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Suppression of Rain and Snow
by Urban and Industrial Air
Pollution

Daniel Rosenfeld

Direct evidence demonstrates that urban and industrial air pollution can com-
pletely shut off precipitation from clouds that have temperatures at their tops
of about —10°C over large areas. Satellite data reveal plumes of reduced cloud
particle size and suppressed precipitation originating from major urban areas
and from industrial facilities such as power plants. Measurements obtained by
the Tropical Rainfall Measuring Mission satellite reveal that both cloud droplet
coalescence and ice precipitation formation are inhibited in polluted clouds.

The precipitation-forming processes in clouds
depend to a large extent on the presence of
aerosols, specifically cloud condensation nuclei
(CCN) and ice nuclei. The large concentrations
of small CCN in the smoke from burning veg-
etation nucleate many small cloud droplets (/,
2) that coalesce inefficiently into raindrops (3,
4). Although this effect has been suspected for
many years (5, 6), conclusive evidence that
smoke from burning vegetation suppresses pre-
cipitation was obtained recently with the obser-
vations of the Tropical Rainfall Measuring Mis-
sion (TRMM) (7) satellite (8).

Much less is known, however, about the
impact of aerosols from urban and industrial
air pollution on precipitation. It was assumed
initially that industrial and urban pollution
inhibited precipitation, similar to the smoke
from burning vegetation (9). Later, reports of
enhanced rainfall downwind of paper mills
(10) and over major urban areas (/1) suggest-

Institute of Earth Sciences, The Hebrew University of
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daniel@vms.huji.ac.il

ed that giant CCN enhanced precipitation
(12), but attempts to correlate the urban-en-
hanced rainfall to the air pollution sources
failed to show any relation (/3). Another
explanation for the urban rain enhancement
invoked the heat-island effect and increased
friction, both of which would tend to increase
the surface convergence, resulting in more
cloud growth and rainfall over and downwind
of the urban areas (/4). Furthermore, the
recent suggestion (/5) that air pollution might
enhance precipitation on a large scale in
northeastern America and the accompanying
speculative explanations demonstrate how lit-
tle is known about the subject.

Space-borne (/6) and in situ aircraft (/7)
measurements of ship tracks in marine
stratocumulus clouds provided the first evi-
dence that effluents from ship stacks change
cloud microstructure by redistributing their
water into a larger number of smaller drop-
lets. Albrecht (/8) suggested that the drizzle,
which normally occurs in marine stratocumu-
lus clouds in clean air, would be inhibited
from the clouds with reduced droplet size,
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thereby increasing the cloud water content
and longevity. Extrapolation to clouds that
are sufficiently thick for raining (i.e., at least
2 km from base to top) would mean that the
effluents have the potential to suppress pre-
cipitation over ocean and over land. Howev-
er, pollution tracks in any clouds over land
were not reported in previous studies. Appli-
cation of the imaging scheme of Rosenfeld
and Lensky (6) to the Advanced Very High
Resolution Radiometer (AVHRR) on board
the National Oceanic and Atmospheric Ad-
ministration (NOAA) orbiting weather satel-
lites revealed numerous ship track-like fea-
tures in clouds over land, created by major
urban and industrial pollution sources. Illus-
trations of such tracks from Turkey (Fig. 1A),
Canada (Fig. 1B), and Australia (Fig. 1C) are
shown. Because the tracks clearly originate
from pollution sources, they will be called
hereafter “pollution tracks.”

The pollution tracks in Turkey (Fig. 1A)
originate from several sources in and near the
cities of Istanbul, Izmit, and Bursa.

The pollution track in Canada (Fig. 1B)
originates from Flin-Flon, Manitoba, the home
of the Hudson Bay Mining and Smelting Com-
pany. That location has been a frequent source
for such tracks. Other sources in Canada have
been observed, but not reported here.

Study of the pollution tracks emanating
from the region of Adelaide, South Australia,
Australia, is especially interesting. They re-
ceived special attention because of their in-
tensity and frequent occurrence. These pollu-
tion tracks were identified in the clouds of all
47 AVHRR images on different days exam-
ined in which stratocumulus and cumulus
clouds with tops warmer than about —12°C
existed over the region. The pollution tracks
in Fig. 1C coincide with the following major
industrial and urban areas: (i) Port Augusta
has a 520-MW power plant operating on
brown coal, providing electricity to the near-
by mines and to the adjacent large steel in-
dustry in Whyalla. (ii) Port Pirie is the home
of the world’s largest lead smelter and refin-
ery. (iii) Adelaide has industry for processing
minerals mined in the vicinity. Among these
are Australia’s largest cement plant, located
on the Port Adelaide River. A major oil re-
finery and a power plant are located 20 km to
the south of the city near the origin of the
strongest pollution track in Fig. 1C.

The 1998-99 annual average of effluents
from the stack of Port Augusta power plant,
which is equipped with an electrostatic pre-
cipitator, was 43 kg hour™! of submicrometer
ash particles with modal diameter of 0.14
wm. The gaseous annual average of effluents
for the same time period is 1108 kg hour™! of
SO, and 1655 kg hour™! of NO, (19). Ap-
parently, part of the ash particles act as CCN
at short range, and chemical reactions of the
gases produce additional CCN hundreds of
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Fig. 1. Satellite visualization of NOAA AVHRR
images, showing the microstructure of clouds
for three cases over three different continents
with streaks of visibly smaller drops due to
ingestion of pollution originating from known
pollution sources that are marked by white
numbered asterisks. (A) A 300 km by 200 km
cloudy area containing yellow streaks originat-
ing from the urban air pollution of Istanbul (*1),
lzmit (*2), and Bursa (*3) on 25 December
1998 at 12:43 UT. (B) A 150 km by 100 km
cloudy area containing yellow streaks showing
the impact of the effluents from the Hudson
Bay Mining and Smelting compound at Flin-
Flon (*4) in Manitoba, Canada (54°46'N
102°06'W), on 4 June 1998 at 20:19 UT. (C)
An area of about 350 km by 450 km containing
pollution tracks over South Australia on 12
August 1997 at 05:26 UT originating from the
Port Augusta power plant (*5), the Port Pirie
lead smelter (*6), Adelaide port (*7), and the
oil refineries (*8). All images are oriented with
north at the top. The images are color compos-
ites, where the red is modulated by the visible
channel; blue is modulated by the thermal in-
frared (IR); and green is modulated by the solar
reflectance component of the 3.7-pm channel,

where larger (greener) reflectance indicates smaller droplets. The composition of the channels
determines the color of the clouds, where red represents clouds with large drops and yellow
represents clouds with small drops. The blue background represents the ground surface below the
clouds. A full description of the color palettes and their meaning is provided by Rosenfeld and

Lensky (6).

kilometers farther downwind from the pollu-
tion source, mainly in the form of sulfates.

The AVHRR data were used to retrieve
the dependence of the indicated effective ra-
dius 7, = (r)/(r?), where r is the radius of the
cloud droplets in the measurement volume,
on cloud temperature 7. The method of
Rosenfeld and Lensky (6) was used to derive
the T-r, relations for inference of the precip-
itation-forming processes in the clouds.

The median 7, of the cloud tops in the
pollution plumes (Figs. 1 through 3) was
considerably less than the precipitation
threshold of 14 wm (20). Outside the plumes,
however, r, increased steeply with decreasing
T to more than 25 pm, indicating that the
cloud droplets in the general area were coa-
lescing into precipitation. At the same time,
little growth of r, with decreasing T was
indicated within-the pollution plumes, indi-
cating a lack of coalescence and, thus, sup-
pressed precipitation.

These inferences are validated using the
additional sensors onboard the TRMM satel-

lite. The TRMM instruments used here are
the visible and infrared sensor (VIRS), the
precipitation radar (PR), and the TRMM pas-
sive microwave imager (TMI). The VIRS is
similar to the NOAA AVHRR, but it uses a
2-km subsatellite resolution instead of the
1.1-km resolution used by the AVHRR to
obtain the T-r, relations. PR is a 2.2-cm radar
with a subsatellite resolution of 250 m verti-
cally by 4 km horizontally. The minimum
detectable signal is about 17 dBZ [decibel of
Z (mm®m™3)], which is equivalent to about
0.7 mm hour™!. The PR is used to measure
the precipitation that forms in the clouds. The
TMI uses a 85-GHz vertical polarization
brightness temperature (T};) to detect the wa-
ter in nonprecipitating clouds.

The TRMM measurements are validated
by an extensive ground validation program
(21). Preliminary results show variability of
about 25% between rain gauges and TRMM
rainfall over large areas, with some TRMM
underestimation with the heavier rainfall (22).
The simultaneous spaceborne measurements of
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Fig. 2. Satellite visualization of the TRMM VIRS, with the precipitation
information in the white overlay. The white patches denote precipita-
tion echoes as observed by the TRMM PR. The two parallel lines delimit
the 230-km PR swath. The swath is oriented from west to east (left to

Fraged !“IJ:‘I|{J'1\’|JI\
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Fig. 3. Analysis of the T-r, relations, where T is the
temperature and r, (r,) is the cloud particle
effective radius for the clouds in the seven boxes
(traces numbered 1 through 7) in Fig. 2. Plotted
are the 15th (long dashed line), 50th (solid line),
and 85th (short dashed line) percentiles of r, for
each 1°C interval. The black lines correspond to
the boxed areas of pollution. The vertical green
line marks the 14-pum precipitation threshold. A
full description of the T-r, charts and their mean-
ing is provided by Rosenfeld and Lensky (6).

cloud microphysics (VIRS), cloud water (TMI),
and precipitation (PR) make it possible to relate
the precipitation to cloud microstructure.
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Fig. 5.
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Fig. 4. Vertical profiles of the precipitation
echo intensities as measured by the TRMM PR
for the various boxes in Fig. 2. The peak near 2
km corresponds to enhanced echoes from
snowmelt just below the 0°C isotherm. Box 2
had no detectable precipitation. Boxes 4 and 7
are outside the radar swath. H, cloud height.

The TRMM overpass selected for analysis
here is from 21 October 1998 at 04:41 UT, a
time of strong pollution-track signatures in the
clouds throughout southeastern Australia (Fig.
2). Seven boxes within the image were delim-
ited for analyses of the dependence of r, (Fig. 3)
and the PR reflectivities (Fig. 4) as a function of
T. Box 2 encloses a pollution plume that is
clearly visible by the yellow coloring, which
indicates the small #, of the cloud particles
downwind of Adelaide. According to the T-r,
relations presented in Fig. 3A, the clouds in the
plume had little coalescence, had not glaciated,
and were without precipitation, whereas the
unpolluted clouds in boxes 1 and 3, side-wind
of box 2, had strong coalescence and were
precipitating. That observation is corroborated
by the PR, which recorded precipitation echoes
in the clouds outside, but not within, the plume.
The PR-measured rain intensities exceeded 10
mm hour™!. Another large area of clouds with
extremely small r, existed in the Melbourne
area and extended downwind to the northeast

right, respectively). The image shows pollution plumes in the clouds
over southeastern Australia on 21 October 1998 at 04:44 UT. The lines
AB and CD show the locations of the vertical cross sections presented in

(box 4). The r, increased gradually farther
downwind but did not reach the precipitation
threshold. Farther downwind and to the east of
the plume (box 5) only a few isolated showers
had formed in some of the clouds that reached
the —9°C isotherm and barely exceeded the
14-pm precipitation threshold.

Clouds over the Sydney area (box 6) also
had a much reduced r,, apparently because of
the pollution there. Clouds over the sea some
150 km away from Sydney (box 7) had a much
larger r,, indicative of strong coalescence and
precipitation in the apparently pristine marine
air. The TMI-based TRMM rainfall algorithm
identified those clouds as precipitating.

The vertical cross sections (Fig. 5) of the
plurmes show no obvious differences in the
cloud top heights and horizontal dimensions
in and outside the areas of suppressed precip-
itation. Furthermore, the depression of the
TMI-measured Ty in the nonprecipitating
clouds indicates that lack of cloud water was
not the reason for the lack of precipitation
from these clouds.

The vertical profile of the precipitation
echoes as measured by the PR has a distinct
maximum near the 0°C isotherm, between 2
and 2.5 km above sea level (Fig. 4). This
maximum is caused by the enhanced radar
returns from melting snowflakes, known as
the “bright band.” The existence of the bright
band shows that much of the precipitation
was initiated as snow in the upper parts of the
clouds. That means that the pollution sup-
pressed the precipitation not only by inhibit-
ing the coalescence of the cloud droplets into
raindrops but also by preventing the forma-
tion of ice particles and cold-precipitation
processes of the clouds. A likely explanation
is that the pollution reduces the radius of the
largest cloud droplets below the threshold of
12 pm, which is required for both primary

1795



1796

Fig. 5. Vertical cross
section along the lines
AB and CD in Fig. 2.
The dark gray areas
represent clouds. The
vertical extent of the
clouds is converted
from the VIRS-mea-
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sured cloud-top temperatures. The colors represent the precipitation reflectivity in dBZ as measured by the TRMM radar. The white line is the
brightness temperature of the TMI 85-GHz vertical polarization (T), plotted at the altitude of that temperature. A lower Ty value is represented as
greater height of the white line, and in nonprecipitating clouds it means greater cloud water content. The Ty and actual cloud-top temperature have

different physical meanings.

and secondary ice generation in clouds (23,
24). Air pollution must be an important factor
in determining the precipitation amounts in
the Snowy Mountains (east of box 4 in Fig. 2)
because it has been observed that most-of the
winter precipitation events in that region
come from clouds with temperature at the
tops between —4° and —13°C (25). Interest-
ingly, a decreasing trend of the snow cover in
the Snowy Mountains was reported for the
period 1897-1991 (25). However, trend anal-
yses of snow, winter temperature, and total
winter rainfall for the period 1910-91
showed statistically insignificant decreases in
all three parameters (26).

The satellite data provide evidence con-
necting urban and industrial air pollution to
the reduction of precipitation, pinpointing
both the sources and the affected clouds. This
has become possible with the newly acquired
capabilities to observe both cloud microstruc-
ture and precipitation over large areas with
TRMM satellite observations. It might seem
strange that some of the most prominent pol-
lution signatures occur in Australia, which is
probably the least polluted inhabited conti-
nent. The pollution is perhaps most evident in

Australia because it is seen against a back-
ground of pristine clouds, whereas in most
other places the clouds are already polluted on
a very large scale. Such results might indicate
that human activity may be altering clouds and
natural precipitation on a global scale.
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A new species of Archaea grows at pH ~0.5 and ~40°C in slime streamers and
attached to pyrite surfaces at a sulfide ore body, Iron Mountain, California. This
iron-oxidizing Archaeon is capable of growth at pH 0. This species represents
a dominant prokaryote in the environment studied (slimes and sediments) and
constituted up to 85% of the microbial community when solution concentra-
tions were high (conductivity of 100 to 160 millisiemens per centimeter). The
presence of this and other closely related Thermoplasmales suggests that these
acidophiles are important contributors to acid mine drainage and may sub-

stantially impact iron and sulfur cycles.
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~150 X 10'2 g of sulfur per year, contribut-
ing ~50% to the net river transport of sulfate
to the ocean, which is about half of the sulfate
input into the ocean (2).

Microorganisms accelerate the rate of py-
rite dissolution through regeneration of Fe3*
(1, 3), the primary pyrite oxidant at low pH
(4-6). At Iron Mountain, an AMD site in
northern California, the iron-oxidizing bacte-
rium Thiobacillus ferrooxidans, previously
thought to be the most important iron-oxidiz-
ing species, played a minor role in pyrite
oxidation (7, 8). Instead, Archaea constituted
a large proportion (>50%) of the prokaryote
population at important sites of acid genera-
tion during the dry summer and fall months
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