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Cloud Microphysics and Climate
M. B. Baker

Recent studies have shown that global radiative and hydrological fluxes are strongly
linked to microphysical processes in clouds. The sensitivity of predictions of climate
variations to assumptions about the microphysical processes has led to new approaches
to atmospheric measurements and to heightened interest and progress in understanding
the physical chemistry, radiative properties, and kinetics of small solid and liquid aqueous

particles.

Clouds cover almost two thirds of the glob-
al surface. They reflect incoming solar radi-
ation, thus cooling the Earth-atmosphere
system, and reduce outgoing infrared radia-
tion, warming the system. Clouds also reg-
ulate the atmospheric hydrological cycle,
transporting water away from Earth’s sur-
face, redistributing it through the atmo-
sphere and back to the surface by means of
precipitation. Latent heating and cooling
associated with clouds modify atmospheric
circulations, and thunderclouds produce
lightning.

All of these phenomena have their ori-
gins in cloud microphysical processes, that
is, processes involving ice and liquid-water
particles whose dimensions range from un-
der a micrometer to a few millimeters.
Changes in cloud microphysical processes
can modify the spatial extent, spatial distri-

The author is in the Geophysics Program and Atmo-
spheric Sciences Department, University of Washington,
Seattle, WA 98195, USA.

bution, and lifetimes of clouds, the water
vapor distribution outside of clouds, and the
fluxes of water and radiation through the
atmosphere. This article focuses on the re-
sulting changes in the distribution of atmo-
spheric water and in the radiative fluxes at
the top of the atmosphere (TOA). The
discussion is centered on the following il-
lustrative issues: possible modification of
TOA radiative fluxes by anthropogenic
aerosol particles in clouds, the impacts of
ice particles on the TOA radiative fluxes,
and the roles of cloud microphysical pro-
cesses in regulating the atmospheric hydro-
logical cycle.

The links between cloud microphysical
parameters and the TOA radiative fluxes
can be understood from a brief summary of
Earth’s radiation budget. The incoming
TOA flux of solar radiation is about 340
W/m? on a global, annual average and is
concentrated at short wavelengths (A < 4
pm). About 30% of this energy is reflected
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by the system, partly by clouds, and the rest
of the energy is absorbed, mainly at the
surface. The shortwave flux absorbed by the
system is balanced by the outgoing TOA
long-wave flux, which peaks at A\ =~ 11 um.
Part of this outgoing radiation is emitted by
clouds. The shortwave reflectance, or albe-
do, of a cloud depends on the numbers and
sizes of the water and ice particles in it, and
the long-wave emissivity of a cloud depends
on the total amount of condensed water.
According to two-stream radiative transfer
models, the albedo of a nonabsorbing ho-
mogeneous layer cloud over a nonreflecting
surface is (1)

TSW
cloud (1 _ g)—ll + 7,

where g is a measure of the fraction of
scattered light that propagates in the for-
ward direction, and 7, is the optical
depth of the cloud at solar wavelengths
(the ratio of its geometric thickness h to
the mean free path of photons traversing
it). To first approximation

A (1)

(2)

where N is the concentration of cloud par-
ticles, and 7 is a mean effective radius for
scattering of shortwave radiation. Equation
1 is a reasonable approximation for thick
boundary-layer clouds over mid-latitude
oceans, where typical values are 7 ~ 10
pm, h =~ 250 m, N =~ 5 X 107 droplets m ™3,
and g~ 0.8, sothat T, =~ 6 and A 4 =
0.55. For these parameter values, the long-
wave emissivity of the layer cloud is close to
latA = 11 pm.

One measure of the impact of clouds on
the absorbed shortwave radiation is the
shortwave TOA cloud radiative forcing
CRE,,, defined as the absorbed shortwave
radiation averaged over all regions of the
sky minus that averaged over cloud-free
regions. Because clouds are relatively effi-
cient reflectors of solar radiation, CRF_,, is
negative. The corresponding impact of
clouds on the TOA outgoing long-wave
radiation is the long-wave cloud radiative
forcing CRF,,, defined as the outgoing
long-wave radiation averaged over cloud-
free regions of the sky minus that averaged
over all regions. Because clouds in general
emit at colder temperatures than do the
parts of Earth’s surface below them, CRF,,
is positive and is maximum for high, cold
clouds. The measured global mean net
cloud effect on the radiative flux absorbed
by the Earth-atmosphere system is CRF,,,
= CRF_, + CRF,, ~ —20 W/m? (2): The
negative value means that, on average,
clouds in the present atmosphere cool the
system.

The net annual CRF measured by satel-
lite varies greatly around the globe (Fig. 1)

T =~ hN 2772,
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(3), corresponding to different types and
spatial distributions of clouds in different
regions: Marine stratiform clouds in the
planetary boundary layer (where CRF,, ~
0) are responsible for most of the cooling,
whereas deep convective cloud anvils and
cirrus clouds at the top of the troposphere
are responsible for much of the warming.
The magnitudes of CRF,, and CRF,, de-
pend on cloud extent, cloud vertical distri-
bution, and cloud optical depths and emis-
sivities. Modifications in these parameters
result from changes in cloud particle con-
centrations, shapes, and sizes.

Water fluxes in the atmosphere are also
determined in part by cloud microphysical
properties. Precipitation is the sedimenta-
tion flux of those drops and ice particles
whose terminal fall velocities are greater
than the updraft velocity of the air; the flux
depends strongly on the concentrations and
types of the cloud particles.

Quantitative estimates of large-scale ra-
diative and water fluxes in the atmosphere,
and their responses to changing conditions,
must rely on the predictions of general cir-
culation models (GCMs). These models are
sensitive to assumptions about microphysi-
cal parameters they cannot resolve (4-8).
An early GCM study suggested, for exam-
ple, that a decrease of less than 2 wm in the
assumed mean radius of droplets in bound-
ary-layer clouds would lead to a change in
CREF,,, that would approximately cancel the
change in emitted long-wave flux due to an
instantaneous global doubling of atmo-
spheric CO, (4). The sensitivity of model
predictions to variations in representations
of cloud microphysical quantities provides
strong motivation to improve our under-
standing of the microphysical processes and
their impacts on climate.

Anthropogenic Effects on CRF

Anthropogenic production of submicrome-
ter particles (called aerosol particles) may
increase the cloud droplet concentration N

 EEEE
-90 -70 -50 -40 -30 -20 -10 0 10
Cloud radiative forcing (W m'2)

= ARTICLES!

in low clouds, increasing 7, (Eq. 2) and
A_oud (Eq. 1) (9) and producing a change
ACRF,, < 0. From Eq. 1 and a simple
approximation for the transmission of
shortwave radiation through the overlying
atmosphere, it can be shown that an esti-
mated change ACRF_, ~ —1 W/m? is pro-
duced by an increase AN/N =~ 30% for
low-level clouds in the Northern Hemi-
sphere, all other factors remaining un-
changed (9-11). In general, 100 cm™3 <
N = 2000 cm™? in continental clouds, and
10 cm™ = N = 100 cm™3 over remote
marine areas (12) (a difference that itself
may be largely anthropogenic in origin).
Therefore, for given AN, the predicted
change in albedo is largest over the oceans.

An increase in anthropogenic-aerosol
concentrations might also give rise to
ACRF,, < 0 if the increase produced in N
leads to a decrease in droplet radii and
precipitation rate and an increase in cloud
liquid-water content, cloud thicknesses,
and cloud lifetimes (13). The result of the
proposed two-stage process by which (i)
increased aerosol concentrations modify
cloud properties and (ii) the modifications
in cloud properties result in increased cloud
albedo (and ACRE,, < 0) is called the
indirect radiative effect of aerosol particles.
(Their direct radiative effect is modifica-
tion of the optical properties of clear air.)
Anthropogenic particles are most highly
concentrated in the lower atmosphere (Fig.
2), so the indirect effect is expected to be
most important in low-level marine clouds,
which are those corresponding to the most
negative CRF (the orange and red areas in
Fig. 1).

The expectation that increased aerosol
particle production will increase N is based
on the fact that cloud droplet formation at
temperatures above 0°C begins with the
condensation of vapor on partially wettable
aerosol particles (largely sulfates, nitrates,
sea salt in marine areas, and soluble organ-
ics). Not all of these become cloud droplets,
however: At an environmental relative hu-

Fig. 1. Annual mean net
CRF estimated from the
Earth Radiation Budget
Experiment (ERBE) scan-
ning radiometer measure-
ments from 1985 to 1986.
Orange and red corre-
spond to a strong cooling
effect, whereas blue and
green indicate warming.
Values over snow-cov-
ered regions are probably
unreliable.  [Reproduced
with permission from D.
Hartmann]

20 30 40
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midity RH =~ 80%, or saturation ratio S =
0.01(RH) = 0.8, the soluble aerosol com-
ponents are mostly dissolved, and the orig-
inally solid particles become solution drop-
lets, called haze droplets, typically 0.01 to
0.1 pm in radius. A haze droplet of radius r,
can remain in equilibrium as S increases so
long as S = S, (ry) (12), where the equilib-
rium value S_ (r;) depends on the surface
energy of the liquid against the vapor o,
(itself a function of the chemical composi-
tion of the droplet) and on the water activ-
ity a, (which decreases with increasing
droplet solute concentration). Those drop-
lets that grow by means of vapor deposition
past the equilibrium range are said to acti-
vate, that is, they become cloud droplets;
Seq(rd) — 1 as r; increases, and the droplets
continue to grow for any value S = 1. Thus,
the concentration of cloud droplets at the
cloud base N depends on the rate at which
water vapor is supplied by cooling (a func-
tion of updraft velocity and the thermody-
namic structure of the environment) and
on the numbers, sizes, and chemical com-
positions of the aerosol particles.

Most modeling studies of the indirect
radiative effect have concentrated on an-
thropogenic sulfate aerosols. Results of a
GCM calculation (5) suggest that changes
in sulfate aerosol distributions accom-
panying the Industrial Revolution have
increased N by ~0 to 20% over the South-
ern Hemisphere (SH) oceans and by
~100% over the Northern Hemisphere
(NH) continents. The associated indirect
effect ACRF,, ~ —1 W/m? (calculated
with uncertainties of at least this magni-
tude) (5, 7) is consistent with that derived
from the assumption that the mean differ-
ence (inferred from satellite measurements)
between the NH and SH values of rg
[(r.{SH) — 7(NH)) ~ 1 um] (14) is
entirely a result of anthropogenic particle
production.

The clearest observational evidence for
an indirect aerosol effect is provided by ship
tracks, which are trails (evident in satellite
images) in ambient low-level clouds that
result from the effluent from ships (15).
Enhancement of liquid-water content in
the ship tracks, possibly due to suppression
of drizzle, and the reduction of 7 both
contribute to the increase in reflectivity by
increasing T,

In general, however, it is difficult to
isolate and quantify the aerosol indirect
effect on the basis of measurements. One
reason for this difficulty lies in measure-
ment limitations. Cloud microphysical pa-
rameters (., N, and aerosol numbers and
properties) are estimated from in situ (air-
craft based) and remote (surface and satel-
lite based) sensors; in general, the former
are extremely limited in time and space but
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provide information with spatial resolution
on the order of meters, whereas the space-
borne sensors can have near global coverage
but resolutions typically on the order of
kilometers. Aircraft instrumentation in-
cludes optical particle detectors and coun-
terflow virtual impactors (CVIs) (16),
which sample all particles over a minimum
preset size, evaporate them, and measure
the total evaporated water plus the number
and types of residual aerosol particles. Sat-
ellite measurements of cloud parameters are
actually inferences (called retrievals), made
on the basis of numerical models, from the
upwelling radiances at several different
wavelengths in the visible and infrared. For
low clouds, the measurement uncertainties
in 7 are up to =1 to 2 wm (17) for both
satellite-based and in situ instruments.
Thus, the mean NH-SH difference in 74
(14) is on the order of the random uncer-
tainties in individual measurements.
Identifying anthropogenic influences
on the measured relations between N and
aerosol concentrations is complicated by
variability in the thermodynamic proper-
ties of the air entering the cloud base, in
the air motions, and in the amount of
light-absorbing aerosol material in the
cloudy air, which can cause variations in
N and A, 4 that can mask variations due
to fluctuations in aerosol concentrations
(18). In addition, the relations linking N
to aerosol population parameters are non-
linear and variable (5), largely because
aerosol chemistry, on which these rela-
tions depend, is complex (19). The tradi-
tional view, that aerosol composition is
almost always dominated by sulfates, has
been modified by recent observations (20)
showing that up to 50% of the aerosol
mass is composed of organic compounds,
some of which are at least partially water
soluble. Although the organic compounds
have been identified previously in other
contexts, the kinetic consequences of
their presence in small droplets are as yet
imperfectly understood. The diffusional
growth and evaporation of a droplet of
radius ry is driven by the difference S —
Seq(r4). The rate of growth or evaporation
is controlled by the diffusion of heat and
moisture between the droplet and the sur-
rounding environment, and by impedance
at the particle surface to the passage of
water molecules across it (12, 21). Water-
soluble organics are surface active; their
effects on Seq through modification of o,
a,,, and the surface impedance might alter
activation behavior (22), the size distribu-
tion of the droplets, and cloud albedos.
The relations linking aerosol concentra-
tions to N are further complicated by pro-
cesses occurring after the aerosol particles
leave their source. It is estimated that 80 to

90% of the atmospheric sulfate is formed on
existing particles through oxidation of SO,
in cloud droplets (23). Evaporation of cloud
droplets can therefore leave a particle size
distribution that is significantly different
from the initial distribution (24, 25). The
optical depth of aerosol particles (in clear
air) and of subsequent clouds can be mod-
ified quite substantially by this cloud pro-
cessing, an interesting feedback that may
have important ramifications for global ra-
diative balance. Calculations suggest that
cloud processing may contribute ACRF,, ~
—1 W/m? in the NH (26). The magnitude
of the effect depends on the sizes and num-
bers of the unprocessed aerosol particles
(27) and on precipitation rates; the rate of
production of sulfate (aqueous-phase oxida-
tion) in polluted clouds is roughly compa-
rable to the average rate of loss over mid-
latitude oceans as a result of rainout. The
potential .importance of anthropogenic
aerosol production to cloud albedos cannot
be properly assessed without self-consistent
treatment of the interdependent micro-
physical, chemical, and dynamic processes
that characterize the aerosol-cloud system
in the atmosphere.

Ice-Particle Formation and
Radiative Forcing

The relations between cloud droplet forma-
tion and radiative and hydrological fluxes
in warm clouds are relatively simple, in
principle, because cloud droplets are all sim-
ilar in shape, and there is only one droplet
formation process active in the atmosphere
(although its quantitative details, as shown
earlier, are not always predictable). In con-
trast, ice particles form and grow by a num-
ber of different mechanisms, have a wide
range of shapes, and play a range of climatic
roles. The importance to climate studies of
small atmospheric ice particles is evident in
the sensitivity of GCMs to different as-
sumptions about these processes: Predicted
CRF values change by 10 W/m? or more as
a result of variation in the descriptions, all
consistent with current understanding, of
ice formation rates and growth of ice to the
precipitation stage (6).

Mechanisms of ice particle formation
and growth rates (and, therefore, the effects
of ice particles on CRF and precipitation
formation) are highly sensitive to tempera-
ture, humidity, and atmospheric composi-
tion. The two atmospheric regimes of inter-
est are the mixed-phase region, in which
supercooled water droplets and ice particles
coexist, and the region of colder tempera-
tures, at which clouds are fully glaciated.

Ice formation in the mixed-phase region.
Supercooled water droplets and ice particles
coexist in clouds over a range of tempera-
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tures 0°C = T = T,,. The glaciation
temperature T, (below which all liquid
particles have ?rozen) is extremely variable
and can be above —10°C; for comparison,
the homogeneous freezing temperature of
pure water droplets in clouds is around
—35°C. Liquid droplets can evaporate in
the mixed-phase region, and ice particles
can grow at their expense, because of the
difference in their equilibrium vapor pres-
sures. Latent heat associated with phase
changes in this region is an important factor
in modulating the vertical air motions that
in turn transport the particles; thus, evolu-
tion of the cloud particles influences the
extent and distribution of cloudiness, pre-
cipitation, and CRF. Variation of TglaC from
0° to —40°C in a GCM (6) yielded ACRF,,,
~ 4 W/m? and ACRF,, ~ —8 W/m?, large-
ly because of these dynamic consequences
of the glaciation. These changes are not
negligible with respect to mean measured
values of CRF,, and CRF,; diminishing
the uncertainty in T, is thus a goal of
importance for climate studies. This goal
has not been achieved to date because of
large uncertainties surrounding ice particle
formation and growth.

In the mixed-phase region, the initial
formation of ice is most often by heteroge-
neous nucleation from supercooled water
on particles known as ice nuclei (IN),
whose effectiveness depends on tempera-
ture and environmental humidity (28, 29)
and on poorly understood characteristics of
the particle surfaces (30). There is no sat-
isfactory theory of heterogeneous ice nucle-
ation, and no systematic, widespread system
for collection of data on atmospheric IN
activity. The concentrations of IN are low:
Typical concentrations of pristine ice par-
ticles in clouds are =100 m™> at T =~
—15°C; thus, only about 1 aerosol particle
in 10% appears to function as an IN at this
temperature. Until recently, relatively little
was known about IN distributions in the
atmosphere; however, as a result of several
directed field campaigns and new instru-
mentation (31), a picture of the factors
determining this distribution is beginning
to emerge.

Measurements show that there are sourc-
es of IN at Earth’s surface and that concen-
trations at a given location can vary sub-
stantially in time on seasonal and longer
scales (32, 33), which may reflect varia-
tions in circulation patterns as well as those
of IN source rates. Anthropogenic influenc-
es can both increase and decrease local IN
distributions in the lower atmosphere (12,
30). The vertical profiles of active IN aloft
can be complex (indicating multiple IN
sources or circulation effects) (34). This
finding contrasts with the assumption usu-
ally made in numerical models, namely,
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that the concentration of active IN depends
only on temperature or relative humidity
with respect to ice.

Biological materials—such as bacterial
protein fragments, some as small as 0.01 pm
in size, and even individual amino acids—
can act as IN in supercooled drops at tem-
peratures even above —5°C (12, 30, 32).
This finding suggests that the structure of
the water surrounding these particles is or-
ganized in a manner that decreases the en-
ergy barrier to nucleation, and it implies
that there are interesting links between the
biosphere and atmosphere that are of possi-
ble importance in changing climates. How-
ever, the existing field data are too sparse to
determine the atmospheric roles of biogenic
nuclei. At lower temperatures, clays and
other water-insoluble particles have also
been identified as IN.

The concentrations of small ice crystals
at T > —12°C are frequently many orders
of magnitude higher, and much less depen-
dent on temperature, than would be expect-
ed on the basis of heterogeneous ice nucle-
ation alone. This long-standing puzzle in
cloud physics has been partially resolved by
systematic field studies in a range of cloud
types (35); these studies show that most,
but not all, of the observations of large
concentrations of small ice particles at
these high temperatures are consistent with
laboratory observations of secondary ice
production (that is, production by a mech-
anism that requires the prior existence of
some ice) by means of fragmentation of
freezing supercooled drops that collide with
ice particles (36). Overlying cirrus clouds
may also be an important source of second-
ary ice production in lower clouds, if ice
particles sediment from the upper clouds

Fig. 2. Schematic repre-
sentation of cloud micro-
physical processes dis-
cussed in this article.
Clouds containing ice
particles (*) and liquid
drops (blue dots) con-
tribute to long-wave
(red wavy arrows) and
solar (yellow arrows) ra-
diative fluxes, shown at
the top of the atmo-
sphere.  Anthropogenic
aerosol particles (brown
plumes) may modify the
radiative properties  of
clouds. Precipitation (blue
dashed lines) delivers wa-
ter to Earth and redistrib-
utes water in the atmo-
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without sublimating completely (37) (Fig.
2). The climatology of this natural ice-
seeding mechanism is not well known, and
in general, the secondary ice production
mechanisms are not included in GCMs.

Atmospheric measurements thus pro-
vide insight into the atmospheric distribu-
tion of ice formation rates. However, in
view of the sensitivity of atmospheric radi-
ative and hydrologic fluxes to variations in
these rates, the paucity of data and lack of a
theory to explain them constitute impor-
tant gaps in the present understanding of
cloud microphysics.

Ice formation in the upper troposphere. In
the upper troposphere, the mixing ratio of
water vapor is too low to produce much ice,
and the vertical motions in the clouds are
gentle. Thus, the impact of ice formation
and growth in these clouds (upper left corner
of Fig. 2) on CRF is due primarily to the
particle-radiation interactions themselves
rather than their effects on precipitation or
cloud dynamics. In situ measurements of ice
particle properties are made by optical
probes, replicators [coated slides (38) or films
(39) that record the images of impacting
crystals], and CVIs (40, 41), which have
revealed that most of the crystals in mid-
latitude cirrus clouds are smaller than 50 pm
in their largest dimension (40, 42). Most of
the IR absorption and much of the reflectiv-
ity in the visible is due to the small crystals.
In tropical cirrus clouds (contributors to the
dark-blue and green areas over the tropical
Pacific Ocean in Fig. 1), the results of a
numerical model (8) showed that small crys-
tals (1 < 20 wm) contribute less than about
2% of the condensed water mass but back-
scatter about 4 W/m? of incoming solar ra-
diation, enough to offset the global effect of

TR T
1 i

sphere. Soft hail particles
(white snowflake in black

circle) and ice crystals can become electrically charged during collisions, leading to lightning (jagged yellow

symbol). [Figure created by K. Moore]
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a doubling in the atmospheric concentration
of CO,. Therefore, prediction of the contri-
bution to CRF by cirrus clouds requires com-
putation of the rates of formation, growth,
and shape evolution of the small ice particles
as functions of the thermodynamic, dynam-
ic, and chemical properties of the upper at-
mosphere. Because of the difficulty of in situ
sampling in this region, and because these
parameter regimes had not been well studied
in the laboratory previously, most current
thinking about these processes is based on
developments made in the past few years.

Recent measurements in wave clouds (in
which the particles form in situ and can be
followed as they evolve) show the existence
of liquid droplets that disappear as the am-
bient temperature falls below about T =~
—35°C (43). The droplets are replaced by
larger ice crystals, after which the relative
humidity stays constant at the ice satura-
tion value.

These observations suggest that the
dominant mechanism of ice formation at
T = —35°C is the homogeneous nucleation
of ice by the freezing of small liquid-solu-
tion droplets; this suggestion is supported by
the finding that the concentrations of IN in
background air are often quite low in the
upper troposphere (34). Calculations of the
rates of formation of ice particles in the
upper troposphere are therefore usually
based on the classical homogeneous nucle-
ation theory, according to which the rate of
formation of ice embryos is

J(T) o« exp(—AG./kT) (3)
where AG_,, = AG,., + AG, , AG,, is

the energy required for a molecule to escape
from the liquid and become incorporated in
the ice lattice, and AG_; is the minimum
work required to form an ice embryo. These
energies depend on g, (the effective inter-
facial energy of ice against the liquid) and
the water activity in the liquid solution. For
pure water, the freezing rates predicted by
this theory, using commonly accepted pa-
rameter values, have differed by orders of
magnitude from those measured in the lab-
oratory, and AG,_, and o, have tradition-
ally been adjusted to diminish the differenc-
es (12, 44). However, classical theory does
fit the laboratory observations well when
these parameters are obtained from a new
equation of state of water (45) based on
current theories of the supercooled state
(46). Despite the limitations of classical
theory to describe the fluctuations that lead
to nucleation, the excellent agreement be-
tween experiments and the predictions
based on the new equation of state repre-
sents an interesting example of the growing
relevance to atmospheric science of de-
tailed studies on water substance.

This treatment has not been extended to
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the case of cirrus clouds, in which the drop-
lets are probably concentrated solutions of
sulfuric acid, ammonium sulfate, and possi-
bly other nitrogen compounds formed on
deliquescent aerosols. These particles may
be formed aloft by gas-to-particle conver-
sion in clear air (47); in addition, some
originate from volcanoes, and some arise
from anthropogenic sources [such as high
flying aircraft (48)], suggesting the possibil-
ity of at least a localized indirect aerosol
effect at high altitudes. Soot has been men-
tioned (48, 49) as a possibly important
ice-nucleating component of the jet con-
trails, suggesting that, as in the lower atmo-
sphere, carbonaceous components of aero-
sol particles cannot be neglected in estimat-
ing anthropogenic effects on CRF. Howev-
er, the importance of this source is unclear,
in part because of uncertainties regarding
the physical chemistry of the nucleation
pathways (48).

As solution droplets ascend from below,
their properties depend on the relative hu-
midity they encounter. The equilibrium va-
por pressure over a solution droplet decreas-
es with increasing solute concentration;
thus, at low humidities (which are associat-
ed in the atmosphere with low air temper-
atures), only highly concentrated, small
droplets are still liquid. Prediction of homo-
geneous nucleation rates for these concen-
trated solution droplets through application
of classical nucleation theory requires data
on the activity coefficients a, at low tem-
peratures and the values of AG__, and 0 in
highly concentrated aqueous solutions, now
a subject of active research in several labo-
ratories (50).

The rates of formation and growth of ice
particles in mid-latitude cirrus clouds appear
to be primarily determined by the availabil-
ity of water vapor rather than by the con-
centration of unfrozen haze droplets. These
haze droplets may be responsible for the so-
called subvisible cirrus, optically thin clouds
at cirrus altitudes (40, 51). An alternative
explanation for subvisible cirrus is that they
consist of small ice particles that sublimate
slowly because of high surface impedance,
possibly caused by foreign (nonwater) mole-
cules near the particle surface (52, 53). The
sublimation rates of small atmospheric ice
particles depend (as in the droplet case) on
the local humidity and on diffusion rates in
the environment, and they also depend on
the surface impedance to vapor transport.
The latter term is important when the de-
parture from equilibrium is small, the parti-
cles are small, and the ambient pressure is
low——conditions that are present in cirrus
clouds (53).

The radiative properties of ice clouds
depend on crystal shapes as well as their
concentrations and sizes. The faceted

shapes of growing ice crystals are responsi-
ble for halos, sundogs, and other optical
phenomena characteristic of cirrus clouds,
most of which are not described by the
radiative-transfer models that are used to
predict the radiative properties of clouds
and to interpret remotely sensed radiances.
The two issues of importance are (i) com-
putation of the radiative properties of ice
crystals of realistic shapes and (ii) predic-
tion of those shapes as functions of envi-
ronmental conditions. Current uncertain-
ties about the shapes of ice particle in cirrus
clouds can produce errors in retrieved opti-
cal depths at visible wavelengths of up to a
factor of 3 and in albedo retrievals of about
10 to 15% (54). Sophisticated techniques
have been applied to the problem of com-
puting light-scattering phase functions for
crystals (55); laboratory measurements on
growing and sublimating crystals are needed
to confirm their results.

Ice particle shapes in cirrus clouds range
from bullets, compact and hollow capped
and uncapped columns, dendritic plates and
bullet rosettes, to trigonal and nearly spher-
ical particles; these last shapes are presum-
ably due to evaporation under the conditions
in the upper troposphere. The observed
shapes show the complex dependence of the
surface properties on temperature and hu-
midity. At present there is no theoretical
explanation for this dependence, which has
long been known at higher temperatures
(56), and all three-dimensional models of ice
crystal growth include empirical parameter-
izations of the habit variations (57). It is not
known whether impurities in the atmospher-
ic environment have measurable effects on
the evolution of crystal shape.

The dependence of crystal shapes and
sizes on environmental conditions and
growth history has important consequenc-
es for cirrus CRF. Ice crystals found high
in the troposphere tend to be smaller than
those at higher temperatures, and thus
tend to backscatter more efficiently [larger
(1 — g) in Eq. 1], which increases cloud
albedo. On the other hand, because the
available water vapor decreases with in-
creasing altitude, and because large parti-
cles sediment while growing, the ice con-
tent generally decreases with cloud alti-
tude, which decreases 7, and cloud albe-
do, other things being equal. These
opposing tendencies are relevant to an
issue of current debate, namely, the ther-
mostat hypothesis (58), which stems from
the observation that for tropical cirrus
clouds, variations in CRF_, and CRF, are
highly correlated, so that the response of
these clouds to a perturbation in sea sur-
face temperature might be ACRF,_
A(CREF,_, + CRF,,) = 0. The high corre-
lation of ACRF,, and ACRF_, might arise
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(i) if cloud altitude is more or less invari-
ant but both ACRF,, and ACRF_, are
monotonic functions of cloud thickness,
or (ii) if increased cloud thickness (and
hence higher cloud emissivity and more
positive ACRF, ) is always associated with
higher clouds (lower cloud-top tempera-
tures) and therefore with smaller particles
(higher A__4 and more negative
ACREF,_ . Recent in situ observations (39)
of tropical cirrus clouds suggest that the
high albedos observed are mainly the re-
sult of increased ice-water content and
increased cloud thicknesses over the Pa-
cific “warm pool,” a result that favors the
first explanation.

Cloud Microphysics and the
Hydrological Cycle

The most obvious impact of clouds on the
hydrological cycle is that of precipitation.
In removing water from the atmosphere,
precipitation modifies cloudiness and cloud
structure. Moreover, the latent heating as-
sociated with precipitation is a driving force
for atmospheric circulations (59). Precipi-
tation and detrainment of cloud air to the
environment also alter the distribution of
water vapor in, and hence the radiative
propetties of, the air around them, an effect
not explicitly accounted for in our defini-
tion of CRF.

Predicted values of CRF are highly sen-
sitive to assumed changes in precipitation
rates and distributions; variation of the rate
of production of precipitation within the
ranges of the microphysical parameteriza-
tions currently in use changes mid-level
cloudiness in several GCM studies enough
to produce variations in the magnitudes of
ACRF,, and ACRF,, comparable with the
global mean measured values of the CRF
components.

Although most of the precipitation that
forms in deep convective clouds falls back
to Earth through the cloud base, some is
detrained through stratiform anvils and cir-
rus clouds into unsaturated air. Precipita-
tion also falls from upper level clouds and
sublimates (Fig. 2). It has been suggested
(60-62) that detrainment of cloud air (pri-
marily, but not exclusively near the tropo-
pause) and sublimation of the ice particles
falling in unsaturated air constitute an im-
portant moisture source for the environ-
ment. The idea that ice crystal lofting is the
dominant source of water vapor in the up-
per troposphere is supported by isotope
analysis of crystals and estimates of the
ice/vapor ratio at the cloud top (63). Ac-
cording to this suggestion, the pressure-de-
pendent source of water vapor in the clear
air outside of a cloud system depends on (i)
the removal rate of precipitation before de-

www.sciencemag.org * SCIENCE » VOL. 276 * 16 MAY 1997

trainment, (ii) the rate of evaporation (sub-
limation) of the condensate in descending
parcels, and (iii) the fraction of the area
over which water evaporates into clear air
(64). All of these factors are determined by
cloud microphysical processes. Although
initial calculations (61) suggest that the
hydrometeor sublimation hypothesis is con-
sistent with measured profiles of mean rel-
ative humidity in the Hadley cell region,
the calculated net moistening is extremely
sensitive to ice particle formation rates, sub-
limation and vapor growth rates, terminal
fall velocities [which range from-V__, =
0.1 mfs to V,_; = 10 to 50 m/s (65)], and
the details of collisional processes. For ex-
ample, because of the difference in terminal
fall velocities, the mass loss rate from an
evaporating raindrop 2 mm in diameter at
T = 0°C is less than one third of that from
a soft hail particle of the same diameter
under the same conditions.

Our ability to quantify these effects of
cloud microphysics on the hydrological cy-
cle is limited because water fluxes in the
atmosphere are not directly measurable and
measurements of precipitation at the
ground are inadequate for the purpose (66).
Measurements of precipitation rates at
ground-based stations (on areal scales of
~1078 to 107% km?) are necessarily quite
limited. Areal precipitation rates (both at
the ground and aloft) have been deduced
from radiative probes on satellites on areal
scales of ~100 km? and from precipitation
radar on the ground or aircraft, used to
deduce areal rates on scales of 2 to 4 km?.
There are several problems inherent in
these approaches (67), and comparison of
rainfall rates estimated from a satellite with
those measured at the surface often differ by
factors of 2 to 3, especially over land. One
problem is the obvious mismatch in mea-
surement scales and sampling characteris-
tics of the different sensors. The most seri-
ous weakness of the retrievals is that the
radiances are not uniquely related to the
physical parameters of interest; radiative
transfer models and cloud models are nec-
essary to convert the measured radiances to
in-cloud precipitation fluxes, and more
modeling is required to estimate precipita-
tion falling in clear air and to the ground.
An attempt to improve remote sensing of
rainfall climatology will be the focus of a
3-year satellite study [Tropical Rainfall
Measuring Mission (TRMM)] to begin in
1997 (68).

New measurement techniques may aid
considerably in quantifying the distribu-
tions of water flux in clear air and their
sensitivity to microphysical variations. One
promising technique is the use of remotely
piloted aircraft (69). It may also be possible
to infer in-cloud water fluxes from observa-
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tions of lightning flash rates, because of the
role water fluxes play in lightning produc-
tion. The high electric fields in thunder-
storms arise largely from gravitational sepa-
ration of heavy, negatively charged graupel
particles and light, positively charged ice
crystals (Fig. 2). The particles somehow
become electrically charged (70) when they
collide and then rebound in the mixed-
phase region (71). Thus, lightning produc-
tion depends on those factors (such as water
flux into the mixed-phase region) that de-
termine the sizes and numbers of large grau-
pel particles and small ice crystals. Light-
ning frequency may provide information on
the water fluxes and on the parameters at
the surface that determine them (72), under
conditions that have not been thoroughly
explored (73). A “Lightning Imaging Sen-
sor” is to be launched on a satellite as part
of the TRMM mission. Part of its mission is
to investigate the use of remote sensing of
lightning distributions to supplement data
on these climate parameters from other
sources (74).

Summary and Conclusions

At present, although the main feedback in
climate models is that due to clear-sky wa-
ter vapor, differences from model to model
in the representation of microphysical pro-
cesses are a major reason for differences in
model predictions of climate sensitivity to
external forcing (75). Constraints on these
representations will require improved un-
derstanding of the microphysical processes
both on the scale of individual particles and
on the atmospheric scale. The physics and
chemistry of small aqueous particles consti-
tutes an important part of the study of
climate; the laboratory and theoretical stud-
ies guide and are guided by atmospheric
measurements that have led to significant
changes in our understanding of the micro-
physical behavior.

The small-scale physical and chemical
processes linking anthropogenic aerosol
particles to droplet populations in the lower
atmosphere and to ice-crystal populations
in the upper atmosphere must be better
understood in order to quantify the effects
of anthropogenic aerosol particles on the
albedos and extent of clouds. Similarly, de-
tailed study of the physical chemistry and
radiative properties of small atmospheric ice
particles is necessary in order to interpret in
situ measurements of the quantities deter-
mining the albedos, emissivities, cloud-top
temperatures, and extent of cirrus clouds.

On the other hand, the major gaps in
our understanding of the radiative roles of
mixed-phase clouds result from a lack of
climatological data on ice and precipita-
tion formation in the middle troposphere.
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New approaches to the measurement of at-
mospheric water fluxes inside, under, and in
the vicinity of clouds will be required in
order to determine the role of each of the
microphysical processes discussed here in
the global hydrological cycle.
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