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Abstract. During the Rain in (shallow) Cumulus over the RICO was to understand the conditions that exist at the on-
Ocean (RICO) project simultaneous high rate sulfur dioxideset of precipitation in the shallow cumulus clouds of the TW
(SO) measurements and cloud condensation nuclei (CCNYegime.

spectra were made for the first time. For research flight 14 Several studies have considered factors that could be dom-
(14 January 2005) the convective boundary layer was im-inant in forming cloud drops during RICO: low level wind
pacted by precipitation and ship plumes for much of the mid-speeds and aerosol size distributions (Colon-Robles et al.,
day period but not in the late afternoon. Number densities 0f2006), cloud condensation nuclei (CCN) and updraft veloc-
accumulation mode aerosols (0.14 to 0.2 um diameter) weréies (Hudson and Mishra, 2007); (Hudson et al., 2009), gi-
a factor of two greater in the later period while CCN were ant and ultragiant CCN (Arthur et al., 2010; Colon-Robles et
35 % to 80 % greater for aerosols that activate at supersatual., 2006; Lowenstein et al., 2010; Reiche and Lasher-Trapp,
rations>0.1%. Linear correlations of SCand CCN were  2010; Hudson et al., 2011) and the submicron sized aerosols
found for SQ concentrations ranging from 20 to 600 parts- (Lowenstein et al., 2010). Gerber et al. (2008) point out these
per-trillion (pptv). The greatest sensitivities were for SO studies inferred the importance of subcloud aerosol measure-
and CCN that activate at supersaturatior3.1 % for both ments and near cloud base concentrations of droplets but ne-
clean and polluted air. In a region unaffected by pollution glected processes in the upper portions of the clouds includ-
SO, was linearly correlated only with CCN a&t0.2 % super-  ing entrainment of environmental air above the convective
saturation. These correlations imply that the smallest CCNooundary layer (CBL).

may be activated by SQhrough heterogeneous conversion.  This study presents a more detailed investigation of the
Evidence for entrainment of CCN from the cloud layer into subcloud aerosol distributions and their relationship to sulfur
the CBL was found. dioxide (SQ). SOy is a precursor to the formation of sulfate
aerosols that are considered important in forming and mod-
ifying aerosols that could become CCN as well as modify-
ing the number concentrations and size distributions of cloud
droplets. The RICO project was the first time that CCN su-

The Rain in (shallow) Cumulus over the Ocean (RICO) Persaturation spectra and high rate (25 Hz sampling), contin-
project was an intensive study of shallow cumulus cloudsuously calibrated, high sensitivity SOneasurements were
within the trade wind (TW) inversion (Rauber et al., 2007b). made simultaneously. In addition, s@easurements were
The field program was designed so that continuous radaf@St énough to estimate its flux to the surface by the eddy cor-
measurements to detect precipitation were combined with inf€lation technique. Smeasurements within clouds were
tensive physical and chemical measurements obtained wit!SO obtained that can be evaluated with respect to droplet
several aircraft and a ship operating within the radar domairfoncentrations.

and primarily upwind of the radar site. A primary goal of _ Research flight 14 (RF14, 14 January 2005) of the Na-
tional Center for Atmospheric Research (NCAR) C-130 was

typical of many of the RICO C-130 flights with respect to

Correspondence tdD. C.Thornton the SO concentrations. Plumes of $©n the order of tens
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(dct@drexel.edu) of km long were often encountered during the first circular
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flight track in the CBL near the surface. The most likely 800 pptv SQ with a 1/e time of 0.58 s. Sampling at 25 Hz al-
sources of these plumes were ships, which were occasiorlews determination of S@on a physical scale of 10 m. This
ally observed visually. While RICO was considered “clean” is a great advantage for detecting S the transitions near
for aerosol concentrations compared to continental or neathe cloud edges as well as variations within clouds related
shore conditions, the SQroncentrations were much higher to the physical dynamics of the clouds. In addition, the fast
than those encountered in the central Pacific CBL (Thorntorresponse allowed detection of transients ob $&duced by
etal., 1999; Bandy et al., 1996). aircraft and ship exhausts.

The SQ plumes in the CBL during the early part of RF14  The typical C-130 flight patterns were divided between
were remarkable in their magnitude and areal extent for ecircular tracks in the CBL (Table 1) and the free troposphere
region expected to be clean with a long fetch of TW. Peak(FT) regions and directed cloud sampling as frequently as
CBL SO, concentrations reached 600 pptv and concentrapossible. An initial 30 min circular track (FT1) was flown
tions >100 pptv were pervasive in the CBL. During flight above the TW inversion in the region of interest. During
legs at 800 and 1300 m above sea level (a.s.l.) devoted to ithis segment dropsondes were released periodically around
situ sampling of the shallow cumulus clouds within the TW the track to give a preview of the TW layer meteorological
inversion, numerous encounters of £0100 pptv within  conditions. After descent to about 90 ma.s.l., a 30 min cir-
the clouds were observed. In contrast,,SfOncentrations cular track (SU1, see Table 1) was flown followed by a sub
above the CBL outside of clouds, but below the TW inver- cloud base circle (SC) about 450 ma.s.l. The starting loca-
sion, were<35 pptv except for a few short encounters with tions of the CBL circles were approximately colocated and
aircraft exhaust. The descriptions of the Si@ clouds are  flown with opposite rotations. All the circles were advected
the subject of another paper. with the mean wind with respect to the starting location.

Following the CBL circles, 3 to 4 h were devoted to sam-
pling in and around clouds within the TW inversion. Alti-
2 Measurements tudes for cloud sampling were determined by the depth of
clouds for that flight with an effort to provide a representa-
The suite of chemical measurements for RICO was limitedtive sampling of different levels of cloud development. The
in that the program was devoted to understanding the initi-remaining flight time was spent by repeating the sub-cloud
ation of precipitation in the warm shallow cumulus clouds. pase circle (SC2), a surface circle (SU2), and ascent to a fi-

The C-130 chemistry data set, in addition toS@cluded  nal circle in the free troposphere (FT2) with dropsondes de-
dimethyl sulfide (DMS), ozone (§), water vapor, hydro- ployed as before.

gen peroxide (HO2), and methyl hydroperoxide (G®oH).

The sampling rates for all these gases were 25except

for the peroxides although detector noise limited DMS data3 Discussion

to 1s1. The C-130 physics data set included CCN spec-

trometers from Desert Research Institute (DRI) (Hudson andrhe RICO flight program was designed for a detailed study
Mishra, 2007; Hudson et al., 2009), the standard set ofof clouds and precipitation using in situ measurements and
NCAR atmospheric state measurements, condensation nuemote sensing of the region defined by the radar domain.
clei (CN) counters, probes for aerosols (PCASP-200), cloudThis strategy effectively made the experiment an Eulerian
droplets (FSSP-100), and hydrometeors (260-X, 2DC, 2DP)one, although each circle in the CBL and the FT was drifted
Throughout the RICO project the NCAR S-band (10 cm) with the wind in a Lagrangian mode. While RICO was not
radar was running nearly continuously, which provided aa process study, the 4 to 5h time step between the initial
look at the precipitation conditions upwind in the hours prior and ending CBL circles allows some inferences to be made
to and during the aircraft flights. The full suite of the in- about the chemistry and evolution of aerosols as the day pro-
struments and measurements employed has been describgressed. Given the long upwind fetch in a trade wind region
in a supplement to the RICO overview paper (Rauber et al.of relative consistency, this may be a good assumption with
2007a). regard to the chemistry and aerosol physics.

The SGQ measurements during RICO were obtained us- With the RICO domain in the TW regime to the north and
ing an atmospheric pressure ionization mass spectromeesast of Antigua and Barbuda, advection of air parcels rel-
ter (APIMS) with continuous calibration using isotopically atively free of anthropogenic impacts from long range was
labeled sulfur dioxide 3*'SO,) added to the sampled air expected. For RF14 the wind direction near the surface was
(Thornton et al., 2002). The power of this technique lies notabout 75 at 12 to 16 m 5! throughout the flight, except near
only in the signal calibration but in the continuous indica- the beginning and end positions of SU1 where wind speeds
tion of the performance of the APIMS in terms of sensitiv- were 8 to 13 ms!. The cloud layer had winds about 90
ity and response times under all operating conditions (Bandyabout 15 m st except near 2 km a.s.|. where the wind speeds
et al., 1993). A blank determination was obtained usingwere~13 ms 1. RF 14 had the highest average winds for the
about 50 cm of 6 mm copper tubing, which removed 500 toRICO program. The first low circles (SU1 and SC1) were
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Table 1. Start times of CBL circles for RICO RF14. effect) can disrupt the usually well mixed CBL of the TW
regime. The cold pools are marked by decreases in equiva-
SU1 Initial surface circle at 90 m 16:12:19 UTC lent potential temperaturég) and decreases in turbulence
SC1 Initial sub-cloud circle at 450 m  16:49:04 UTC compared to the warmer CBL air.
SU2  Final surface circle at 90 m 21:46:39 UTC RF14 was similar to many RICO flights in the CBL with
SC2 Final sub-cloud circle at 450 m  21:09:49 UTC SO, concentrations typical of northern hemisphere marine
CBL (Thornton et al., 1993; Tu, 2004) but atypical of a re-
* Local time is UTC-4. mote TW CBL in the Pacific (Thornton et al., 1999). Al-

though the region appeared free of the impacts of continen-
tal sources, numerous ships transited the area (Capaldo et

affected by several periods of cooler temperatures due t@y., 1999) as well as the presence of the Fdtvard John-
evaporative cooling of rain (cold pool effect), which also re- son which provided a platform for a cloud radar and a wind
sulted in decreased turbulence indicated by the vertical Wianrof”er_ For RF14 this impacted area included the starting
component. and ending portions of the CBL circles (between 81Mto

One advantage of the RICO project was that the S-band2.1° W and 17.7 N to 18.% N). During the SU1 circle of
radar was running nearly continuously throughout the experRF14 SQ concentrations were as high as 597 pptv (Fig. 1)
imental period. In the absence of a Lagrangian mode procesand vertical mixing in the CBL resulted in $S& 100 pptv
study, the radar data provide a look at the precipitation con-as high as 500 ma.s.l. (Fig. 2). Convection in the CBL also
ditions upwind in the hours prior to and during the aircraft resulted in S@ > 100 pptv within small cumulus clouds at
flight. To estimate the influence that precipitation may have800-1300 ma.s.l. This convection of S6ccurred over the
had on SQ and aerosols observed during the low altitude portion of RF14 where the most precipitation was observed
circles, every point along the CBL flight tracks was advectedpy the S-band radar for the CBL circles.
back in time using the: and v component winds for each  For the section of the SU1 and SC1 circles where the pol-
second along the track to the time of the“Oefevation radar  |ution plumes and precipitation were absent, a vertical gradi-
scan. A composite of the time series of the advected trackent was observed with a 27 % decrease in the meafi®e
superimposed on the radar plots can then be viewed to follove0 m to 450 m (Table 2). At the same time there was also a
the development of potential precipitation impacts. marked vertical gradient for the mean DMS with 85 pptv for

Inspection of the time series of the back advected aircraftSU1 and 55 pptv for SC1. Water vapor mixing ratio (MR)
tracks for the SU1 and SC1 showed that the beginning ané&ind Q3 concentrations showed no gradient within the CBL
ending parts of these circles were affected by precipitationfor this portion of the flight, and there was no apparent cold
for nearly the entire time (1 to 1.5h) the air parcels werepool effect in this region for SU1 or SC1. Unfortunately,
within the radar range. The central portions of these twothere was no b0, data for this period of SU1 to assess the
CBL circles were free of precipitation for the entire time the gradient for this soluble gas species. Note that the aircraft
parcels were within the radar range. It was these central porvertical profile from 90 m to 470 m took place on the oppo-
tions of the CBL tracks that had a doubling of the accumula-site side of the circles, which was where the precipitation
tion mode aerosols between the beginning and the end of thead occurred. Based on the vertical wind velocity compo-
flight (Table 3 and Fig. 4). Unfortunately, portions of these nent and the MR during the climb in altitude, there appeared
central sections were also impacted by the ship plumes foto be some disturbance to the CBL structure between 250 m
the SU1 and SC1 circles, which limited the data for directand 400 m.
comparisons of S@and aerosols for the entire period. The  The vertical gradient in CN for this same period had an
radar plots and the back advected tracks for the late afternoohl % decrease between SU1 and SC1 (Table 2). CCN num-
did not indicate any precipitation for the SU2 and SC2 circlesber concentrations had the opposite trend with an increase of
although the cloud cover was similar to the earlier CBL cir- 12% at 1.5% supersaturation (Fig. 5) with the largest con-

cles. tribution from CCN at supersaturations).1%. The CCN
number concentrations could account for 56 % of CN con-

3.1 \Vertical gradients centrations for SC1 and for 45% of CN concentrations for
SuU1.

A distinguishing feature of the CBL is that scalars are well For the locations of SU2 and SC2 comparable to areas of
mixed from near the surface to the top of the layer definedSU1 and SC2 free of the pollution and precipitation, there
by the turbulence in the CBL. The simplest case is a onewas no vertical gradient in SCbut CN had the same 11%
layer system like the cloud topped stratocumulus BL. Thedecrease in concentrations with altitude as in the earlier
TW regime can be described as a two layer system where th€BL circles. However, the CCN number concentrations de-
well mixed CBL is topped by an intermittently mixed layer creased with altitude by 6 % at 1.5 % supersaturation but by
with clouds extending as far as the TW inversion. Precipi-14 % at 0.04 % supersaturation with the largest contribution
tation and the effects of evaporating precipitation (cold poolfrom CCN at supersaturations0.1% (Fig. 5). The CCN
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Table 2. NCAR CN number concentrations and $@ncentrations ~ _ %% Sur
for the CBL circles of RICO RF14 without direct effects of ship ‘§ 4001
plumes and precipitation. Measurements of CN ang S@npled gm 2001
at 2551 were integrated to 1s. @ o
100
Z 75f
CN (#cm3) SO, (pptv) € 50
o
Circle Timeintocircle Mean Std.dev. Mean St Dev. ¢ 22 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Sul 901 to 1200s 245 557 40.4 232 0 200 400 600 800 1000 1200 1400 1600 1800
SC1 9801to 1200s 218 6.05 29.2 1.76
SuU2 800to 1100s 320 6.99 27.6 2.61 é
SC2 501to 1100s 283 5.10 28.5 2.19 o 20 :

i i i i
0 200 400 600 800 1000 1200 1400 1600 1800
Time @ level (sec)

concentrations could account for 64 % of CN concentrationsFig 1. SO, (1 Hz) time series for CBL circles of RICO RF14. Panel
o . 1. )
for SC2 and 61 % of CN concentrations for SU2. For the B) shows an expanded scale(df). Times are relative to the start

accumulation mode and larger aerosols (Fig. 3 and Table 2}y of circles given in Table 1. The S@eak near 1400 s of SC1
there was no vertical gradient for either early or late CBL js not the same one as the peak in near 450 s of SU1, which was
periods. 40 km downwind at the time of the peak in SC1.

There could have been several sources of the observed ver-
tical gradients. S@ranged from 20 to 35 pptv in cloud free
air above the CBL (excluding brief encounters with aircraft
exhausts). However, dilution of $Gn the CBL by entrain- 800
ment of SQ from the cloud layer would have been insuf-
ficient to produce the observed decrease inp 80the <1
hr time difference between the SU1 and SC1 measurements 60or
The SQG flux estimated by the eddy correlation technique
was an upward +0.51 pptv m for this SC1 time period. 2
This segment of SC1 had many more clouds overhead thar & 400
during SUL. Because CN can be expected to be transporteto
as gases would, loss of 3@nd CN to the cloud layer would
be consistent with the data. 200}

The greater relative decrease forS@@mpared to CN may
indicate that there could be a chemical loss path as well as ¢
transport loss path. The decrease ob%i0ring this portion % p 100 150 200 250 300 0
of SC1 and the increase in CCN may be the result of CCN SO, (pptv)
formation and growth aided by S@xidation. The primary
oxidant for SQ was likely HbOo, which had concentrations Fig. 2. Portion of the C-130 descent in clear air to the start
of 800-1000 pptv throughout the CBL for all the RF14 CBL of the first surface circle (filled square). $6 100 pptv from
circles, although there was no,8, data available for the probable ship plumes was mixed to 500ma.s.|. Data obtained at
period of SU1 discussed here. 25 sampless! were integrated to 1.

700
E
o 500 -
=
300

100

3.2 Time evolution

in the CBL for the later circles attest to the stability of the
The small increases in CCN concentrations in the verti-CBL for this period. Under these stable conditions, a ma-
cal gradients during SC1 relative to SU1 were dwarfed byjor source of CCN production could be entrainment from the
the much greater CCN concentrations for supersaturationsloud layer of small aerosols which were modified by cloud
>0.2 % (Fig. 5) for both SU2 and SC2 compared to the ear-processing, not removed by precipitation, and remained in
lier CBL circles. The increase in CCN in the CBL implies the cloud layer after clouds had dissipated. The primary loss
that the higher concentrations of CCN during SU2 and SC2mechanism for CCN in the CBL is likely to be convection
were a net result of increased production or input with lossinto the cloud layer.
mechanisms which were slow, diminished, or absent. The These increases in CCN concentrations appeared to be re-
absence of gradients in $03, water vapor MR, and D> lated to the lack of precipitation (based on the radar scans)
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1000

Table 3. Statistics for the PCASP-200 concentrations (#épfor ‘ ' ‘ ‘ ‘ ‘ ‘ j
sizes 0.14 to 2.75um integrated for 1 s for the precipitation free .| -+ SCij|
periods 500 to 1200 s of each circle. B .
0 A W.Wtw x‘...“.
Circle Mean Std. Dev. Std. error of mean M:E: 3000 200 400 600 800 1000 1200 1400 1600 1800
SUl 354 7.11 0.27 % 200l B) S BFEEN
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Fig. 4. Cumulative CCN at 1.5 % supersaturation for the CBL cir-
cles of RICO RF14 excluding the periods of precipitation. Panel
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Fig. 3. Size spectra from 10 Hz PCASP-200 integrated over the 500 Z 52 6 ©
sto 1200 s portions of the CBL circles of RICO RF14 excludingthe © 80 ¥ 5 © 80 o
periods of precipitation and pollution. 60| % 60 g o
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40t : 40 8

during the hours prior to the measurements. Precipitation 20| 20 004 008 o012
averaged over the radar domain during RICO was typically 00 IV ——- - 14 1e
<10 % with an estimate of15 % for RF14 (Rauber et al., ' ' % supersaturation ' ' '

2007b; Snodgrass et al., 2009). In the absence of precipita-
tion it would be possible for entrainment to be a major sourceFig. 5. Mean CCN cumulative concentrations as a function of su-
of CCN formed in the cloud layer and modified by cloud persaturation from the four CBL circles for periods free 0£,310I-
processing. Itis unlikely that the large increase in CCN con-lution and precipitation.
centrations was due to any homogeneous or heterogeneous
processes in the CBL within the5 h time between SU1 and
SU2. Most likely heterogeneous processes over a number U1 and SU2. Over the same time period mean DMS con-
days would have produced this result. The CBL conditionscentrations decreased from 87 pptv for SU1 to 66 pptv during
for this portion of RF14 were much more like that observed SU2. With a unit production efficiency of S@rom DMS, an
in the central Pacific trade wind regime where CCN concen-upper limit to the increase in SQvould have been 21 pptv
trations exceeded 300 criin a CBL with few clouds above assuming upwind sources of DMS and the CBL conditions
and little or no precipitation (Hudson et al., 2009). were similar throughout the time period. A lower limit for

In the precipitation free areas the fluxes of S& 90m  a DMS source of S@could be as low as 15 pptv of0.7
were —0.34pptvms?! for SU1 and—0.28 pptvms? for (Bandy et al., 1996; Davis et al., 1999). Consequently, DMS
SU2, which would contribute a 9 pptv loss of 5@ the sur-  could have provided a source of S@at could balance SO
face (the sea or aerosols) for th& h time between SU1 and losses to convection and reactions that could support the in-
SU2 for an observed CBL depth 6600 m. This difference  creased concentrations of CCN at supersaturations of 0.2 %
was nearly equal to the decrease of the mean pollution fre¢o 0.6 %. While the details for the homogenous formation
SO, concentrations from 40 pptv to 29 pptv, respectively, for and oxidation of DMS to S@to sulfuric acid have been

www.atmos-chem-phys.net/11/11511/2011/ Atmos. Chem. Phys., 11, 1MH19-2011
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1 \ \ \ \ \ \ \ concentrations and supersaturations. While the latter corre-
lation is expected, the former has not previously been ob-
_ o8r o® * ° o served in the marine atmosphere with a time resolution of
2 ® - (Su2-su1lysul the SG measurements much greater than for CCN measure-
% 0.6 ® B - (Sc2-sclyiscl 1 ments. Furthermore, the correlations between &l CCN
S 8 g B = increased as the supersaturation increased.
§ o . " o004 006 008 oL For the period of the SU1 circle most impacted by ship
i 02l o ‘ ; 02 | exhaust (400 to 500 s of Figs. 1, 4), Sfanged from 50 to
& 600 pptv with concomitant changes in CN and CCN.,SO
h ok s , * 5 o | and CCN were linearly correlated at all supersaturations
k- o0 o B (Fig. 7; Table 4), although the correlation coefficients de-
© o oakm , o 02 i creased slightly with supersaturation$.2 %. There were
o o similar correlations between CN and CCN for this period
04 ‘ ‘ ‘ ‘ ‘ ‘ ‘ (Table 4).
0.2 0.4 0.6 0.8 1 1.2 14 1.6 . i
Supersaturation (%) For the SU1 case, the production of £é&nhd primary sul-

fate aerosols in the combustion process would be responsi-
Fig. 6. Change in the cumulative CCN means for the late afternoonble for the correlation of Spand CCN over the wide range
circles relative to the midday circles for the periods free 06SO of supersaturations. During combustion oxidation of,SO
precipitation and pollution. to sulfuric acid and adsorption of S@nd sulfuric acid on
to soot particles would form externally mixed aerosols that
] ] ] ] would have a strong influence on the larger CCN with su-
established in the remote marine CBL (Davis et al., 1999),5ersaturations:0.1 %. Addition of S@ and sulfuric acid to
the demonstration of the details of the formation of Aitken g5t aerosols would also contribute the correlations with the
nuclei from this gas phase processing remain incomplete belarger CCN with supersaturatiors.1 %. Downwind of the
cause of the difficulty of the measurements within the CBL, 5yrce a large number of small aerosols could be produced
although ewdt_ance for the formation of particles of a few by further oxidation of S@through homogeneous reactions
nanometers diameter has been demonstrated (Weber et & syifuric acid and heterogeneous reactions in aerosols by
2001)-_ ] . H20,, which would be aided by neutralization from gas
The increases in CCN concentrations at 0.2 % t0 0.6 % Suphase ammonia and acidity reductions by hydrochloric acid
persaturation during SU2 and SC2 circles compared to a&layaporation from salt aerosols.

lier are consistent with the PCASP probe spectra._ Aeros_ols During the SU2 circle (1100 to 1500 of, Figs. 1, 4) SO
for diameters of 0.14 to 0.185 um had concentrations twice : N .
: . . . “CN, and CCN also displayed a synchronous variation in their
as great as the earlier circles (Fig. 4). Accumulation ) L
- : : concentrations. Although the variation in S@as only 15
mode aerosols are primarily ammonium sulfate in the re-

. Iy to 45 pptv, there was enough of a perturbation to assess the
mote marine CBL as deduced from volatility measurements. . . i

S ._~correlation of these three constituents. For CCN activated at
The PCASP spectra showed no significant change for size

~0.5um between the early and later CBL circles (Fig. 4) 1.5% supersaturation there was a linear correlation between
~H i y . . © 7SO, and CCN (Fig. 7; Table 4) with statistically the same

These larger sized aerosols are typically dominated by sea : . .

i . Slope as for the pollution case. For the intermediate super-

salt. The production of sea salt aerosols is well known to be

. 0 o
a strong function of surface wind speed. With wind Speeolssaturatlons of 0.2 to 0.6 % the correlation increased as the

of 12 to 15m s during all CBL circles (the highest during supersaturation increased (Fig. 7). There was no linear cor-

the RICO flights), the number concentrations of salt aerosolerIatlon between Sfand CCN activated at supersaturations

generated from sea spray would be expected to be simila<0'1% (Fig.. 72 Table 4). The linear correlations of CN and
throughout the day. Sea spray derived salt aerosols woul CN were similar to those of S‘Q”.]d CCN (Ta?le 4)-
produce CCN that activated at the lowest supersaturations With the absence of soot particles and primary sulfates
(<0.1%), which corresponded to size.1um diameter from combustion during the SU2 circle, the very low 50
based on the in flight calibration. However, CCN concen- concentrations would not be sufficient to affect the CCN
trations that activated at0.1 % were generally lower in the that activate at supersaturation®.1% as in the pollution
later circles compared to earlier with SC2 circle affected thePlume. The CCN concentrations activated<&L1 % super-

most (Fig. 6 inset). saturation were similar throughout the day for all the CBL
circles (Fig. 6). If these low supersaturation CCN were sea
3.3 SO and CCN correlations salt, the diameters would have been in the range of 0.1 to

0.3 um based on the in-flight calibration of the CCN spec-
In two periods during RF14 there were linear correlations oftrometer. These larger CCN of primarily sea salt would be
SO, with CCN and of CN with CCN over a wide range of uncorrelated to S®
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Table 4. Linear regressions of CCN (#cti) on SG (pptv) or CN (#cnT3) for two CBL events. SU1: Period 395 to 475 s for a pollution
event ¢ = 24). SU2: Period 1200 to 1500 s in the absence of pollutioa §5).

SO CN
Su1l SuU2 Su1l SuU2
395t0475s 1200 to 1500 s 395t0475s 1200 to 1500 s
Supersaturation 15% 01% 15% 0.1% 15% 01% 15% 0.1%
Slope 1.35 0.73 1.69 0.081 0.60 0.31 0.61 0.06
Std. dev of slope 0.08 0.08 0.29 0.21 0.05 0.05 0.11 0.08
Correlation coeff. 0.96 0.89 0.59 0.048 0.92 0.82 0.58 0.10

0.9

0.8

0.7+ . . . . . . B

0.6

0.5

0.4r

correlation coefficient

0.3
0.2 b
0.1 b
v
E ® SU1 |
v SuU2

v
12 14 1.6

%

0.6 0.8 1
% supersaturation

01 i i
0 0.2 0.4

Fig. 7. Correlation coefficients for linear regressions of CCN num-
ber concentrations at various supersaturations op &fcentra-
tions. SU1: a pollution plume from 400 s to 500 s of circle at 90 m.

come from cooler, drier air above. Lower DMS concentra-
tions also indicated entrainment of air from the cloud layer
of the trade wind where DMS concentrations are typically
lower than the CBL (Conley et al., 2009; Davis et al., 1999;
Russell et al., 1998). At the time of the these measurements
(Table 1) the solar zenith angle wa80°, which makes ho-
mogeneous oxidation of DMS to S@nitiated by hydroxyl
radical negligible.

The sum of these measurements points toward subsidence
of air parcels from the entrainment zone between the top of
the CBL and the cloud base. For this period SU2 only cumu-
lus congestus clouds were visible on the forward video of the
aircraft. The peaks in the DMS and water vapor concentra-
tions corresponded to the time periods when clouds were di-
rectly overhead as indicated by the upward viewing infrared
radiometer. Updrafts related to these clouds must have been
responsible for the upward flux of DMS and water vapor.
SO, concentrations20 pptv (near 1180 s and after 1500 s of
SU2 in Fig. 1) occurred where many small non-precipitating

SU2: for the period 1200 s to 1500 s of the circle at 90m in the clouds were overhead. Conversely, the peaks ip, &CN,

absence of pollution.

The increasing correlation between $5&hd CCN activat-

and CN concentrations occurred when there were no clouds
overhead. Entrainment of SOCCN, and CN appeared to be
responsible for the observed increases.

ing at>0.2 % supersaturation (Fig. 7) could be the result of ,  ~nclusions

SO, conversion to sulfate or SQuptake by existing small

CCN or by pre-CCN Aitken aerosols which were activated cqrrelations between SOand CCN at supersaturations

by reaction with S@. The CCN concentrations at supersat-
urations>0.1% in the late CBL circles provided more than
half of the total number of CCN (Fig. 5) with a leveling off

at 0.6 % supersaturation.

>0.2% in the CBL were found which are consistent with
SO, being a primary source of the smallest CCN. In the ab-
sence of a pollution source of 3G@CN were only correlated
with SO, at supersaturations above 0.2 % with strongest cor-

The source of the increased CCN may not be solely in therelations>0.6 % supersaturation. Evidence of entrainment

CBL. Ozone covaried with S£) CN, and CCN for this pe-
riod on SU2, although with a lag time of unknown origin.
Because @is destroyed in the CBL, the{Increases must

of CCN from the cloud layer into the CBL was found in pre-
cipitation free regions near sunset.
The concentrations of CCN at supersaturatiors2 %

have been from above the CBL. Water vapor MR and DMSand aerosols with diameters0.2 um were markedly higher

were anticorrelated to the changes in,$03, CCN, and CN

in the late afternoon compared to the midday period. The

for this period. Increases in DMS and water vapor MR in- difference appeared to be related the occurrence of precip-
dicated updrafts from very near the surface. Decreases iitation during the midday even when comparing precipita-
water vapor MR indicated that the air parcels would havetion free regions for the two CBL sampling periods. Because

www.atmos-chem-phys.net/11/11511/2011/ Atmos. Chem. Phys., 11, 1MH19-2011
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the concentrations of CCN at supersaturatiefisl % were observations for DMS, S£) HoSO4(g), MSA(g), MS and NSS,

similar for both periods and the concentrations of CCN at J. Geophys. Res.-Atmos., 104, 5765-5784, 1999.

supersaturations of 0.2 % to 0.6 % were much lower duringGerber, H. E., Frick, G. M., Jensen, J. B., and Hudson, J. G.: En-

the midday period, CCN supersaturations of 0.2 % to 0.6 % trainment, mixing, and microphysics in trade-wind cumulus, J.

appeared to have a greater role in formation of clouds that Meteorol- Soc. Jpn., 86, 87__106' 2008.

precipitate. Hudson and Noble (2009) found that cloud drop™Udson: J. G. and Mishra, S.. Relationships between CCN and

concentrations were well correlated to CCN activated at 1 % cloud microphysics variations in clean maritime air, Geophys.

. . Res. Lett., 34, L168040i:10.1029/2007GL030042007.

SfUpersaturat'on fPr the surface flight !evels' The mean effecHudson, J. G. and Noble, S.: CCN and cloud droplet concentra-

tive supersaturation for the surface circles during RICO was  {ions at a remote ocean site, Geophys. Res. Lett., 36, L13812,

0.5 % with a range of 0.2-1.5 % supersaturation. This is sim-  doi:10.1029/2009g103846320009.

ilar to the range found for stratocumulus cloud decks withHudson, J. G., Noble, S., and Jha, V. Stratus cloud

mean CCN that activate at 1% supersaturation (Hudson et supersaturations, Geophys. Res. Lett., 37, 121813,

al., 2010). doi:10.1029/2010gl045192010.
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