during the night when the top of the in­

version grows up to about 300 by 6 o'clock in this mo­

del but stays at about 150 m inthe Y&M case. The pre-

sent model prediction is more in agreement with observa­

tions. 
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The comparison of the Ekman- version of the mo del with 

Yamada & Mellor's simulation does not speak in favour 

of the lat ter. On the contrary, some features during 

the night are better predicted by this, more simpli­

fied, model. Also t he turbulent energy balance seems 

to come out better in the present model and looks more 

like the results obtained by Andre et al (1978) in 

their third order turbulence closure model study of 

days 33 and 34 of the Wangara data. But also in this 

case the present simplified model performs better du­

ring the night. 

The crux seems to be the mixing length formulation 

which makes it possible to use a simplified turbu­

lence model during the day and still predict abasi­

cally correct turbulence energy balance. 

Simulation of Hyrylä data 

Most of the development work of the model has been 

done using the Wangara data, days 33 and 34, as test 

data. This data set is representing conditions on the 

southern hemisphere, in a semi-aride, flat area, at 

fairly low latitudes. Since the model is going to be 

applied at northerly latitudes in the northern hemi­

sphere in a terrain different from that in Australia it 

is of considerable interest to test the model in an 

atmospheric environment close to our own. One of the 

problems is, however, that no good data set,of the 

same quality and extent as the Wangara data,exists for 

northerly latitudes . One way of solving this problem 

is to arrange an observational program, for example 

in Sweden . In October 1977 a pilot study was performed 

~ the Östgöta Plain in the southern parts of Sweden. 

The boundary layer was observed for 48 continuous 

hours and the measurements included pibal ascents 

every third hour, surface layer measurements of mean 

temperature, wind and humidity, soil temperature and 

acoustic sounder monitoring of the ABL-height. In 

spring 1980 an extended experiment is planned. 
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Initial and background data 

Awaiting the results from the se e xperiments we have 

used some Finni sh data to test the mo d e l . This data 

set, which was collected i n 1972, is rather incomplete 

anda complete verification is not possible to make. 

The place Hyrylä is located about 25 km NNE of Helsinki. 

Surface measurements and balloon ascents took place on 

a fairly dry meadow with 20 cm high grass. There is 

open land out toa distance of 2 km where the forest 

starts. In the southwest there are some buildings 

about 500 m away and further soutwest there isa 

ridge about 60 m high. The wind direction during the 

days 5-6 June 1972 was predominantly southwesterly. 

Vertical soundings of temperature, humidity and wind 

speed and direction were avai lable at 0800, 1400 hours 

local time on 5 June 1972 and 0800 on 6 June 1972 ex­

tending up to 2500 m. Data from 0800, 5 June 1972, 

were used as initial data and were interpolated to 

the model grid after some slight smoothing. 

The background values for u, v, Tand q were taken 

from the 2500 m values and supplemented with data 

from the regular soundings at Jokioinen located about 

100 km northwest of Hyrylä. Vertical velocities at 

2500 m were derived from the downward displacement 

of a well defined subsidence inversion present both 

in the Hyrylä data and in Jokioinen's temperature re­

cords. Soil parameters and roughness length were chosen 

as being representative of the surface and soil condi­

tions reported by the Finnish Meteorological Institute. 

That gave z = 0.02 m, thermal diffusivity 0.5•10- 6 
0 

m2 /s, thermal conductivity 0.5 J/mKs. An albedo of 

0 . 23 was used. In this prediction 4 0 grid points were 

used between the ground and 2500 m with a time step 

of 4 minutes. 
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8.2 Results 

The 24 hour period from 8 o ' clo c k o n 5 June to 8 o'clock 

· on 6 June 197 2 was characterized by a fairly steady 

southwesterly flow over southern Finland and clear 

skies except for 1/8 of cumulus during the day and 

some scattered stratocumulus during the night. Above 

2500 m no clouds were present. The night is very short 

at this time of year and the inertial period is only 

about 12 hours at latitude 60.3°N. Figures 31-37 show 

the results of the 24 hour simulation. 

Fig 31 shows the predicted wind speed in a height-time 

cross section. During the day the model indicates 

rather well mixed conditions with a maximum at 1300 m. 

During the night the wind speed drops to about 5 m/s 

above the nocturnal ABL at the top of which a noctur­

nal "jet" develops at 250 m height at 0200 o'clock in 

the morning. 

Figs 34a and b show predicted and observed profiles of 

u and v at 1400 hours, 5 June, and 0800 hours, 6 June. 

The wind prediction in this case is not as good as in 

the Wangara case. At 1400 hours the model overpredicts 

the wind in both the u- and v-components, especially 

at lower layers. An explanation to this could be the 

topographic influence of the upwind hills and buildings. 

Nappo (1977) has shown that even low hills have a 

marked effect on the wind profile especially in un­

stable and neutral stratification, while the effect 

is less in stable conditions. Up to 600-700 m there 

isa reduction in wind speed in hilly terrain by a 

factor of 2. This explanation is further supported 

by the fact that the synoptic station upwind of the 

hills reports a 10 m wind almost exactly coinciding 

with the predicted wind at 10 m during the afternoon . 

Similar behaviour, but toa less e xtent, is also seen 

in the u-component at 0800 hours. However, the v-com­

ponent in the morning is better predicted than the 

u-component. 
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The wind prediction is d ifficult to evaluate also be­

cause of large error s in the pibal balloon meas ure­

ments of the wind. 

Fig 32 shows a time-height cross section of potential 

temperature. The picture shows very well the diurnal 

variation of temperature. During the day the heating 

extends to higher and higher levels because of the 

growth of the mixed layer. Surface temperature reaches 

a maximum of 24°C. Between 18 00 and 1900 hours the 

energy balance switches signat the surface anda stab­

le layer is established close to the ground. Cooling 

goes on during the night resulting in a 300 m deep sur­

face based inversion. The minimum temperature occurs 

around 0230, local time. A new unstable layer starts 

to grow around 5 o'clock in the morning. 

Verifying temperature profiles are available at 1400 

hours, 5 June and 0800, 6 June, i e at the end of the 

fore cast period. Fig 35 shows predicted and observed 

vertical profiles of temperature. At 2 0 1 clock the 

predicted values agree with observations within 1°c 

and after 24 hours of simulation within 2°c except at 

the bottom of the subsidence inversion. One can also 

see the downward movement of the subsidence inversion. 

The mixed layer, however, does not reach up to the 

subsidence inversion. 

Figs 33 and 36 show some other aspects of the model 

predictions . Fig 33 is time-height plot of turbulent 

energy. This picture illustrates very clearly the two 

distinctly different phases of thediurnal cycle. 

During the day the mixed layer grows up toa height 

of about 1500 m. 

Turbulent energy reaches a maximum at about 250 m be­

cause of bouyancy generation, which is in general 

agreement with mixed layer observations or simulations, 

even if the maximum isa little too low. 
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Between 5 an d 6 pm the uns table bo undary layer is re­

placed by a shallow stab le layer. Turbulence is now 

f orme d by shear ge n erat i on and the max i mum is found 

close t o the surface with an almost linear decrease up 

to the top of the nocturnal ABL. In tensities are 1-2 

orders of magnitude l ess than in the unstable ABL. 

Fig 36, the kinematic heat flux, is a l so in agreement 

with what would be expected. During the day heat flux 

decreases almost linearly up to the top of the mixed 

layer where it becomes slightly negative as in the 

Wangara data case. The magnitude of this downward heat 

flux is about 10-20 % of the surface heat flux in agree­

ment with what is usually assumed . The night time heat 

fluxes are small and directed downward. 

Some conclusions can be drawn from this experiment. 

The wind prediction errors could be explained by topo­

graphical influences . Another reason could be the use 

of the Gutman version in this simulation as evidenced 

by the Wangara data simulation. A factor speaking 

against this, however, is the fact that the day time 

simulations of the Wangara data do not differ signifi­

cantly between the Gutman and the Ekman versions . The 

errors in the Hyrylä simu lations are largest during the 

day. It seems that one should be careful when inter­

preting one-dimensional model predictions to particular 

places , where even low topography can have a great im­

pact on the local wind, especially in unstable condi­

tions . 

Temperature in this prediction did not show the same 

sensitivity to topographical influences. Karlsson 

& Aspling (1977) on the other hand noticed consider­

ab le deviations between observed and predicted values 

of temperature in an one-dirnensional rnodel study of 

data from Barkarby north of Stockholm. They attributed 

these errors to the local topographic conditions , which 

favoured cold air drainage during the night. 
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Conclusions and fut ure work 

Numerical mode ling for operational applicat ions means 

compromising between compu t er time limit~tions and 

dynamical, physical and numerical accuracy. In this 

way one is forced to find the best solutions - t o the 

lowest cost. It means that many ways open to the expe­

rimental modeler are closed to the applied numerical 

modeler. 

From many points of view "higher order" closure sche­

mes seem to be the mast logical approach to turbulence 

closure, even if t hey make use of a number of assump­

tions and constants, that have to be determined from 

observations . However, such closures lead to the order 

of 15 additional equations to be solved. This gives 

rise to unrealistic computer demands in mast applica­

tions. 

The use of simplier, but more economical, parameter i ­

zations necessarily leads to semi-empirical closure 

assumptions, that have to be tested in terms of gene­

rality , validity and applicability. This is certainly 

true in the development of the present model. Nume­

rical modeling in this sense is very much a patch 

work. The benefits, however, are substantial. 

The results of the present model, presented in this 

report, show that the diurnal cycle of the ABL can 

be well predicted in fairly calm, large scale, condi­

tions . The basic turbulence parameterization used in 

the present model has shown considerable advantage s 

and seems to be able to simulate the basic diffusive 

properties of atmospheric turbulence as well as more 

complicated closure schemes - toa much lower compu­

tational cost. 

The Gutman formulation did not show any superiority 

over the more conventional Ekman formulation of an un­

steady, horizontally homogeneous ABL. 
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This was partly expected because of the use o f observ­

ed data as background data and the small variations in 

geostrophic wind. 

These and other simulations of the Wangara data show 

that even over very flat terrain horizontal advections 

might be of importance. In general, however, the agree­

ment between observed and predicted evolution of the 

ABL is good. In hilly or rough terrain wind seems to be 

the variable mostly affected, sometimes showing large 

deviations from observations. The infl uence on tempera­

ture is rather small provided that the observation site 

is not affected by cold air drainage during the night. 

Modeling the unstable, convectivelj growing ABL, is 

nowadays nota difficult problem. Even very simple 

models can predict mean potentictl temperature and the 

mixed layer height with high accuracy. The day time 

evolution is also very well handled by the model. The 

advance has been in the prediction of the nocturnal 

ABL . Previous models have usually underpredicted the 

height of the nocturnal inversion. This was true in 

Delage (1974) but also in Yamada & Mellor (1975) and 

Andre et al (1978). The present formu l ation of the 

mixing length together with the turbulent energy equa­

tion seems to give quite satisfactory results. This 

further seems to be important in predicting the later 

stages of the nocturnal jet. 

The model is intended to be used operationally at same 

airports in Sweden. It means that it must be able to 

cope with changes in the large scale f l ow in which 

clouds in the troposphere affect the boundary layer. 

One of the objectives with the model is to predict fog 

conditions and stratus clouds. Provisions for conden­

sation and cloud formation have been made in the model 

but have not been tested. Same improvements of radia­

tion computations when fog droplets are present should 

be made following Brown & Roach (1976). 
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These aspe c ts of t he model wi l l be t e s te d a nd developed 

using data from f o g c as es of the Wangara dat a and mea­

surements made in Swe d e n i n Oc tober 1 977. 

The data available a s initial and background values 

in an operationa l context will not have the same qua­

lity as the Wangara data. It is planned to start daily 

predictions based on radiosoundings from Bromma Airport, 

local surface data for Arlanda Airport and background 

values from the balanced forecast model used at SMHI 

to test the predictive power of the model in the be­

ginning of June1979. In this context we will try to 

assess what sort of initial data is needed to produce 

meaningful forecasts by successively degrade data taken 

from the Wangara data. Procedures for making the inter­

polation to model gridpoints will also be investigated. 

This is only the first step towards the development 

of a three-dimensional boundary layer model, a work 

which has already started. At the present time also a 

two-dimensional model, based on the same closure as 

here, is available at SMHI. 
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APPENDIX I 

Derivation of TE-equation fo r saturated conditions 

We will start by assuming that in the turbulent ener­

gy equation only the vertical component will change 

as a resul t of a change in bouyancy, i e; ~ 

The second assumption will be that saturation static 

energy 

( I. 1 ) 

is conserved in turbulent mixing. This is equivalent 

to the assumption made in section 2.2. 

Following Monin & Yaglom (1971) we can derive the 

prognostic equation for w' 2 according to 

1 a c-,-2) 1 a c , ,2) 1 c , ap'') 2 af w + 2 E w w + w az-- = ps 

= gi30'w' E 
w 

( I. 2) 

where we have assumed that temperature, T, is de­

composed i nto 

T = Ts + T' ( I. 3) 

where T isa hydrostatic component following a 
s 

hydrostatic pressure and density distribution ps 

and p . 
s 

The non-hydrostatic part is further decomposed into 

averages and turbulent deviations from these, i e 

T' = T' + 0' 
0 

p' = p' + p'' 
0 

( I. 4) 
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We now assume a flux-gradient relation for - 0'w' 

dT I 
dT I 

-gS w'0' gSKH 
0 gS KH ( I. 5) = az = az 

Furthermore we have from ( I. 1 ) that 

dT 
L dq s _g_ s ( I. 6) dz = dz C C p p 

and from ( I. 3) that 

av aT dT s ( I. 7) az = az - dz 

which gives 

aT' K (aT _g_ L 
dq 

gS KH az = gS + + 
__ s) ( I. 8) 

H az C C dz 
p p 

Substituting this into (I.2) and adding this equa­

tion to the equations for u' 2 and v' 2 and using the 

other closure assumptions give eq (41) for horizon­

tally homogeneous flow. 
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APPENDIX II 

Details of numer i cal solu t ion 

Grid transformation 

From the grid transformation, eq (9 8), ~~ is com­

puted for every grid point in the basic grid valid 

for u, v, Tand q and in the shifted grid, valid for 

b. All second order derivatives, i e diffusion terms, 

are transformed according to 

~(K aa) = az az ( II. 1 ) 

while first order derivative simply transforms into 

( II. 2) 

Because of the choice of transformation in which 6~ = 1 

the finite difference approximation of (II.1) and (II.2) 

will have the form(~~ = Dli) 

where A. 
l 

c . 
l 

B. = 
l 

= A.a. 1 + B.a. + C.a. 1 l l- l l l l+ 

(A. + C.) 
l l 

( II. 3) 

(II.4) 

For each time step the coefficients A, Band C are 

computed once and used in all the following calcula­

tions. 
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2. Momentum equations 

The momentum equations are written as 

au' 
a-t"" 

1 Introducing the Crank-Nicolson weight 0, 2 ~ 0 ~ 1 

we write the finite difference approximation for 

(II. Sa) as 

t+1 t u. -u. 
l l 

llt 
t+1 t+1 t+1 = 0(A.u. + B.u. + C.u. 1 ) + 

l l l l l l+ 

t t t + (1-0)(A.u. 1 + B.u. + C.u. 1 ) + 
l l- l l l l+ 

a. 

-t -t -t t + (A.u. 1 + B.u. + C.u. 1 ) + fv. (II.6) 
l l- l l l l+ l 

where we have dropped the primes on u for convenience. 

Dividing by 0 and rearranging gives 

1 ( - - - ) -0 A.u. 1 + B.u. + C.u. 1 - l l- l l l l+ 

t fv. 
l - -- -

0 

t u. 
l 

tst0 = 0 i ( II. 7) 

which can be written as a linear system of equations 

Boundary conditions apply at i=2 and i=N-1. 

i=2: 
t+1 -t+1 

u1 = - u1 

i=N-1: t+1 
0 UN = 
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The v-equation is solve d after the u-equation and 

looks exactly as the u-equation except for the Corio­

lis term. 

fu~+ 1 
In (II.7) - fv~/0 is replaced by l This means 

l 0 
that the Coriolis term is not treated completely expli-

citly because in (II.Sb) the Coriolis term is taken at 

time t+1 instead of t. This stabiljzes the Coriolis 

term. 

Thermodynamic equation 

The thermodynamic equation we write as: 

aT' aT' gLq a ~)+ + w{Dfc s 
r d} Dl C ät ~+ C RT + = TI;(KhDf q q p a~ 

a af L aq 
rd 

s 
Ycg}) + Df~(KH{Df~+ + az - -

C 
p 

(II. 8) 

af af The two terms~ and TT are given from the LrM or from 

observed data. Taking all the terms not depending on 

T , as Ht · gives 

- ( C -1 ) af 
q at 

L 
+ -

1 ars 
-- -

C az p 

C 
p 

az 
y } ) -

cg 

(II.9) 

1 
C 

p 

ar 
s az represents the divergence of radiative heat 

flux which is computed in a subroutine, RADN, deliver­

ing point values of heating rates in a COMMON-array, 

HRAD. The subroutine RADN updates the flux-di vergences 

every 12th minute, i e with a time step of 4 minutes 

every third time step. 

(II.8) can be written 

(II.10) 
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Apply i ng t he same Crank - Nicol son sche me t o (II . 1 0 ) 

a s in the previous section we ge t the following equa­

tion for Tt+ 1 . 

where 

and 

where 

a -T ~+ 11 + B-T~+ 1 + y . T~+ 11 = 8 . i= 2 , N-1 (II . 11) 
l l- l l l l+ l 

a. = A. + 
l l 

B- = B . 
l l 

y . = C . 
l l 

-t w. Dl. 
l l 

2aT 

C q 

w . Dl. 
l l 

2aT 

t 
• ( T . 1 i+ 

t 
T. 1 ) 
i-

Ht = -t 
aT(A . ( T . 1 l i -

L 
+ -

C p 
q ) + B. ( T~ + 1:_ q ) + 

S. 1 l l C s. 
l- p l 

gLq 
-t L 

+ c.cT . 1 + - q ) - wi. <rct + 
i i+ cp si+ 1 

s . 
___ l) + 

t c RT. p l 

+ aTDli(rd - yc)(Ki+1/2 - Ki - 1/2) -

- (c - 1) 6T + HRAD 
q 6t 

Boundary conditions 

In (II.11) the following boundary conditions are 

applied: 

i=2 : T1 = T1 - T0 

where T0 is surface temperature 

i=N-1 : TN = 0 
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4. Moisture conservat i on equation 

8 n' 8q' .:::...i_._+ Dlw = at ac_; 
(II.1 2 ) 

Following straight forwardly what 1s done above we 

get: 

where 

a. = A. + 
l l 

S. = B. 
l l 

y. = C. 
l l 

- t 
w. •Dl. 

l l 

2 • a 
T 

1 

-t w. Dl. 
l l 

2•a 
T 

1 t t t cS. = (1 - -0 )(A.q. 1 + B.q. + C.q. 1 ) 
l - l 1- l l l 1+ 

1 -t -t -t 
-eC A.q. 1 + B.q. + c.q. 1) - l 1- l l l l+ 

-t 
w.Dl. 

_ ( 1 _ .2_) l l • 

0 2 aT 
t 

t t qi 
• (q1·+1 - ql.-1) - 06t aT-

with boundary conditions at 

else 

q - q computed from the soil moisture model. 
1 - surf' 



SMHI , RMK 13 (197 9 ) 

5 • 

9 9 • 

Turbul e nt energy e guation 

We f i rst write eq ( 41 ) a s 

cl b E b1/ 2 E b 3/ 2 F (11.1 3 ) af = + 1 2 

where 

(a) 

(11.14) 

In the turbulent energy equation we apply the Crank­

Nicolson scheme to the E2 and the F terms while we 

k E 1 / 2 1 · · 1 d . h 1 f th ta e 1b exp 1c1t y accor ing to te resu t o e 

d iscussion in paragraph 6.5. This means 

t 
+ (1-0) [r - E2b 312] + 

(11.15) 

. . f b3/2 Using the expansion o in eq (115) and eva-

luating the diffusion term we get 

and 
t+1 a . b . 1 l 1 -

= e[rt+1 _ 3:2 (bt)1/2bt+1] + ( 1 -e)Ft _ 

_ E ( 1 _ 30)(bt)3/2 + E (bt)1/2 (11.16) 
2 2 1 

t+1 
+ yibi+1 = 0i i=1, N- 1 
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where 

and 

a-
l 

= 

B- = 
l 

Y· = 
l 

0 . = 
l 

3 ME::: , RMt: ~ : ( 1 9 7 g ) 

06tA. 
l 

(B. - e 2 )06 t - 1 
l 

06tC. 
l 

t t t 6t{(1-0)(A.b. 1 + B.b. + C.b. 1 ) + 
l l- l l l l+ 

( bt )1 /2• ( 0. 2 )3/2 
,e_ 

Boundary conditions 

i=1: Two boundary conditions are possible: 

1) Assuming a logarithmic wind profile and 

constant stress in lowest part of the surface 

layer implies that 

(first i n tegrated point i=2) 

This boundary condition was tested and worked well 

in the stable boundary layer. In the unstable ABL it 

seemed to underestimate the turbulent energy when the 

surface heating was strong. 

I ns tead the following boundary condition was tested 

and found to work satisfactory for both cases. 
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2 ) ( 3b) = O 
az z=O 

or at i= 1 : A1 = 0 

B1 = C 1 

(i=1, first grid point integrated) 
3b i=N-1: At z=H we have az = 0 

which corresponds to the numerical boundary 

conditions 

Soil heat equation 

1 0 1 • 

The thermal diffusivity is constant and we transform 

eq (69) according to the transformation eq (99) giving 

3T 
s 

at = 

-2(z-1) ..._2T 
o 1 3T 8 a (--s ) 
3z2 - a ~ (11.18) 

The depth, D, is taken as 1 m and 21 points are used 

to resolve this layer. 

This gives 

N-1 
a = ln(bD+1) 

anda= 5.0867 

b = 50.0 

Putting s 

g(z) = e 

2 ( z-1 ) 
a 

we get with the Crank-Nicolson scheme 

(11.19) 

a-T t+ 1 + 6-T t+ 1 + y.T t+ 1 = ö. i=2, N-1 
l S . 1 l S. l S. 1 l 

l- l l+ 
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where 

1 1 
a,. = + i 2a 

1 1 
Y· = - 2a i 

s. 2 1 
= - -

i sg.tit0 
l 

0 . ( 1 1 t = - 0)(a.T i - l S. 1 
2•T t + y.T t ) 

S. i S. 1 
t i-

T 
i i+ 

s. 
i 

sg.0tit 
l 

Boundary conditions: 

i= 1 : T = T = T surf s1 0 

i=N: T = TD = constant 
SN 

The soil temperature profile is initialized in the 

following way: 

From initial values of u, v, Tand q the surface tem­

perature is estimated by means of Monin-Obukhov's 

similarity theory for the surface layer. This also 

gives initial surface fluxes of heat and latent heat. 

The radiation subroutine gives the net radiation at 

the surface. 

Adding these fluxes gives a net flux which has to be 

compensated by a soil heat flux if requiring an ener­

gy balance at the surface. Call this flux F. in 

F. = in 

which gives 

K 
s 'T1 = Tsurf 

T2 = T f - z2 • r. /K sur in s 
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TD is set to 0. 99•T 2 and a n exponential function: 

T(z) ~ A • e-BZ + TD (II. 20 ) 

is fitted to T f and T2 . (II .20 ) is the initial soil sur 
temperature profile. 

Integration scheme 

All the simple tri-diagonal systems of linear equa­

tions are solved by means of Gaussian elimination. 

The model is stepped forward intime in the following 

manner. 

A time step starts with the calculation of boundary 

values, i e u, v, T, q, T f and q f and when needed sur sur 
interpolation of w and wind shear, clouds etc. 

The time integration is entered by computing the dif­

fusion coefficients A, Band C which are used in all 

equations. 

The equations are integrated in the following order 

u-equation 
. t+ 1 d . C . 1. v-equation, u use in orio is term 

T-equation 

q- equation 

Turbulent Energy equation 

and finally 

surface temperature equation. 
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After this diagnostic computations are invoked in 

which auxiliary parame ters are computed. This includes 

Richardson number, bo undary layer height, shear, satu ­

ration specific h umidity, potential temperature, mixing 

length, eddy diffusivity, K, and the counter-gradient 

term. Then the cycle starts again. 

At the present time the model is run on a UNIVAC 

1100/21 computer system and is coded in FORTRAN. With 

35 gridpoints anda timestep of 4 minutes about 2 mi­

nutes of CPU are needed fora 24 hour forecast. 
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Vertical profiles of potential temperature using 
different resolutions - 20, 30 and 65 grid points 
between the surface and 2000 m. After 6 hours of 
integration. 

K 



SMHI, RMK 13 (1979) 1 11 . 

HEIGHT M 

200 

150 

100 

50 

10 

19 20 21 22 23 24 25 26 T°C 

Fig. 9 

Vertical profiles of temperature using different 
resolutions - 20, 30 and 65 grid points between 
the surface and 2000 m. After 24 hours of integration. 
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Fig. 1 0 
a) Initial profiles of u- and v-components of the 

wind at 0900 o'clock, Day 33 of the Wangara data, 
used in the model simulations. 

b) Same as fig 10a but for temperature and specific 
humidity. 
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Fig. 11 

Various wind components as a function of time during 
day 33 and 34 of the Wangara data. Full curves show 
observed 2000 mu- and v-components, dashed curves 
show mean geostrophic wind components in the layer 
between the surface and 2000 m and dashed-dotted 
curves surface geostrophic wind components. 
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Fig. 1 2 

Surfaces temperatures as a functions of time. Full 
curve shows surface temperature calculated from ob­
served 1.2 m temperature using Monin-Obukhov's simi­
larity theory. Dashed curve shows predicted surface 
temperature by the Ekman-version of the model (no 
shear) and the dashed-dotted curve the surface tem­
perature predicted by the Gutman-version of the model. 
Day 33 and 34 of the Wangara data. 



SMHI, RMK 13 (1979) 11 5 . 

HEIGHT M 

2000 

1500 

1000 

500 

13 15 
11 15 13 12 

+5 +10 +15 

Fig. 13 

Day-time potential temperature profiles predicted 
by the Gutman-version of the model. In this case the 
surface temperature in fig. 12 is used as lower 
boundary condition. 
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Same as fig. 13 but for nocturna l temperature pro­
files . Full lines show observed values and dashed 
lines predicted values . The two dotted curves show 
the predicted temperature profiles when using 
Delage's mixing length (see text). 
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Predicted day-time potential temperature profiles 
with prescribed surface temperature variation. 
The dashed profiles show the effect of putting the 

11 7 . 

K 

d .ff . a c ab) . i usion term,-;:;-- K-;:;--, equal to zero in the turbu-
oz oZ · 

lent energy equation and the full curves profiles 
resulting after putting the counter-gradient heat 
flux term, y , equal to zero. (Campare with fig. cg 
13). Day 33 of the Wangara data. 
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Fig. 1 6 

Surface kinematic heat flux as a function of time. 
Full curve is the normal model simulation, dashed 
curve when putting the diffusion term, 
a ab · az"(Kaz), equal to zero in the turbulent energy equa-

tion and the dashed-dotted curve putting y • equal to 
zero. Day 33 of the Wangara data. cg 
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a) Predicted time-height cross-section of the u­
component of the wind. Gutman-version with pre­
scribed surface temperature. Day 33 and 34 of 
the Wangara data. 

b) Observed time-height cross-section of the u­
component of the wind. Day 33 and 34 of the 
Wangara data. 
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Fig . 1 8 

Predicted tirne - height cross-section of wind speed 
using the full Gutrnan-version including radiation, 
surface energy balance and vertical velocities . 
Day 33 and 34 of the Wangara data . 
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a) Same as fig . 18 but for temperature . 

b) Same as fig. 19a but for observed temperature . 
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a) Predicted day-time potential temperature pro­
files by the full Gutman-version, day 33. 

b) Observed potential temperature profiles. Day 33. 
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Fi g . 21a 

Nocturnal temperature profiles predicted by the 
full Gutman model . Day 33 and 34 . Note the log­
linear height scale. Height values refer to every 
s e cond grid point . 
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Observ ed no c turnal temperature profiles . 
Day 33 and 34 . 
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a) Predicted time-height cross-section of turbulent 
energy by full Gutman medel. Values multiplied 
by 100. Day 33 and 34. 

b) Same as fig. 22a but for the mixing length. Values 
in meters. 
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a) Predicted vertical profiles of the terms in the -
turbulent energy equation at 1200 o'clock, 
day 33. Values multiplied by 1000. Full Gutman 
model. 

b) Same as fig . 23a but at 0300 o'clock, day 34. 
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Predicted tirne-height cross-s~ction of kin~rnatic 
heat flux by the fu l l Gutrnan mede l . Day 33 and 34. 
Values rnultiplied by 100 . 



1 2 8. SMHI, RMK 13 (1979} 

HEIGHT 
2000 

UNIT: 10 x m/s CONTOUR INTERVAL:0.6 m/s x10 

1500 

1000 

500 

0 

0 90 1 8 

predicted 
maximum 

-t---+--+---t----,f---t---+---+---t-~f---t---+--+---+--f--+--f- "- I I I 
9 10 11 12 13 1~ 15 16 17 18 19 20 21 22 23 2~ 1 2 t3 4 

obs~rved 
mox1mum 

Fig . 2 5 

--l--t---+--+ 
6, 7 8 9 

Predicted time-height cross-section of wind speed 
by the Ekman-version of the model. No vertical shear 
in the geostrophic wind. Day 33 and 34 of the Wangara 
data . 
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a) Observed and predicted u- and v-components at 

09 TIME 

250 m. The dotted curves refer toan Ekman-version 
in which a geostrophic wind with constant shear 
between the surface and.2000 m has been used. 
Day 33 and 34 of the Wangara data. 

b) Same as fig. 26a but at 450 m. Only observations 
and Ekman-version without shear are shown. 
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Vertical profiles of temperature predicted by the 
Ekman-version of the model. For comparison also 
the Gutman-version predictions are shown . (Dashed 
curves). Day 33 and 34 of the Wangara data . 
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Fig. 2 8 

a) Observed and predicted boundary l ayer height as 
a function of time. During the night the boundary 
layer height is picked out from the top of the 
surface inversion. Day 33 and 34. 

b) "Observed" and predicted u as a function of time. 
. X 

"Observed" valu_es are actually computed by means 
of Monin-Obukhov's similarity theory in connection 
with the surface temperature calculation. Day 33 
and 34. 



1 3 2. 

a) HEIGHT 
2000 

1500 

1000 

500 

0 

SMHI, RMK 13 (1979) 

UNIT:10 x m;s CONTOUR INTERVAL: 1 m;s x 10 

9 I 0 11 12 13 I U 15 16 17 I 8 19 20 21 22 23 2U l 2 3 U 5 6 7 8 9 

b) HEIGHT 
2000 

1500 

1000 

500 

0 

9 10 Il 12 13 lU 15 16 17 18 19 20 21 22 23 2U 1 2 3 4 S 6 7 8 9 

Fig. 2 9 

a) Predicted time-height cross-section of the u­
component of the wind by the Ekman-version of 
the model using the same geostrophic wind as 
Yamada & Mellor (1975). Day 33 and 34 of the 
Wangara data . 

b) Same as fig . 29a but for the v-component. 
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Fig. 30 

Same as fig. 29 but for potential temperature. 
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Fig. 31 

Predicted time-height cross-section of wind speed 
using the Gutman-version. Data are from Hyrylä in 
Finland, 5 and 6 June 1972. Local time. 
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Fig . 32 

Same as fig . 31 but for potential temperature. 
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Fig. 3 3 

Same as fig. 31 but for turbulent energy. Values 
multiplied by 100. 
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Fig. 3 5 

Observed and predicted profiles of temperature. 
Hyrylä data. 
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Fig . 3 6 

Same as fig . 31 but for kinematic heat flux . Values 
multiplied by 100 . 



SMHI, RMK 1 3 (1 979 ) 

Nr 1 

Nr 2 

Nr 3 

Nr 4 

Nr 5 

Nr 6 

Nr 7 

Nr 8 

Nr 9 

Nr 10 

Nr 11 

Nr 12 

Nr 13 

SMHI Rapporter , METEORO LOGI OCH KLIMATOLOGI 

T ho m p son, T , U din, I och O m st ed t , A: 
Sea surface temperature s in wat e r s urro unding Sweden 
(1 974 ) 

B od i n, S : Developme nt on a n un s teady a tmospheric 
boun dary layer mo de l (1974 ) 

M o e n , L : A mult i level quasi-geostrophic model for 
shor t range weather predi c tions (1 9 75) 

Holms t rö m, I: Optimization of atmospheric 
models (1976) 

C o l lin s , W G: A parameterization model for 
calcula tion of vertical fluxes of momentum due to 
terrain induced gravity waves (1976) 

N yberg, A: On transport of sulphur over the 
North Atlantic (197 6 ) 

Lundqv i st, J-E och U din, I: Ice accre­
tion on ships with special emphasis on Baltic condi­
tions (1977) 

Eriksson, B: Den dagliga och årliga variationen 
av temperatur, fuktighet och vindhastighet vid några 
orter i Sverige (1 97 7) 

Holms t rö m, I o c h Sto k e s, J: Statistical 
forecasting o f sea level changes in the Baltic (1978) 

0 m st ed t, A och Sahlberg, J: Same re­
sults from a joint Swedish-Finnish Sea Ice Experiment, 
March, 1977 (1978) 

Ha ag, T: Byggnadsindustrins väderberoende, semi­
narieuppsats i företagsekonomi, B-nivå (1978) 

Eriksson, B: Vegetationsperioden i Sverige 
beräknad från temperaturobservationer (1978) 

A predictive numerical model of the Atmospheric 
Boundary Layer based on the Turbulent Energy 
Equation (1979) 



.. 



• 






