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Winter storms in California’s Sierra Nevada increase seasonal snowpack and provide critical water
resources and hydropower for the state. Thus, the mechanisms influencing precipitation in this
region have been the subject of research for decades. Previous studies suggest Asian dust enhances
cloud ice and precipitation, whereas few studies consider biological aerosols as an important global
source of ice nuclei (IN). Here, we show that dust and biological aerosols transported from as far as
the Sahara were present in glaciated high-altitude clouds coincident with elevated IN concentrations
and ice-induced precipitation. This study presents the first direct cloud and precipitation measurements
showing that Saharan and Asian dust and biological aerosols probably serve as IN and play an
important role in orographic precipitation processes over the western United States.

Aerosols can modify cloud microphysical
properties, including droplet size and
water phase, and thus can alter precip-

itation efficiency (1). In particular, dust aerosols,
which originate from various deserts around the
world (2), have been shown to serve as effective
ice nuclei (IN) and potentially enhance precip-
itation in mixed-phase clouds (3). IN are atmo-
spheric particles that catalyze the freezing of
supercooled cloud droplets, producing ice crys-
tals that would not form otherwise at warmer,
mixed-phase cloud temperatures (4). Some types
of biological aerosols such as bacteria have also
been shown to serve as effective IN at relatively
warm temperatures (5); however, recent mod-
eling studies have concluded that they are of
minor importance to global IN concentrations
and precipitation processes (6). Biological aero-
sols (such as bacteria), can be co-lofted and
transported with dust (7). When lofted to high
altitudes (~≥5000 m), dust and biological aerosols
can travel long distances. For example, Uno et al.

showed that dust from the Taklimakan desert
in China circled the globe within 13 days (8).
Intercontinental transport of dust from Asia is
well documented (9–12), whereas few have re-
ported trans-Pacific transport from North Africa
(13, 14). Modeling studies have shown that both
Asian and African dust influence ice formation
in mixed-phase clouds (15, 16). Small amounts
of dust can be lofted into the free troposphere
from the Taklimakan as early as February, with
maximum concentrations detected between April
and May. Much of the Gobi desert is frozen in
the winter months, but it can represent a sub-
stantial Asian dust source in response to strong
winter storms from Siberia (3). Dust is lofted from
the Sahara year round, so this source region has
the potential to affect ice formation in clouds
throughout the year (3).

IN concentrations are generally low (~1 in
every 105 aerosol particles in the free troposphere
at –20°C) (17), highly variable, and strongly
dependent on the chemical composition of the
aerosols present within a particular cloud (18). At
mixed-phase cloud temperatures (above rough-
ly –36°C), IN are necessary for ice formation.
Ice crystals grow diffusionally at the expense of
liquid droplets (19) and can gain mass through
accretion of supercooled liquid droplets or ag-
gregation with other crystals to form graupel or
snow (20, 21). Freezing of cloud droplets in-
duced by IN produces a mixed-phase cloud that
initiates precipitation more rapidly than does a
supercooled, liquid-only cloud because of the
faster growth rate of ice particles versus droplets
(22). The presence, absence, and abundance of
IN can thus affect the intensity and spatial dis-
tribution of precipitation events. The efficien-
cy of ice and precipitation processes has serious
ramifications for mountainous regions such as
the California Sierra Nevada, where snowpack

supplies copious amounts of water to reservoirs
(23). Hence, cloud-seeding experiments have
been conducted in the Sierra Nevada since 1948
as a possible means of increasing precipitation
(24, 25). It has been suggested that over 50%
of precipitation globally is initiated in the ice
phase [such as in (26)]. Therefore, identifying
the sources of IN within clouds and the mecha-
nisms by which they influence precipitation
processes is critical for future water and energy.

Analysis of precipitation samples in com-
bination with storm meteorology can provide
insight into IN effects on orographic precipita-
tion. For example, Ault et al. observed insoluble
residues in precipitation samples collected in the
Sierra Nevada, which were hypothesized to be
Asian dust (1). There are two key unresolved
questions from the Ault et al. study: (i) Do the
insoluble precipitation residues reflect the com-
position of the IN that initially nucleated cloud
ice? (ii) What role does dust play in affecting
cloud microphysics and precipitation? Further
evidence from Pratt et al. provided aircraft mea-
surements of dust and biological residues co-
located with ice in clouds over Wyoming, but this
was a limited data set, with no emphasis linking
observations with precipitation (27). Here, we
present results building on those from Ault et al.
and Pratt et al. using a combination of both ground-
based precipitation and aircraft in situ cloud mea-
surements in California throughout the 2011
winter. Our results indicate a relationship be-
tween dust and biological aerosols detected in in
situ cloud residues in distinct mid-level ice layers,
residues in precipitation collected at the ground,
and long-range transport of dust and biological
aerosols from Asia, the Middle East, and the
Sahara. Combined, these results strongly suggest
dust and biological aerosols affected ice forma-
tion in mid-level clouds where precipitation pro-
cesses were initiated.

The CalWater field campaign was designed
to directly address aerosol impacts on clouds and
precipitation in the Sierra Nevada during three
consecutive winter seasons (2009 to 2011). Mea-
surements from a remote ground site at Califor-
nia’s Sugar Pine Dam [SPD, 39°07′42.80′′N,
120°48′04.90′′W; 1064 m mean sea level (MSL)]
included aerosol and meteorological instrumenta-
tion from 2009 to 2011. The same technique used
by Pratt et al. (27) and Ault et al. (1)—aerosol
time-of-flight mass spectrometry (ATOFMS)
(28)—was used to determine the chemical com-
position of resuspended insoluble precipitation
residues collected at SPD from 30 January to
8 March 2011. S-band profiling radar (S-PROF)
provided bulk microphysical information using
vertical profiles of hydrometeor fall velocity and
radar reflectivity (29). Precipitation processes in-
cluded warm rain, which started as liquid; cold
rain, which started as ice and melted during de-
scent; and snow/graupel/hail when surface temper-
atures were low (30). Precipitation that starts in
the ice phase—snow/graupel/hail and cold rain—
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is termed “ice-induced precipitation.” S-PROF
time-height cross sections during the times for all
11 of the precipitation sampling periods are shown
in fig. S1.

During all of the 2011 storms, dust and bio-
logical residues were frequently present in the
precipitation, comprising up to 99% of the total
insoluble residues per sample. The percentage of
dust plus biological residues (%Dust+Bio), me-
dian cloud top temperature (°C), relative amount
of cloud ice (%Ice), and percentages of different
precipitation processes during each sample col-
lection date in 2011 are shown in Fig. 1. Dust and
biological residue percentages were combined
for the precipitation analysis because chemical
markers for each type were often observed within
the same individual residue owing to the pre-
cipitation collection and aerosolization processes
(fig. S2 and supplementary text). Ice-induced
precipitation comprised 74% of the total pre-
cipitation that fell at SPD, whereas warm rain
comprised only 10% (the remaining 16% was

unclassified). The highest %Dust+Bio in pre-
cipitation samples occurred during storms that
contained a higher percentage of ice-induced pre-
cipitation (such as 30 January, 16 to 19 February,
and 24 to 26 February). During these storms,
surface temperatures were sufficiently low (table
S1), enabling snow/graupel/hail to reach the sur-
face. During the storms from 14 to 16 February,
1 to 3 March, and 5 to 7 March, surface temper-
atures were higher, resulting in more rain than
ice at the surface. Further, more warm rain co-
incided with lower %Dust+Bio during these time
periods. For the five samples in which >50%
of precipitation fell as snow/graupel/hail, the
average %Dust+Bio was 90%, whereas for the
four cases in which >30% of the precipitation
occurred as warm rain, the average %Dust+Bio
was 69%. One possible explanation could be
that a limited amount of dust and biological aero-
sols were available to serve as IN, leading to less
precipitation initiated in the ice phase. Another
potential explanation is that the thermodynamic

and dynamic structure of the storm produced
shallower clouds (fig. S1) with warm rain, which
were perhaps unable to reach vertically into the
dust plume. Typically, the cloud top temperatures
were lower when the %Dust+Bio in precipita-
tion and %Ice in cloud were higher, suggesting
that dust and biological aerosols are more ef-
ficiently activated and scavenged via ice nu-
cleation at colder temperatures. Both the 1 to 2
March and 2 to 3 March time periods had simi-
lar cloud top temperatures (–22°C); however,
the %Dust+Bio and %Ice were higher on 1 to 2
March and lower on 2 to 3 March. Thus, this
result suggests that the formation of in-cloud
ice is not entirely dependent on the cloud tem-
perature alone and that the presence and abun-
dance of IN feeding the clouds is important.
Overall, these results suggest that dust and bio-
logical aerosols probably served as IN and in-
fluenced the precipitation phase in the clouds
within colder sectors of the storms, expanding
on the precipitation measurements made by
Ault et al. in 2009. Precipitation residues can
provide useful information on the nature of aero-
sols and cloud seeds; however, because of the
caveats involved with analyzing precipitation
and correlating ground-basedmeasurements with
mid-level cloud processes, in situ aircraft measure-
ments of cloud residues made during CalWater
2011 were critical for gaining further insight into
the role of the dust and biological particles in
cloud and precipitation processes.

A compact aircraft version of the ATOFMS
(31) measured in situ cloud droplet and ice crys-
tal residues onboard the G-1 during CalWater.
Cloud residue data during each precipitation sam-
pling time period are included in Fig. 1. Discus-
sion regarding the collection of cloud residues
and the relative amount of dust and biological
residues in the precipitation compared with the
cloud residues is provided in the supplementary
materials. High percentages of dust and dust
mixed with biological cloud residues were ob-
served during the flights on 16 and 25 February,
respectively. On 16 February, the cloud resi-
dues were rich in aluminosilicate dust (50%),
with smaller contributions from dust mixed
with biological material (“dust/biological,” 16%)
and purely biological residues (3%). However, on
25 February, residues were predominantly com-
posed of dust mixed with salt and biological
material (“dust/salt/biological,” 66%), whereas
dust and biological residues represented 9 and
10%, respectively. The precipitation residues were
also characterized as more “dustlike” on 16 Feb-
ruary and were composed of biological material
on 25 February (supplementary text). Although
the precipitation residue compositions were not
exactly the same as the cloud residues, the
similarities between the two suggest that the ma-
jority of precipitation residues probably origi-
nated from the cloud particles as opposed to
being scavenged by precipitation in the air be-
low cloud base. The meteorological conditions
were similar during these 2 days and corresponded

Fig. 1. Precipitation and cloud characteristics during each sample collection date during the 2011
CalWater study at SPD. (A) Markers show the percentages of dust and biological precipitation res-
idues combined (Dust+Bio) sampled at the surface at SPD, and bars show the percentages of in-cloud
residues sampled on the G-1 aircraft. Sample dates with more than one column of bars for the aircraft
data signify more than one flight took place; for instance, three flights were taken 24 to 26 February
and two flights were taken 2 to 3 March. (B) The percentages of cold rain, snow/graupel/hail, and
warm rain per sample (taken from S-PROF radar profiles). Red markers represent the median cloud
top temperature (in degrees Celsius) per sample collection date. Error bars are shown for temper-
ature and represent the minimum and maximum of the range. Violet markers represent the av-
erage relative amount of the cloud consisting of ice (%Ice) within the 10-km radius over SPD derived
from satellite measurements. Storms 1 to 6 are highlighted in order to identify the evolution of cloud
and precipitation residues, cloud top temperature, %Ice, and precipitation processes over the course
of the storms.
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to the passing of a cold front (supplementary
text). The passing of these cold fronts probably
enabled the transport of dust and biological aero-
sols into the region, as suggested by previous
studies (1). However, if IN were hypothetically
absent in these cold air masses, supercooled
cloud droplets would remain as liquid instead of
forming ice crystals, as as shown by Rosenfeld et al.
(32) and described here. On days without these
meteorological conditions, we observed only mi-
nor fractions of dust and biological particles in
cloud residues (fig. S4), showing that dust and
biological particles are not always present. Addi-
tionally, estimated dust concentrations detected
between 3000 and 6000 m are provided and dis-
cussed in the supplementary materials to show
that the variability of dust concentrations can range
over an order of magnitude during flights. This
strongly supports the concept proposed here that
ice formation depends not only on the meteoro-
logical conditions but also on the availability of
effective IN, such as certain mineral dusts and
biological particles.

In order to investigate the impact of dust and
biological particles on cloud properties during the
storms on 16 to 19 February and 24 to 26 Feb-
ruary, we examined data from the flights corre-
sponding to these storms in more detail. Shown
in Fig. 2 are the number of individual cloud res-
idues measured by A-ATOFMS for the 16 Feb-
ruary ascent (Fig. 2A) and 16 February descent
(Fig. 2B) flight segments (flight tracks are avail-
able in the supplementary materials). The 25 Feb-
ruary ascent and descent are shown in fig. S8.
Flights on 16 and 25 February are separated into
the ascent and descent because of changing dy-
namics (supplementary text). The early morn-
ings on 16 and 25 February included prefrontal
periods with an atmospheric river (narrow band of
water vapor transported from subtropical oceanic
regions) and terrain-parallel blocked flows (sup-
plementary text), which introduced moist ma-
rine air masses into deep clouds over the Sierra
Nevada (fig. S1). In the afternoon during the
flights on 16 and 25 February, cold postfrontal
conditions with lower-level convective clouds
and mid-level orographic clouds were present.
Liquid water content (LWC), the mass concen-
tration of liquid in a cloud, was measured with a
cloud droplet probe (CDP). IN concentrations
(IN per liter of air) were measured with a con-
tinuous flow diffusion chamber (CFDC) (17).
Cloud ice fraction was calculated by using liq-
uid and total water content measured with the
WCM-2000 (SEA, Mansfield Center, Connecti-
cut). Details of the calculation are available in the
supplementary materials.

During the ascent to high altitudes on 16 Feb-
ruary, the lower-level convective clouds (≤3500 m)
were pristine marine clouds that contained pre-
dominately sea salt residues and few dust particles
(Fig. 2A). Correspondingly, the IN concentrations
were low (0 to a maximum of 0.15 T 0.2 liter−1 in
a temperature range from –18.4 to –18.9°C). These
measurements were consistent with little to no

ice in-cloud as evidenced by a low cloud ice
fraction (0 to 0.4) and high LWC (up to ~1 g/m3).
The nearly ice-free, supercooled cloud reached
temperatures down to –21°C. The presence of
liquid water and lack of large amounts of ice
was consistent with very few IN active in this
region of the cloud. The IN concentrations in the
mid-level orographic clouds (4000 to 6000 m)
could be determined with greater certainty at
0.16 T 0.06 liter−1 measured at –18.8°C, whereas
the cloud top temperature reached –35°C and
contained ice along with supercooled water of
<0.1 g/m3. In addition, a spike in dust and dust/
biological residues was observed between 4400

and 5500 m in these mid-level clouds. Trans-
mission electron microscopy (TEM) analysis showed
that 88% of IN-activated aerosol in the CFDC
was of dust and biological origin (53% dust,
26% dust/salt/biological, and 9% biological)—
thus confirming the dominance of dust and bio-
logical cloud residues observed by the A-ATOFMS,
as discussed above. However, above 5500 m we
observed less dust and biological residues coin-
cident with supercooled liquid water at temper-
atures as low as –35°C, thus showing a distinct
layer of dust and biological aerosols played a
role in forming the ice-enriched layer at lower
altitudes and warmer temperatures. During the

Fig. 2. Vertical profiles of the
number of cloud residues (dust,
dust mixed with biological ma-
terial called “dust/biological,” dust
mixed with salt and biological ma-
terial called “dust/salt/biological,”
biological, sea salt, and residues
from pollution such as soot and bio-
mass burning), liquid water drops
or liquid water content (LWC, g/m3),
cloud ice fraction, and cloud tem-
perature (°C) for the flight on (A)
16 February ascent (17:01 to 18:29
UTC) and (B) 16 February descent
(18:29 to 20:19 UTC). The ascent
anddescent for 25February is shown
in fig. S8. Also shown are cloud-
particle residual IN concentrations
(liter−1), with the color represent-
ing the temperature at which the
CFDC measurement was taken. Er-
ror bars represent twice the Poisson
sampling errors in IN concentrations
calculated for 3- to 10-min time
periods.
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descent back down to lower altitudes (Fig. 2B),
dust and dust/biological cloud residues were de-
tected at several altitudes but were most abun-
dant between 3500 and 4500 m, where the highest
ice fractions were observed (up to 1). IN con-
centrations measured at a lower CFDC process-
ing temperature of –32 T 0.5°C trended with the
abundance of the dust and biological residues,
reaching 2.2 T 0.3 liter−1 between 4000 and
4500 m. The large increase in IN concentrations
measured in dust layers at –32°C on the descent

as compared with those at –18.4° to –18.8°C on
the ascent suggests that the dust was IN-active
within the intermediate temperature range. The
co-location of these specific residues with ice
crystals and higher IN concentrations suggest
dust and biological aerosols served as IN in
these mid-level clouds.

On 25 February, the meteorological and cloud
conditions were similar to those of 16 February.
However, dust/salt/biological aerosols as opposed
to pure dust on 16 February were co-located with

ice, particularly around 2700 and 3900 m. The
residues were separated into two distinct layers,
as shown in fig. S8A: a lower layer from 1400 to
3100 m and an upper layer from 3800 to 4000 m.
IN concentrations reached 0.39 T 0.2 liter−1 mea-
sured at –25.0°C in the upper layer, whereas in
the lower layer, maximum IN concentrations of
0.51 T 0.24 liter−1 were measured at –25.3°C; the
CFDC temperatures were appropriate for the up-
per layer (–26° to –20°C) but colder than cloud
temperatures in the lower layer (–17° to –10°C).
The mixed nature of these particles makes it dif-
ficult to extract which component (dust or bio-
logical) enabled the ice formation. The observations
on 16 and 25 February bracket the activation
temperatures of the dust and biological particles
between –18° and –32°C, with most of the activ-
ity occurring below –25°C. This is in agreement
with previous laboratory studies, showing that
many mineral dusts are more IN-active below
~–20°C, whereas biological particles such as
spores become active at ~–28°C (32), as well as
with satellite observations of Asian desert dust
glaciating cloud tops at –22°C on average (3).

On 25 February, the mid-level cloud contained
supercooled cloud water of up to 0.3 g/m3, with
some ice crystals that rimed into graupel at
lower levels (supplementary text), suggesting
that the ice was formed in the mid-level cloud
and fell into the lower-level cloud while riming
and depleting the cloud water. These results,
along with the results on 16 February, are indi-
cative of the seeder-feeder mechanism (33),
which has been documented previously in the
Sierra Nevada (34) as well as in other mountain
regions including those in Colorado, Oregon,
Washington, Arizona, and central Europe (35–38).
These data suggest that particles with biological
components, in addition to dust, play a role in
ice formation in the orographic clouds in the Sierra
Nevada and contribute to the efficiency of the
seeder-feeder mechanism. Previous studies have
shown that a graupel particle grows much faster
than does a supercooled raindrop of the same
mass in the same convective cloud (22). There-
fore, seeder-feeder is an efficient precipitation
mechanism, especially when the accreted drops
are large (39). Satellite observations have sug-
gested the possibility of dust glaciating high-
altitude clouds (40); however, there have not been
any in situ measurements of dust in clouds over
the Sierra Nevada before this study. When ur-
ban pollution aerosols are incorporated into clouds,
precipitation processes are often less efficient, and
suppression of both warm and mixed-phase
precipitation has been shown via satellite (41, 42).
Our results show that the presence of dust and
biological particles feeding deeper and colder
orographic cloud levels appears to have the op-
posite effect—accelerating the efficiency of the
precipitation-forming processes, especially in
situations in which cloud layers are decoupled
from the boundary layer, likely because of the
presence of terrain-parallel blocked flow (sup-
plementary text). To address this, future studies

Fig. 3. Dust source analysis including (A) 10-day back trajectories ending at cloud top heights over
SPD during storms in 2011, with the boxes highlighting the four dust source regions. Trajectories
are colored according to which dust region they traveled over, including the Sahara (separated into
North Africa and the Middle East) and East Asia (separated into the Taklimakan desert and Northeast
China/Mongolia). Storms were investigated in order to achieve statistical significance (more trajectories
per time period). The percentages under each box represent the frequency that the trajectories passed
through each arid region. (B) The frequency with which 10-day back trajectories passed over the dust
regions defined in (A) in addition to other regions (nondust origin). The four shades of green represent
the four different dust regions. The total number of trajectories analyzed per storm is also provided. (C)
The average altitudes of trajectories that passed through each region and dust layer heights determined
by using NAAPS analysis time-height sections at Sedeboker (North Africa), Solar Village (Middle East),
Yinchuan (site nearest to the Taklimakan), and Beijing (Northeast China/Mongolia) for the time periods
studied. A map of the sites and examples of the time-height sections are shown in fig. S11. Data
originate from time periods that include back trajectory end points shown in fig. S13. The middle line of
the shaded regions represents the average maximum height of the dust layers in each region from
NAAPS analysis. The error bars show the minimum and maximum altitudes for the trajectory end points
and dust layers.
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should be designed to observe both influences,
boundary-layer and upper-level aerosols, as well
as associated meteorological conditions.

The co-location of dust and biological aero-
sols with IN and ice in clouds, in addition to the
abundance of dust and biological residues ob-
served on days with more ice-induced precipi-
tation during CalWater, leads to a question of
the origin of the dust and biological aerosols.
Ault et al. suggested Asian dust influenced snow-
fall during only one storm in 2009 (9); however,
we present here six storms with influences from
Asia and the Sahara. Local sources of dust and
biological aerosols were probably minor con-
tributors to the precipitation residues (supplemen-
tary text). Ten-day air mass backward trajectories
are shown in Fig. 3A, calculated with HYSPLIT
(43) ending at SPD during the storms shown in
Fig. 1. Meyers et al. suggest that ice nucleation
occurs at the tops of orographic clouds (34), and
thus trajectories were calculated to end at cloud
top heights between 2000 and 10,000 mMSL over
SPD by using data from the 11th Geostationary
Operational Environmental Satellite (GOES-11)
averaged every 3 hours during storms. The boxes
highlight major dust regions (2). Based on pre-
vious studies [such as (44)], some biological aero-
sols were probably co-lofted from arid regions
and transported with the dust, although other
sources of biological material such as the ocean
and local sources could also contribute. The fre-
quency of trajectories that traveled over each dust
region during each storm is shown in Fig. 3B.
Trajectories that originated from over North
Africa frequently traveled over the other dust
regions on the way to the United States, sug-
gesting that these air masses contained a mixture
of dust from the various source regions. Further,
wet and dry deposition of the dust and biolog-
ical aerosols could contribute to loss during trans-
port from the more distant sources (Africa). The
dust source frequencies show that the storms
were predominantly affected by Asia; however,
the end of the study was additionally influenced
by North Africa and the Middle East (15 and
21% of the time, respectively). Not only did the
air masses travel over the various dust regions,
the air intersected dust layers (Fig. 3C). Using
time-height cross sections of dust concentrations
from the Navy Aerosol Analysis and Prediction
System (NAAPS, www.nrlmry.navy.mil/aerosol),
we estimated the maximum height of dust layers
at sites within or near each dust region on days
during which the trajectories traveled over the
boxes. The height of trajectories that passed
through each region typically fell within the height
of the dust layers (Fig. 3C). Although transport
within the dust layers was infrequent over North
Africa, Saharan dust was probably picked up over
the Middle East, where trajectories, on average,
skimmed the top of the layer. Overall, trajecto-
ries traveled through dust layers 6, 23, 73, and
45% of the time in North Africa, the Middle East,
the Taklimakan, and Northeast China/Mongolia,
respectively (fig. S13).

Further evidence that dust was present along
the complete trajectory was obtained by using
Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) satellite data
of aerosol subtypes. In combination with NAAPS,
CALIPSO provides a method to track dust as it
is transported from the source across the Pacific
Ocean to SPD (fig. S14). NAAPS-modeled aero-
sol optical depth (AOD) of dust is shown in
Fig. 4, in addition to locations where CALIPSO
imagery transected the trajectories for 16 and
25 February. These two days represent the storms
in which the highest %Dust+Bio was present
in the precipitation (93 and 95% on average dur-
ing 16 to 19 February and 24 to 26 February).
The trajectory ending on 16 February started
10 days earlier over the Atlantic Ocean and pro-
ceeded to travel north of the Saharan dust layer.
Before reaching China, the air mass contained
little dust according to CALIPSO imagery (Fig.
4A, the “NoDust” circle). Once the air mass reached
Northeast China/Mongolia, it picked up fresh
dust and traveled across the Pacific Ocean to
SPD. In contrast, the trajectory ending on 25 Feb-
ruary started 10 days back over Oman, where an
abundance of fresh dust was present. The air
mass continued to travel over southern China,
where it probably picked up more dust from the
Asian sources. The CALIPSO imagery follow-
ing the trajectory over the Pacific Ocean shows
both fresh and polluted dust. Combined anal-
ysis of air mass back trajectories, NAAPS, and
CALIPSO imagery provides evidence of lofted
dust being transported across the Pacific Ocean

and shows the probable sources of IN that in-
fluence precipitation processes in the Sierra
Nevada. Conventionally, dust from the Sahara
has been shown to travel west over the Atlantic
Ocean from Africa to South America; however,
here we show African dust traveling east across
the Pacific and into the United States at higher
altitudes.

We present a direct link between long-range
transported dust and biological aerosols affect-
ing cloud ice formation and precipitation pro-
cesses in the Sierra Nevada. As summarized in
Fig. 5, long-range transport of the dust and
biological aerosols is shown to be an important
mechanism for introducing IN into mid-level
clouds and enhancing precipitation formation
via seeder-feeder in the Sierra Nevada. Devel-
oping this whole conceptual picture requires
combining evidence from multiple measurements,
including (i) ground-based precipitation chemis-
try, (ii) satellite data showing dust activity and
transport, (iii) aircraft in situ cloud microphysics
and residual aerosol composition, (iv) detailed
meteorology at the ground level as well as with-
in the clouds, and (v) out-of-cloud aerosol mea-
surements (>0.6 mm). This study is the first to
show dust originating from further west than
Asia plays a role in clouds and precipitation
processes over the western United States. Dust
and biological aerosols measured as insoluble
residues in precipitation samples corresponded
to periods with more ice-induced precipitation.
In situ aircraft measurements of the same storm
systems confirmed that the dust and biological

Fig. 4. Dust tracking for days during the (A) 14 to 16 February and (B) 24 to 26 February storms.
The 10-day air mass back trajectories ended at cloud-top heights over SPD (shown by the star) on
16 February (7390 m MSL) and 25 February (9340 m MSL). Within each trajectory, the color scale
represents the altitude of each hourly end point, whereas the circles show each end point at 00:00;
each marker represents 1 day back. The last 2 days from the trajectory ending on 16 February are
not shown. The circled numbers mark the locations where dust was present along these trajectories
determined by using CALIPSO imagery (fig. S14). The green overlays represents dust AOD from 0.1 to
0.8 modeled by NAAPS. The dust AOD overlays are composites of the 10 days during each trajectory: (A) 6
to 16 February and (B) 15 to 25 February.
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precipitation residues were co-located in a dis-
tinct cloud layer, with higher IN concentrations
and larger fractions of ice relative to supercooled
liquid. Many factors contribute to the type and
quantity of precipitation, including dynamics,
meteorological forcings, and transport condi-
tions; however, our results suggest that dust and
biological particles play a key role in ice for-
mation and potentially precipitation initiation
by causing glaciation of mid-level clouds. Fur-
ther, our results also suggest that biological par-
ticles may play a larger role than modeling studies
suggest, which indicates further studies are needed
on the surface emission rates, oceanic fluxes, and
IN efficiency of biological aerosols, of biological
aerosols, especially when mixed with other spe-
cies. In situ cloud measurements such as these

provide critical insights into the key chemical spe-
cies involved in the formation of ice in clouds;
however, controlled laboratory studies are needed
to better understand the mechanisms involved as
well as sort out critical chemical details, such as
whether metals, minerals, biological material, or
some combination control the initial ice forma-
tion process.

Before this study, most studies had focused
on modeling the impacts of regional aerosol
pollution sources on precipitation. Our results
demonstrate the potentially critical impact of
intercontinental transport of natural aerosols on
precipitation-formation processes. Further, these
findings motivate the challenging study of quanti-
fying aerosol effects on not only the initial cloud
phase and formation of precipitation but also the

intensity and location of precipitation. Such studies
must also quantify the role of non–aerosol-related
meteorological forcings of orographic precipitation.
Because of the ubiquity of dust and biological
particles such as bacteria in the atmosphere, these
findings have global importance. Furthermore,
the implications for future water and energy re-
sources from hydropower become evenmore sub-
stantial when considering the possible increase in
Aeolian dust as a result of a warming climate and
land-use changes.
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Multiple Instances of Ancient
Balancing Selection Shared Between
Humans and Chimpanzees
Ellen M. Leffler,1*† Ziyue Gao,2* Susanne Pfeifer,3* Laure Ségurel,1,4* Adam Auton,5‡
Oliver Venn,5 Rory Bowden,3,5 Ronald Bontrop,6 Jeffrey D. Wall,7 Guy Sella,8,9 Peter Donnelly,3,5

Gilean McVean,3,5§ Molly Przeworski1,4,8†§

Instances in which natural selection maintains genetic variation in a population over millions of years are
thought to be extremely rare. We conducted a genome-wide scan for long-lived balancing selection
by looking for combinations of SNPs shared between humans and chimpanzees. In addition to the major
histocompatibility complex, we identified 125 regions in which the same haplotypes are segregating
in the two species, all but two of which are noncoding. In six cases, there is evidence for an ancestral
polymorphism that persisted to the present in humans and chimpanzees. Regions with shared haplotypes
are significantly enriched for membrane glycoproteins, and a similar trend is seen among shared
coding polymorphisms. These findings indicate that ancient balancing selection has shaped human
variation and point to genes involved in host-pathogen interactions as common targets.

Balancing selection is a mode of adaptation
that leads to the persistence of variation
in a population or species in the face of

stochastic loss by genetic drift. In humans, exam-
ples include the sickle cell hemoglobin polymor-
phism, maintained by heterozygote advantage in
environments in which Plasmodium falciparum

is endemic, as well as other cases that likely arose
recently in evolution in response to malaria (1).
Beyond humans, examples of balancing selection
are known in a wide range of organisms and often
seem to arise from predator-prey or host-pathogen
interactions (2–8). Most are not thought to be
due to heterozygote advantage but to negative
frequency-dependent selection, as occurs at self-
incompatibility loci in plants (5, 9), or to tempo-
rally or spatially varying selection, as seen at R
genes in Arabidopsis, for example (4). The ge-
netic basis is known only in a small subset of
cases, however, and the age-old question (10–12)
of howmuch genetic variation is maintained by
balancing selection remains largely open.

When balancing selection pressures result
in the stable maintenance of genetic variation in
the population for long periods of time, neutral
diversity accumulates at nearby sites; in other
words, ancient balancing selection leads to deep
coalescence times to a common ancestor at the
selected site (or sites) and closely linked ones
(13). One approach to identify targets is therefore
to scan the genome for regions of high diversity
or other related features, such as intermediate
allele frequencies (14). A challenge is that such

patterns of diversity can occur by chance be-
cause of the tremendous variance in coalescence
times due to genetic drift alone (14). As an il-
lustration, under a simple demographic model
with no selection, the probability that two human
lineages do not coalesce before the split with
chimpanzee is on the order of 10−4 (15, 16). Al-
though this probability is small, the human ge-
nome is large, and so many such regions could
occur by chance. To circumvent this difficulty,
we looked for cases in which an ancestral poly-
morphism has persisted to the present time in
both humans and chimpanzees, that is, is shared
identical by descent between the two species. This
outcome is not expected to occur by genetic drift
alone because it requires that neither human nor
chimpanzee lineages coalesce before the human-
chimpanzee ancestor, which is unlikely even in
a large genome (16).

To date, two cases of human polymorphisms
shared with other apes have been shown to be
identical by descent [additional background is
available in fig. S1 and (16)]: variants in the ma-
jor histocompatibility complex (MHC), a com-
plex encoding cell surface glycoproteins that present
peptides to T cells (17), and polymorphisms at
ABO, a glycosyltransferase, that underlie the A
and B blood groups (18). Ancient balancing se-
lection leaves a narrow footprint in genetic vari-
ation (15, 18), however, whichmay be particularly
difficult to detect without dense variation data
(19). Thus, the recent availability of genome se-
quences for multiple humans and chimpanzees
provides an opportunity to search comprehensive-
ly and with greater power for ancient balancing
selection.

Identification of shared SNPs and haplotypes.
We examined complete genome sequences from
59 humans from sub-Saharan Africa (Yoruba) (20)
and 10 Western chimpanzees (Pan troglodytes
verus) (21) in order to identify shared polymor-
phisms—namely, high-quality orthologous SNPs
with identical alleles in the two species (table S1)
(16). In total, 33,906 autosomal and 492X-linked
single-nucleotide polymorphisms (SNPs) passed
our filters (table S2). The lower proportion of
shared SNPs found on the X (in humans, 0.36%
of autosomal SNPs versus 0.19% of X-linked
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