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INTROOUCTION

Caoansiderable progress has been made toward a comprehensive
understanding of the formation, development and microphysical
structure of clouds and fogs formed over the summit of Great
Dun Fell together with their related sbsorption of radiation
at opticel and infra-red wavelengths.

The experimental program incorporates measurements of
condensation nuclei concentrations and associated meteorological
parameters made within the air feeding into these clouds,
utilizing a mobile laboratory, in addition to microphysical and
transmission measurements made within such clouds at the summit
of Great Dun Fell. Equipment available for these studies which
has been developed or modified for ground-based usage includes
Keily probe electrostatic disdrometers and two PMS spectrometer
praobes (FSSP) for the measurement of cloud droplet distributions
together with a modified Mee CCN counter and a PMS ASASP prabe
for measuring the smaller aerosol particles. AR passive optical
scattering instrument of novel design for the simultaneous
measurement of visibility and cloud liquid water content has
been developed and utilized in field studies at Great Dun fell.
Asscciated measurements of the transmission of infra-red radia-
tion at zbout 11ym have been made with a darnes tranesmissometer.

A comparison of measured extinction coefficient values
for radiation of this wavelength with values calculated from
microphysical measurements is provided in Section III.

Theoretical work has included the development of an
airflow model capable of predicting the microphysical properties
of clouds over the summit of Great Dun Fell from a knowledge of
the relevant parameters concerning the air parcels from which the
clouds are formed. In additiaon, computational studies have been
made of the role of entrainment of undersaturated air upon the

droplet size diastribution for situations relevant to the field




investigations. This invegtigaiion of turbulent mixing is
described in Section I aof this report. Section Il provides
a detailed comparison af the theoretical cloud model with
field observations made in differing atmospheric situations.
The work presented in this report, whilst still in its
preliminary stages and capable of much further refinement, has

nevertheless shown that the microphysical properties of clouds

formed over Great Dun Fell may be predicted from a knowledge of

the peramevers of the air below cloud base with a notable

degree of accuracy. FfFurthermore, the initial investigations

of the iransmission of infra-red radiation through these clouds

suggest that this parameter may be directly related to their
microphysical properties. Thus the ﬁrnspect of being able to i
estimate the attenuation characteristics likely to arise during ;}
the formation and development of clouds and fogs from the |
preceding meteorological conditions appears increasingly

realisticﬁ




I. TURBULENT MIXING MODEL

We have made some calculations to investigate the influ-
ence of turbulent entrainment of environmental air upon the

adiabatic cloud droplet spectrum. We assume the turbulent

mixing to be roughly represented by diffusion, with a constant
coefficient K (m25-1) determined on dimensional grounds from

the original spectral scale » (m) of the entrained parcel, and

% . € (m25-3)’ the rate of dissipation of turbulent energy within
the cloud. It should be noted that this approximation is best
suited to the case where A is much greater than the character-

1
istic eddy size within the clouds: K = (A“*e)3. HNeglecting
buayancy effects and assuming the turbulent maotions tiransport
sensible heat, liguid water and water vapour simultaneously,
we have
8T - Kg2 - 7
(R,t) Ke“T(R,t) = avap R,t) 1
5t
8L 2 N
—?(ﬂ,t) - Kg“L(R,t) = Levap(ﬂ’t) , (2)
§ ] 2 .
d E%(ﬁ’t) - Kop (R, t) = o (R, 8) (3)
b and
. O 2
Levap(ﬂ’t) = ..LnT"J Dn(r R, t) [S(R t)-— + —3]dr L)
y . _ _97.’ N
¥ Tevap(ﬁ,t) = ‘EE; Levap(ﬂ't) (5)
pevapcﬁ’t) = evap(R t) (6) i
(R t)
S(R, t) -(m 1).100 7
| - -9 yp(~5400__ -3
. ps(gnt) = 1.8.10 “exp( T(Eﬂt)) (g m™7) (8)

n(r,R,t)dr is the number (m'3) of drops at (R,t) with radii in

the interval r,r+dr, and a is a diffusion length we have put

equal to S5ym. A= 2Mwa/RIpu, 8 = Bvams/htpuMs, r is the draoplet

¥ radius, M, and Ms the molecular weights of water and the aerosol,
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v the number of ions per aerosol molecule, g the surface

tension of the aqueous solution drop against air, fu the

density of water, L the latent heat of evaporation and R the
universal gas constant. We assume that all droplets have
identical nuclear mass mg. While these equations could be
made mare precise by improving the expressions faor PiPg and

the droplet growth equations, such changes were deemed

unnecessary at this stage in view of the very approximate relation-'

ship between the diffusion problem and the mixing process we
are studying.

The numerical computations assume that a spherical blaob
of radius )\ is placed at t=0 at the centre of a spherical cloud
shell of outer radius RMAX' Because buoyancy can be neglected
spherical symmetry is preserved throughout the diffusian phase

change process. UWe assume the boundary conditions

6-T—(l,‘t’.) = LL(l,t) = 6°V(l,t) = -:—'%(l,rj,t) = 0

5§t 51 51
at 1l = RMAX for all t.

T(O,t), L(O,t), pV(U,t) and n(O,rj,t) are finite, for all s and t.

In the calculation, diffusion and phase change proceed seguentially.
That is, at the becinning af each time step all parameters are
known at each spatial grid point li' The grid spacing chosen
was Al=li+1-li=k/10, where 1y=(i=1)41. Diffusion proceeds via
a forward differencing algorithm with the right-hand-sides of
the first three equations egual to zero for a time Lt:(Al)z/EH
set for numerical stability. Then all motion stops and phase
change (evaporation or condensation) takes place at each grid
point according to equations (&) to (3). This continues for a
time 4t after which the time variable is advanced by &4t and the
diffusion step repeated. The time step for the phase change

equations was get equal to 0.1t and was always less than 0.1s.

_—
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The stability of the diffusion algorithm was checked for
each run bycomparing the results of the diffusion valculation
in the absence of phase change with the analytical solution
for the spherically symmetric problem with the zero flux boundary
candition., Ffor all runs cansidered the numerical and analytical

solution agreed to within 0.1%
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I1. EIELD STUDIES OF THE EFFECT OF ENTRAINMENT UPON THE

STRUCTURE OF CLOUDS AT GREAT DUN FELL

ABSTRACT ?
A description is given of experiments performed to
investigate the effect of the entrainment of undersaturated air

upon the microphysical structure of cap clouds at Great Dun

Fell, Cumbria. The results obtained are compared with the
predictions of simple theoretical models. Three case studies
are presented: in case 1 the properties of the cloud were

essentially adiabatic; II provided evidence for mixing inter-

mediate between the homogeneous and extreme inhomogeneous

types; in III the mixing was extremely inhomogenecus. Con-
sistent with this picture, the time constant for turbulent ercsion
of the entrained parcels of air is significantly greater in

case III than in case II. Spectral changes predicted by a

model of turbulent entrainment (Baker and Latham, 1981) agree

well with observatiaon.




I. INTROOUCTION

Baker and Lastham (1979) and Baker, Corbin and Latham
(1980) haeve presented calculations which suggest that the influ-
ence of dry air entrainment an the microphysical structure
of a cloud is strongly dEpendeﬁt an the ratio aof the time
constants for turbulent diffusion of entrained air, T1s and
for the evaporation of drops in response to the undersaturation
Tge Measurements of microphysical properties of clouds
enveloping Great Dun Fell (GOF) in Cumbria described by Blyth
et al (4980) suggested that entrainment has an appreciable
effect on these clouds. 1In addition,the indications were that
for the clouds sampled the effect of the mixing is closer
to that of the extreme inhomogenecus description of Baker
and Latham, (TT/TE > 1), than the classical description,
which implies that TT/TE << 1.

In this paper three detailed case studies are discussed
which throw additional light on the effect of entrainment
upon the properties of clouds over Great Dun Fell.

In case I entrainment effects appeared to Be negligible and
claoud was thus essentially adiabatic. In cases I1 and I1I
the liquid water contents were substantially sub-adiabatic,
indicating that significesnt entrainment of undersaturated
environmental air accurred. In each case a simple dynamical and
microphysical model of the cloud is used to relate the micro-
physical measurements to the meteorologiczl canditions. An
attempt is made to a2ssess the influsnce of entrainment upon
the cloud properties in terms of 2 simple diffusive macel aof the

mixing pracess developed by Baker and Lath=~n (1951).

ST P




2. INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

The basic arrangements and procedures were similar to
those employed by Blyth et al (1980) so will ngt be reproduced
here. We merely ogutline the instrumentation and
draw attention to additional devices emplayed.

At the summit of the hill drop speﬁtral data were obtained
using the Keily Probe (KP) (Corbin et al 1978), cases I and III,

and a PM5 Axially Scattering Spectrometer Probe (ASSP) (Ryder

1976), case 11, and for a smell period of case 1II. Occasicnal

measurements of drop concentration and size distribution were

made using a pulsed Laser Holography System (Conway et al 1980,1531
A high frequency acoustic souncer (Moulsley and Cole 1979)

was employed to monitor the height of the lowest inversion
base, taken as cloud top height (see e.g. Caughey et al 1978,
1981).

The ASSP-100 is regarded as primarily a draplet sizing
instrument. A comparison was carried out between droplet
spectra from the holographic laser system and éhe ASSP-100
(see Conway et al 1981). Good agreement was obtained for bath
mean radius and spectral shape. Droplet concentrations (and
hence liquid water éontent) are, however, known to be over-
estimated by our ASSP. Comparison with droplet concentrations
deduced fraom the holographic tecbnique during the present
studies resulted in a correction factor of 0.5 for the ASSP
droplet counts and this has been applied to the whole data
set. This figure is in good agreement with thet deducad fraom
other studies of ASSP measured liquid watler contents and those

from other inst-uments (Kitchen, 1979, Slingo et al 1981).




The results aobtained with the Keily probe and the corrected PME

ASSP data were caompared in detail during the period 1635-1650
on 15 May (Case III). The cloud praperties showed no overall
trend. Figure 1 shows a comparisqn of droplet spectra and a
comparisan of parameters is shown in table 1. The error terms
represent the short term variability in the data. It is seen
that the égreement is gaod. .

Observations of cloud condensation nucleus spectra (CCN)
were made just below cloud base using a modified Mee CCH
device., Occasional profiles of wind spe=d and direction at
2m abave tée local terrain, and of temperature were taken

from just below cloud base to the mountain top.




3. ADIABATIC MODEL OF CLOUD DROPLET EvVOLUTION

The model described in this section calculates the cloud
droplet size distribution of an air parcel subjected tao
adiabatic ascent. Initially the air has a relative humidity
af 99% with a known size‘distribution of draplets, calculated
from the CCN activity spectrum, in vapour equilibrium. UWe
start with a humidity of 99%, since for higher humidities
the large nuclei do not have enough time to attain their
equilibrium size.

The equatiaons far the madel are very similar to those
used by Lee and Pruppacher (1977) without entrainment, the
only significant difference being that the draplet growth
equation has been adapted so that no specific knowledge of
aerosol types or mass is required. The equations were inte-
grated numerically using a simple forward difference method.

For draoplet growth we have

A B
S - Tt 3
r.dr 3 (1)
dt o RT . Lo, (LMM .,
e(T)D(r)Mw K(r)T\RT

where A = ZMwU/RTpu' B = BVMwms/bwprs, S is the supersaturation,

r the droplet radius, My and Ms the molecular weights of water

and the aerosol, V the number of ions per aeraosaol maolecule,

¢ the surface tension of the aqueous solution drop against air,

i
4

Pu the density of water, e(T) the saturation vapour pressure
with respect to a flat water surface at temperature T. DO(r) and
respectively
K(r) a;e*dlffusivxty of water vapour and thermal conductivity
aof air at a drap radius tv, L the latent heat of evaporation
and R the universal gas constant.
The time variations of the vapour mixing ratio,w,, and

liquid water contont, w are given, far adiabatic ascznt (na

Li

sadinentation) by




Q

YL
t

Pu 2 dr

where p_ is the density of air and N(r) the concentration of

drops af radius r. The temperature variation is taken to be

- L d 4
g_: =-g! o= S () .
p p dt

W is the updraught speed, Cp the specific heat of dry air at
constant pressure and g is the acceleration due to gravity.

The time variation of supersaturation is

dS _ P_ duw BL (91) q
t T Fe g 1+ s)[R t2lar/) *RT Y]
a a
where P is the pressure, B = M, /M, the ratio of the molecular

weights of dry air and water, Ra is the specific gas constant

of dry air. '

Finally the pressure variation is given by

dpP gPu
gt * ‘Rar (6)

We now show how input data for the model were prepared 1

from the CCN activity spectrum and obtain the required form

of the droplet growth equation. The equations of Kohler
(Pruppacher and Klett 1978) relate the equilibrium size of

a drop with nucleus mass m, to the ambient supersaturatiaon S.

o man el .t

8

3

s . AL
rI‘

(7) oo

A and B8 are as previously defined. Differentiation of this

equation to find a maximum in S yields a critical radius:

\
38)7
I‘c =(A——) (8)

Rzuriting (7) usiny (8) we have

(9




The Mee activity spectrum gives the number of drops activated

at a given supersaturatian. #le divided the total concentration

of drops into categories whase size AN.l varies from about l‘Clt:m'3

3

to 0.05cm™ ~” as the drop activation supersaturation (critical

supersaturation) decreased. This ensured a small range of

critical supersaturations for all drops in each category, and

enabled us to assign one value far the critical supersaturation

(Sc), to all drops in ane categary with anly small error. It

was subsequently found that changing the size of the categories

} of the CCN caused no significant change®in the calculated adiabatic
% droplet spectrum. For the 1th categary the critical radius |
(r.); is related to the assigned critical supersaturation (Sc)i 1

by setting r .= (rc). in equatian (9) giving

1

2 A
(r), = = (10)
c 3 (SC).1
The

radius of draoplets at cloud base is aobtained by substituting the

cloud base supersaturation in (9). We assumed a supersaturation

S = -0.01 giving r; as a solution of the equatiaon
2 |
.g.01 = A _21(r.);".A €11) ]
TR e |

The input data can now be obtained;for category i we have a drop
concentration AN, with critical radius (rc)i from (10), and claud
base radius r, from equatian (11). |

Finally we rewrite the droplet growth equation using (8)

For the category i:

2
S - %_ . % (rc)i
7y 9y ! Ty’ (12)
dt B
]' p RT Lo, (LMu )]
+ -1

eCT0CrIM, © K({r)T \RT
i
We have eliminated 8 which depends on my and can use our knauwledqge j
of the critical racius (rc)i. j
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Most atmospheric aerasol particles are mixed; i.e. they
congist of water soluble and 1n§uluble parts. e have shown
in the appendix, that the above equations can still be used
for these mixed particles with only very little error.

) speed )
The updraugh%[b(x) of haorizontal distance x from the

. 0
VI S

summit was taken to be
W(x) = £ grad(¥) W(x) ' (13)
where U(¥) is the local wind at 2 metres abave the ground - averaged
over about 5 minutes - and
XEstimated from measurements made at different locations up
- the hill using our instrumented Land Ro&er, grad(x) is the
local gradient estimated from a map scale (1:25,000), and f
is a factor introduced to allow for the retarding effect of

Priction at the ground. Assuming an appraximately logarithmic

wind profile we took f = 1.5. Subsequent analysis using the

linear theory for turbulent flow aver a hill (Jackson and Hunt 4
]
1975) suggests this ta be a reascnable estimate. Values of i

temperature and pressure required for the calculations were ’

measured at cloud base.




L. DROPLET LOSS TO GROUND

The effect of loss of drops to ground by eddy diffusion and J

gravitational sedimentation was investigated using the equetion

3nN(r) _ 3 oN(r) aN(r) 1
B_t——l = 'a—z (K(Z)_az"") + Vr—az - (14)

where N(r) is the drop concentration of redius r, V. is the
terminél velocity and K(z) is the eddy diffusivity at height z.
The equation was.solved numerically using a .forward difference
method and starting with a tQpical drop size distribution which 1
wes thg same throughout the cloud. The integration'was carried
out for the time it takes a parcel of air to travel from the
cloud base to the mountain top.
The primary difficulty in carrying out these calculations

is in the choice of the eddy diffusivity, K. UWe used

K(z)

0.4zu, 2z < 150m : k
- (15) !

K(z) = 60 u, 2z > 150m , {
where uUe is the frictiﬁn velacity deduced from 2m and 10m winds ’ #
at mountain tap. The first expression fof K is based on the
assumption of neaf neutral stability, and the second simulates

J a highly diffusive outer layer. This is certainl& a large over-
estimate for any situation in which mechanical-turbulence is ’

dominant (eg. Bradley 1980). Convection and the occurrence of

E rotary type motions may both act to increase deposition; hawever no <

information is available on the magnitude of these effects. It is

felt that the above eddy diffusivity will still lead to an upper boun
for droplet loss to ground. For the upper boundary condition

K was assumed to fall rapidly to zero at cloud top, i.e. at the

bese of the capping inversion. Support for this notion i

comes from turbulence structure aobservations in the vicinity aof
inversions over level country (e.g. Caughey and Palmer 1979)
v enc from the appearance of an echo free region, implying emell

turbulence levels, above the inv-csion in the acoustic reccrds

tee o e T et
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The results showed that depletion was aonly significant for
clouds of vertical depth < 200m. The cloud depth is a minimum
above the mountain-top. UWe estimate the depth to be greater than
500m, between 50 and 100m, and around 3300m for the cases I, II
and III respectively. Hence absolute values of drop concenfration
and liquid water content must be treated with some caution,
especially in case II, where subadiabatic liquid water contents
may not be due to entrainment alone. The preferential depositian
of larger drops by gravitational sedimentation was negligible fof
a typ%cal range of drop sizes, and caused no significant change
in the drop size distribution in the time requirec for the cloud

to flow from cloud base to the mountain top.




S, THE FIELD EXPERIMENTS

Case I 10 May 1979

A deep isolated cap clbud was located over the ridge at
GDOF and precipitation was falling into it from an initially
much higher deck of altostratus associated with an approaching
warm front. Winds were south easterly, sbout 10m 5'1 at 10m
abave the summit. A section of the acoustic record for the

period ~11.30 to 12.10 8ST is given in Figure (2). This

illustrates the presence of fairly weak thermal plumes extending

up to ~50-100m in height from the hill tap. It is alsa apparent,

fram the absence of an elevated layer echo, thati no significant

entrainment interface existed within the lowsst 3C0m, and this

tends to supoport the view that on this occasion enirainment

effects at the mountain-top were likely to be quite small. (The

thin stationa-y echo at ~80m is from one of the communication

towers on GDF.) Figqure 32 shows that after the formation period the:

adiabatic
cloud hacd an approximately aciabatic licuid water content. (The A

value was calculated from the height and temperature of cloud
base using the model.) Figure 3b shows the variation in 15
minute averages of the drop caoncentration and P the percentage
of 3-secand drop counts which satisfy one af the conditians
N>Na+ 2 /N

or N<WN -2 jﬁ 4 (16)

as a measure af the small scale inhomogeneity in the cloud, as
(1330).

used by 8lyth et al/( N is the number of drops in the 3-second
histogram and N is the 15 minute average drop caoncentratian.
Care was taken to establish that the number of histograms
satisfying one of the criteria (16) was not significéntly
affected by trends in the mean drop concentration over a 195

minute period. The low velues of P indicete =

c.

"0

truchtuers,

fairly hD"‘T}: snecoe

cleo. ~
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Figure 4 shows 8 typical spectrum in the cloud, anc the i
adiabatic model spectrum calculated for the same time.
Figure 3 and 4 strongly suggest a cloud with near adizbatic
properties, whose nearly homogeneaus structure indicates little
effect from interaction with its environment. Examination of

anemoaraph records from the mountain top shows that the air

was at least as turbulent in case study I as in cases II and III.
It is therefore reassuring for the interpretation of cases II
and III that P is small, indicating that water loss to ground is

not introducing structure into the cloud on the scales exzmined.

The rainfall rate in the area of GDF did not exceed 2mm hr'1
and rouoh calculations confirm that the effect of scavenging
of droplets by precipitation, or the breakup of rain drops had

a negligible effect on the droolet spectra.

Cese II 14 May 1978

The cap cloud formed in a8 weakly convective boundary layer
capped by a8 strong subsidence inversion; routine ascents showed
that this was generally at around 600m above lowland areas, but
it was forced to rise in the vicinity of the hill, end was observed
by the acoustic sounder to be between 10m and 100m abave the
mountain top. Cloud base was 600m belaw the mountain tap at
07.00 85T and theresafter rose steadily to be 150 below the summit
at 15.00 BST. The 10m wind at the summit was from 210° with a
speed of ~10m 3’1. Figure (5) presents a section of the acoustic
recording between 1030 and 1120 B8ST. The very dark elevated
layer echo which varies in height from ~1Cm to above 100m is

from the suhsidence inversion. Undulations were present on =

range of scales, i.,e. from a fFew hundred metres to mesoscale

virietions af ~i0-12«<n (e.q. the dio which ocours bLeilv:on 10,40
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and 11.00 BST. The dark region extending from the inversion
into the near surface region probably represents entrained air
mixing into the boundary layer. Thus, whilst entrainment was
almast certainly accurring locally the intensity of the echo
fram the inversion (reflecting the inversion strength) suggests

that it would be weak. The sounder also indicates the presence of

. weak convection under the inversion. The CCN distrib-~

ution was much mare maritime than in either case I or case III.
Curve P of Figure 6 shous.the percentace of 3-secand drop

counts which satisfy the criterion ( 16. Although the mean
liquid water content was substantially subadiabatic, especially
early in the period,(see Figure 7, which shows 15 minute averages
of ligquid water contenﬂk the regions of highest drop counts had
liquid water contents which approeched the adiabatic value
estimated from the observations ofcloud base height, and drop
concentrations similar to those predicted by the model. Hoguwever
the measured concentrations must be treated with caution in

view of the adjustment described earlier. Further the droplei
spectrum observed for these regions agrees quite well with the
calculated adiabatic spectrum, especially early in the day

as can be seen from Figure 8. The spectra in the high and low
drop concentration regions (defined by (1g)) are shown in

Fiqure 9. The shépes of the spectra, taken with the proximity

of the dry eir source, suggest that the inhomaogeneities In the
cloud were produced by the entrainment of undersaturated air,

and this is supported by the acoustic sounder trace, (Figure 5).

The turbulent mixing model autlinec by Besxer cno Lathem

(1331) wes uvtilised to predict changes to thes hish concentratiion
spgectrum (A) in Fiture 3 r-=0ltino from the mixine-in of
eavizancetel air, A spenlfic tewt wre £ s wte Y0 the 1o
T 1Loetian greetra (D) woo riusodoczs.  The fenloos 0f dngect
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parameters utilised in these calculations, based an the
meteorological observations, were: e, (the turbulent enercy .

3 to 2 x 1072 mzs‘B, estimated

dissipation rate), 2 x 10~
from the mean wind-speed at an altitude of 10m, the assumption
of neutral stability and an assumed surface roughness of 2cm;
and X (the radius aof the spherical entrained blob) = 50 to 100m,
estimated fram the acoustic sounder itraces. UWe assumed that

the supersaturatian S, estimaied from sscent data, was around
-15

-g.2, m_ = 10

s g, and that the temperatures before mixing of

the cloudy and énvironmental air, TC and Te' were 5C (measureg)
and 3C (estimated) respeciively. The specirum A (L = O.4Sg m'j)
was subdivided into 5 size-catecories.

Curve C in Figure 9 is calculated on the basis of this
mixinc model, and is seen to he in close agreement with the
observed spectrum 8, which has a reduced liquid water content
of 0.083qg m™ 2. As the mixing praocess proceeds, in the calcu-
lations, there are many regions, at particular times, where
L = 0.8g m'j, but examination shows that the droplet specira
are a2luways similar to C. It was found also that this spectirum
was insensitive to reasonable variations in the input parameiters
(3aker and Lathem, 1981). This zgreement between observed and
calculated spectra encourages us to believe that the mixing

model is capzble of describing, with adeguate precisian, the

influence of entrainment upon the droplet spectra.

Examination of curve P, Figure 6, showus that there is
an entrainment maximum around 11.00 after which a cantinual
decrease occurs until near the end aof the period. Despite this
the low caunt/high count spectra showed that the form of the
mixing rewmainecd as described above. The inhumageneity at the

end of the perioc wae due to peichy clond as the heoy TOs:
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The large rise in drop concentrations towards the end of
adiabatic :

the period was partially reproduced by the(model. The increase
in the calculéted value of N was due to higher updraught speeds
near cloud base as this moved up the hill. This produced

higher peak supersaturations and so activated more nuclei.
However the narrowing aof the spectrum was greater than predicted.
This may be a consequence of the crudity of the model but would
result from 8 change to a more continental CCN. Measurements with
the Mee device were unavailable to test this latter possibility,

but a change to a more continental CCN had occurred by the next

day.

Case I1I1 15 May 1979

The day was characterised by light SK winds, (less than
Lm s'1 at the mountain top). A generzl cover of stratus and
stratocuﬁulus cloud enveloped the mountsin., At 11.00 8ST claoud
base was 500m below mounteain top and rose ta first clear the
mountain at 1400 B85T. There was a weak subsidence inversion
(much weaker than in case II) about 150m above the mountain top.
This was clearly revezled in the acoustic sounder record, a
section of which is given in Figure (10). The important features
to note are that the echo layer is much wezker than on the 14th
and is also highly contorted on a range of scales. Convection
beneath the interface is also much stronger than on the previous
day. These features suggest a siivation in which entrainment
effects are likely to be praominent. Regions of entreining air
can be seen extending from the interface to near the gcraund at
~16,10 8571 and ao=in 2t ~1L,20 BST.

During the period un 1o 1L.30 the adiabuatic lig:rid waier
cantant Felbl ge plad u: o 1o (Fioure 115 2ltnnoecn injtially

the gos--v:ed licai< w-o ¢ tunt and 6rop concentie . g T0th
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<.z aresuaehly due o iaccziziong canyocliva dotivity ang oy uETS
t~ansport af moistire ard CUN in tne Lounizty layser. After 12.400
the acoustic sounder shousd entrainmant into the cloud through
the canping inversion on scales of several l=2ns of metires, (Figure
10). A large fall in mean drop count occurr2d as ihe cloud
became very inhomogenecus, as shawn in Figure (12), but the peak
drop concentrations observed in the patches of thickest cloud re-
mained unchanged until about 13.10. During this time the high

and low count spectra (derived by the criteria 16) became very

similar in shape (Figure 13A4,3) suggesting that the mixing was

extremely inhomogenegus. Within this periad the otserved specirum

~ecame appreciably broacder, (Figure 16,R). However, it was nao

Broader than the model adiabatic spectrum calculzited for th

(']

same time using CCN measurements made at 11.40. Curve C 1in

Ficur2 13 is the spectrum predicted from the turoulent mixing mcdde

in the same manner as for Figure 9. Their values were:; ¢ =

-4 2 -3

5 x 10" %m%s

A\ = 50m, S = -0.2, T_ =89, T, =5°C. The

initial soectrum A, (L = 0.24g m_3) was swuodividsd into 12 size-

and calculated specira, 8 and C respectively.

During the remainder of the experiment cloud base remained

near the mountain tap. The curve of the number of histograms

outside the 2 N criterion shaows a marked lull in mixing around
16.10 8ST. This was confirmed by the acogustic sounder. This
period was charactierised by a narrower spectrum as shown in
Figure 14(8). These experiments therefore provide further strang

2vidence for the importance of understanding the nature of the

entrainment processes in any study of the microphysical developmen

of real clouds.

1

far input parameters estimated fraom the meteorological measurerments

cate2gories. There is szen to be good agreement hetween the observad

t
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6. DISCUSSION

The general conclusions from these three case studies may
be interpreted in terms of the recently developed ideas 06 the
interaction of clouds with their enviranment (Baker et al,

12a0). For extreme inhomogeneous mixing the time constanfs

for eddy dissipetion and droplet evaporation, TT/1E + o, whereas
for classical mixing wT/fE -+ 0.

In case I local turbulence levels were high, but the cloud
was deep and exhibited an approximately adiabetic structure.
Any entrainment effects produced small chances at the hilltop
sampling point. We may estimate the relative extents to which
the entrainment/mixing processes in cases II and III are inhomo-
geneous by considering the ratio (TT/TE)III/(”T/~E)II‘ Ionoring
the contribution to the turbulence kinetic energy budcet from
buagyancy production we assume that most of the turbulence
energy is generated throuogh mechanical production. The above

ratio can then be written es follows:

2, 3 2
(r./1-) (A¢/e)? (r® + 2er) IS
T I ~
T el ] ;II ” i 15 SRR € SN
SRYAFES! SOARES! (z7 + 2erdiqg S11

where X is a length scale taken to be characteristic df both the
sizes of the entrained volume of air and the turbulent mixing
lengths, a (~Sym) the scale lenoth associated with the conden-
sation coefficient and S the undersaturation af the entrained
air. The acousiic souncder traces indicate thet AIII/XII ~ 1,
the croplet deta show that r__~124m,

11

% eerlier:

rIII~EJm, and we employ the

values of ¢ and S preosgant

mn

L to 40, S;/S;i~7

erp/cr11”




Buoyancy production, as indicated by the acaoustic sounder, was

certainly much larger during case III than cese II and would
therefore have acted to reduce the above ratio. However, inclusion
of this factar uould not be expected to alter the conclusion that
the abave ratio is consistent with the experimental observations

that the cloud is much more inhaomageneous in case III than in case

II.

A further prediction of the inhaomageneogus mixing maodel af
gdaker et al (19ag) 1is that the d:op concentrations gf
the largest drops are greatesr than those obtained oy purely

adiabatic growth. Comparisons aof calculatad adiabatic sbectra and
observad mean spectra shaw na clear evidence for this (the in-
accuracles in the calculated updraught profiles do not s=zrigusly
affect this result since the measured CCN disiriboution leads tuo
calculated spectra much maore similar in shape to thz broadegt
rather than the narrawest observed spectra for a range of likely
updraughts). In case II the lack of broadening can be explained if
entrainment effects are confined clase to the regian near the mountain
Km%%%lggayi gyioss the inversion interface is greatestf droplets
unaffected by the entrained air will no! now have time ta grow ta

sizes which are significantly in excess of those resulting fraom

adiabatic growth. In case IIl we observedthat the highest con-

g
3]
o

centratians af large drops occurred in regions where t 2yra2e

or

e hi

L]

of inhamoleneity and the liquid water coantent we=

J2
o
4]
%)

L el
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APPENDIX

THE EFFECT OF MIXED NUCLEI ON THE OROPLET GROWTH EQUATION

It is assumed that the water insoluble part is a sphere

of radius x. The Kaohler equation for the equilibrium drop

size is (Pruppacher and Klett, 1978)

A B
S = — ¢ ———— (A1)
T r3 _ x3

where R and B are as defined in the body aof the paper.

Differentiating as hefore gives

‘ ‘ (r 3 - x3)2,

c
B = T (R2)

3r
c

A

and rewriting (A1)

s = A_ (7 -x)" g
T 3 3 ; (R3)
(r7 - x7 ) 3r
C
Setting r = T, the critical radius is related to the critical
supersaturation by
3
I‘c = —§- g—(1 + X 3 ) (RL)
c ?_rC

This eguation is identical to (10) for caompletely socluble
: 3 3
aerasol if (x7/2r_ ") << 1
Pruppacher and Klett(1973), table 6.3, presenit some values
related to this parameter. They use szlt and silicon diaxide
respectively as the soluble and insoluble parts. With these
compounds the error is less than 3% far mx/mn < 0.9 and

N> 10'159, where m  is the mass of the insoluble part and

m
n

my the total nuclear mass. Work by Henel (1976) has shown

that 211 CCNn likely to be activated at Great Dun Fell satisfy

these concditions well.

For the esauilitrium droo radius r at cloud bese we have




s

25

3.2
(r - x7)
A c A
T (r3 - x3) 3r 4
c
2
A r. A » 32 x 3 -1
=7 - - (1 - (:) ) (1 - (}-) ) (R6)

6

¢ x .
we can assume (;—) , ;) << 1, we can use first order

: c
appraximations to obtain

2

A 3 3
a Te [ X X
-0.01 = — - 1 - 2(=—) + (—)] (R?7)
T 3r3 rc T

This equation is identical to (11) if we let (r_ ) . =
C'mixed

(rc)suluble which introduces only small error as above and

s X\3 3

if (;- - 2(%—) << 1. ('-rr-—)3 is small as before so we need
X3 c : c
(F) << 1.

For the smallesf particles where the error is greatest
r Q{IE_ : thus (x/r)3 ~ 1 (Pruppacher and Klett, table 6.3).
Therg is therefore considerable error in the cloud
base radius calculated for these small particles if they
have a very large insoluble fracfion. However, this will
not introduce significant inaccuracies to the droplet
spectrum calculated in the cloud , since these ~small
particles have small critical radii and when they reach

these radii the error is small, as previously shoun. For

other particles the error is sm2ll throughout growth.
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TABLE 1

— -
Sensar
. ASSP-100 K.P.

Parameter

T (um) 5.6 + 0.1 | 5.5 + 0.1

N (cm™) 230 + 20 ! 255 4+ 20

L (g m2) 0.23 + 0.03: 0.22 + 0.03

5
L4

Comparison of mean drop radius r, drop concentration

N, and liquid water caontent L, for PM5 ASIY a2 <-2ily Frazsz

Case III, 15 May 1579, 1635 - 1€50 hours.

s it e it e o B i ki,
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LEGENDS TO FIGURES

Figure 1 Measured size distribution on 15th May 1979 for the

period 1635-1650. (A) Keily probe, (B) ASSP.

Figure 2 Case I, Rcoustic sounder trace. Dark regions represent

echoes from thermal plumes.

Fiqure 3a Case 1. Observed (A) and calculated (8) liquid water
contents L.
1 Figure 3b Drop concentration N and percentage P of histograms
outside N + Zfﬁ.during the period covered by case I.

Figqure & Case I. A, aobserved size distribution over the period

1331 to 1346 BST using the KP. N = 265 cm >,

L = 0.28 gm“B. 8, calculated spectrum N = 380 cm'3,

_ L = 0.31 gn .

Figure 5 Case II; Acoustic sounder trace. The intense layer-echo

at around 50-100m represents the base of the inversion

or entrzinment interface.

Drop concentratian N, percentage P of histograms

outside N + Z/ﬁi and mean radius T during the period

covered by case II

-~

Observed (A) and calculated adiabatic (B8) liguid

water contents L during period covered by case II.

3 Figure 8 Case 1I. A, measured size distributions for the period
0830 to 0845 8ST. W = 132 cm >, 8, calculated
3

adiabatic spectrum N = 212 cm ~.

Case II.

Size distributions. A, observed high count

spectrum, B8, observed low count spectrum. A,B,

averaged ogver 15 minute period 0300-0315 8ST.
calculated on the turbulent mixing mocdel of Saker anc

Lathen (1921) for parameter values given in the texti,
-3
m .

= 0.t T."l_3: B,C, L = U.ﬂ"‘:f
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Figure 10 Case III, acoustic sounder trace

Figure 11 Observed (A) and calculated (B) liquid water cantents

during the period covered by case III.

Figure 12 Orap concentration N, percentage P of histograms

Figure 13

Figure 14

agutside N'i_ZJﬁu and mean radius ?'during the periaod

cavered by case III.

Case III. Measured size distributions far the period
1236-1251 85T. A, high count spectrum. 8, low caunt
spectrum. C, calculatad on the turbulent mixing mod=l af

gaker and Latham (1931) far parameter values mentioned

3,

in the text. A, L = 0.24g m" 8,C, L = 0.14g n~°.

Tase III. A, measured size distributions for the

period 1257-1306 8ST. W = 258 cm™>, T = 0.47 gm™>

’

B, measured size distributions for the period 1622-

1637 BST. N = 256 cm™>, L = 0.20 gm™>
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Figure 3

| I l
1300 1500 1700
BST




100

0.1 -
|

F,

' 001 ' |




LHIIIH

)

1

Figure 5

it




g aanby4

1S9
0OLL




L gt

( 3anbty

1S3
004" | 0OOLL 0080
| |

AT T, TR WA

—
w'.-»:mlw;-_uw L g T
LS
.




AL S A SN Y I PET R s A WP TR FRa L T VL A e Ry @,

B




o 39

GOy -




- LHII3H

Figure 10

14-30

L0

14-20
TIME (BST)

14-10




LL aanbygy

1549
00PL




L2

2L aanby4

 00.L 00vL 1S9 00LL o

cTwioo.. |

(wrl) ,,mES
I . N

R e & o




L3




8 M 12

Figure 14




III. INFRA-RED ATTENUATION IN LIMITED VISIBILITY CONDITIONS

Intraductian

Simultaneous measurements aof the attenuation of infra-
red radiation, cloud droplet size spectra and cloud liquid
water content have recently been made at the summit of Great
Dun Fell. Preliminary analysis of these data suggests that
this attenuation at about 11,m may be predicted from measurements
of cloud liquid water content by means of the Chylek relation-

ship to a reasonable degree aof accuracy. Good temparal

carrelation of extinction coefficient values derived from
transmissometer measurements with thase derived from cloud
liguid water contents clearly exists and further analysis is
being conducted in an endeavour to establish the likely errors
in the extinction coefficient measurements arising from factors

such a2s multiple scattering within the transmission path.
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Field Measurements

A Barnes Model 14 Infra-red transmissometer system

available under a collaborative research agreement with Royal

5ignals and Radar Establishment at Malvern was operated utilizing

a total transmission path length of 4L1.5 metres. The transmission

measurements.uere made utilizing a spike filter centred at

10.9ym + 0.3,;m though the instrument is alsoc capable of aperating

gver 3-5ym or 8-13;m radiation bands. It was considered that

the nominal angular field of view of 3 milliradians for the

radiation receiver with the associated very small detector

size rendered insignificant any forward scattering corrections

which are neglected for the purposes of data analysis.

Simultaneaus measurements of cloud droplet spectra were made

with a PMS FSSP instrument which is capable of sizing droplets

of 3 to 47ym in diameter. In addition, direct measurements of

cloud ligquid water content were made with an optical scattering #

instrument developed at UMIST which possesses a sample valume of
 : a few millilitres and a path length of approximately 0.2 meires.

For ground-based usage, the FSSP is fitted with an intake horn

and an aspirator fan which provides an aspiration velocity of

about 26 metres per second through the sampling region and an

overall volume sampling rate of 8.14 ml 5'1. It became apparent

%
."
¥
b

during these field studies that winds in excess of about 15 m 5‘1

exerted a '‘ram' effect upon the intake horn of the FS5SP resulting
in significant increases in the volume flow rate of air through
the instrument and consequent averestimation of droplet number
concentrations. Limited investigation of this phenomenon
suggested that moderate wind speeds, of less than about 10m 5'1,
did not significantly influence droplet number concentiration
meagurements but that overestimations by as much as a factor

of 4 might occur with wind velocities approaching 20m s, The
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optical scattering instrument proved suitaole for ground-based
gperation in situations where cloud liquid water contents in

3 were encountered. ts bandwidth

excess of about J3.0%5c m~
of about 1KHz and its small sample volume made it extremely

responsive to small scale fluctuations in liguid water content.

o

i e et




Preliminary Data Analysis

Data from the Barnes transmissometer was recorded in
analogue Form.nn a chart recorder and values of extinction
coefficient for a given claoud sample were calculated by taking
20s averages af the chart record in arder to correspaond with
droplet size and number concentration spectra obtained from the
FSSP aver the same time intervals, These spectra were inte-
gratad to provide a series of measurements of cloud liguid
water content. Chylek (1973) suggested that extinction
coefficient, o could be related to liquid water content, W,

by means of the relationship

o = 3 W

e T T
where C is a constant for a given experimental situation,
p is the water density and A is the wavelength of the radiation.
Thus, valuegs of extinction coefficient obtained by utilizing
this formula could be compared with values derived from direct
transmission measurements, A typical sample of data obtained
by this method is plotted in Figure 1 and exhibits a stronag
temporal correlation betwesn the extinction coefficient curves
providad allowance is made for the FS5SP sampling errors. Clearly
the FSSP correction factor is not sufficiently well defined
to be very meaningful here and demonstrates the need for more
detailed calibration studies., The close temporal correlatian
is nevertheless remarkable when the extended sample volume of
the transmissometer is compared with that of the FSS5P, and
servez to support the validity of this experimental approach.

Figure 2 shows a comparisaon of extinction coefficients

from attenuation measurements compared with ones derived from
liquid water content measurements made with the optical scattering

device again using the Chylek formula. Unfortunately, the
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period analysed does not exhibit a very wide range of values
of extinction coefficient but nevertheless a reasonable degree
of correlation between the twao sets of measurements may be
noted.

Multiple scattering errors arise when radiation scattered
out of the transmitted beam is re-scattered into the beam by
interaction with another particle., This multiple scattering
is increased as the number of scatterers is increased whether
by a greater concentration of particles per unit volume or by
an extended path length and its effect must be to0 enhance the
transmission of radiation through the medium compared with that
predicted from the liquid water content measurements. More
detailed study of the data from the field measurements does
indeed support this hypothesis and a simple scheme whereby a
corrected extinction coefficient,c;, is derived fram the

measured coefficient utilizing & formula of the type

! 2
O, = 68(1 + aAN®)

where N ig the droplet number concentration and & is a constant
for a2 given experimental canfiguration, does appear to yield

much closer agreement between the cclculated and measured values.
A sample of data treated in this manner is reproduced in

Figure 3. This approach is rather rudimentary at present and

a much more detailed treatment is required.
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