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The Role of Sea Spray in
Cleansing Air Pollution over
Ocean via Cloud Processes

Daniel Rosenfeld, Ronen Lahav, Alexander Khain, Mark Pinsky

Particulate air pollution has been shown to strongly suppress precipitation from
convective clouds over land. New observations show that precipitation from
similar polluted clouds over oceans is much less affected, because large sea salt
nuclei override the precipitation suppression effect of the large number of small
pollution nuclei. Raindrops initiated by the sea salt grow by collecting small
cloud droplets that form on the pollution particles, thereby cleansing the air.
Therefore, sea salt helps cleanse the atmosphere of the air pollution via cloud
processes. This implies that over oceans, the climatic aerosol indirect effects are
significantly smaller than current estimates.

Huge amounts of air pollution spill off the
South Asian continent over the Indian Ocean
and spread all the way to the intertropical
convergence zone (ITCZ). These aerosols are
composed of a mixture of smoke from bio-
mass burning. urban air pollution. and desert
dust (/). all of which act to suppress precip-
itation (2-4) by providing large concentra-
tions of small cloud condensation nuclei
(CCN). Indeed. aircraft measurements in
small trade-wind clouds over the Indian
Ocean showed that the average droplet con-
centration in clouds feeding on the polluted
air was 315 cm™*. whereas in pristine air it
was only 89 cm ™. Drizzle concentration in
polluted air was suppressed to 25% of the
value in pristine air (5). We wanted to sce
how these observations in shallow clouds
might translate to the suppression of precip-
itation in the deeper convective clouds. using
methods similar to those previously applied
to clouds forming in polluted air over land
(2-4). and what happens when the clouds
advect over the ocean toward the [TCZ.

Observations. According to measure-
ments from the Tropical Rainfall Measuring
Mission (TRMM) satellite. clouds in the pol-
luted air over land had a droplet effective
radius (r,,) smaller than the precipitation
threshold of 14 wm (6) and did not develop
radar precipitation echoes when their tops
were below the —10°C isotherm level (black
curve in Fig. 1). which was at a height of
about 6 km. This effect of precipitation sup-
pression over land was recently simulated by
Khain ez al. (7) using a spectral-microphysics
cloud model.

The amount of pollution in the air did not
diminish much when it moved over the sea
for many hundreds of kilometers. as indicated
by the consistent observed turbidity of the air
(Figs. 1 and 2). This can be related to the

Institute of Earth Sciences, the Hebrew University of
Jerusalem, Jerusalem 91904, Israel.

www.sciencemag.org SCIENCE VOL 297 6 SEPTEMBER 2002

CCN concentration (8). However, clouds de-
veloping in the polluted air over the sea had
larger r, . than clouds of the same depth over
land. and this was increasingly true further
away from land (Fig. 1). The TRMM mea-
surements show that, unlike polluted clouds
over land, deep clouds developing in polluted
air over the ocean behaved like maritime
clouds. with rainout signature [that is. the air
goes up, but the rain forms quickly and falls
through the updraft (9)] and with high glaci-
ation temperature as inferred from the indi-
cated r, reaching its saturation value near
—~10°C. The TRMM precipitation radar
showed (Fig. 1) that clouds over the sea
almost always precipitated at intensities >~ |
mm hour™! when their tops exceeded the
height of 3 km (about 10°C isotherm), with
no obvious differences in the precipitation
echoes from clouds forming in the polluted or
pristine air. The observation that the . at a
given cloud depth [depth is represented by
temperature (7) minus 7 at the bottom of the
T-r ¢ curve, which is lower by 1 to 2 K than
the actual cloud base temperature] was small-
er at shorter distance over the sea downwind
from the pollution source suggests that the
pollution particles affected the cloud micro-
structure to produce smaller droplets. but un-
like the case over land. this did not seem to
appreciably suppress the precipitation in the
clouds over the ocean.

There are two potentially relevant differ-
ences between land and ocean that may help
explain why deep clouds react so differently
to pollution over land and over ocean. First,
sea spray forms large (>1 pm in diameter)
sea salt aerosols. which are the first to form
droplets at the cloud base. thereby reducing
the supersaturation there and preventing the
activation of smaller pollution aerosols into
cloud droplets (/0-15). This reduces the
droplet number-concentration and leads to
enhanced coalescence, which can progress
sutticiently to form rain in convective clouds

deeper than about 3 km. Second. updraft
velocities over ocean are weaker than over
land: therefore. a smaller fraction of the
acrosols 1s nucleated into cloud droplets
(16, 17). In addition. more time is available
for the coalescence to progress and torm
warm precipitation.

Satellite inferences. Additional sateliite
analyses of clouds occurring in polluted air
masses moving from Thailand to the Bay of
Bengal (Fig. 3) provided insight into the rel-
ative importance of these two potential expla-
nations. An area of clouds with elevated base
over the Andaman Sea. as evident from the
largest T of curve B. had the same small 7,
as the clouds upwind over land (curve A).
When low-level clouds formed in addition to
the high-base clouds. the r_,, increased. espe-
cially near the base (curve C). Further down-
wind. when the clouds with elevated base
disappeared and all the clouds were fed from
the low-level base. the r, . increased further
with decreasing 7 or increasing height (curve
D). The r g further increased downwind to-
ward the ITCZ and beyond (Fig. 1).

A possible explanation of these observa-
tions would be that the air pollution from the
land overrides a cleaner marine air near the
surface. However, according to back-trajec-
tory analysis using the National Oceanic and
Atmospheric  Administration  (NOAA)—
HYSPLIT model (/8), the wind direction was
from the land at the surface level. The aerosol
optical depth (AOD) was about 0.35. and ship
aerosol and light detection and ranging (LI-
DAR) measurements showed that the pollu-
tion was generally confined to the lowest 3
km and reached the surface (1, /9). Another
possible explanation is that the updraft veloc-
ity at the cloud base forms smaller droplets
for greater upward velocities. However. the
elevated clouds seem in the TRMM satellite
imagery to be less convective than the clouds
with the lower bases and therefore highly
unlikely to have greater updrafts at the cloud
base or higher. The remaining possible expla-
nation is the presence of large sea salt CCN at
the marine boundary layer of the atmosphere.
but not at the higher levels or over land.

Sea salt aerosols that originate from sea
spray are known to be added to the air mass
during travel over the ocean. at a size distribu-
tion that is closely related to the surface wind
velocity (20). LIDAR measurements (2/) show
that the sea salt particles are nearly evenly
distributed within the mixed layer up to the
cloud base. where they are ingested with the
updrafts into the clouds. We suggest here that
the observed enlargement of r_ at low levels
(see curve C in Fig. 3) was due to low-level
clouds ingesting the sea spray. The higher
clouds had smaller 1, . because they ingested air
from above the marine boundary layer that
contained air pollution without sca spray.

Albrecht (22) noted that drizzle develops
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in stratocumulus clouds containing droplet
concentrations of less than about 150 drops
cm > and with droplet radii >~15 wm. He
also recognized that the drizzle washes out
the CCN and so causes the subsequent clouds
to contain smaller concentrations of larger
drops, thereby creating more favorable con-
ditions for drizzle, establishing a positive
feedback loop. In the extreme situation, this
leads to elimination of all the CCN and to
collapse of the marine boundary layer and
dissipation of the clouds (23). Conversely,
shallow stratocumulus clouds in polluted air
develop very little drizzle, so that little pol-
lution is washed down.

Cloud simulations. According to the
TRMM Precipitation Radar (PR), polluted
tropical clouds over land start precipitating
when their tops reach the —10°C isotherm,
which is at about 6 to 6.5 km. This was found
to be the case over Indonesia (2) and the
Amazon (24) as well as in southern India
(curve A of Fig. 1). Apparently, the height
that polluted cloud tops have to exceed to
initiate precipitation is much smaller over
ocean (~3 km or 10°C isotherm) than over
land. The PR does not detect precipitation in
clouds much lower than 3 km even in pristine
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Fig. 1. The relation between T and r, as ob-
served by the TRMM satellite in deep convec-
tive clouds occurring in (curve A) heavily pol-
luted air over south India on 24 March 1999;
(curve B) polluted air in the northeasterly trade
winds on 11 February 1999, with median
TRMM AOD of 0.35, (curve C) in air reaching
the northern rain band of the ITCZ with AOD =
0.27, (curve D) and in air to the south of the
northern cloud band of the ITCZ, still in the
Northern Hemisphere air mass, with AOD =
23; (curve E) and lastly in the Southern Hemi-
sphere pristine trade winds, with AOD = 0.07.
Plotted are the 50th (solid lines), 15th, and
85th (dashed lines) percentiles of r_g, for each 1
K interval. The vertical green line marks the
precipitation threshold of 14 um. The blue dots
denote the lowest cloud-top temperature that
still contained detectable TRMM radar precipi-
tation echoes. r is less than 14 um over land,
so that precipitation is completely suppressed
there below the —10°C isotherm, whereas deep
clouds in polluted air over the sea (curve B)
precipitate readily, with some further decreas-
ing threshold depth further to the south (curves
C to E) in the cleaner clouds.

RESEARCH ARTICLE

conditions, because they produce mainly
small raindrops (25) that do not reflect echoes
above the PR detection threshold (~17 dBZ
at a 4-km footprint).

The greater updraft velocities over land
can also explain differences between land and
ocean in cloud droplet concentrations, coales-
cence, and precipitation. This requires further
quantitative investigation, which was done
using a one-dimensional warm rain cloud
parcel model (26). The model has 2000 size
bins for CCN and drops, to obtain high ac-
curacy for the nucleation and diffusional
growth of cloud droplets and for the coales-
cence process.

The aerosols were taken from the mea-
surements of NOAA’s research vessel Ron
Brown in the Indian Ocean during February
and March 1999. Four spectra were extracted
to encompass the range of variability: (i)
pristine maritime, at Julian day 79.271 near

-

Fig. 2. Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) image of clouds forming in polluted
air flowing toward the ITCZ, over the Bay of
Bengal and the Indian Ocean to its south, on 11
February 1999, 07:39 Greenwich mean time,
about 2 hours after the TRMM overpass.
Frames 1, 2, and 3 correspond to curves B, C,
and D of Fig. 3, respectively. Frames 3, 4, and
5 (5 is outside the image in the direction of
the arrow) correspond to curves B, C, and D
of Fig. 1.

the southern edge of the cruise, in little-
polluted maritime air to the south of the
ITCZ, denoted as “Clean” in Fig. 4; (ii) pol-
luted air over the sea near the northern edge
of the cruise, at Julian day 69.25, denoted as
“Polluted” in Fig. 4; and polluted air of the
second spectrum but with sea spray truncated
(iv) 0.6 pm, denoted as “Pol, R < 0.3” and
“Pol, R < 0.6,” respectively, in Fig. 4.

The measured aerosol spectra were con-
verted to NaCl equivalent particles according
to the following procedure: Aerosols with a
diameter smaller than 1 pm were assumed to
be mostly pollution particles and were as-
sumed to contain 15% equivalent of NaCl.
Aerosols with a diameter greater than 1 pm
were assumed to be exclusively composed of
sea spray and were left as is. This is justified
by selecting the polluted case with large aero-
sols in concentrations that do not exceed
those of the maritime case, where the aerosols
>1 wm can be assumed to be exclusively sea
salt. Polluted aerosols over land, without sea
spray, were simulated by replacing the large
aerosols having diameter greater than 0.6 or
1.2 wm by Junge distribution.

The simulations replicated the observation
(6) of r g near 14 um as a precipitation thresh-
old. The tops of simulated polluted clouds with-
out sea spray have to exceed the height of 5 km
to start precipitating, but the addition of the sea
spray reduced that height to 3 km; unpolluted
clouds start developing significant precipitation
at 2.3 km. There is little sensitivity to the exact
size of the truncation of the sea spray. This
means that the larger sea spray particles are
dominating the restoration of the precipitation
in the polluted clouds.
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Fig. 3. T-r, relations as in Fig. 1, for clouds
developing in (curve A) heavily polluted air over
north Thailand on 11 February 1999, moving to
the (curve B) north Bay of Bengal and forming
elevated-base clouds with small r_.; but when
clouds with low bases are added (curve C), the
lower (warmer) clouds have much larger r
values that (curve D) expand to the whole
cloud depth when only the low-base clouds
remain. AOD = 0.35 in areas C and D. r
continues growing further downwind, as shown
in Fig. 1.
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The simulated cloud base updraft was 1 m
s~ !, and the vertical velocity increased with
height, reaching a maximum of 9 m s~ ' at the
height of 5 km. These are typical vertical
velocities for the maritime environment but
smaller than typical for continental convec-
tive clouds. Additional simulations (Fig. 5)
tested the sensitivity of the height of precip-
itation initiation to the cloud base updraft. As
expected, all heights shown in Fig. 4 in-
creased with greater updraft velocities, but
the relative changes remained similar. The
higher base of clouds over land and the great-
er cloud base updrafts that typically occur
there can explain the observation of clouds
exceeding 6.5 km in height before they start
precipitating (curve A in Fig. 1) (2, 24).

The sea spray in the polluted air decreased
the maximum cloud base supersaturation and
hence reduced the droplet concentrations.
Buildup of greater supersaturation higher in
the cloud caused additional CCN to nucleate
cloud droplets. This increase in supersatura-
tion is observed in the area of active coales-
cence that leads to a decrease in drop con-
centration within cloud updraft. This explains
the sudden increase in the drop concentration
with height shown for the curve of the pol-
luted air with sea salt in Fig. 4B. The renewed
nucleation of small droplets aloft in the pol-
luted air with sea spray can explain the ob-
served smaller r,. aloft in the precipitating
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clouds that form closer to the pollution source
(see the r . above the blue dots in Fig. 1).

The simulated drop concentrations should
be compared to the peak concentrations in the
aircraft measurements, which represent the
undiluted parcel at the cores of the updrafts.
The peak concentrations are roughly double
the average concentrations. Given that, there
is a reasonable agreement between the model
results and the aircraft-measured average
drop concentrations (5).

Conclusions. The winter monsoon is a
flow of cool and highly polluted air mass off
the Southeast Asian continent to the relative-
ly warm waters of the ocean. The polluted
clouds over land need to grow beyond 6 km
in height to start precipitating. The warming
and moistening of the air at the sea surface as
it flows toward the ITCZ causes cumulus
convection, with cloud tops often reaching 3
km, becoming gradually deeper with the ap-
proach to the ITCZ. According to simulations
that take into account the effects of lower
cloud bases and updrafts over the sea, the
particulate air pollution would still have
caused these convective clouds to become
microphysically “continental” and avoid pre-
cipitating at heights less than 4 km. However,
the sea spray “seeds” the clouds over the sea
and affects them in two ways: It provides
large CCN that create initial larger cloud
droplets that initiate the coalescence pro-
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Fig. 4. Simulations of ctouds with CCN aerosol size distributions in equivalent-solubility dry NaCl
particles, for clean air with sea spray (SS), polluted air with SS, and polluted air with SS truncated
above radii of 0.3 and 0.6 um, shown in (A). The concentration of drops with radius >0.5 um (B),
effective drop radius (C), and fraction of cloud water converted to raindrops (D) are shown as a
function of height for the four aerosol spectra in (A).
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cesses, and it decreases the maximum su-
persaturation at the cloud base, and so pre-
vents the nucleation of the smaller pollu-
tion particles into cloud drops. This reduces
the cloud drop number-concentration and
increases their size, leading to enhanced
precipitation.

The bulk of the cloud droplets are nucleated
on the larger pollution particles. The much larg-
er sea spray particles add only a small number
of large droplets that collect the smaller pollut-
ed droplets and eventually precipitate them as
raindrops. In the final account, the sea spray
cleanses the atmosphere of pollution particles
that nucleated cloud droplets. The second gen-
eration of clouds that forms in the air is already
cleaner, with smaller numbers of droplets and
thus more efficient coalescence and further
cleansing by rainfall. This constitutes a positive
feedback loop that leads to the formation of
pristine maritime air masses.

This cleansing process would advance more
slowly in shallower clouds, because a minimum
depth is required to form substantial precipita-
tion, which according to the cloud simulation
here is about 3 km for the marine polluted
clouds (Fig. 4). The best conditions for cleans-
ing air pollution over the sea would be deep
clouds and high surface winds that raise much
sea spray. However, in the case of smaller con-
centrations with weaker winds, the added travel
time would compensate for the slower cleansing
processes. If the oceans were not salty, air pol-
lution would remain for much longer in the
lower troposphere and would spread to much
greater areas of the oceans. The clouds would
have to grow vertically to about 5 km to initiate
substantial precipitation in polluted air over a
hypothetical salt-free ocean. This height is well
above the tops of common convective clouds
even under elevated subtropical inversion.
Therefore, such deeper clouds cover much
smaller areas of the oceans, leaving a major role
for sea spray in making the difference between
nonprecipitating and precipitating clouds.

This has important climate implications:
Maritime clouds have been considered to be the
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Fig. 5. The same as Fig. 4D, but with cloud base
updraft increased from 1 m s~ in Fig. 4to 3m
s~ here.
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most susceptible to the impact of pollution
aerosols on their albedo (27). However, the
findings here suggest that this susceptibility
does not translate into large sensitivity to an-
thropogenic land-based aerosols as currently
believed, for two reasons: (i) Aerosols in a
cloudy marine boundary layer are deposited
quickly by cloud processes; and (ii) when pol-
lution aerosols manage to interact with clouds
over the sea, the sea salt reduces the supersat-
uration and hence the droplet concentrations
and cloud albedo. These are likely causes for
the larger cloud drop r, . for the same aerosol
index over the ocean as compared to land (28),
recently observed by satellite, which has been
unexplained until now.
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High Carrier Mobility in
Single-Crystal Plasma-Deposited
Diamond
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Room-temperature drift mobilities of 4500 square centimeters per volt second
for electrons and 3800 square centimeters per volt second for holes have been
measured in high-purity single-crystal diamond grown using a chemical vapor
deposition process. The low-field drift mobility values were determined by using
the time-of-flight technique on thick, intrinsic, freestanding diamond plates and
were verified by current-voltage measurements on p-i junction diodes. The
improvement of the electronic properties of single-crystal diamond and the
reproducibility of those properties are encouraging for research on, and de-
velopment of, high-performance diamond electronics.

The desire for electronic devices with higher
power throughput, wider frequency bandwidth,
and higher operational temperatures is driving
research and development of new semiconduc-
tors. One such area is wide—band-gap materials.
Diamond is extreme in this group of materials,
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Nanotechnology and Innovative Materials Group,
Vésterds, Sweden. 2De Beers Industrial Diamonds,
King's Ride Park, Ascot, UK.

*Present address: Division for Electricity Research,
Box 539, S-751 21 Uppsala University, Sweden. E-
mail: jan.isberg@angstrom.uu.se

which includes SiC, ZnO, and GaN, having a
direct band gap of 7.5 eV, an indirect gap of 5.5
eV, and a room-temperature thermal conductiv-
ity in excess of 2000 W/mK. Diamond electron-
ic devices, such as power diodes and high-
frequency field-effect transistors, are expected
to deliver outstanding performance because of
the material’s excellent intrinsic properties, such
as high carrier mobilities and high breakdown
field (1, 2). However, the development of dia-
mond electronics has been hampered by several
problems, such as a lack of shallow dopants,
heteroepitaxy as a route to large-area single-
crystal growth, low crystal quality, and poor

consistency of synthetic material. Nevertheless,
interesting devices have been made; for exam-
ple, Koizumi and co-workers have recently re-
alized an ultraviolet light—emitting p-n diode in
diamond (3).

Synthetic diamond has been produced for
the past 50 years with high-pressure high-tem-
perature (HPHT) technology and more recently
by chemical vapor deposition (CVD). CVD of-
fers a process for producing high—crystalline
quality diamond under tightly controlled condi-
tions. Although high-quality polycrystalline di-
amond with many properties that approach
those of the best natural diamonds is now com-
mercially available, the presence of grain
boundaries impedes electronic performance, so
that the only option for the most demanding
applications is single-crystal CVD diamond.
Despite more than 10 years of intensive research
in this area, the best material suitable for elec-
tronic applications that has been reported is thin
layers (typically <<<100 pm) having electronic
properties, such as carrier mobility and lifetime,
similar to those measured in specially selected
natural type Ila diamond (4). Reported room-
temperature values of carrier mobility () in
type Ila diamond are typically in the range of
2000 to 2800 c¢m?/Vs for electrons and 1800 to
2100 cm?/V's for holes. This is the case for both
Hall (5, 6) and drift (7, 8) mobility measure-
ments. In homoepitaxial boron-doped CVD di-
amond, Yamanaka et al. (9) have measured a
Hall hole mobility of 1840 ¢cm?Vs. Improve-
ment in electronic properties such as carrier
mobility and lifetime can be directly related to
enhanced crystalline quality and reduced defect
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