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Clouds that lie completely below the 0◦C isotherm, referred
to as warm clouds, contain only water droplets.
To describe the microstructure of warm clouds, we consider
the amount of liquid water per unit volume of air. This may
be specified in a number of ways:
Liquid Water Content: The liquid water content (LWC) is
usually expressed in grams per cubic meter.
Cloud Droplet Concentration: The total number of water
droplets per unit volume of air, called the cloud droplet
concentration, is usually expressed as a number per cubic
centimeter.
Droplet Size Spectrum: The size distribution of cloud droplets,
called the droplet size spectrum, is usually displayed as a
histogram of the number of droplets per cubic centimeter
in various droplet size intervals.
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In principle, the most direct way of determining the microstructure of a warm cloud is to collect all the droplets in a
measured volume of the cloud and then to size and count
them under a microscope.
Automatic techniques are now available for sizing cloud
droplets from an aircraft without collecting the droplets
(e.g., by measuring the angular distribution of light scattered from individual cloud drops).
These techniques permit a cloud to be sampled continuously
so that variations in cloud microstructures in space and time
can be investigated more readily.
A common instrument is a device in which an electricallyheated wire is exposed to the airstream. When cloud droplets
impinge on the wire they are evaporated and therefore tend
to cool and lower the electrical resistance of the wire.
The resistance of the wire is used in an electrical feedback
loop to maintain the temperature of the wire constant. The
power required to do this can be calibrated to give the LWC.
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(a) Vertical air velocity (b) liquid water content (LWC),
and (c) droplet size spectra at points 1, 2, and 3 in a small,
warm, non-raining cumulus cloud.
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In the Figure above we show measurements of the vertical
velocity of the air, the LWC, and droplet size spectra in a
small cumulus cloud.
It can be seen from the LWC measurements that the cloud
was very inhomogeneous, containing pockets of relatively
high LWC interspersed with regions of virtually no liquid
water (like Swiss cheese).
The droplet spectrum measurements shows droplets ranging
from a few micrometers up to about 30 µm in radius.
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(a) Percentage of marine cumulus clouds with indicated droplet concentrations. (b) Droplet size spectrum in a marine cumulus cloud. (c)
Percentage of continental cumulus clouds with indicated droplet concentrations. (d) Droplet size spectrum in a continental cumulus cloud.
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In the Figure above, we show measurements in cumulus
clouds in marine and continental air masses.
Most of the marine clouds have droplet concentrations less
than 100 cm−3, and none has a droplet concentration greater
than 200 cm−3.
By contrast, some of the continental cumulus clouds have
droplet concentrations in excess of 900 cm−3, and most have
concentrations of a few hundred per cubic centimeter.
These differences reflect the much higher concentrations of
CCN present in continental air.
Since the LWC of marine and continental cumulus clouds
do not differ significantly, the higher droplet concentrations
in the continental cumulus must result in smaller average
droplet sizes in continental clouds than in marine clouds.
The droplet size spectrum for the continental cumulus cloud
is much narrower than that for the marine cumulus cloud,
and the average droplet radius is significantly smaller.
6

The generally smaller droplets in continental clouds result
in the boundaries of these clouds being well defined, because
the droplets evaporate quickly in the non-saturated ambient
air.

7

The generally smaller droplets in continental clouds result
in the boundaries of these clouds being well defined, because
the droplets evaporate quickly in the non-saturated ambient
air.
The absence of droplets much beyond the main boundary of
continental cumulus clouds gives them a “harder” appearance than maritime clouds.

7

The generally smaller droplets in continental clouds result
in the boundaries of these clouds being well defined, because
the droplets evaporate quickly in the non-saturated ambient
air.
The absence of droplets much beyond the main boundary of
continental cumulus clouds gives them a “harder” appearance than maritime clouds.
The larger droplets in marine clouds lead to the release of
precipitation in shallower clouds, and with smaller updrafts,
than in continental clouds.
?

?

?

7

The generally smaller droplets in continental clouds result
in the boundaries of these clouds being well defined, because
the droplets evaporate quickly in the non-saturated ambient
air.
The absence of droplets much beyond the main boundary of
continental cumulus clouds gives them a “harder” appearance than maritime clouds.
The larger droplets in marine clouds lead to the release of
precipitation in shallower clouds, and with smaller updrafts,
than in continental clouds.
?

?

?

Shown next are retrievals from satellite measurements of
cloud optical thickness (τc) and cloud droplet effective radius
(re) for low-level water clouds over the globe.
It can be seen that the re values are generally smaller over
the land than over the oceans.
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Retrievals from a satellite of cloud optical thickness (τc) and
cloud particle effective radius (re in µm) for low-level water
clouds.
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Ship Tracks in Clouds
The effects of CCN on increasing the number concentration
of cloud droplets is demonstrated dramatically by a feature
known as ship tracks.
As we have seen, under natural conditions marine air contains relatively few CCN, which is reflected in the low concentrations of small droplets in marine clouds.
Ships emit large numbers of particles which increase the
number concentration and decrease the average size of the
cloud droplets.
The greater concentrations of droplets cause more sunlight
to be reflected back to space, so they appear as white lines.
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Ship tracks in marine stratus clouds over the Atlantic Ocean as viewed
from the NASA Aqua satellite on January 27, 2003.
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3 CLW Content and Entrainment
We saw how the tephigram chart is used to determine the
quantity of liquid water that is condensed when a parcel of
air is lifted above its lifting condensation level (LCL).
Since the tephigram chart is based on adiabatic assumptions
for air parcels, the LWC derived in this manner is called the
adiabatic liquid water content.
Shown in the following figure are measurements of LWC in
cumulus clouds.
The measured LWC are well below the adiabatic LWC, because unsaturated ambient air is entrained into cumulus
clouds. Consequently, some of the cloud water evaporates
to saturate the entrained parcels of air, thereby reducing
the cloud LWC.
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High resolution liquid water content (LWC) measurements (black line)
derived from a horizontal pass through a small cumulus cloud.
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Schematic of entrainment of ambient air into a small cumulus cloud.
The thermal (shaded violet region) has ascended from cloud base.
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Measurements in and around small cumulus clouds suggest
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Measurements in and around small cumulus clouds suggest
that entrainment occurs primarily at their tops, as shown
schematically above.
When cloud water is evaporated to saturate an entrained
parcel of air, the parcel is cooled.
If sufficient evaporation occurs before the parcel loses its
identity by mixing, the parcel will sink, mixing with more
cloudy air as it does so.
The sinking parcel will descend until it runs out of negative
buoyancy or loses its identity.
Such parcels can descend several kilometers in a cloud, even
in the presence of substantial updrafts, in which case they
are referred to as penetrative downdrafts.
This process is responsible in part for the “Swiss cheese”
distribution of LWC in cumulus clouds.
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Marine Stratocumulus
Over large areas of the oceans stratocumulus clouds often
form just below a strong temperature inversion at a height
of about 1 km, which marks the top of the marine boundary
layer.
The tops of the stratocumulus clouds are cooled by longwave
radiation to space, and their bases are warmed by longwave
radiation from the surface.
This differential heating drives shallow convection, in which
cold cloudy air sinks and droplets within it tend to evaporate, while the warm cloudy air rises and the droplets within
it tend to grow.
These motions are responsible in part for the cellular appearance of stratocumulus clouds, as shown next.
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Stratocumulus clouds over the Bristol Channel.
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Entrainment of warm, dry air from the free troposphere into
the cool, moist boundary layer air below plays an important
role in the marine stratocumulus-topped boundary layer.
The rate at which this entrainment occurs increases with the
vigour of the boundary layer turbulence, but it is hindered
by the stability associated with the temperature inversion.
Model simulations indicate how a parcel of air from the free
troposphere might become engulfed into the stratocumulustopped boundary layer.
As in the case of cumulus clouds, following such engulfment,
cooling of entrained air parcels by the evaporation of cloud
water will tend to drive the parcel downward.
Under extreme conditions, such down-drafts might lead to
the breakup of a stratocumulus cloud layer.
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Model simulations showing the entrainment of air from the free troposphere (orange) into the boundary layer (blue) over a period of 6 min.
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