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Sunmmary

A two-dimensional numerical model is used to study the influence of
small non-precipitating clouds on horizontal roll vortices in the planetary
boundary layer. The model explicitly represents the large scale
two-dimensional motions whilst small scale eddies are parametrized by a
buoyancy depgndent mixiﬂé length hypothesis. It is applied to conditions

corresponding to an observed case of cloud street formation.
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Introduction

The appearance of cloud streets in the planetary boundary layer has
attracted much interest. These streets usually arise in moderate or
strong winds in conditions with a significant upward heat flux (Le Mone
1973) and have been shown to be associated with large scale longitudinal
roll mctions in the planetary boundary layer. They have also been detected

in clear air (Reinking et al. 1981) and the presence of clouds is regarded

as a consequence rather than a cause of the roll motions.

The cause of the roll motions has been attributed to both a shear
instability of the planetary Ekman boundary layer and to the organisation
of buoyant convection by velocity shear. Both observations and detailed
studies show the latter dynamics to be the most usual mechanism. The
present work extends the previous studies of such buoyancy driven motion by
Mason and Sykes 1982 (referred to hereafter as M & S) and Mason 1983, to
include the effects of water vapour and non-precipitating clouds with cloud
top cooling. . It provides a detailed and quantitative appraisal of the
influence of these factors upon the roll motions. However since the model
being used only supborts large scale two—dimensioﬁal motions it cannot
predict whether two-dimensional rolls should actually dominat; the flow...
It can only serve to clarify the properties of any two-dimensional
structures which may exist. For this reason the model has been applied to
conditions under which marked cloud streets have been observed. The

conditions occurred over the North Sea during the KONTUR experiment (Hoeber

1982).




In both the observations and the results the clouds formed are typical

of fair weather cumulus. The boundary layer over the sea is characterised
by a low value of surface stress and surface heat flux and these clouds
assume more dynamical importance than would be usual over land. In common
with other observations of fairly steady boundary layers with broken cloud
cover, the air above the boundary layer is of low relative humidity. This
gives rise to cloud top entrdinment instability (Randall 1980a, Deardorff
yQSOa) which promotes boundary layer entrainment of dry air and inhibits
the formation of more solid cloud cover. The respective roles of
condensation and cloud top coolipg on the boundary layer rolls are
clarified by considering simulations with and without these effects.
Simulations with the cloud top entrainment instability suppressed givé a
stratocumulﬁs cloud deck. There is little observational evidence to
indicate any dominance of two-dimensional motions in such conditions.
However the results can provide insight into the dynamics of a boundary

layer with stratocumulus and highlight differences from the case with

broken clouds.

Before presenting the results of this study the details of the
numerical model and the solution procedure are presented. The small scale
parametrization used for this study is conceptually the same as that needed
in 3-D Large Eddy simulations (Deardorff 1974). The method of
incorborating effects due to condensation in this parametrization is novel

and discussed in detail.



Numerical Model and Turbulence Closure

a) Basic equations.

The momentum equations considered are the two~dimensional
ensemble-averaged equatiops for an incompressible Boussinesq fluid. In
Cartesian (x, y, 2z) co-ordinates rotating about the z-axis and with gravity
parallel to the z-axis these are:

gﬁi + U éjf + W EL& e ELE ~ })pL + SV 4 d (it >>%CB
¥ dx Q2 dx _g—

There are no variations in the y-direction except for a background
pressure gradiént which together with its x-component, provides the
geostrophic flow making an angle & Qith the x-axis. Angles of o less
than 90° imply that the geostrophic wind is to the right of the y-axis.

po is a 1linearly varying background pressure so thatBPo /B)(, and
Bpo/bj are constants related to the'components of geostrophic wind
vector. P isvthe perturbation pressure, 5: is the Coriolis parameter and
?réj is a turbulent Reynolds stress tensor which is derived from the
parametrization discussed below. To allow for the derivation of the

buoyancy B in the presence of condensation the usual (eg. Sommeria and
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Deardorff 1977) atmospheric variables must be considered. ie.

B

)
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where ’T’ is the absolute temperature, é? the potential temperature and
q, and i’f the mixing ratios of water vapour and liquid water. To
derive the buoyancy we consider equations for the 1liquid water potential

temperature
(Qz=‘9“/$)(—é—;i)‘fxe | ’“’é'

and total water mixing ratio
G .= -t 90 — 7

For a shallow cloud 1layer with no precipitation these variables are

~conserved and are convenient for application of finite difference methods.

The governing equations are:
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vhere L4,( and (;75, are the respective parametrized turbulent fluxes.
T is. a cooling term simulating radiative cloud top cooling and is
discussed below. To calculate the amount of 1liquid water we must

introduce an expression for the saturation mixing ratio q&s oy Thig ds-a
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complex function of temperature ik and the true pressure P . Dynamic
pressure fluctuations have a negligible effect on 9s and to allow simple
but reasonably accurate calculations of condensation, 75 is taken to be

given by

Cp 5 %(So ( ! g ('69"420)‘) ﬂ°ﬁk (:— b= > ’ — [ O.

/
where CI/SO is the value of q/S at the surface value of T and P-r s
90 is the potential temperature at the surface and a and b are selected to
fit the true behaviour for small changes about this value. With values of

99 and ¢, » the liquid water is given by

4p° Bo J(I 4 iﬁ-.z.q/sdw(—bz)) =

T,

and

Yy » O

Application of this simple discontinuous condensation gave significant
single grid point forcing and led to a roughness in the fields. Such
behaviour has been found in 3-D large eddy simulations and previous workers
(Sommeria and Deardorff 1977) have suggested that allowance should be made
for the statistical variations of 9[ and 9, on the subgrid scale. The
details of such a statistical description are important in one-dimensional

boundary layer models (Yamada and Mellor 1979) but are not believed to be

o
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critical on the mesh scales typical of a large eddy simulation. The
.procedure adopted here is simple but makes allowance for a typical value of
variance on the subgrid-scale. A Gaussian distribution of the quantity

Aq/ with standard deviation
<
! s 4 a o
& a(h s o 59) — 13

is considered. 6/:.1, and {9 are the perametrized variances of
9w and 99 calculated diagnostically from the subgrid parametrized
fluxes of ¢, and 9? (see below). This simple estimate of variance
neglects the 9 QQ covariance but should have the correct magnitude.
Following the usual approximations (Sommeria and Deardorff 1977) to &
Gaussian distribution the 1liquid water is calculated in accord with

equation 11 but with

i 2 (-0, 0)) s (6]

for .A$ > /6 Ss )
s e g LA g
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When this procedure was used with a local pointwise evaluation of &g at
each time step it was found to lead to a time oscillation in the liquid

water content. No entirely numerical means of eliminating this
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oscillation were found and it was prevented by using a space average of

& ¢ over the boundary layer evaluated at each time step. This is such a
gross simplification that there is little point in defending the details of
the bésic assumptions. The procedure was successful in allowing
condensation to proceed smoothly and the use of crude assumptions are
justified by the observation that changing the calculated values of &g by

+ 50% produced only slight changes in liquid water amounts.

The only remaining term in the basic equations 1is the radiative
cooling. The present study is intended to be fairly idealised and only
longwave cooling due to liquid water is considered. The blackbody emission
temperatufe of clouds is assumed to equai that of the ground. ie. The

net upward flux atva height =
F: = F‘ ( = £ ) E;(,CD)

where E(O) is the difference in blackbody emission between the surface and
the top of the atmosphere and A (2,90 ) is the total absorptivity of liquid
water betwen the level Z and the top of the atmosphere. To evaluate A
(z, =) the transmission function for 1liquid water is taken to be
Tg= Egow in acéord with average values of transmission functions
over the whole radiative spectrum (see Sommeria, 1976 for details of thig
approach ). The cooling term r in equationv8 is the vertical divergence
of this - flux in each grid cell. It was calculated at each time step for

each column of air.
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Subgrid Parametrization

The parametrization of the small-scale eddies is an extension of the
model developed in previous work (M & S) to include the influence of water
‘vapour and condensation. The model is based upon the approach of

Smagorinsky (1963) extended (Lilly 1962) to include buoyancy effects. ie.

DUUJ:\)(él_I_k—f—%_(‘_‘d) 3 H,:DBQ@ ; QC:VBC{/W _'lé

Ok o xs ? dx Ve,

ghere 1)) & ,ZQS (l —R;)Jﬁ ""17.

,0 is a length scale,

5"[%‘(%,%%}(12*%—%) a — 8

and Rg is a Richardson number defined as the ratio of buoyancy production
-to’ shear production in the equation for subgrid turbulence energy. The
use of the same diffusivity for 9@ and ¢ as for momentum is a deliberate
simplification. In previous work (Mason 1983) it was found that, in
common with 3-D large-eddy simulations, the implied sub-grid temperature
variance was excessive and increases if the relative diffusion of heat over
momentum is increased. The problem seems to arise from the
paramét.rization of temperature variance in the presence of sharp localised

gradients.

The 1length scale g has a maximum value of -?o which  should,

remembering the observational basis for using a 2-D model, be determined by
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observations. Here a value of po = Z. /25, where Z; is the height of
the boundary layer capping inversion, is used. This is consistent with
observations (Le Mone 1973) and values used in previous (M & S) studies
with the present model. The other restrictions on B_ are intended to
represent physical restrictions on the small scale motions. Near the
surface £ is made to decrease to zero in accord with observed Monin
Obukhov similarity functions. In regions of stable density stratification
f is 1limited to a value varying from 'éo at R, =0 to zero at a critical
Richardson number of 0.33. In these regions where is 1limited to
smaller values the value of £ = 00 is retained for horizontal diffusion

and when : '
ves &AW -

is greater than P it is used with horizontal derivatives. The details of
how +these features are combined and their influence on the flow is

discussed in M & S.

To extend the‘model described by M & S to include the effect of water
vapour and condensation involves a revised derivation of the Richardson
number R‘;. This is particularly important at the inversion or cloud top
and it is important to represent it in d compact and energetically
consistent manner. The staggering of the variables on the grid points can
be importeant in +this representation. Here the staggered mesh used by
Wiiliams (1969) was adopted. Pressure p is evaluated at the centre of
grid volumes and 4 and w are defined on the side and top faces of the

grid volume. V , 6% y and ¢, are defined on the w points. This
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—— allows the definition of R,(; and viscosity on w points with no
vertical averaging of derivatives. As noted above R‘; is defined as the
ratio of the buoyancy production to shear production in the equation for

Sp——

&/ a
sub-grid energy ie. Re=wB /95 where W8  is the sub-grid

-buoyancy fluxe Previous workers (eg. Sommeria and Deardorff 1977) have

derived various approximate derivations of this buoyancy flux. The
approach used here is based on finite difference approximations and has
f?wer short-comings. In the present study it involved only a small
computational effort but with more complex condensation calculations it
could carry a penalty. The progedure recognises that diffusion of
conservative variables between grid pbints separated by a distance
Az involvesa fractional mixing of variables at a rate of ‘D/Aza. It

follows that if the change of the combined potential energy A PE of both

these grid points with a fractional mixing £ is calculated then

wB = P A PE =Zod O
i AT F

To calculate A PE the buoyancy of the two grid points BN and BN—, is

calculated as described above. The conservative variables are then

considered to mix by a small fraction € ie.

¥
Qf;N = Qﬂ’N-(l— é) o 5 &9,/\/“!'6
Qe’,Nsl -~ 92,N"l° (1"' é) + 9@,!\/ é

>

*

7 %
etec and new values of buoyancy BN and Bu-i are calculated. Then

o adEe L e
A

For small values of & the scheme reduces %to that propose‘d by previous
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workers in both saturated and unsaturated air. It has the advantaée of
also taking correct account of cloud top entrainment instability. In a
wholly saturated or unsaturated environment the calculation is insensitive
to the value of & but when only one grid point is saturated, as with c?loud
'top instability, the results can show more dependence upon & . This
occurs when as a result of the finite implied mixing the state of
saturation 1is removed. In such cases the results would be correct if
e/ was equal to the actual fractional mixing in a time-step. Such an
implicit scheme would be difficult to implement. Fortunately in most cases
the fractional mixing per time-step is small and the use of small value of
€ is usually both correct and unambiguous. To allow accurate finite

difference calculation in 32-bit floating point arithmetic & was given the

finite value of 0°025. The above procedure was used to calculate both
Ri,and wB’ ; The value of V is not required for the calculation of

KC as it occurs in both the buoyancy flux and shear production and
cancels. In order to.avoid significant grid point forcing in the viscosity
field it was found to be important to include the statistical condensation

/
in the .WB calculation.

To complete the description of the sub-grid parametrization we note
the derivation of the values of 671, and 59 used in the diagnostics and

statistical calculation of condensation. ie.
DG, 3 a) p2
Yl L
6}} = él“’ b (?l"') ) —é--"‘
oz dX% Da Ce

59 where Dg is constant .equal to 1.25 and Cg is the stress-energy

and similarly for

ratio taken equal to 0-3 (see M & S).
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Numerical Details and Procedure

The boundary conditions, periodicity in the horizontal direction,
stress free at the top of the domain and a lower turbulent flow over a
surface with roughness length Z, at the base of the domain, were applied
as described in M & S. The equations were solved on a Cartesian mesh
uniformly spaced in the x-direction but with variable spacing in the
ﬁertical direction. The mesh used 64 points in the horizontal direction
and 80 in the vertical. At the times when statistics were obtained from
the model the typical model resolution can be specified in terms of the
boundary layer depth Z¢ ( 500m). The vertical resolution varied from
0:008 z, at the surface to 0:04 Z_ up to about 15 z ;. Above i'5
2. the mesh.slowly expands to limit at about 0+3 z. towards the top of
the domain. The top of the domain was located at 10 z. +to allow ample
space for gravity wave motions to be dissipated by damping located above 6
Z¢ (see M & S). The length of the domain was chosen to be 4 z . giving a
porizontal mesh spacing of 0-:0625 z. . It was confirmed empirically that
this resolution was sufficient to give resolution independent results.
Other details and the finite difference solution procedure are described in

M&S.

The initialisation of each run proceeded by startingA at time
t-0 with U =Us and 92 and $ w equal to their values in the free
atmosphere profile. The one-dimensional mixing length model implied by the
sub-grid turgulence closure was then time marched until the boundary layer
had grown to a height of 300 m. This one-dimensional solution was then

transferred to the two-dimensional domain and perturbed.- In accord with
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previous studies with the two-dimensional model the angle of the domain was
selected to be ¢ = 80°, ie. rolls orientated 10° to the right of the
geostrophic wind. It was confirmed that with values spaced at 5°
intervals this value of oL gave the most energetic motions. To obtain a
compromise between statistical significance and local representation, the
statistics were evaluated over a time interval corresponding to a boundary
layer growth of 50 m. The variables are divided into mean‘and fluctuating
parts but the fluctuating parts are taken relative to instantaneous
horizontal means rather than space and time means. This avoids changes

due to boundary layer growth and inertial variations being considered as

turbulence. For convenience all variables are presented relative to axes .

aligned with the geostrophic wind (UJ 0,0 The space and time means
of the basic variables are denoted by u ) Vetc. and for simplicity the

mean moments based on the fluctuations are denoted by uw ,VV3etc.
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Results

a) Cases considered.

The boundary layer profiles and parameters used in the present study
are based on those observed during the period 1000 to 1300 GMT on 28th
September 1981 in the KONTUR experiment (summarised in Table I). During
thic period distinct cloud streets were observed with a basic wind speed of

: ) less

about 7 méﬂ 3 On other occasions with higher wind speeds (18 ms
distinct cloud streets were observed. Such .strong wind cases were also
modelled but showed no special features; the changes from the lower wind

speed case were in accord with the previoﬁsAstudy of the influence of wind

speed variations (Mason 1983) and are not shdwn here.

The procedures necessary to allow a detailed comparison of a boundary s
leyer model with observations have been discussed by Sommeria (1976). In
such procedures it is difficult to specify the large (synoptic) scale
porizontal and vertical advection with sufficient accuracy to allow the
mean profiles to be maintained as observed. Here the objective is to
provide a Dbetter understanding of +the dyhamics and these complicating
influences have been deliberately excluded. A sensible choice of the
undisturbed state and boundary conditions ensures dynamical agreement with

observations.

The results from a series of different cases (see Table II) are
presented In each case the value of surface stress was largely determined
by specifying the geostrophic wind Ug and roughness length Zpo . The

surface heat flux is of particular dynamical importance and to ensure both
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LT o A
agreement with observations and comparability between the various cases
1

this was fixed in all cases to the value of 6+5 Js m-a : Over the sea a

specified surface temperature is a more physically realistic boundary

condition but it was found difficult to specify values leading to the

observed heat flux. On the other hand it was found preferable to specify
a surface saturation mixing ratio ?go=ﬂ°1 1d-a' y’ independent of surface
potential temperature (see equation 10) rather than a water vapour flux.
4his provided better control of the extent of condensation. The
radiative cloud top cooling was calculated with E(CQ (equation 15) equal to
3?10-::\ KMS-, In the free atmosphere the potential temperature was taken
to have a fixed vertical gradient,>>9q/52'and the water vapour mixing ratio
was chosen to correspond to a fixed relative humidity b, 40 The values.of
the various ﬁarameters which differ between eéch integration are shown in

Table II.

The various cases considered help to clarify the importance of various
physical processes. Cases & to f have the same basic potential
temperature gradient, surface heat flux and surface roughness length.

Cases a, b and c¢ also have the same basic relative humidity (30%) and
geostrophic wind. Case a is the complete simulation whilst case b has no
cloud top <cooling and case c¢ has neither cloud top cooling nor
condensation. 'The parameters correspond to preliminary observations frém
the field study and generate a flow with about 3/8 cloud cover. With case
d the role of wind shear has been examined by setting the geostrophic wind
to A small value. All of these cases have a boundary layer structure with

a large (- 6K) negative jump in equivalent potential temperature O
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(eg Deardorff 1980a) at the inversion and the cases with condensation are
thus influenced by cloud top entrainment instability. A detailed
calculgtion of the cloud top entrainment instability criterion indicates
(Deardorff 1980a, Randall 1980a) that owing to 1liquid water loading
[36%9 must be more negative than a critical value. The calculation of
the subgrid buoyancy flux (equation 20) implicitly includes this effect.
According to Deardorff the critical value is
(ﬁ@e)oﬂx x Q A‘]/w/o(w ’“QL/'

vhere X w depends on T &and has a value neaf 05, In  this case

(ABe et is ~ -3K.

In cases e and f the basic relative humidity has been increased so as
to give a positive increase of Qe at the inversion. Otherwise cases e
and f correspond to cases a and b. The supression of cloud top
entrainment instability reduces the boundary layer growth and allows a
boundary layer with a solid cloud cover to form. In cases d, e and f
.there is no observational evidence to support the domination of 2-D

boundary layer rolls and the simulations can only serve to indicate changes

in dynamics.

Finally in case g parameters closer to those observed in the field
study are considered ie. compared with case a, a reduced basic potential
température gradient and increased relative humidity. This also results
in a boundary " layer with a negative jump in

Qe (- 3k of. (B Qe )emt ~ -1-3K) at the inversion ard the dynamics
are very similar to those of casés a and b. This final case is examined

in most detail.
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b) Cases a,b, c and d.

These cases are intended to show the influence of condensation and
cloud top cooling on the boundary layer rolls. Fig. 1 illustrates three
realisations of the vertical velocity and liquid wafer fields for case a.

The corresponding fields for cases b, ¢ and d are very similar. The
boundary layer eddies comprise updraughts with a typical width of
e i A and individual eddies grow and decay on time scales varying from

103 s to 5% 103 8is Their spacing varies between 2 and
A g with clouds being associated with stronger updraughts and having a
spacing of about 4 z. ie. only one cloud in the whole domain. The basic
flow structure appears' similar to that found by M & S in a dry inversion
capped bouhdgry layer. The key dynamical parameter determining the
relative role of buoyant and shear instabilities is the ratio of the
Monin-Obukhov length L (L = UE /b/{ where b is the surface buoyancy
flux and K the Von Karman cénstant) to 2. . In case a this ratio has a
value of ;0-26 whilst in M & S's study it had a value of -0-3. The
irregular form of the motions suggest that the large scale motions should
be appreciably three-dimensional and would prevent a spectral gap from
being observed.at scales between the large roll wavelength and the smaller

parametrized scales.

The mean boundary layer profiles for case a are shown in Fig. 2.
Thosé for cases b and c¢ are very similar apart from changes in the
boqndary layer temperature arising from varying boundary layer growth and
cloud top cooling. The region of relativily warmer and dryer air

occurring just above the inversion is due to energy conserving finite

difference erroré and has little influence on the dynamics. All of the
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profiles are typical of a well mixed boundary structure. The saturation
value of the water vapour mixing ratio is shown and it is evident that the

mean relative humidity at the top of the boundary layer is 987 .

The mean liquid water content is shown on Fig. 3 and has a peak value
of about 0°4Z q¢, -« However the peak liquid water content of individual
clouds is about 2% qg, corresponds to a 1liquid water mixing ratio of

=15 oy
2:10 5 The mean cloud top cooling 7 is distributed over a depth of

about 100m and the total cooling, 0+5 16-a kms , is roughly equal in
magnitude to the surface heat flux. Fig. 3 also shows the heat flux
profiles for the three cases. In case ¢ there is no condensation and the °
heat flux profile is similar in form to that observed (eg. Caughey and
Palnmer 1979)‘in a dry convective boundary layer. The downwards heat flux
at the inversion is larger than usually observed but as discussed below in
connection with the entrainment rates,this difference arises from the very
small heat flux and consequent importance of the water vapour flux. The

downwards buoyancy flux at the inversion remains as expected in a dry

convective boundary layer

With cases a and b the profiles show a large upwards heat flux due to
the presence of liquid water. The rate of increase of liquid water with
time is a negligible source of energy and the high correlation between
liduid water and rising motion ( Wt /(('ﬁ;;)"& ~ 0.55) arises from
evaporation occurring at cloud top rather than at cloud base. The maximum
conéentrations of 1liquid water are located near the top of the strong
updraughts and move steadily from right to left of the illustrations shown

in Fig. 1. There is a tendency for cloud to trail behind the updraughts.
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The profile of Q;Til for case a is shown in Fig. 7 and can be uséd to
infer the upwards heat flux associated with liquid water. This is about
twice the total heat flux and it 1is clear that the upwards heat flux
conceals a downwards flux of ‘;;}?g of about the same magnitude.‘ The

gradient of the heat flux below cloud base indicates the rate of change of
the boundary layer temperature and; as a result of extra entrainment, the

warming in cases a and b is roughly twice that in case c.

/

J
The total and the parametrized parts of the buoyancy flux profiles are

given in Fig. 4 and show essentially the same features as the heat flux.
The small scale parametrized flux pfovideé all the transfer at the surface
and a significant contribution at the inversion. Although all entrainment
is ultimatel& due Fo small scale mixing the finite value of ;;3 at the
inversion allows much of the entrained flux to appear on the resolved
scaie. The appearance of entrainment as a resolved scale feature suggests
that resolved scale. motions are crucial to the entrainment process. In
{act, in case ¢ the parametrized flux at the inversion is sma}l and of
opposite sign. to the large scale flux. In previous studies with a dry
boundary layer this parametrized flux had the same sign as the resolved
scale flux and the opposite sign here is due to the importance of water
vapour (but not condensation) in the buoyancy. In cases a and b the
parametrized flux is much larger and of the same sign as the resolved flux.
The main reason for the increase is the sub-grid representation of the
cloud top entrainment instability. There are high eddy viscosities
-associated with the unstable moist air in clouds, but owing to the small

gradients in clouds these are less important. In the model the cloud top

entrainment instability causes both small scale mixing at the cloud top and

FT
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large scale energy release through the consequent cooling of cloud tops.
The net increase in turbulence energy production is small and suggests
that the entrainment proceeds with "marginal" energy release. If
entrainment occurred with a large liquid water content 1in the boundary
layer the temperature flux at the inversion would be ~ Weg, ﬁoe (where
e
We isLentrainment velocity and 596 the jump in equivalent potential
\ -3, =l .
temperature). - In case a We ng e s 3 e G ) k m S and much bigger

e - ~1
than the observed value of w@ 122050 Kwms which occurs with

fractional cloud cover.

In case b with no cloud top cooling the entrainment rate is only
slightly reduced and the overall dynamics are.similar to case a. The cloud
top cooling in case a is too small to allow a clear identification of its
effects. It occurs towards the top of the boundary layer and must thus
tend to increase the potential energy of the system. The cooling is small
compared with the entrainment of warm ( é? ) air at the inversion and it is
paradoxical that in case a, with cloud top cooling, the boundary layer
warms most rapidly. Fig. 4 illustrates the vertiéal velocity variance
profile for these cases. The increased entrainment rate in case a (see
Table III) is seen to be associated with slightly more vigorous boundary
rolls. The value of the total resolved scale buoyant turbulent pfoduction

W:3=5h_78 dz (Table III) is also slightly greater in case a but the
small size of the increase indicates that any effect due to the cooling
producing a bupyancy flux is offset by increased entrainment. Overall it
seems reasonable to conclude that the cooling increases entrainment and
gives a modest increase in turbulent energy. The very similar values of

VV: in cases b and ¢ are a striking illustration of +the marginal energy
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release associated with the entrainment instability in case b.

It will become clear from the detailed study of case g below that
shear broduction of turbulence is small away from the surface. The shear
stress profile for case a is shown in Fig. 3 and the profiles for cases b
and ¢ are almost identical. They are typical of a well mixed convective
boundary layer and very éimilar to those seen in the model results of M &
S. To confirm that the wind shear had no significant effect on
entrainment rates, case d with (13 reduced to 1 m éﬁ and with the other

parameters as in case ¢ was considered. The results (Table III) confirm

that the shear in cases a, b and ¢ has little influence on entrainment.

¢c) Cases e and f.

These correspond to cases a and b respectively with the basic relative
humidity increased to a value of 807 . This is sufficient to ensure a
positive jump. in é%s at the inversion and to suppress cloud top
entrainment instability. The combination of a reduced entrainment rate
and a higher basic humidity gives a boundary layer with solid cloud cover
and a cloud base close to ground level. In case e with cloud top cooling
the mean boundary layer temperature falls -steadily and entrainment
continues - to decrease. This integration was halted at Z g~ 400m (40,000
timg steps) to avoid the waste of computer time in continuing to Zj~ 500m.

At this time the jump in 62[ at the inversion is about 6K and provides

a strong limit to boundary layer growth. The value of We given in Table

III is an average for growth over the interval ( Z. =350 to 400m) for which
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statistics were acquired. Fig. 5 shows the basic boundary layer pr;files
for this case. All the variables show a sharp change at the inversion and
the finite difference errors mentioned before are evident. The liquid
water mixing ratio can be accurately estimated from the crossing of the
4$,and (Ls profiles and has a peak value of .about 163 5 Condensation
causes an apparently stable temperature gradient in the boundary layer.
The distribution of the cloud top cooling is indicated and Epe total
#Loling is 3.1641 K m 5‘ (equivalent to a buoyancy flux of 16-3 ma 53 Je
This is much greater than the surface heat flux and results in the flow
being driven by downwards cénveqtion. The flow field consists of much
more regular and steady eddies than those of cases a to d and the
convection is dominated by rolls with a wavelength of 2 km (5 zg since
2.~ 400). fhe rolls were obtained in a domain of length 4Km and the
downdraughts have about half the width of updraughts. Fig. 6 shows the
buoyancy flux and vertical velocity variance. This shows that the buoyant
turbulence energy production is dominated by cooling at the cloud top and
the increase in ;;:corresponds to the increase iﬁ \V: (Table III). The
downwards nature of the convection is well illustrated by the ;;3 and
;7§; profiles shown in Fig. 7 1In case & the ;;5 profile shows the

——

upwards flux of w?® characteristic of a convective boundary layer whilst
in case e, ;ﬁ- shows an entirely downwards flux. cyée is also méiﬁly
negative in case e. The hydrolapse in the boundary layer is very small
and fluctuations in liquid water content are mainly due to temperature
flﬁctuations. The cool descending plumes are thus associated with a

- negative Gﬂil . Near the inversion there is a small region of positive

ﬁﬁit linked with the entrainment ofvoverlying dryer air.

N X
e .
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It is of some interest to examine the details of the re-distribution
of cloud top cooling over the boundary layer. This is best considered in
terms of the conserved variable 9@ . The cooling produces a peak
downwards flux of “;Z% which is comprised of nearly equal contributions
from Qait and &:@ . This peak has a value of 63% of the total
cooling and is located at Z = 068 2 . . The remaining 37%Z of the total
is balanced by cooling aéove Z =068 2. and entrainment. The  ‘flnux: of
;;be due to entrainment can be calculated from the jump of GQ at the

S s
inversion (8:7K) and the entrainment velocity (5:10 mn s ’ ) and only

"amounts to 15%Z of the cloud top cooling. This confirms the view that the

cooling occurs in the turbulent boundaryA layer and does not directly
contribute. to entrainment. Half the cooling is redistributed by
condensation and evaporation. Condensation, rather than enhancing the

production of turbulence energy has halved it.

Statistics for case £ (no cloud top cooling) were obtained over the
usual height range of Z,; = 450 to 500m. At this time the peak liquid
water content is almost exactly that seen in case e and apart from a
smaller (1:5K) jump in 6& at the inversion the basic boundary layer
profiles are very similar to case e. The surface humidity flux is LIS
16-6 m sﬁl and is twice that occurring in case e but much less than the
value, of 2"I,10-s m s—l occurring in run a (see Table I1)% The total
(Fig.' 6) and subgrid parts of the buoyancy flux are very similar to those
ocqurring in a.dry boundary layer. The smali’ positive buoyancy flux
occurring above the inversion is due to finite difference errors and

corresponds to the reduced gradient in the static stability in the region

just above Z. . The w* (Fig.6) and Ww® (Fig.7) profiles are similar to
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those of cases.a to d and ;ﬁiz (Fig. 7) shows an upwards flux over .most
of the boundary layer. This is a large contribution to the buoyancy flux
and at 0923 ~the djg& (not shown) profile shows a downwards flux of
similar magnitude to the surface flux. Condensation is providing a
significant energy source and causing extra entrainment. The positive
value of ;ﬁit arises from both the upwards humidity flux and also the
rate of increase of ‘;2 with time. An analogy of the process of
cqhdensation reducing the buoyancy flux due to cooling at the inversion is
a‘similar effect that could occur with surface heating giving warm
updraughts with reduéed liquid water. In the present case the heating is
too small compared with the upwards ﬁoisture flux to give such an effect.

3t s ohly likely to occur if in spite of surface heating the boundary

layer growth rate is very small.

d) Entrainment rates.
The values of the boundary layer growth rate W in each case are given
in Table III. The observed rates can be compared with calculations of
encroachment ie. Wee = b/QfZJ Eggi) where the surface buoyancy flux
b and basic buoyancy gradient 58/6-2 include the influence of moisture.
In spite of including moisture in this way the value of the ratio
vve,ﬂJcc is ~1+8 in cases ¢ and d and greater than the value 1°1 typical
of a dry convective boundary layer. As noted above the profile of
wB (Fig. 4) for case ¢ is typical of a dry convective boundary layer
and does not in itself suggest large entrainment. The buoyancy flux is

the dynamically important quantity and it is reassuring that it is the sanme
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as for a dry boundary layer The relatively large value of entrainment
occurs because the temperature flux is small and the moisture flux, unlike
the temperature flux, shows little decrease with height over the depth of
the boundary layer. In case c. about 30% of surface buoyancy flux is due
.to water vapour and this part of the buoyancy -flux extends to the top of
the boundary layer. This allows the temperature flux (Fig. 3 case c¢) to
show the 1large entrainment implied by the value of vJ¢/ﬂu¢C : In
cérrespondence with the entrainment, case ¢ has a much larger value of jump
in © (bO~2:-8K) than would occur in & similar case with no mnoisture
( 60~0-5k M & 8S). In cases a and b the even higher value of
entrainment We /wec 3-8 is attributable to the cloud top entrainment
instabilitj mechanism. In these cases it is evident that the rate‘of
boundary layer growth is exactly that needed to maintain the top of the
bougdary layer close to saturation and to produce scattered clouds. The

boundary layer growth is determined by a balance between the surface

humidity flux and the‘entrainment of dry air at the inversion.

In case e the cloud top cooling exceeds the surface heating and no
.encroachment should occur. In such cases, as .noted by Deardorff (1980b)
the entrainment should depend on a Richardson number characterising the
ratio of +the boundary layer turbulence intensity to the buoyancy jump at
the inversion. Owing to the cooling this Richardson number will
proéréssively increase with +time and the entfainment rate will decrease.

A comparison 6f the value of the entrainment rate and the corresponding
Richardson number Rig =24 AB/WJ& ~ 400 (where DB ..is the

‘buoyancy jump at the inversion) shows agreement with Deardorff's (1980b)

empirical results for a cloud capped boundary layer.
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In case f We /Wec¢ is ~ 2°9. The increase over the dry boundgry
layer cases is not due to any entrainment instability but is a consequence
of the latent heat release in the solid cloud cover. The boundary Ilayer
mixing ratio is close to the surface value and the warming due to the
liquid water content, increasing as the boundary layer grows, is 4°7
10“3 Kot . Including this effect in the encroachment calculation gives
a revised value of We, = 1°8 10-3 ms and We/Wec then equals ~ 1.7

in better agreement with case c and d.

e) Case g.

The parameters for this case were selected after the detailed anal&sis
of data from the KONTUR experiment was complete and are closer to those
(Table I) prevgiling during the selected measurement period. The basic
static stability is half that prescribed for cases a to f and the basic
relative humidity is increased to 657 The value of Z, has been reduced
to obtain‘ a value of stress closer to that observed. Cloud top cooling
haf'not been included but would, judging by the results from case a, be a
minor influence. Profiles of the basic variables are shown in Fig. 8.

Owing to the reduced static stability the boundary layer eddies generate
larger undulations of the inversion cap and give a more gradual appearance
to the mean inversion. The jump of é%a at the inversion is about - 3K and
as noted above is sufficient to give cloud top entrainment instability.

The entrainment rate is much larger than 1in cases a and b and
We /Wegen 7.2. This rapid entrainment is needed to prevent tﬁe formation ;
of c;mplete cloud cover and is mainly a consequence'of the increased basic

relative humidity. It is sufficiently rapid to cause the significant

vertical gradiénts evident in the u, v and q profiles. The gradient in



PAGE 29

the q profile results in a lowering of the mean cloud base relative to that

seen in cases a and b.

The buoyancy flux profile (Fig. 9) shows the same features as those
discussed in cases a and b and illustrates the dynamical similarity with
those cases. The water vapour flux profile is also similar to that
occurring in cases a and b (Fig. 3) but owing to the more rapid growth of
the boundary layer the tendency to dry the lower part of the boundary layer
is more evident. The profiles of the various components of the turbulence
energy have a form similar to that discussed in previous studies (M & S)
and can be compared with observations from the KONTUR experiment. The

observations (A.L.M. Grant, private communication) suggest that below the

—

inversion w?  vas nearly independent of height and had a value of about
253, =
0-06 n° s « The model resulplare in fair agreement and suggest a

—_—

?2 =3 2

typical value of about 0-08 m s . The observations of and

-—

v® show about 50% scatter but suggest u? ~ v’ and values varying from

& o —o-

815" o5 &t about D152 to 0°20 n% e at D1z . Tiehe ayefou

observations in the middle of the boundary layer. The model values of

;3 are in accord with the observations at 0:75 z. but the lower values

~—

of u® and the minimum of v® in mid-boundary layer are not confirmed.

Any departures from strict two-dimensionality would account for the

— P — —_—

isotropy of u’ and v? and some of the extra energy in u®  and v® is due

to scales larger than those represented ( 2 km) in the model.
3
The turbulence energy balance occurring in the model rolls without

condensation has been discussed in some detail by Mason (1983) and here we

conclude with a brief examination of the balance for case "g. Fig. 10
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shows the components of the resolved scale energy budget. The total
production can be compared with the wB profile (drawn on the same scale
in Figure 9) to reveal the shear production. The net shear production of
roll motion is close to zero and consists of a small positive contribution
at the inversion with a near zero value elsewhere. The shear production
dominating at the surface is almost entirely of the cross roll (roughly
u-direction) component. The ﬁotal transport leads to a feirly uniform
profile of dissipation. This has fairly constant value in mid-boundary
layer and increases both at the surface and below the inversion. Such a
large increase below the inversion does not occur in cases c, d, e and . f
and is due to increased small scale diffusion associated with the cloud top
entrainmenf ;nstability The values of the components of the turbulent
transport are shown in Fig. 11 and again these are similar to those found
in a dry convective boundary layer. In the main boundary layer ;;E. leads
to .the main redistribution but at the top of the boundary Ilayer
;ﬁs dominates. The total flux of energy leaving the boundary layer
( Gﬁo above Z . ) is about 10% of the total buoyant energy production

VV: . This is due to the upwards radiation of gravity waves and can be

compared with the heuristic model for predicting the gravity wave amplitude

~ discussed in Mé& S. The heuristic model - treating boundary Ilayer

undulations as low moving hills - is in accord with the results presented
here. M & S were mainly concerned with the momentum flux and did not note
the energy flux. The momentum flux due to gravity waves generated by the

boundary layer was found to be given by

gL R R B s o e Bl

where F-r = M-r“c/l\l , Uy is the relative velocity of the rolls to the

air above tﬁe boundary layer, k is the wavenumber characterising the
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spacing of the rolls, N is the Brunt Vaisala frequency (38 /32 )}5‘

above the boundary layer and W. is & typical velocity scale of the
boundary layer rolls. With w.,-f>k equal to the maximum vélue of the
vjb“ profile Wi,_,‘ the values of A were found to agree with the model

results. The energy flux associated with the stress A is WU, A and the

model thus gives a value of \7\/_[5 ,

2 = B Q
o QA Q
o =i (e By by
To compare with the numerical simulation values of W—F we note that
Q ¥ &
W v 05 W, so
- 4 Ur
P/,,s Jg We*
We -
In case g' F,,. 18 ‘gbout -~ 0+3 = and U /w: g gboub > d w50
e T
WP /W: n O in accord with the results. For smaller values of

Z;( 350m) when F, is 06 and close to optimum, wp /w:s reaches

values of 0+4 and the gravity waves must alter the gross boundary layer

energy budget.
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Conclusions

The two-dimensional numerical model of Mason and Sykes (1982) has been

applied to an occasion when cloud streets were observed to form. The

model uses a buoyancy dependent mixing-length hypothesis to parametrize

small scale three-dimensional turbulence. This mixing-length hypothesis

een extended to include the influence of condensation. Richardson

=
0
&)
o

ntmbers are derived from a finite difference calculation of the rate of
change of the energy due to small scale diffusion. This procedure allows
the influence of statistical condensation to be included and makes no
assumptions as to whether the grid points are located in wholly saturated
or unsaturated air. The correct represéntation of the influence of
condensation 1is important and the statistical condensation prevented

unrealistic grid scale disturbances.

To apply the model the orientation of the two-dimensional domain
?elative»to the geostrophic wind must be selected. An orientation with the
roll axis at 10° to the right of the geostrophic wind is found to give
maximum surface stress and turbulence energy production. At this
orientation shear production of turbulence energy has a negligible
influence on the roll motions. The model statistics and cloud generatiqn
are in reasonable agreement with the observations. The clouds form in the
updraﬁghts of the dominant boundary layer rolls. In common with other
occasions when.broken clouds are observed over the sea, there is a large
decrease in the equivalent potential temperature at the top of the boundary
layer, and the clouds are subject to cloud top entrainment instability.

Such instability .provides a large source of turbulence energy production
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and provided clouds are present will promote rapid entrainment. It leads
to the boundary layer growth rate being determined by a balance between the
surface humidity flux and the entrainment of dry air so as to maintain the
top of the boundary layer with a humidity just below a state of mean
saturation. In this state of balance with partial cloudiness, entrainment
is too rapid to allow a high liquid water content and the entrainment
instability occurs with only marginal energy release. In spite of the
rapid boundary layer growth the turbulence energy and dissipation in the
boundary layer thus remain similar to those occurfing in a dry boundary
layer. Only at cloud top are the turbulence intensity and dissipation
enhanced. As noted in earlier work (M & S) with a dry convective boundary
-layer, the moderate wind shear allows significant turbulence energy to be

radiated upwards as internal gravity waves.

Realistic values of cloud top cooling are too small to allow more than
a small influence on the boundary layer with broken clouds. The cooling
results in a slight increase in turbulence energy and the entrainment.rate.
Suppression of the cloud top entrainment instability by increasing the
value of the basic relative humidity produces dramatic chénges to the
nature of the influencé of liquid water and the whole boundary layer. The
boundary layers which result have complete cloud cover. In these cases
there are few observational data to support the application of the
two-dimensional model. The results nevertheless provide insight into the
éhanées expected in convection dominated boundary 1layer rolls. With

sufficient cloud top cooling, downwards convection dominates the dynanmics.

- The cooling occurs in the cloud top rather than in the inversion and does

not lead to any so called "direct" entrainment. There is no encroachment
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due to surface heating and entrainment is slow and in accord with the
Richardson number dependence suggested by Deardorff (1980b) .
Condensation, although crucial in allowing the radiational cloud top
cooling, serves to substantially reduce the buoyancy flux and the
iurbulence energy production. It allows .-the cooling to be carried
downwards from the cloud top as a latent heat flux. Without the cloud top
cooling this complete cloud cover boundary layer grows more rapidly.
E&croachment occurs because of both the surface heat flux and the rate of
increase of 1liquid water with time. Apart from the energy source due to
the increasing liquid water content the dynamics of the flow are very

similar to those of a dry convective boundary layer.
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Observed boundary layer structure 1000 to 1300 GMT 28th September 1981

in Kontur experiments. Typical values obtained by the Meteorological

Research Flight C130 aircraft (A.L.M. Grant -.private communication).

Ge/ostrophic wind
Sea surface temperature
Surface w e
3 Surface wag,
Surface  UW.
Boundary layer éepth
Relative humidity above boundary layer

Potential temperature gradient above boundary layer

—5 _|
1310 m s
0.042 ma~ s
520 m
65%
|
: |
A -
52710 k m



Case

f.

Table II. - Basic parameters for numerical run
. 2 30 o
Condensation Ug/ms Zo/m <o IKw
=3 s
YES 7 10 1.2x10
3 = sl
YES £ 10 1.2x10
-3 . "l
NO 7 10 1.2x10
-3 -2
NO 1 10 1.2x10
=3 =
YES A 10 1.2x10
=3 R
YES 7 10 1.2x10
.. =3
YES 74 2.10 6x10

basic
relative
humidity

30%

307

30%

30%

807

807%

657%

oy
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Cloud
cooling.

YES

NO

NO

NO

YES

NO

NO



Case

Table III.

Results from numerical runs

surface

;Jq, /m§'

2.1

2.0

1-5

1.5

1.6

=5
x10

N

'x10

x10

~1
We/ms

2 -3
Geb 10

5¢3 %10

2.8:%10

2.7 x10

0.5 x10

3.2 x10

s
20.0 x10

Wec/mél
1.7 x163
1.7 %10
145 %10

e X0

=4
L 8 o

2.8 x10

400m cf 500m for other cases.

w:/m§'

0.37

0.34

0.33

0.35

0.44

0.30

0.37

Up/ms™!

0.26

0.26

0.25

0.06

0.26

0.26

0.22
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Figure 1. Realisations of the vertical velocity field (Fig. . 1a)
and the corresponding liquid water field (Fig. 1b) for case a. The domain
. is 2 km wide and 4 km high but the fields presented only show the lowest 1
km. The contour intervals are 0.102 m s-‘ ant Pigs e and. 260 ‘IO; in

Fig. 1b. Dashed contours denote negative values.

|
j ! Figure 2. Profiles of +the basic Dboundary 1layer variables

-—

Q,q, » §s y X and V for case a.

Figure 3. Profiles of total w® (solid 1lines) and -WT; (dotted
lines) for cases a, b and c, 9y (solid lines) for cases a and b, with
total Uw , Vw (dashed lines) and cloud top cooling r (dashed lines) for

case a.

Figure 4. Profiles of total WB and w? for cases a, b and c.

—

The parametrized parts of WB and * are shown by dashed lines.
L 3
Yigure 5. Profiles of the basic boundary layer variables
o [ ,(:]; - 7,3 y Y ,V and cloud top cooling r for case e.
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Figure 6. Profiles of total W@  (solid lines), w g, (dotted lines)

and w® (solid lines) for cases e and f.

Figure 7. Profiles of resolved scale w? and wa for cases a, e
figure 7. 92

and f.

Figure Profiles of the basic boundary layer variables

8.
9,5, ,7,5,7_£ ’ “ and V for case ge

~ o= —

— — 2
Figure 9. Profiles of total wB ,wg , u v? and w® for case z.

Figure 10. Balance of resolved scale turbulence energy equation for

%_Z(M_;f'; +4 w(u‘-f-v?-;-w‘)))

case g. Profiles of turbulent transport T = (=

(@ashed lines), total production P=( wB + Gw z_az + ‘77"’%‘._; ) (solid

lines) and dissipation & (dotted line)

FigurelL Profiles of resolved scale ﬁ w3 (solid lines)‘5

——,—_—————-’- »
% w(u3+va~twa)(dashed lines) and WP (dash-dot line) for case g.
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