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. .~ INTRODUCTION
g%‘ . ’

A substantial amount of field dats nobtained in fecent
cloud and fog experiments conducted at Great Oun Fell (GOF)
is currently under analysis, and millrbe reported subsequently.
£ In thie report we coamcantrate on two activitiesm falling
\ _ within the scope of grant AFOSR-78-3511A. The first is an
’ analysis of the metenrology[ugker characteristics of spme
clouds and fogs enveloping the GDF laboratory, which were
examined by the UMIST group, in collaboration with scientists
from the Meteorological 0Office. The second is the development
of a theoretical model of droplet evolution in fogs and
clouds under the influence of inhomogeneous turbulent mixing
with undersaturated egvironmental air. This theoretical 1
work has been performed in conjunction with Dr M B Baker
of the Univergity of Washington, Seattle. Some complementary ’

laboratory investigations currently being performed at

UMIST will he reported at a later date,
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PRELIMINARY ANALYSIS CF DATA_OBTAINED IN FIFELD STUDIES AT GREAT
EELL DURING THE PERIOD 12 %o 16 DECEMBER 1977

In thie bziaf report we present prelimicmexy findings smerge
ing from analysis of meteorological and microphysical data obtained
in experiments made at Great Dun Fell (GDF) in December 1977.

These were performed in collaboration with scientists from the
Meteorological Gffice (M0), but the comprehensive droplet meaéure-
ments made by the M0 group are not discussed herein, owing to
shortage of time. The primary objective in this first round of
analysis is to examine the changing relationships between the meteor-
ology and the droplet.size spectrum avef continuous extensive
periods (1630 to 1700 hrs on 12/12, 1930hrs on 15/12 to 0021 on
16/12 and 1000 to 1115 hrs on 16/12). A particular goal had been
to establish whether, in some circumstances, there is evidence

for the influence, on the spectrum, of mixing-in of environmental
undersaturated air - and if so, to see whether these effects are
'classical'? based on a description of mixing as a hamogeneous
process, or whether they conform better with the model of inhomo-
geneous mixing which has. been developed under Grant GR3/3007. An
outline of this new model has been presented to the AAPS committee
in the note by Baker and Latham (1978) wﬁich has been submitted
for publication. Figure 1 presents a characteristic spzctral
evolution emanating from this model, which has already been shown
to fit well with observations made by Wermer (1969). It is in=
cluded herein. in order to establish whether its predictions are
in accord with our measurements at GDF. These measured spectra
were obtained by integrating over several minutes, in order

obtain good statistics on the concentrations of the larger droplets.
It is probably useful to mention here that in the absence of mixing

the npoctral shapee within clouds formed over GLF are narrow and =\
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generally very close to that displayed in Figure 3, curve A,

EXPERIMENT I. 1630 to 1700 hours on 12,112,771

A westerly asirflow covered Northern England. A weak
ridge extending Northwards from a belt of high pressure stretch-
ing through the Bay of Biscay,was approaching from the West,
followed by a weak warm front. During the run the axis was just
off the Eést coast of Ireland and the surface warm front was be-
tween 100 and 150 miles to the West of Ireland. |

During the 48 hours prior to arriving at GDF during
the run, the air had been involved in the circulation of a deep
depression over the Eastern Atlantic. Hence although the air
was advected to GDF from higher latitudes it had spent a consider-
able time over the ocean and had not been sufficiently far North
to pass over any land or sea ice, Hence the temperatures were
relatively high although the air wes somewhat unstable in the
lower lay%?s (more eo than at any other time during the experi-
ments cond;cted) due to the passage over progressively warmer
sea as it was advected SE © GDF.

Cloud cover was generally well broken over NW England during
the run with between % and 7} cumulus with base at 540m (this was
dispersing due to siight radiative cooling at‘the surface) and
4+ to éﬁ stratocumulus at about 1km. Several stations had reported
light rain showers during the afternoon.

It was decided thet the temperature sounding obteined at
Long Kesh at 1100 on 12th was representative of GDF during
the run, Thie sscent showed that the air waes conditionally unstable
from the surface 1008mb to 915mb (1100m). At thie level there
wae @ shallow'week inversion, probably esesociasted with slight

subsidence due to the ridgo, ebove which the sir was much drier:

—— e g g
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The wind profile for the GDF region (ignoring the presence of
the mountain) was deduced from the data obtained from several
sonde stations at 0500 and 1700 on the 12th., Analysis was
then performed as before.
The drop $i:a distribution observed in tihe cap cloud at 1
16.33 hours on 12/12 is shown in Figure 2. The estimsted cloud
base is at around 600m (approximately 2km upwind) and the observed
windspeed near the grourd at the summit was about %0Om 5-1

5o
was cansidered unlikely that droplets from the broken
overlying stratocumulus would have been mixed down to the obser-~
vation area at the mountain summit, anc thus it is probable that
all the droplets obsered developed within the cap cloud in the }
time taken to reach the summit from cloud Gcse.
As discussed, the atmosphere was moderstecly unstable with { 1
a small amount of natural cumulus present and therefore the inter-
action at the ecdge of the cép cloud, well away from the mountiazin,
may be expgcted to be somewhat similar to that fora cumulus
cloud ,although modified by the mountain. The likelihood that

significant mixing occcurred is re.nforced by the observation of

substantial short-term fluctuations (in excess of 50%) in the
measured liquid water content, The spectral shape displayed in ;.

i ; ]
Figure 2 is distinctly non-classical, but it is similar to those

presented in Figurs 1, which were derived from our model of §

inhomogeneous mixing.

EXPERIMENT II, 1930 hours on 15/12 to 0021 hours on 16/12
1 12 16.12

P —————

During the period of the runs an anticyclone situated acver
‘ the Noxth Sea at 1800hrs on 15/12 moved slowly South-East into

North Germany and slowly intensified. i




i

During the earliest part of the run the air trajectories
to Great Dun Fell werc slightly to the East of the Pennines
where lowland stations were reporting between ¢ and ¢ cover
of stratocumulus with base at 600m. After 2200 hzrs the wind had
veered sufficiently for the air trajectories to be somewhat 1o
the west of the Pennines and remasined so for tre remainder of
the period. At 1800 hours stations in this area reported &
s;milar stratocumulus cover at 450m.

During the period up to midnight the cloud cover over MW

= ; By ; 8
tngland became more complets, most stations reporting A strato-

cumulus cover at betweesr 300m and 40Jm. A nearly total cover

of stratocumulus (%-tonée) then persisted at most stations for J
the remainder of the period. By 0&COhrs on 16/12

cloud base was generally somewhat higher (around 600m) befocrc {

“alling again to around 400-500m by 1200 hrs,
The Aughton temperaturé ascents were considered to be
representative of Great Dun Fell throughout the period and the
\

ascents for 1i0Chrs 15/12, 2300hcs 15/12 and 1100hrs 16/12 were

studied in some detail.

The period of the rums was characterised by a gradual cool-
ing of the air between 1000mb and 950mb pressure levels together
with an increase in relative humidity and a cecreese in stsbility
from the surface up to 950mb (betwsen 700m and 800m a.s.l). During
the same pericd the inversion associated witih the developing

anticyclone intensified substantially and lo%Prad from 980m at
1100 on 15/12 to 900m by 2300 on 15/12 and then to about 600m

by 1100 on 16/12 over lowland regicns in the vicinity of GIDF.

For the period of the run air irajectories were used to
estimate the arrival et GDF of air of the changing characteristics.

The data on the tephigrams was then used 1o lift the air mass




to the GDF summit, muking use of observed wind profiles at
Aughton and an estimated profile for above the mountain., The

results of this will be discussed concurrently with the observed
dota,

At the start of the run a vertically thin and tenuous cap
cloud was observed through which the moon could be clearly seen,
This ;loud was observed to be Highly inhomogeneous with some
completely clear patches, lasting for several seconds. Ey 2100
hours the cap cloud was thicker, much more homogeneoua and the
moon was totally obscured. -

Figure 3 shows the drop size distribution and mean liquid
water content obtainea‘for the early, highly inhomogeneous cap
cloud (this showed variations of liquid water content of a fac-
tor of 50 with a period of 60sec) with the thicker more homo-
geneous cap cloud. I+ is spparent that more large droplets are
present in the earlisr spectrum, A

To explain this apparently anomolous effect the following
was done. The lifting, deduced from the tephigram for Aughton
at 1100 on 15/12/resulted in a shallow layer, less than 100m
deep that was slighply supersaturatec st the mountain top above
which was a layer of undersaturated highly stable (inhverted)
air with a strongly.positive Richardson nu=ter (A70) up to the
main subsidence inversion. A gradual transition to the sir on
the 2300 tephigram resulted in & cap cloud of progressively
greater vertical depth - finally reaching the main inversion
layer - and.a gradual decrease in stability. It is clear then
that the air immediately above the cep cloud was highly stable
throughout the eerly part of the run, '

Shortly after 19.30 however, the cloud top was clearly

very close to the ground and the point of observation. In the

’
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nighly stable conditions it is in this region that surfaece induced

-

turbulence will be a maximum and some entrainment of dry air was

&

expected and observed, with its effect at instrumental height.

<
~

cloud was away from this more turbulent region and any slight

J

entrainment e¢¥fect well sway from the instruments. From
2100 hours to around 2245 hours the szcctrum was narrower than
at first, indistinguishable from the classically expected spec-

| p—— 1 - - J (14 e ~ el e B & - - -~ -~ - . 9 -
trum based on observed CCN concentrations, and remainec almost
camnletely unchanced inm shaone as “he cloud or T OGN SN e S
caomp 14 N nchenged in &hape &5 Tac Ll0LUG grocicocily TRNLCKENEd,

It woulcd
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undersaturates air when the cloud was very thin was responsible

for the broasdening of the spectra revealed in Figure 3. We can-
3 P 3

not explain the observed spectral shape on the 'classical'! pic-

ture of mixing as a homogeneous process, but comparison with

(6]

Figure 1 shows that the specirum measured at 1930 hours closely
rescrmbles that precicted on.the inhomogeneous model for a similsr
liquid water content. It is highly unlikely that any significant
change in air trajectory occurred between 1930 hours and 2100
hours, which might have resulted in a sufficiently different
CCN aétivity spectrum, -

As mentioned, ébservations remained unchanged until around
2245 hours. At this time intermittent slight rain was observed
at GDF which gradually up to midnight became somewhat heavier
and more cortinuous. No precipitation was reported from any
nearby lowland stations. This could not have cccurred 7rom higher
cloud as the air sloft was very dry and lesrgely cloud-frees. At
the same time the liquid water content began to rise and tin
drop size distribution becaae progressively and appreciably

broader, as shown in Figure 4. These last two effects continued

into the morning.of the 16th by which time the rain had stopped.
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To explain this the development of an extensive straio-

cumulus cover with base below the mountain summit is probo.ly

-
|

highly significants rainfall observed may be explained

(0]

i

lows s~

[

qualitatively as fo
Taking the summit of the stratocumulus to be the base of the
sucsidence inversion it may be estimated that a droplet of ini
:iall& around 20um radius may grow by coslescence as it falls
through the stratocumulus and ﬂnen grow further to s size of
perhaps 1mm as it falls through a few hundred metres of cap clcud,
facilitated by the 1lifting of the stratocumulus close to the
mountain. The smaller drops from the stratocumulus sbove could
evaporate before reaching the ground.

The cessation of precipitation by 1000 hours on 16/12

may be .accounted for in terms of the lowering of the main.

[

rversion layer overnight. .

The broadening of the drop size distribution cpserved in
the cap clpud is probably to be accounted for oy the progressively
greater degree of:entrainment of the long lived stratocumulus
cloud (which would be expecied to contain larger drops due to
radiative cooling, coalescence and mixing) es the stability of

the air below the inversion decreased and so a degrew of turbulence

increased. (The lowering of the inversion away from the mountain

e

©

is unlikely to affect this latter process.) Tephigram analy
shows that this is probably also the case.for the observed appre-
cicble rise in liguic water content a; the distribution widened.
This would not be expected if entreinment cf dry eir was the
cause.

It should be noted that the stratocumulus base-altitude

egreed well with mﬁxing condensation levels estimated from the

tephigrams,

T,

=<0 =




CONCLUSIONS '

The preliminery snelysies preventsd in the preceding pnic-
graphs appear to provide strong evidence for & profound influ=-
ence of mixing~in of undersaturated environmental air on the
cloud droplet spect?a. Over one extensive period the entrain-
ment of stratocumulus residue into the air forming cloud over
Gfeat Dun Fell appears to be responsible for the spectral shape,
In the other two ceses studied we conclude that mixiﬁg produced
spectral broadening,,and'spectrpl shapes which cannot be explained

classically, but do appear to fit with the predictions of our

model of inhomogeneous mixing.
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THE EVOLUTION OF DROPLET SPECTRA AND THE RATE OF PRODUCTION

OF RAINDROPS IN CUMULUS CLOUDS

Despite considerable effort (1,2,3,4 & 5) and some
progress, no generelly accepted solution hes been provid.d
to two important problems in cloud physics involving the
population of cloud droplets produced by condensation,

The f}rst is that the measured times required to produce
raindrops in water clouds may be appreciably shortgr than
values calculated on the basis of classical theory for.
growth by condensation followed by stochastic coslescence. °
4The second is that the predicted size distributions of cloud
droplets within the cshdensational stage of growthlare incon-
sistent with those observed in cumulus clouds. In this

note we outline the results of some recent calculetions,
based on a new model of inhomogeneous hixing, which appear

to offer & solution to both of these problems.

The besic idea, based on laborgtpry experiments, has
slready been reported (6). It ie thet when undersaturated
environmental asir is entreined into & growing cumulus some
clouq drOpleta ere profoundly aeffected while others -~ at
the same level, but more remote from the blobs or filaments
of entrained air, = ;fa acarcel& influenced, This is clesarly
distinguished from the homogeneous description of entrainment

employed by other workers, where it is aseumed that the

reduction in supersaturation produced by entreinment is, et

any level, the same st all pointe.
A prediction of our inhomogeneous model ie thet netural

clouds ehould contein adjescent regions of strongly different

"~ water content but similer meen droplet esize end dispereion -
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defined as the retio of the etendard deviation to the mean
eize, Confirmetory evidence for this prediction has been
obteined in  geverasl field studies (7, 8, 9).

The calculations described below were based on the
simplest possible picture of inhomogeneous mixing - which,
howev;r, the laboratory experiments (6) suggest is reasonably
accurate. It is thet when a region of cloudy air is infil-
trated by @ blob or filament of undersaturated environmental
air some droplets are completely removed by evaporation =-
with equal probability - from all size categories, while
the remaining dropleté'at that level are unaffected.

The celculations were bssed on those of Warner (5).

An updraught of constant speed U = 1m 5-1 produced a cloud

of base temperature Tp = +15°C in en environment of ccnstant

relative humidity 80% and constent lapse rate of TI'= 7,5°C kn™!

Condensation occurred dn‘a distribution of NaCl nuclei con=-
Biéting of N = 200 particles per cubic centimetre in § mass
classes basedon (3) and (5)). The subsequent evolution of
the cloud as it moved upwards at.1m e~ and cooled was cel-
culated from the standard equatione(a) ' .

; for three different conditions., (H),
an homogeneous cese, in which entrainment of outside air
occurred steadily and uniformly, in the manner assumed by

other workers (3,5). This tie classical picture described

earlier. (I), en inhomogeneous cese, in which undersaturated

'blob. of conctunt eize V, are draewn ipto the cloud, either
(with frequency A)
at random. 1hterV|1o or regulerly,/end eveporate completely

s A o SRR

bt
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droplets (of all size clssses) until the humidity rises to
100%. (A), an adisbatic case, in which the cloud did not
interact with its environment., In models H and I the entrained
air cdntained nuclei of the same activity spectrum as those
at cloud base. As the cloud volume v grows the mean frequency
A is set equal to MvAL where u, the effective entrainment
parameter, was taken to be a7 5t equal to that assumed
in the homogeneous model; v, is the original cloud volume,
Figure 5 shows a typical size distribution observed
in cumulus by Warner (2) at a stage where the liquid water
content weé around 0.4 g m-a. It also displays two calculated
spectra. (H) is based on the homogeneous mﬁdel. and is very
similar in shape to those calculated by Warner (1) on his

classical model of mixing. It is seen to bear little resemb-
lence to the observed espectrum (W), However, the size dis-
tributien (1), based en uur inRhemagemesus madel, with x;‘.ma,
is seen to agree closely with thst observed; A, is the
initial frequency of infiltretion. The spectral shapes on
the inhomeogeneous model were found to be insensitive to Xo
so the agreement appizars quite géne;al. 5

Table 1 presents values of liéuid water content LH'
LA' LI’ supersaturation SH' SA' SI and maximum radiué of
droplets in the spectrum, RH' RA' RI' after various growth
times t for the homogeneous, adiabatic and inhomogeneaus
models respectively. Also presented are values of the con-

=4

centration NT of droplets of maximum rediue RT. The striking

observation is thet the lergest droplets grow much faster on

U——————————
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the inhomogeneous model than on eithér the inhomogeneous or
adiabatic models - even though, in the latter case the liquid
water content is sbout twice as great. For example, we
see that about 150 seconds are required on the inhomogeneous
model for the largest drops to achieve a radius of 13um,
while about 400 and 500 seconds respectively are required
Sn the adiabatic aéd inhomogeneous models., For R = 15um
the figures are about 200 seconds for the inhomogeneous
model, 700 seconds on the adiabatic model and 600 seconds
on the homogeneous. We see that on our inhomogeneous des-
cription of the entrainment process the'largest droplets
move through the condensationul-stage about three times as
fast as is predicted classically - and it appears, therefore,
that this finding may resolve the lsng-atanding question,
referred to earlier, of the rate st which raindrops can
be produced in cumulus. In this connection, it is interest-
ing to note that the values of N, (™ lj1) are of the right
order of magnitude fbr reindrop concentrstions.

The reason for the greatly enhanced growth-rates on the
inhomogeneous model:is apparent from the inapection.of
Table (1) = the values of supersaturation are much greatér.
This is because, on the inhomogeneous model, a substantial
proportion of the droplets are small, haying been formed
above cloud bese by re-activetion of nuclei contained within
completily eveporsted droplets or activation of entreined
nuclei. These smaller droplets consume water vapour rela=-

.

tively ineffectively, thus allowing S to rise, and ‘the largest
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(unaffected) droplets to grow more rapidly.

The absolute growth rates of droplets will depend .on

factors which may vaery greatly from cloud to cloud, But we

believe that the difference in growth rates{between homo=-
geneoﬁs and inhomogeneous mechanisms) will generally be

close to those presented in Table 1. Our major conclusions
were found to be insensitive to variations in X;1 (from 10

to 100s) and to the choice of CCN spectrum. It is diffi=-

cult to imagine that they would be sensitive to variations

in TB' U, T and other meteorological paraﬁetars. It appears
to us to be sensible,.as the next stage in this study, to
devote our principal effort, through field, laboratory and
theoretical work, to establishing more precisely the processes
involved in mixing, on a scale comparable with the drop spacing.
This will involve consideration of the various time constants

governing droplet evaporation, vapour diffusion, and the

creation 'of interfacial ares between cloudy and undersaturated air.

B S TS ————
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