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ABSTRACT: The effective radius of cloud droplets in warm stratocumulus clouds has
been investigated by analysing observations from the Meteorological Research Flight’s Her-
cules C-130 aircraft. Results from experiments in the Fastern Pacific, South Atlaniic,
sub-tropical regions of the North Atlantic and the sea areas around the British Isles are
presented. In situations where entrainment effects are small the (effective radius)® is found
to be a linear function of the (volume averaged radius)® in a given cloud and can thus be
parametrised with respect to the liguid water content and the droplet number concentration.
The shape of the droplet size spectrum is very dependent on the cloud condensation nucle:
(CCN) characteristics below cloud base, and the relationship between effective radius and
volume averaged radius varies between maritime airmasses and continental airmasses.
This study also details comparisons that have been made in stratocumulus between the
droplet number concentrations and (a) aerosol concentrations below cloud base and (b)
CCN supersaturation spectra in the boundary layer. A parametrisation relating droplet
concentration and aerosol concentration is suggested. Comparisons are made between this
parametrisation of effective radius and others being used currently. The penetration of
curnulus clouds into stratocumulus layers are observed to have a significant effect on the
reflectivity of the layer clouds and interpretations of these observations are presented.

1. Introduction

Stratus and stratocumulus clouds have high albedos and reduce the shortwave radia-
tion received at the earth’s surface (Albrecht et al. 1988, Betts and Boers 1990). These
boundary layer clouds are therefore important components of the earth’s energy budget.
They are observed to occur in very persistent sheets covering large areas of the eastern
parts of subtropical ocean basins over the cooler ocean currents found there and as more
transient features under mid-latitude anticyclones (Schmetz et al. 1983) and in arctic
regions (Curry and Herman 1985). The reflectivity of these clouds is very sensitive to
their liquid water content and to the microphysical processes going on within them (Tay-
lor and Ghan 1992). Twomey (1974) has suggested that their albedo is modified by the
characteristics of the cloud condensation nuclei (CCN) available to form the cloud drops.
By changing the droplet size distribution and concentration, the optical properties of the
cloud may be altered sufficiently to change the global energy budget and thus the climate
(Twomey 1977a, Charlson et al. 1987). It is therefore important that numerical weather
and climate models simulate realistically the radiative properties of these clouds (Mitchell
et al. 1989).

However, such models have too large a grid spacing to resolve explicitly the mi-
crophysical processes associated with these clouds. Therefore their effects have to be
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parametrised in terms of the bulk model variables in order to improve the model predic-
tions. The three most important parameters needed to describe the radiative properties
of clouds are

(i) the optical thickness
(ii) the single scattering albedo and
(iii) the asymmetry factor

Stephens (1978b) and Slingo and Schrecker (1982) show that in liquid water clouds all
three of these can be parametrised in terms of the effective radius () of the droplet size
spectrum. The effective radius is defined as

. frio NTT3 d’rl (1)
N 2y N.r2dr
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where 7 is the cloud droplet radius and N the droplet concentration. Slingo (1990) esti-
mated that decreasing the effective radius of cloud droplets from 10 pm to 8 um, which
increases the shortwave albedo, would result in atmospheric cooling that could offset
global warming due to doubling the CO, content of the atmosphere. Equally, Randall
et al. (1984) have shown that this offset could also be brought about by a four percent
increase in the area covered by stratocumulus. Radiation schemes used in large scale nu-
merical models are therefore very sensitive to the effective radius. The main focus of this
paper is the analysis of extensive aircraft observations of marine stratocumulus clouds
from several different regions of the world in both maritime airmasses and continental
airmasses which suggest a new parametrisation of effective radius for layer clouds that
could be used in numerical model radiation schemes.

2. Aircraft instrumentation and data sets used.

The data analysed below were recorded by the Meteorological Research Flight (MRF)
Hercules C-130 aircraft during

(i) the First ISCCP (International Satellite Cloud Climatology Program) Regional Ex-
periment (FIRE) conducted over the eastern Pacific Ocean off the southern coast of

California in July 1987,

(ii) the First ATSR (Along Track Scanning Radiometer) Tropical Experiment (FATE) in
the South Atlantic during November 1991, ‘

(iii) flights made in stratocumulus over the sea areas around the British Isles between

December 1990 and February 1992, and

(iv) the Atlantic Stratocumulus Transition Experiment (ASTEX) carried out in the
North Atlantic in the vicinity of the Azores in June 1992.

In all, data from 36 flights have been used.

Detailed information about the instrumentation used on the C-130 and its perfor-
mance is given in Rogers et al. (1993). The instruments used to obtain the microphysical
data analysed here were a Particle Measuring Systems (PMS) Passive Cavity Aerosol Spec-
trometer Probe (PCASP) which measures aerosol particles in the range 0.05 to 1.50 pm
radius (Strapp et al. 1992), a PMS Forward Scattering Spectrometer Probe (FSSP),
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which measures droplets in the range 0.25 to 24 um radius (Baumgardner 1983), a PMS
2D cloud probe which measures droplets in the size range 12.5 to 400 pm radius (Moss and
Johnson 1993) and a thermal gradient diffusion chamber to measure CCN activity spectra
(Saxena and Kassner 1970). Two basic flight patterns were used: (a) a profile, where a
slow descent (500ft/min in the boundary layer, 1000ft/min in the free troposphere) was
made through the cloud sampling the microphysics of the cloud and the aerosol charac-
teristics below cloud base, and (b) a stack in which a series of 5 to 10 minute straight
and level runs was performed, the first immediately below the cloud base to sample the
aerosol in the boundary layer and the rest at several different heights in the cloud. The
technique used for measuring the CCN supersaturation spectra is very slow so, normally,
only one spectrum could be obtained below cloud base in both the profiles and the stacks.

3. Typical stratocumulus cloud characteristics.

Stratocumulus clouds normally form underneath a subsidence inversion over a relatively
cool sea surface. Figure 1(a) shows a typical tephigram obtained during a slow descent
through a layer of stratocumulus off the coast of California. The cloud which was 400m
thick had formed in a moderate northerly flow in a well mixed boundary layer that was
approximately 1km deep and capped by a sharp temperature inversion. As found by sev-
eral other investigators (Nicholls 1984, Nicholls and Leighton 1986, Albrecht et al. 1988,
Bower and Choularton 1992) the corresponding liquid water content profile, as shown
in Figure 1(b), increases smoothly with height, with a large step change at cloud top.
However, the droplet concentration (Figure 1(c)) measured by the FSSP remains almost
constant throughout the depth of the cloud and there are sharp changes both at cloud
base and cloud top. The average size of the droplets increases with height, as illustrated in
Figure 1(d), which is a profile of the effective radius of cloud droplets. This is calculated
from droplet size spectra measured by the FSSP using the following equation:

M 3N
= Zzlaln 2)
n=1Tn Nn
where M is the number of size bins resolved by the FSSP (M = 15), 7, is the middle
radius value for that size bin and N, is the concentration of droplets in that size bin.

The example given in Figure 1 is typical of most of the stratocumulus clouds used
in this study. It is consistent with a layer of cloud having formed in a boundary layer
with relatively homogeneous aerosol characteristics below cloud base and where the max-
imum supersaturation in the rising parcels of air is experienced just above cloud base,
so that all the CCN in the parcel that are going to be activated are activated at this
level. Therefore the droplet concentration remains constant throughout the depth of the
cloud. Occasionally, profiles showed a decrease in mean droplet concentration close to the
upper and lower cloud boundaries, with corresponding decreases in liquid water content.
However, in most cases these effects were small, which indicates that entrainment in these
stratocumulus clouds is not generally a significant effect, and is mainly limited to cloud
top. On occasions when entrainment was noticeable, such as when cumulus clouds were
penetrating the layer or when the layer was very thin or broken, the data were left out of
the analysis.

The most significant microphysical variation observed in the stratocumulus clouds
during the course of these experiments was the difference in shape of the droplet spectra
between maritime and continental airmass clouds. The airmass type was determined
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by referring to the synoptic situation and deciding whether or not the air would have
recently passed over land. During FIRE and FATE, relatively clean maritime airmasses
were encountered since in each case the air had travelled a considerable distance over
the ocean. Nearly all the airmasses in the flights around the UK, apart from a few
exceptional cases, showed the effects of continental sources; even short tracks across land,
such as a west to northwesterly flow over southern Ireland, considerably modified the
aerosol characteristics. When typical spectra from around the UK are compared with
those from off the coast of California, quite large differences are found. During ASTEX,
even though the Azores are a long way from the European continent, a wide variety of
airmasses was sampled. Those coming predominately from the north or north west were
relatively clean, but strong east to north east outflows from Europe were found to be very
polluted on several occasions. There were marked differences in the shape of the droplet
spectra measured in these airmasses.

Figure 2(a) shows a typical set of averaged droplet size spectra for a layer of stra-
tocumulus sampled during FATE in a maritime airmass. The peak concentration in the
cloud remains almost constant with height but the proportion of larger droplets increases,
causing a significant movement of the peak to larger radii. Thus the effective radius in-
creases with height in cloud. A set of droplet spectra from a cloud layer sampled around
the UK in a continental airmass is shown in Figure 2(b). This also shows an increase in
average droplet size towards the cloud top, but the shapes of the spectra are very different
from those in Figure 2(a). The peak size of the droplets at cloud top is smaller than in
the maritime case, but there are still significant numbers of droplets in the larger size
ranges and as a result the spectra are more skew.

The differences in spectral shape may be compared quantitatively using spectral
dispersion (d), which is the ratio of the standard deviation o of the spectrum to the mean
radius (7), that is

d=

39

(3)

Figure 3 shows vertical profiles of d as a function of normalised height above cloud base
for the spectra given in Figures 2(a) and 2(b). The difference in spectral dispersion for
the two cases can be seen clearly. It is interesting also to notice that the dispersion is
approximately constant with height, which indicates that the spectrum must broaden as
the mean droplet size increases. This was also observed by Nicholls and Leighton (1986).

4. A Parametrisation for the Effective Radius of Cloud Droplets

4.1 Theoretical Basis

The liquid water content can be calculated from a particular droplet size spectrum using
the following equation:

L:éﬂ'pw /OoNr3d7‘ (4)
3 0

where L is the mass of liquid water per unit volume of air. The FSSP has 15 size channels,
so this equation can be approximated by the summation:

4 15
L= 3w > riN, (5)
n=1

where N, denotes the concentration of droplets in the size range m, 7, the radius of
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Fig. 3 A plot of spectral dispersion (d) against normalised height in stratocumulus cloud in a maritime airmass (solid
line) during FATE on 6 November 1991 and a continental airmass (dashed line) over the North Sea on 26
February 1991.
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droplets in that size range, and p,, the density of liquid water. This can be expressed as:

4
L= 577pr27 NTOT (6)

where Npor is the total droplet concentration and r, is the mean volume radius.

4.2 Relationship between r, and r,

If a relationship can be found between r. and r, then Eq. (6) can be used as a start-
ing point for a parametrisation of 7, in terms of the liquid water content of the cloud
and the droplet concentration. Bower and Choularton (1992) compared r, with r. for
a descent through stratocumulus during one of the FIRE flights and found that », was
consistently lower than r. by about 1um. However, the results presented in this paper
indicate that there is a linear relationship between r} and r? in stratocumulus clouds
where little entrainment is going on. That is:

ry=kre (7)

where k is a constant.

Figure 4 shows a typical example of a scatter plot of one second averages of 7> against
72 measured by a FSSP in a profile through a 250m thick layer of stratocumulus. A very
good straight line is found with little scatter. This particular case was for a maritime
airmass studied during FIRE where the droplet sizes were large. Similar scatter plots were
produced for all profiles through cloud in these experiments, and it was found consistently
that k varied with airmass type. In the maritime airmasses sampled in FIRE, FATE,
ASTEX and around the UK, larger values of k& were measured than in the continental
airmasses found in the vicinity of the UK and during ASTEX. This arises due to the
fundamental difference in the shape of the droplet size spectra which was discussed above
for the two airmass types. In continental airmasses it was found that k = 0.67 - 0.07 (1
standard deviation) while in the maritime airmasses & = 0.80 + 0.07.

It is suggested that a suitable parametrisation for effective radius is:

3L 3
e = | 8
" (47prkNT0T) ®)

The results from all the flights are summarised schematically in Figure 5, where 72 is
plotted against (FSSP liquid water content/ droplet concentration). The graph shows the
envelope of all data points and they fall into two separate regions; one for continental
airmasses and the other for maritime airmasses.

4.3 Effect of aerosol on cloud droplet concentration

4.3.1 Relationship between cloud droplet concentration and aerosol concen-
tration

Due to its transient and sub-grid scale nature cloud droplet concentration is a difficult pa-
rameter for a large scale numerical model to handle. Therefore, before Eq. (8) can be used
to diagnose effective radius in models, a method for parametrising Nror is required. In
stratocumulus clouds, in well mixed boundary layers, the droplet concentration through-
out the whole depth of the cloud is almost equal to the CCN concentration below cloud,
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and therefore in a maritime airmass it would be expected that the droplet concentration
would be much less than in continental airmasses. Thus Nror could be approximated by
choosing a characteristic value for a given airmass. Bower and Choularton (1992) used
Nror = 600 ¢m™3 over the continents and Nyor = 150 em™ over the sea.

However, this simple scheme would lead to a value of 7. which would often be
in error, since continental type airmasses are often observed to retain their high aerosol
content for some distance over the sea. As numerical models become more sophisticated it
is likely that a predictive aerosol parameter will need to be included. It is well known that
the concentration and chemical characteristics of aerosol particles will directly affect the
concentration and maximum size of cloud droplets forming in an airmass, and hence will
affect the cloud optical thickness and albedo (Twomey 1974, 1977b). Thus the inclusion
of such a variable would be advantageous both from the point of view of radiation schemes
and for predicting visibility. In fact, the UK mesoscale model (Golding 1990) already has
the facility of including an aerosol variable, and investigations are beginning into how
aerosol may be included in GCMs (Langner et al. 1992).

Aerosol concentration measurements taken with the PCASP during this study show
that there is a good correlation between the number of aerosol just below cloud base
and the cloud droplet concentration. Figure 6 summarises the aerosol concentrations
measured below cloud base and the number of droplets observed in the cloud. Each point
represents the average droplet concentration in a particular layer of cloud compared with
the aerosol concentration measured just below the base of the layer. For the maritime
airmasses there is little scatter of the points and the best fit line is close to the dashed
y = z line, indicating that nearly all the aerosol are good CCN and that there is very
little variation in the chemical characteristics of the particles. Note that because the lower
measurement limit of the PCASP is 0.05 pm some smaller CCN may be missed, so that
the aerosol concentration measured by the PCASP is probably an underestimate of the
total aerosol concentration. This would account for the points which lie above the y =z
line. However, it is also possible that some processing or scavenging of the aerosol below
cloud base by drizzle has taken place.

For the continental airmasses the scatter is much larger than for the maritime air-
masses, illustrating the range of propensities to become CCN and hence the diversity of
aerosol chemical characteristics amongst the airmasses sampled. The best line fit to all
the data, if extrapolated to the z-axis, would have a positive intercept, which shows that
a certain proportion of the continental particles are hydrophobic and so will not form
cloud droplets. The value of this intercept will vary with the origin of the airmass; for
example, an airmass of urban origin would contain a large percentage of anthropogenic
aerosol particles such as carbon, which is insoluble, so the relationship between aerosol
and CCN concentration for this airmass would differ from one which had, for example,
originated over the desert. The best line fits suggest that Nror can be parametrised in
the following manner:

In maritime airmasses

NTOT = —1.15 X 10_3 Az + 0.963 A + 5.30 (9)

for values of A in the range (36 < A < 280 c¢m™3), and in continental airmasses

Nrop = —2.10 x 107* A® + 0.568 4 — 27.9 (10)
for values of A in the range (375 < A < 1500 cm™?)
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where A is the aerosol concentration in the size range 0.05 - 1.50 um radius. Note that
these equations are valid only over the range of observed values of A to which they are

fitted.
4.3.2 CCN Supersaturation Spectra Below Cloud Base.

The relationship between the concentration of aerosol particles below cloud base and
the concentration of CCN activated into cloud droplets will, for a particular airmass com-
position, depend not only on the actual proportion of aerosol which are CCN, but also
on the relative values of the maximum in-cloud supersaturation and the critical supersat-
uration of the CCN (that is, the supersaturation at which the CCN are activated). The
maximum supersaturation is largely dependent on the vertical updraught velocity, and
for stratocumulus clouds it is less than 0.8 % because the updraught velocities are very
small, typically less than 1 ms™!, and increases in supersaturation are rapidly reduced by
condensation of water vapour onto cloud droplets. However, increases (or decreases) in
the maximum supersaturation could cause increases (or decreases) in the number of CCN
activated to cloud droplets within the same airmass, as illustrated by Twomey (1959). In
order to investigate the variations in the maximum supersaturation between the different
stratocumulus layers studied here, CCN activity spectra measured just below cloud base
were used. Activity spectra, typical examples of which are given in Figure 7, show the
CCN concentration activated at a particular supersaturation; this will obviously vary with
the actual aerosol present. Provided there are no non-adiabatic processes occurring such
as entrainment or drizzle, so that the mean droplet concentration in the cloud layer is
the same as the concentration of CCN activated, it is possible to find the corresponding
maximum supersaturation. Examples of CCN supersaturation spectra and the construc-
tion carried out to find the maximum in-cloud supersaturation are shown in Figure 7 for
both a maritime and a continental airmass case. This procedure for calculating the maxi-
mum supersaturation was carried out for all the CCN spectra measured below cloud base
during the UK, FATE and ASTEX f{lights (the instrument was not fitted during FIRE).
Figure 8 shows how the maximum supersaturation varies from one stratocumulus sheet
to another. Although there is considerable scatter in these results, they do indicate that
the maximum supersaturation for stratocumulus clouds in both maritime and continental
airmasses is, on average, 0.35 £+ 0.13 % (1 standard deviation). This implies that given
the CCN activity spectrum for an airmass in which stratocumulus clouds are forming,
the cloud droplet concentration, N7or, could be deduced and used in Eq. (8) to find the
effective radius of the cloud droplets.

5. Comparison with other parametrisations.

Most general circulation models use a constant value of r. for water clouds and another
for ice clouds. In the UK Meteorological Office (UKMO) unified model, for example,
the r. used is 7 pm (Ingram 1990) for water clouds and 30 pm for ice clouds. In the
European Centre for Medium-range Weather Forecasts (ECMWTF') operational model, a
value of 15 um is used for water clouds (Morcrette 1990). Figure 9 shows a comparison,
from the UK, FATE and ASTEX flights, of the observed r, and the predicted r. from
the parametrisation detailed in Eqgs. (8), (9) and (10) using measurements of the liquid
water and aerosol concentration from below cloud base. The y = z line is marked on and
the dashed and dash-dot lines indicate the r. values that currently are being used in the
UK Meteorological Office unified model and the ECMWTF operational model respectively.
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In general, the parametrisation is performing well and, as would be expected, is a much
better indicator of r, than using a constant value.

The Canadian Climate Centre (McFarlane et al. 1992) is attempting to use a more
realistic value of r. than the UKMO and ECMWF though it is still using a very simple
algorithm that relates =, to the liquid water content (L), i.e.

re[um] = 11L[gm™°] + 4. (11)

This expression was empirically derived by Fouquart et al. (1990) from “standard clouds”
described by Stephens (1978a), which range from stratus to cumulonimbus but include
cumulus and stratocumulus clouds in both maritime and continental airmasses. Figure
10(a) shows that this parametrised r. agrees well with the observed values for continental
airmasses, but that r. in the maritime airmass clouds is often significantly underestimated
by the parametrisation. This is likely to be the result of only allowing a dependence on
liquid water content, which may be the same in two boundary layers that have different
aerosol concentrations and will therefore produce clouds with different droplet sizes.

In smaller scale models, attempts have been made to parametrise r. assuming a
droplet spectrum that varies with liquid water content but has a constant shape. Moeng
and Curry (1990), in a large eddy simulation of stratus clouds, used a Khrgian-Mazin
drop size distribution,

n(r) = ar’e™ (12)

where n is concentration, r drop radius and a and b are functions of liquid water content.
The r. can then be explicitly calculated i.e.

5
. = - 13
=7 (13)
where 1 '
b = (2.094395 x 10° N/q;)3 (14)
and
N = 50 + 700 x 103 g, — 300 x 10° ¢} (15)

In these equations, g; is liquid water mixing ratio (kg/kg) and N is droplet concentration
(cm™3). Eq. (15) was determined empirically from observations of arctic stratus clouds.
Figure 10(b) shows the comparison between the calculated 1. and the observed 1, and it
can be seen that this parametrisation significantly underestimates the variation of r. found
in our measurements. This is likely to be a result of the assumed drop size distribution,
which Moeng and Curry state may be too broad for subtropical marine stratus. Also,
errors may be caused by our use of this parametrisation of N, which is based on arctic
stratus cloud data, for marine stratocumulus.

Jonas (1990) found that in a one dimensional model of the growth of droplets by
condensation in an entraining warm cumulus cloud, the 7. of the droplet spectrum was
dependent on the CCN spectrum and the liquid water content, but was relatively in-
sensitive to other properties of the cloud. However, Bower and Choularton (1992), when
they analysed measurements of the microphysical properties of continental cumulus, small
cumulus and stratiform cloud around the UK, and sub-tropical marine stratocumulus,
found that the fundamental differences in entrainment processes associated with layer
and convective clouds produced differences in the droplet size spectra which necessitated
separate parametrisations of 7. for these cloud types. They observed that in convective
clouds, away from cloud base, the entrainment is strong enough that the r. varies very
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little throughout the depth of the cloud; so it is possible to parametrise r, as a constant
in cumuli which has one value over land (10 pm) and a larger value (14 um) over the
sea. For layer cloud, empirical parametrisations were produced relating r, to liquid water
content and droplet concentration where the droplet concentrations were set to constant
values typical of maritime and continental clouds.Figure 10(c) shows the parametrisation
of Bower and Choularton (1992) for r, in stratocumulus clouds, which states that:

3L \3
e =1 1
re = 100 x (“N) (16)

where L is liquid water content in g/m® and N is a fixed value of 150 cm™3 over the
oceans and 600 cm™> over the continents. Although all the clouds in our study were over
the oceans, the continental or maritime division used throughout this paper was employed
with the Bower and Choularton parametrisation. They suggest that L is the liquid water
content predicted by the general circulation model cloud scheme, which would be close to
the adiabatic value in these clouds. For the purposes of this comparison, the measured
FSSP liquid water content has been used. This parametrisation consistently underesti-
mates 7. in both types of airmass, mainly as a result of the high droplet concentration
used in each case, compared with typical values measured with the FSSP in this study
(see Figure 8), and also because the parametrisation assumes that k = 1.

6. Effects of cumulus on stratocumulus.

Up until now this paper has concentrated on relatively homogeneous stratocumulus lay-
ers where entrainment effects or drizzle production have had little or no effect on the
characteristic shape of the droplet size spectra and r? has remained a linear function of
ro throughout the depth of the cloud. The measurements show that drizzle production
has very little effect in the top third of the cloud layer (Martin et al. 1993) and the
parametrisation detailed above still holds for r. at the top of the cloud where, from the
radiative transfer point of view, it is most important. However, entrainment effects, such
as cloud top entrainment instability (McVean and Mason 1990) and penetration of cumu-
lus clouds into the stratocumulus layer, do have a significant effect on the microphysical
characteristics of stratocumulus and its albedo. The later, in particular, has been found
to be a very common event, especially during ASTEX. This section will detail some of
the microphysical interactions that can occur between cumulus and stratocumulus clouds.

6.1 Decoupling of the Cloud Topped Marine Boundary Layer.

Nicholls and Leighton (1986) showed that boundary layers capped by stratocumulus clouds
undergo a large diurnal variation. Once a sheet of stratocumulus forms, long wave cooling
from the top few meters of the cloud generates turbulent kinetic energy that forms large
eddies in the vertical which transport water vapour up from the sea surface to the cloud
layer and help maintain it. During the day, solar absorption by the cloud reduces the
effect of the long wave cooling and the amount of kinetic energy being generated. This
reduces the size of the vertical eddies and the surface becomes decoupled from the cloud
and sub-cloud layer which completely cuts off the moisture supply to the cloud. Any
entrainment of dry air from above the cloud will then cause the cloud to thin and perhaps
break up.

Moisture can build up in the surface layer which can cause it to become conditionally
unstable. When this occurs cumulus clouds form at the top of the surface layer and these
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can grow and penetrate the stratocumulus. Figure 11 shows a schematic diagram of the
time evolution of this process. If the boundary layer becomes deep enough, either through
sea surface temperature effects or reduction in subsidence in the free troposphere, then it
may remain decoupled all the time and the cumulus clouds will continue to be produced
beneath the stratocumulus, even at night. This was certainly observed on many occasions
during ASTEX. Figure 12 shows a profile through a boundary layer during ASTEX where
the surface is decoupled from the cloud layer. The equivalent potential temperature and
total water content are both higher in the surface layer than in the sub-cloud layer and
they increase again in the main stratocumulus layer. Cumulus clouds were observed ex-
tensively in this flight and many were penetrating the stratocumulus layer. The cumulus
clouds act as a recoupling mechanism between the surface layer and the cloud layer and
may well transport enough moisture from the surface layer to the top of the boundary
layer to maintain or thicken the stratocumulus. It is possible that without these cumulus
clouds the stratocumulus may dissipate completely.

6.2 The Microphysical Interaction of Cumulus and Stratocumulus Clouds

Figure 13 shows NOAA AVHRR infra-red and visible images of a sheet of stratocumulus
over the North Sea and the British Isles on the 18 May 1990. A very weak cold front had
passed southwards over the North Sea and a ridge of high pressure had built behind it.
This had produced a northerly flow over the North Sea which veered to a north easterly
over the coast of the British Isles. Model back trajectories of the flow indicate that, for
at least the previous 2 days, the air had been continuously over the sea and was therefore
relatively clean. The C-130 aircraft was flying over the Wash and central North Sea.
Visual observations from the aircraft and the infra-red picture indicate that the cloud
top height did not vary a great deal over a very large area and the cloud was relatively
extensive with only a few small holes in it. The visible image, however, shows that there
are substantial variations in reflectance of the cloud sheet.

Figure 14 shows droplet concentration, effective radius, liquid water content, total
water content, equivalent potential temperature and vertical velocity for two runs in a
vertical stack through and just below the stratocumulus layer over the North Sea. Each
is plotted against distance from the same reference point. These runs are almost over
the same ground positions (although they were about 15 minutes apart), so any features
sampled in the lower run can approximately be traced to the upper run. Using the flight
video these runs have been annotated using observations made during the lower run,
which was carried out about 100m below the main stratocumulus cloud base. During this
run, several cumulus clouds were observed and penetrated, some of which were merging
with the stratocumulus layer and some of which were distinctly separated from it. There
were also regions where the stratocumulus base appeared to be lower and more diffuse.
The graphs of the upper run in Figure 13 highlight the effects of the penetrating cumulus
clouds on the stratocumulus layer. There is a sharp increase in droplet effective radius
and liquid water content and a smaller but significant increase in droplet concentration,
which correspond to where the cumulus clouds were observed below the stratocumulus.
There are also increases in vertical velocity, liquid water content and equivalent potential
temperature. These observations are typical of situations where cumulus and stratocu-
mulus interact. The cumulus clouds act to transport surface layer air into the cloud layer
and can therefore act as a moisture source for the cloud layer.

Figure 15 shows a mixing diagram of equivalent potential temperature and total
water content from another example where cumulus clouds were penetrating a stratocu-
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Fig. 13 Sateliite images at 1315z on 18 Mayw1§9(') for (a) visible and (b) infra-red Wavelengths.
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mulus layer on the 19 June 1992 during ASTEX (same flight as shown in Fig. 12). The
dots are data points for each second during all the straight and level runs in a vertical
stack. The dots are overplotted with other symbols when they are in cloud, some of which
represent cumulus cells and others the main cloud layer (see key). Area A on this diagram
indicates the surface layer which has high values of equivalent potential temperature and
total water content, area B is the sub cloud layer, area C in the stratocumulus layer and
area D the free tropospheric air. The points indicated by E are penetrations of cumulus
clouds below the stratocumulus layer . These indicate that the cumulus clouds are pri-
marily surface layer air which are entraining and mixing with the sub cloud layer air. The
points indicated by F is air that has been flown through in the stratocumulus layer but
that has been significantly effected by cumulus clouds penetrating the layer and mixing
in a mixture of surface layer and sub cloud layer air. It is quite likely that the main
stratocumulus layer has been highly modified by the cumulus clouds, the effects of which
diffuse out once the cumulus cloud dies away. The points indicated by G is where parcels
of air near the top of the stratocumulus layer are mixing with free tropospheric air. This
is possibly coming about through enhanced mixing caused by the cumulus clouds slightly
over shooting the top of the stratocumulus layer. Figure 16 shows a schematic diagram
of the mixing processes that are going on in this boundary layer.

Observations show that the presence of drizzle is highly correlated with cumulus-
stratocumulus interactions. Figures 14g and 14h show occurrences per second of drops
greater than 25um and the number per second which were larger than 150pm, for the
runs from the flight on 18 May 1990. Comparison with Figure 14c shows that the most
frequent occurrences of drizzle drops coincide not with where the most active cumuli were
observed, but in regions where the stratocumulus base was extended and diffuse, and
where there were decaying cumuli below. This implies that the larger drops may have
developed by coalescence as a result of mixing between the two cloud types. It is likely
that the now decaying cumulus clouds observed below the diffuse stratocumulus base did
penetrate the stratocumulus layer and their effect has been to initiate drizzle production,
which has continued after their decay.

6.3 Radiative effects

Changes in cloud microphysics will ultimately effect the radiative properties of the cloud
layer and hence the radiation budget at the surface. Therefore if the microphysics of a
stratocumulus layer is greatly affected by the penetration of cumulus clouds forming be-
neath the layer, and if this process is widespread, it could influence the radiation budget
of the Earth as a whole.

The satellite pictures shown in Figure 13 are worthy of further comment as they
illustrate quite well the multifarious effects cumulus cloud interactions can have on a
stratocumulus layer. There are many localised regions of high reflectance over the sea
which vary in size from a few kilometers to many tens of kilometers. Also it can be seen
that the cloud layer over the land has a higher reflectance than over the sea and that this
change occurs abruptly at the coast.

The measurements shown in figure 14 were made over the North Sea at approxi-
mately the same time as this satellite overpass. The spatial variation in cloud reflectance
imply localised changes in cloud microphysics. An increase in reflectance may signify ei-
ther a decrease in droplet effective radius or an increase in the cloud liquid water path. If
both increase, then at these wavelengths the increase in the liquid water path will domi-
nate and the reflectance will increase. The aircraft measurements indicated that when the
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cumulus clouds were penetrating the stratocumulus the liquid water content and droplet
effective radius were increased. It can be concluded therefore that the areas of highest
reflectivity over the sea represent areas of cumulus activity. As the cumulus or patches
of cumulus die away (their lifetimes are relatively short) the area of influence spreads out
and is diluted through mixing processes in the stratocumulus.

It is more difficult to explain the changes in reflectance over the land as there are
no in-situ measurements of the cloud microphysics there. However, some insight into
the processes going on here can be gained by studying the satellite 3.7um wavelength
radiances. When the thermal signal is removed from this it is a good indicator of droplet
size. Figure 17 shows the 3.7um analysed image. The darker areas associated with cloud
indicate relatively large drop size whereas the brighter areas are smaller drops.

Over the sea the cumulus cloud activity is well picked out with the most active
regions having the larger droplets (see enlargement in Fig 18a). Over the land, however,
the situation is quite different. The droplet sizes are much smaller and on closer inspection
it can be seen there are a very large number of very small bright spots. These are
particularly noticeable over East Anglia (see the enlargement in Fig 18b) and the Cheshire
- Lancashire area. There are several possible reasons for the decrease in the droplet size
over the land that include the following;:

(a) As the moisture supply has been cut off as the air passes over the land the stratocu-
mulus could thin. This would mean that the droplets circulating inside the cloud
would not have enough time grow to the size they would over the sea and would
therefore be smaller.

- (b) The synoptic observations show that over the land nearly every station with cloud is
reporting cumulus under a layer of stratocumulus. This implies that the boundary
layer is decoupled from the cloud layer and because the surface is drier and warmer
than over the sea the cumulus cloud bases will be higher and therefore the droplets
in the cumulus clouds will not have enough time to grow to the sizes they achieve
over the sea.

(c) The increased heating over the land has produced higher vertical velocities in the
cumulus clouds which has resulted in higher supersaturations near cloud base that
will cause more CCN to be activated. Therefore more droplets of a smaller size will
be transported up to the stratocumulus layer.

(d) The most likely possibility is that as the air passes over the land aerosol concentrations
build up in the surface layer. Then when the cumulus clouds form they transport
this aerosol out of the surface layer into the cloud layer. As there are mow more
aerosol particles competing for an unchanged or even decreased amount of liquid
water, the droplets that grow are more numerous but smaller in size. This also gives
some explanation for the small bright spots on the image which could be where the
active cumuli are penetrating the stratocumulus before their effects are diluted.

The direct effects of aerosol on the stratocumulus clouds can be seen clearly over the
industrial areas along the east coast where large plumes of small droplets are seen being
advected downwind. Even within these plumes small bright spots are observed (see en-
largement in Fig. 18c) which may be due to the transport of further aerosol up from the
surface layer by cumulus clouds into the plume-affected stratocumulus.

It can be seen that the effect of the cumulus clouds on the stratocumulus layer is
much different over the sea than over the land. Over the sea, in the cleaner airmass, the
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Fig. 17 3.7 um satellite picture at 1315z on 18 May 1990
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Fig. 18 Enlargements of figure 17 of areas centred on (a) AA, over the sea, (b) BB, over East Anglia and (c) CC,
a plume on the east coast of the British Isles.
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cumulus clouds have much larger droplets and increase the liquid water. content of the
stratocumulus and therefore increase the cloud reflectivity. Over the land the cumulus
bases are higher so their influences on the liquid water content is less but they are trans-
porting much higher aerosol concentrations up into the stratocumulus which is resulting
in more numerous but much smaller droplets, thereby once again increasing the reflectiv-
ity of the layer.

7. Summary and discussion.

The measurements presented here of the microphysical properties of stratocumulus clouds
and the aerosol characteristics of marine boundary layers from several regions around the
globe have enabled us to produce a parametrisation of effective radius of layer clouds for
radiation schemes in large scale numerical models. In general, the observations have been
taken from relatively homogeneous clouds where entrainment processes such as cloud top
entrainment instability and penetration by cumulus clouds are negligible or insignificant.
In these circumstances, 3 was found to be a linear function of r). Therefore, it has
been possible to relate the r, to the liquid water content and droplet concentration in the
cloud. It was also found that the droplet concentration can be parametrised in terms of
the aerosol concentration if the origin of the airmass is known.

During the course of this work it was found that the most suitable parametrisation
for effective radius of droplets in layer clouds is:

10 (—3Hefm
re(pm) = 10 (471'Pw kNTOT[cm‘a]) (17)

where the values of k and Nror are:

In maritime airmasses

k = 0.80 & 0.07 (1 standard deviation)

Nror = —1.15 x 1072 A* + 0.963 A + 5.30 (18)

where A is the aerosol concentration in the range (36 < 4 < 280 cm™?)

and in continental airmasses

k = 0.67 + 0.07 (1 standard deviation)

Nror = —2.10 x 107 A? + 0.568 A — 27.9 (19)
for values of A in the range (375 < A < 1500 cm™3).

When entrainment effects become important, the relationship between r. and r,
breaks down and such data has been ignored in the analysis.

It became clear during the course of this work that to be able to parametrise the
microphysical properties of stratocumulus correctly, in particular 7., the aerosol charac-
teristics below cloud base had to be considered. Therefore we feel it is essential that
more large scale numerical models start to incorporate algorithms for the prediction of
advection, sources and sinks of aerosol so that the cloud-climate feedback processes can be
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handled more accurately. It is also essential that models label continental and maritime
airmasses in a better way. Many continental airmasses can maintain their characteristics
for several days and for several thousands of kilometres once over a sea surface. This 1s
important as clouds within continental airmasses have the potential to have much higher
albedos than clouds within maritime airmasses. )

The variation in the factor k& between maritime and continental airmass cases is
caused by the fundamental difference in spectral shape. It is instructive to relate k to
statistical descriptions of spectral shape such as spectral dispersion and the coefficient of
skewness. This may be done by writing %k in the form

)3

)

—~

k= (20)

—~

using egs. (2) and (7). .
Following the method of Pontikis and Hicks (1992), (r2)® can be expressed in terms
of dispersion by expanding the equation for standard deviation:

- (]—Vl-;/ow(r-y)%zr)% (21)

where Ny is the total number of droplets in the spectrum, and using Eq. (3), so that:

(r2)? = (F(1 + &) (22)
An expression for (;3)’2 can be derived using the equation for the coeflicient of skewness
1 e,
a:U3NT/0 (r — 7)’dr (23)
so that: .

(r)? = (F(ad® +1 +3d%)) (24)

Eq. (20) can now be used to give the following expression for k:

213

b — (1 4 d%) (25)

(ad® + 1 + 3d?)?

Figure 19 shows how k varies with dispersion for several values of a. In all cases, k
decreases to a minimum value which is strongly dependent on a. The value of d at which
this occurs is also dependent on a, and is less than one for a < 0 and greater than
one for & > 0. It is interesting to notice that it is possible for k to be greater than
one (that is, 7, is larger than r.), and that this will occur at successively lower values
of d as the skewness decreases. Also shown on the diagram are the values of k for the
maritime and continental airmass cases as given in Eqs. (14) and (17). Typical values of
spectral dispersion measured in maritime and continental airmass cases during this study
are also indicated. It can be seen that for the majority of the continental airmass cases,
the coefficient of skewness is positive, and for most of the maritime cases it is negative.
However, for these values of dispersion, @ = 0 may be a fair approximation, especially
since k will be affected much more by changes in dispersion than changes in coeflicient
of skewness because of the d° terms in Eq. (25). This approximation reduces Eq. (25) to
the following expression:

(1+a&)

T (1 3d2) (26)
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Thus, the parametrisation of effective radius given in Eq. (13) may also be written:

3L(1 + 3d2) 5
e = 0+ 3d) (27)
4.7l'pw NTOT (1 -+ d2)3

where d = 0.33 +0.08 (1 standard deviation) for maritime airmasses, and d = 0.43 +0.06
for continental airmasses. Figure 20 shows a comparison of observed and parametrised r,
using Eq. (27). It can be seen that the assumption of a = 0 has only a small effect on the
parametrised values compared with Figure 9, making the parametrised maritime airmass
values slightly larger and the parametrised continental airmass values slightly smaller.

Pontikis and Hicks (1992) derived a parametrisation for r. in terms of spectral
dispersion for use in cumulus clouds, which contains a factor F(d) that is equivalent to
1/k% and uses the assumption (7 —7)3 = 0, that is, that the coefficient of skewness is
zero. On applying their parametrisation to cumulus clouds measured during the JHWRP
in very clean maritime airmasses, they found that F(d) had an average value of 1.05, which
corresponds to k = 0.86, and (from Figure 19) to d = 0.24. This is just outside the region
indicated by our results for maritime airmass cases and indicates that cumulus clouds
such as those sampled in JHWRP have different microphysical characteristics from the
stratocumulus clouds investigated in this study, as would be expected due to the different
entrainment processes taking place. However, these results imply that Eq. (17) may be
used in a numerical model as a parametrisation of effective radius in stratocumulus and
cumulus clouds, provided that the appropriate value of k is used. Further work will be
required to determine typical values of k, in for example continental cumulus clouds.

The parametrisation of the droplet concentration in layer clouds in continental air-
masses is probably the weakest point of our parametrisation of r.. Due to the large
diversity of the chemical characteristics of the CCN and aerosol produced over the land,
the degree of correlation between aerosol concentration and cloud droplet concentration
is not as high as we would wish. This could be improved if more data was collected and
analysed from specific continental source regions such as highly industrialized regions,
deserts or arboreal areas. Then source specific parametrisations of Nror could be devel-
oped and a numerical model could base its decision of which to use on the location of the
source.

Up until now, very little work has been done on categorizing the chemical compo-
sition of the aerosol we have been sampling in the boundary layer. Similarly, no flights
have been made in stratocumulus over land, in highly polluted airmasses where the aerosol
concentration is greater than 1500 ¢cm™3. Future work should try to rectify this.

From satellite observations and measurements made during this work it is clear that
the interaction of cumulus clouds and stratocumulus layers has a modifying effect on the
reflectivity of the stratocumulus especially in the subtropics and in the late afternoon in
mid-latitudes. The initial analysis of aircraft data and satellite imagery have shown that
the different dynamical and entrainment processes involved with cumulus and stratocu-
mulus clouds can lead to interactions which:

(a) increase the liquid water content in the stratocumulus layer,

(b) change the droplet size spectrum in the stratocumulus layer; this is very dependent
on the aerosol concentration and type found in the surface layer, and

(¢) produce drizzle.
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Fig. 20 Comparison of observed r,(pm) and parametrised r,(p m) assuming the cosfficient of skewness of all the

droplet size spectra is 0. Diamonds and crosses indicate continental and maritime airmass data points
respectively from the FATE, ASTEX and UK experiments. Dotted line is y = x.
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All three of these produce inhomogeneities in the stratocumulus layer which have signifi-
cant effects on the reflectivity of the cloud top. Currently, aircraft data is being analysed
to find how the interactions between cumulus and stratocumulus cloud differ in maritime
and continental airmasses with a view to modifying the parametrisation of ..
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