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Abstract. Increased aerosol concentrations can raise plani Introduction

etary albedo not only by reflecting sunlight and increasing

cloud albedo, but also by changing cloud amount. HoweverAerosols directly modify planetary albedo by absorbing and
detecting aerosol effect on cloud amount has been elusivécattering solar radiation often referred to as the “aerosol
to both observations and modeling due to potential bufferingdirect effect” (McCormic and Ludwig, 1967). Increased
mechanisms and convolution of meteorology. Here throughaerosols are also expected to increase cloud droplet con-
a natural experiment provided by long-term degassing of scentration, total droplet cross-sectional area and therefore
low-lying volcano and use of A-Train satellite observations, cloud albedo for warm clouds, labeled the Twomey effect
we show modifications of trade cumulus cloud fields includ- (Twomey, 1977). Moreover, increased aerosol concentration
ing decreased droplet size, decreased precipitation efficiencgan enhance cloud macro-physical properties such as cloud
and increased cloud amount are associated with volcani@mount (referred to as “cloud amount effect” here) and cloud
aerosols. In addition we find significantly higher cloud tops organization (Albrecht, 1989; Stevens and Feingold, 2009;
for polluted clouds. We demonstrate that the observed microFeingold et al., 2010). Both the Twomey effect and cloud
physical and macrophysical changes cannot be explained bgmount effect are collectively referred to as aerosol indirect
synoptic meteorology or the orographic effect of the Hawai- effects. Aerosol direct and indirect effects constitute a strong
ian Islands. The “total shortwave aerosol forcin”, resulting Yet still highly uncertain forcing to the climate system in a
from direct and indirect forcings including both cloud albedo global sense (Anderson et al., 2003; Forster et al., 2007).
and cloud amount, is almost an order of magnitude higherEstimating the combined direct and indirect aerosol forcing,
than aerosol direct forcing alone. Furthermore, the precip-especially the indirect component, with sufficiently narrow
itation reduction associated with enhanced aerosol leads térror bars remains one of the largest challenges for under-
large changes in the energetics of air-sea exchange and tragéanding climate change.

wind boundary layer. Our results represent the first obser- The cloud amount effect is built upon this chain of events:
vational evidence of large-scale increase of cloud amoungnhanced aerosol loading increases warm cloud droplet num-
due to aerosols in a trade cumulus regime, which can béer concentration and decreases droplet size (Twomey, 1977
used to constrain the representation of aerosol-cloud interHeymsfield and McFarquhar, 2001), an increase in droplet
actions in climate models. The findings also have implica-number decreases precipitation efficiency (Albrecht, 1989;
tions for volcano-climate interactions and climate mitigation Rosenfeld, 1999; Andreae et al., 2004), and cloud amount
research. increases with decreasing precipitation efficiency (Albrecht,
1989). While the Twomey effect on warm clouds has been
well documented, the cloud amount effect has eluded efforts
of observational detection and attribution since its original
proposal (Albrecht, 1989), which contributes critically to the
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scale and cloud scale dynamics can counteract the propose
chain reaction and result in unexpected changes in cloud sy
macro-properties due to increased aerosols (Stevens et al
1998; Ackerman et al., 2004; Bretherton et al., 2007; Wood, ,5) 0
2007; Feingold et al., 1996; Lu and Seinfeld, 2005; Xue P
and Feingold, 2006). Moreover, for observed correlations
between aerosols and cloud amount, alternative explanation:
such as co-varying meteorology and retrieval artifacts can be
proposed that do not invoke physical connections between

15N

aerosol and clouds (Brenguier et al., 2003; Mauger and Nor-

ris, 2007; Rauber et al., 2007; Loeb and Schuster, 2008; Yuar 51S1OE ' 140E 170E 160W 130W
et al., 2008; Quaas et al., 2009). A multi-model compar- ——— I T I I —
ison study also highlights the difficulty and uncertainty in 0 005 O st Opticaipept. 0 %

modeling this effect in general circulation models (Quaas et 24
al., 2009). Stevens and Feingold (2009) provide an excellent
overview of the complexity and subtlety related to the cloud
amount effect. .

Most previous studies of cloud amount effect have focused
on stratocumulus clouds because of their high cloud frac-
tion and extensive coverage. Trade cumulus clouds as the
other major oceanic warm cloud regime are relatively under-
investigated. However, trade cumulus can be found over
larger areas as compared to stratocumulus although clouc
fraction is lower (Norris and Slingo, 2009). More impor-
tantly, the cloud amount effect (or indirect effects in gen- ™" " o o oo oo
eral) may depend on cloud regimes (Stevens and Feingold, e i ¢ E i ¢ E e 1

.20(.)9)' Itis thus. suggested that an ideal way to stu_dy aerosollig. 1. The plume originating from the Halemaumau Crater of the

|nd|_rect effects IS. through the usc_a of natural expenmepts fo'Kilauea volcano on the Big Island of Hawaii @34 N, 155°30' W)

cusing on a.part|cular cloud regime (Stevens and Feingold,q ayidenced ife) MODIS aerosol optical depth arf) OMI SO,

2009). In this study we explore aerosol effects on trade cu<in Dobson Unit) maps averaged over June, July, August 2008. The

mulus clouds. plume of aerosol optical depth extends as far as the Marshall Is-
In this study we present results on aerosol cloud amountands. The plume of SQis less extensive presumably because of

effect caused by a long-lasting volcanic degassing event. Wehe transformation of S@into sulfate particles during the course of

will document the observed changes in cloud and precipitatransport.

tion properties related to cloud amount effect. The rest of the

paper is organized as follows. In Sects. 2 and 3 we will de- ) )

scribe the volcanic event, and then the data and methods of The volcanic degassing of Halemaumau creates a natural

analysis, respectively. In Sect. 4, we will present results. Dis/aboratory where we can observe the consequences of adding

cussions of possible orographic effects and further evidenc&erosols to a relatively clean boundary layer over a broad re-

for aerosol effects will be presented in Sect. 5. Conclusiongdion and during a long time period. Anthropogenic aerosols
and final remarks will be presented in Sect. 6. have minimal impact on this region in the summer due to

the strong subtropical high-pressure system and weak source
strength from Hawaii. The background aerosol loading of
2 The natural experiment this region is very low (Fig. 1). The non-absorbing nature
of volcanically produced sulfate aerosols avoids the com-
The Halemaumau Crater of the Kilauea volcano on the Bigpjication from aerosol absorption (Ackerman et al., 2000;
Island of Hawaii (1934’ N, 155°30' W) has been active since  koren et al., 2004; Kaufman and Koren, 2006: Feingold
March 2008. The volcano is actively degassing sulfur diox-and Siebert, 2009). Most importantly, the volcanic activity
ide from the crater vent, located at an altitude of 12200 m. Theproducing the aerosol plume is entirely independent of air
gas is carried downwind and forms a large plume of sulfateqass properties (Gasso, 2008). We can thus largely avoid
aerosols reaching as far as 6000 km downwind as shown ifhe important problem of spurious correlation between ob-
Fig. 1. Cloud-Aerosol Lidar with Orthogonal Polarization gerved aerosol and cloud properties created by the co-varying
(CALIOP) data show that the aerosol plume stays within thejzrge-scale meteorology (Brenguier et al., 2003; Lohmann et
lowest 2km layer. al., 2006; Loeb and Schuster, 2008; Stevens and Feingold,
2009).
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The added bonus of this natural experiment is the predomiused in our study. The collection 5 cloud product (Platnick
nance of the remarkably homogeneous trade wind circulatioret al., 2003) from MODIS is analyzed to study cloud micro-
inthe area (Riehl et al., 1951; Betts and Albrecht, 1987), withand macro- physical properties as well as optical properties.
a possible exception discussed later. The almost Gaussiahhe physical retrieval variables used in the analysis include
shaped aerosol plume emanating from the volcano sourceloud fraction, cloud optical depth and cloud effective radius.
provides strong testimony to the steady wind and diffusiveBoth level-2 granule data and level-3 monthly data are used
nature of the mixing in this region (Fig. 1). These homo- in this study. Auxiliary MODIS visible images and cloud
geneous background conditions coupled with the volcaniomask data are used as well. We note that potential retrieval
aerosol source are used to identify aerosol effects by comerrors in cloud product due to the presence of aerosols and
paring the plume-affected area and nearby non-affected are&O; is negligible compared to the signal of aerosol effect on
The aerosol is there because the volcano puts the particledouds as we will show later.
there. There is no reason to expect the atmosphere laterally Warm cloud precipitation is characterized by the Cloud-
outside of the plume to be different than within the plume, Sat precipitation product (Haynes et al., 2009). We note that
except for the introduction of the SGnd subsequent pro- in this retrieval algorithm precipitation is detected and quan-
duction of sulfate particles. Here we have a controlled naturatified using the radar path-integrated attenuation in contrast
experiment in which non-absorbing sulfate aerosols are into the traditional method based on the relationship between
troduced to an otherwise pristine trade wind boundary layerradar reflectivity and precipitation rate. This path-integrated
where the direct and indirect effects can be tracked and quarattenuation derived precipitation does not have vertically-
tified. We focus on the warm trade cumuli in the summer resolved precipitation information. Instead it is a column
to limit the impact of intrusions of tropical and mid-latitude integrated measure. Currently, we only use data over ocean
storm track clouds. We diagnose the effect of aerosols orsince this method requires a good characterization of the sur-
trade cumulus clouds in two ways: in one we compare cloudface radar reflectivity and ocean surface is more easily char-
properties inside and outside aerosol plume and in the otheacterized. Refer to Haynes et al. (2009) for more informa-
we compare cloud properties in 2008 with other years. tion on the details of the retrievals. Cloud-Aerosol Lidar

The Hawaiian Islands, however, do introduce orographicwith Orthogonal Polarization (CALIOP) provides the verti-
effects due to their high elevation. These orographic effectscal distribution of cloud and aerosols, which are crucial to
can be categorized into two types: near field (local) and far-ensure that aerosols and clouds are indeed interacting. We
field (Xie et al., 2001). The local effect will appear on the used the CALIOP cloud and aerosol layer product to get
lee side of the islands with anomalously low cloud amountvertical aerosol distributions as well as cloud top informa-
(shown latter). The far-field response results from more subtion for accurately estimating the height of warm trade cu-
tle air-sea interactions. The blocking of tall mountains onmuli tops. The Clouds and the Earth's Radiation Energy
the islands introduces a semi-stationary wind stress curl oiSystem (CERES) provides estimates of broadband shortwave
the ocean surface downwind. This wind stress curl excitesand longwave fluxes at the top of the atmosphere (Wielicki
ocean Rossby waves that lead to a SST warm tongue featuret al., 1996). We use the 2.52.5° “ERBE-like” monthly
centered near PN. The warm SST anomaly introduced by product to estimate broadband shortwave flux. In addition to
this effect is on the order of 0°C (Hafner and Xie, 2003). satellite data sets, we also use meteorological fields from the
We will specifically analyze the impact of this far-field oro- NASA Modern Era Retrospective-Analysis for Research and
graphic effect (referred to as “wake effect” in this paper for Applications (MERRA) project. The MetOffice HadISST
convenience) on our results and show it does not affect ouil.1 global, monthly sea surface temperature data are used to
results. characterize sea surface changes.

In light of the recent realization of the aerosol-cloud con-

tinuum or “twilight zone” (Charlson et al., 2007; Koren et
3 Data and method al., 2007), we will try to estimate the overall aerosol effect on

the shortwave radiation field without a separation of cloudy
A suite of data sets from the NASA A-Train satellites and clear scenes in addition to the usual approach of analyz-
(Stephens et al., 2002) is used here to examine the chaiimg changes in “cloudy” pixels associated with aerosols. In
reactions associated with the cloud amount effect. Aerosothis approach we directly observe the broadband shortwave
loading is characterized by aerosol optical depth, Angstromalbedo (or flux) changes of the entire aerosol-cloud contin-
exponent and aerosol index (here taken as simply a produatum resulting from aerosol perturbations, thereby bundling
of aerosol optical depth and Angstrom exponent) using thedirect and indirect effects into one holistic measure of the
collection 5 aerosol product from the MODerate resolution aerosol total radiative forcing.
Imaging Spectroradiometer (MODIS) aboard the Terra and We derive individual cloud sizes from the MODIS level-
Aqua satellites (Remer et al., 2005). We mostly use dat& cloud mask product to study cloud macrophysical changes
over ocean and both level-2 granule data at 10-km resolueaused by aerosols. Using an automatic algorithm we find
tion and level-3 monthly products at 1-degree resolution aregpatches of connected cloudy pixels (each patch defined as
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Fig. 2. The 17 July 2008 case of volcanic aerosol interacting with clo(@sMODIS level-2 aerosol optical depth at 550 nth) MODIS
cloud droplet effective radius (umijc) MODIS visible image with the CALIPSO ground track overlaid; gd)l CALIPSO feature mask
identifying the aerosol plume and interacting clouds frorfilGo 24° N. A clear reduction of droplet size is visible inside the high aerosol
optical depth areas. The gap in the middl€afis caused by sun-glint that is avoided by the current MODIS aerosol algorithm.

a “cloud”) inside each granule and record the size (simplydicates that the aerosol layer was confined within the bound-
the number of pixels inside each cloud) and location of eachary layer and intertwined with clouds (Fig. 2d). These 3-
cloud. We do not include pixels that are connected diagonallydimensional anatomies of aerosols and clouds by the A-Train
(4-neighbor connectivity) although the results are not sensisensors strongly indicate that aerosols and clouds were inter-
tive to this choice. We can then calculate mean cloud sizeacting with each other. As a result, relative to the background
for a specific area and season. Any cloud that contains cirvalue of 18 um cloud droplet effective radius was reduced by
rus or non-liquid cloudy pixels (as indicated by the MODIS more than 5 um (Fig. 2b) for clouds within the sulfate plume.
thermodynamic phase) is discarded in our analysis. For each large number of similar cases using combinations of A-
season we find on the order of 100,000 liquid only cloudsTrain data sets reach the same conclusion. In the following
that are larger than 4 pixels in our study area. we show systematic impacts of the volcanic aerosols on en-

sembles of trade cumuli at large spatial and long temporal

scales and assess their consequences.
4 Results

4.2 Aerosol effects on the cloud ensemble
4.1 Anillustrating case study

Figure 3a shows a map of MODIS-derived seasonal mean
We illustrate an example of volcanic aerosols affectingaerosol index (Nakajima et al., 2001) (here taken as the prod-
clouds in Fig. 2. The Ozone Monitoring Instrument (OMI) uct of aerosol optical depth and Angstrom exponent). The
observed strong SQlegassing on 16 and 17 July 2008. The volcanic sulfate aerosols stand out immediately as a plume of
SO, subsequently converts into sulfates and a plume of sulhigh aerosol index (Fig. 3a). We use level-2 MODIS cloud
fates is clearly visible in the Moderate Resolution Imaging retrievals (Platnick et al., 2003) to assess the impact of added
Spectroradiometer (MODIS) aerosol optical depth (Remer etolcanic sulfate aerosols, active cloud condensation nuclei
al., 2005) map on 17 July 2008 (Fig. 2a). A patch of clouds(CCN). We note that trade cumulus clouds are often broken
downwind of the Big Island formed within the sulfate plume and small in horizontal scale (Xue and Feingold, 2006; Zhao
(Fig. 2b and c). Atrack of the CALIOP cut through this cloud and Di Girolamo, 2007) and they create a challenging envi-
patch (red line in Fig. 2c). CALIOP feature mask clearly in- ronment for MODIS retrievals (Koren et al., 2007; Marshak
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Fig. 3. Distributions of(A) aerosol index defined as aerosol optical depth multiplied by the Angstrom expdBgitpud optical depth

(COD); (C) droplet effective radius (DER); an@) filtered cloudy pixel frequency averaged over June, July, and August, 2008, showing
volcanic tracks over the course of the season. All parameters are derived from the level-2 MODIS data. Cloud products are for liquid clouds
with optical depth greater than 10.

et al., 2006; Wen et al., 2006; Charlson et al., 2007; Yuan edroplet size and number frequency (defined as the number
al., 2008). A series of quality control filters are thus applied of qualified level-2 pixels in a grid box): the loci of pri-

to the original MODIS cloud data to minimize the chance mary, secondary and tertiary peaks of cloud optical depth
of artificial correlations between aerosols and clouds (Yuancorrespond well to those of cloud droplet size and number
et al., 2008). Briefly speaking, we include only pixels that frequency. These observations imply that changes in cloud
have optical depth greater than 10, brightness temperatureptical depth and cloud droplet size are associated with in-
greater than 270K, the cloud phase is flagged as liquid, andreases in number frequency. Repeated analyses with dif-
the cloudiness quality flag denotes “overcast” with the high-ferent cloud optical depth thresholds reach the same conclu-
est confidence (Yuan et al., 2008). The resulting June-Julysion, suggesting the effect spans the entire cloud spectrum.
August (JJA) average cloud optical depth map is shown inWe also look at the cloud fraction data directly (including all
Fig. 3b. For clouds inside the plume, the mean cloud opticalcloudy pixels by cloud mask without filtering). As shown in
depth increases from the background value, north and soutkig. 4, the overall MODIS cloud fraction within the sulfate
of the sulfate plume, by up to 9. Correspondingly, cloud plume increases by up to 25 % from the background values
droplet effective radius decreases by 3 to 8 um for clouds in-of around 0.44. As an attempt at roughly quantifying the
side the sulfate plume depending on the location (Fig. 3c).connection between aerosol and liquid cloud fraction we use
Both the enhancement in cloud optical depth and reductiorseven years of data from Aqua MODIS. We normalize each
in cloud droplet size manifest themselves as distinct “vol- 1°x1° cloud and aerosol monthly grid during JJA of 2003—
cano tracks” that correspond well to the sulfate plume. Thes&€009 and plot the normalized cloud fraction against normal-
cloud microphysical and optical property changes associateized aerosol index in Fig. 5. In the normalization, cloud
with the volcanic aerosol plume support the Twomey effectfraction in each 1 box is divided by mean cloud fraction
and complete the first link in the chain reaction associatedf a clean, background area (2022band 165-170W in

with the cloud amount effect. our case). The normalization is done for multi-year data in

i . . order to remove interannual variation from large-scale con-
The occurrence of filtered cloudy pixels increases by up to

o ditions and possible calibration drift in the MODIS sensor
a factor of 5 within the plume compared to the baCkgrOLMdthat might introduce artificial trends in the retrieved products
as shown in Fig. 3d. Within the sulfate plume we note a re- 9 P '

markable correspondence among cloud optical depth, cloud Figure 5 suggests that for a doubling of aerosol concentration
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normalized aerosol index calculated from llevel 3 monthly data
Fig. 4. Same as Fig. 3d, except level-3 cloud fraction is used in-from a 7 year record of June-July-August Aqua products. “Nor-
stead of cloud occurrence frequency. The local orographic effect ignalization” indicates that each 1 degree square in the monthly im-
apparent in this figure. The lee-side of the islands has anomalousltge was divided by the values from a clean reference area in that
low cloud fraction. year. The reference area representing clean conditions is [20&25
165-170 W]. Normalization is required in a multi-year analysis
because clean conditions change year by year either because of

we observe an increase of 10 % in cloud fraction based on thé9e-scale meteorology or possible drift in the MODIS products
Ique to calibration. The plot suggests that doubling aerosol index

multi-year data. This is comparable to the inference based o o i :
2008 alone by contrasting cloud fraction inside and outsideleaoIS {0 about a 10% increase in cloud amount. The error bars
stand for the standard deviation of the normalized cloud fraction in

of plume. each aerosol index bin.

We use the t-student test to evaluate the statistical sig-
nificance of the chapges in_ cloud properties such as optical Cloud Optical Depth Anomaly
depth, droplet effective radius, and cloud occurrence. Most sy . . .
of the changes inside the volcano tracks are statistically sig-
nificant at the 95% or greater level. We also examined if
these volcano tracks stand out in a climatological sense: are,
the cloud and aerosol properties significantly different (above
or below) in a statistical sense from the climatological mean
using Terra’s 11 year data record? An example is shown in
Fig. 6 for cloud optical depth. The shaded contours repre- "N
sent the magnitude of normalized (in the same way as cloud
fraction) cloud optical depthaos — cloud optical depthean
and the dotted areas indicate that the difference is statisti-1on 4
cally significant at the 95 % level. Again, we see three local o
maxima of cloud optical depth and they are all statistically
significantly higher than climatological mean. Similar re-
sults are obtained for droplet effective radius, cloud fraction,
and aerosol optical depth. Qualitatively similar results are
obtained if normalization is not applied.

The positive anomaly in cloud fraction both relative to the
background and to climatology suggests that the large injec-
tion of volcanic sulfates increases the trade cumulus cloudions indicate these clouds often precipitate (Rauber et al.,
fraction. The decoupling of volcanic degassing from mete-2007; Snodgrass et al., 2009). Furthermore, precipitation
orology further strengthens the physical connection betweens increasingly recognized as a crucial process that links
aerosols and cloud fraction. These observations of sulfatec|oyd microphysical properties with macro-properties such
induced increased cloud fraction support the third link in the as cloud fraction and morphology (Rauber et al., 2007; Xue
chain reaction. The missing link, thus, is the critical precipi- et al., 2008; Stevens and Feingold, 2009). We examine lat-
tation connection. itudinal cloud and precipitation changes in an area between

While many past studies often assume trade cumulil6C W and 170 W and between 10N and 2% N, selected
are non-precipitating for simplicity, more recent observa-to further constrain the large scale conditions. Results are

Fig. 6. The anomaly of normalized cloud optical depth in
June-July-August 2008, relative to the climatology of JJA from
2000 to 2010. The dotted areas represent areas where cloud optical
depth is statistically significantly (95 %) higher than the mean.
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shown in Fig. 7. We used MODIS level 2 cloud data and Cloud droplet size derived from MODIS is highly spatially
apply a threshold of 10 for cloud optical depth when select-correlated with aerosol index3~0.8, p<0.01), and cloud
ing a pixel (see discussions above). Cloud precipitation ocprecipitation occurrence frequency derived from CloudSat
currence frequency (Fig. 7d) is derived from CloudSat ob-observations in the study region. is, in turn, highly spa-
servations (Haynes et al., 2009). In this figure, we show thatially correlated £2=0.7, p<0.01) with cloud droplet size,
that latitudinal maxima in cloud occurrence and cloud opti- as shown in Fig. 8. Thus, CloudSat precipitation frequency
cal depth is associated with a latitudinal minima in dropletis highly spatially negatively correlated with aerosol index
size and precipitation occurrence. The maxima and minimgFig. 8c). Each data point represents the seasonal aver-
of these fields are located at roughly°M8 inside the vol-  age for a latitudinal bin in the selected region. Precipita-
cano tracks of Figs. 4 and 5, where aerosol concentration i§ion frequency is lowest inside the aerosol plume despite the
increased by the volcano. higher cloud number frequency (Fig. 3d and 4) or cloud frac-
tion. The cloud droplet size decreases by 2 um for every 0.1
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increase in aerosol index. The likelihood of warm precipita-
tion for trade cumuli will be almost completely suppressed
when droplet effective radius is smaller than 14 um, corre- A
sponding to an aerosol index of 0.2. This agrees well with
an emperically derived threshold value for initiation of warm
drizzle (Rosenfeld, 2000).

We have used A-Train observations to demonstrate all
three links in the chain of processes that leads to the cloud
amount effect: a close association between reduction of
cloud droplet size, suppression of precipitation, and increase
of cloud fraction with enhanced aerosol concentration in a
statistically significant way.

2008 JJA CALIPSO Cloud Top (night)
25N : :

20N

10N
4.3 Consequences of aerosol effects 180W 175W 170W 165W 160W 155W

1.4 15 1.6 1.7 1.8 1.9
Theoretically the precipitation suppression can raise cloud Cld Top Altitude (km)

tops (Pincus and Baker, 1994). We use CALIPSO data to
detect cloud tops that are within the 2.5 km boundary layer. B
Focusing on nighttime data only because CALIPSO day time s+
data are noisy, the boundary layer cloud tops within the sul-

fate plume are indeed generally higher than the background

by 400-500 m (Fig. 9a). The boundary layer cloud top map ,qy
thus creates another “volcano track” feature, which is spa-
tially noiser because CALIPSO's spatial sampling is much
sparser than that provided by an imager like MODIS. The
difference between cloud tops in the volcano aerosol plume
and just outside of the plume is consistent with that predicted
by the simple model of Pincus and Baker (1994) and recent

20 21

JJA 2008 CloudSat Prec Rate Anomaly

15N

10N

observations for ship tracks inside stratocumulus files (Chris- 175W 170W 165W 160W 155W
tensen and Stephens, 2011). This increase in cloud top heigh T 02 015 01 005 0 005 01 o015 o2
is most likely due to the suppression of precipitation and en- Prec Rate Anomaly (mm day")

hanced entrainment at cloud top, a result of more and smallel

cloud droplets. An alternative explanation may also be viable C TOA SW All Sky Albedo for July 2008

if the cloud invigoration effect (Koren et al., 2005; Yuan et 25N
al., 2011) also applies to shallow cumulus clouds.

Aerosols not only suppress the precipitation frequency
(Figs. 7 and 8) but also decrease the precipitation rate 2oN
(Fig. 9b) and this leads to perturbations of the energetics of
the system. In Fig. 9b, the 2008 anomaly of precipitation for
warm clouds is constructed based on the 2006—-2009 clima- 15N
tology from CloudSat observations. The relative decrease in
precipitation rate inside the sulfate plume is 30 %—80 % de-
pending on the location, and the reduction is even larger for 1on
precipitation frequency. However, given the short duration Dwsw
of the CloudSat “climatology” and CloudSat’s sparse spatial 0.11 012 0.13 0-1&)93615 0.16 0.17 0.18
sampling these estimates are uncertain. Nevertheless, if we

o S .
assume a 50 % reductlon ,'n I_OOth the preCIPItatlon rate anq=ig. 9. (a)Seasonal mean CALIPSO cloud top height for June-July-
frequency, the total precipitation amount will be decreasedy,qyst of 2008 observed at night. Clouds are higher within the sul-

by 75%. The areal mean climatology of CloudSat-derivedsate plumejb) Observed CloudSat mean precipitation rate anomaly
warm rain rate over the study area is 0.4 mmdayBy tak-  for 2008 relative to 2006-2009 climatology. A volcano track of

ing into account only the warm precipitation, we roughly es- precipitation reduction is note@;) Observed seasonal mean broad-

timate that the reduction in latent heat transfer from ocearband albedo for July 2008 derived from the ERBE-like CERES
to atmosphere amounts to8 Wm~2 following a similar  product from the Aqua satellite.

method in Snodgrass et al. (2009). Other factors such as the

modification of humidity due to precipitation, evaporation
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and sea surface feedbacks to cloud amount change are nc EOF SST mode 1
accounted for in this rough estimate. 25N . : :
Radiatively, the simultaneous increases of cloud optical
depth and cloud amount represent a scenario where the clou 9l
amount effect reinforces the Twomey effect. Significant , 1 !

changes in shortwave albedo at the top of atmosphere ar¢
expected. The ideal conditions for this natural experiment al-
low us to take a holistic approach and not divide the aerosol-
affected area into artificial “cloudy” and “cloud-free” sub-
sets. Figure 9c shows a map of broadband albedo for July l
2008 using the ERBE-like CERES product from the Aqua
satellite under all sky conditions. Even with the coarse res- N3, pa A pa P .
olution a volcano track of high albedo is clearly noted in — I I I

. . . -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Fig. 9c. The planetary albedo increases by 8.0D5 in-

side the sulfate plume compared to the background values q‘—c'ig. 10. High-pass filtered Sea Surface Temperature (SST) Empir-

0.12, depending on the location. The secondary peak or Minga) orthogonal Function (EOF) mode 1. Data are taken from the
ima of albedo inside the sulfate plume corresponds well withyears 2000-2010.

those of cloud optical depth, cloud droplet size and cloud fre-
guency (Figs. 3 and 4). An increase in upwelling shortwave

2 . . B .
ﬂ#X olfbal::joutrz] own 1S observzc_i by either estlman?]? fr%m aerosol and cloud could be affected by the wake effect to pro-
the albedo change (Fig. 9c) or direct CERES monthly s O't4uce artificial correlation between them (Loeb and Schuster,

wave flux ldata (not.shown). This is the ae_ro;ol total Short'2008; Yuan et al., 2008). We examine these possibilities in
wave forcing resulting from aerosols modifying the whole the following

aerosol-cloud continuum in this trade cumulus regime. Con- We first note that wake effect i | I vt
tributions of individual components are roughly estimated in € first hote that wake eflect Is only a smafl anomaly 1o
the following. the mean flow (Xie et al., 2001). The anomaly introduced is
. . on the order of 1 ms! or less in wind speed and of 0.1K in
Given the observed aerosol optical depth anomaly of 0.2 . o
: L : SST, with even smaller yearly variations. Such small anoma-
the direct forcing is estimated to be 2 Wbased on the . N S
lies would not significantly affect the distribution of aerosols

forcing efficiency calculated from MODIS aerosol retrievals .
(Remer and Kaufman, 2006) and observed cloud fraction.because the mean flow (on the order of 10 slominates

Aerosol indirect effects are thus responsible for the majorityaerosOI transport. Second, the aerosol source strength is very

. . . unlikely affected by the wake effect because variability of

of the observed total forcing. Given the cloud fraction and ! .

o . . the aerosol source is mainly related to the human and natural
cloud properties in the region, the Twomey effect contributes, ~ . . L .
no more than 4 W m? (Platnick and Oreopoulos, 2008; Hay- (mainly volcanic) emissions over the Big Island. These facts
wood et al., 2009) and cannot fully explain the strong total make t_he second scenario very unhkely. _Mo_reover, th? wake-
shortwave forcing. The increases in cloud amount are neede(celﬁeCt |s-expected tq produceore preC|p|tat|ondowr_1W|nd

of the Big Island (Kidd and McGregor, 2007), which con-

to explain the bulk of the aerosol total shortwave forcing in- ) L S
X ; : . tradicts our observed precipitation reductingide the wake/
side the sulfate plume, which provides further evidence for . ; :
volcano track a clear sign of aerosols creating a microphys-

the chain of processes that constitute the cloud amount ef-
. ical effect.
fect. If those processes were not occurring, we could not

explain the CERES observations. Next, we present quantitative evidence that negates the
wake-effect hypothesis and supports aerosol effect hypothe-
sis using empirical orthogonal function (EOF) (Wilks, 2005)
5 The wake effect and aerosol effects analysis. EOF analysis decomposes time-varying meteoro-
logical, oceanic, aerosol and cloud fields into spatial patterns
For detailed discussions on the air-sea interaction dynamand associated time series of these patterns. The modes of
ics that drives the far field wake effect please refer to Xie EOF and associated principal components (time series of am-
et al. (2001). The wake effect manifests itself as a warmPplitude of EOF modes) reveal the dominant spatial patterns
tongue feature in SST anomaly (Xie et al., 2001) that has@nd associated temporal variations. Before computing the
similar shape to the volcano tracks discussed above althougkOF modes, we first remove climatological means from the
it is displaced further north. Two scenarios can be speculate§ummertime data and apply area weights to each grid.
that what we observe in this study is due to the wake ef- Following Xie et al. (2001), we first apply a high-pass
fect instead of aerosol effect: in one, the observed variatiorfilter to the SST field and compute the EOFs for the high-
in cloud properties could be caused by the wake effect whilepass filtered data. The EOF mode 1 for the filtered SST
the volcanic degassing is just a coincidence; in the other, botlis shown in Fig. 10. The spatial pattern of this EOF mode

|
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Table 1. Correlation coefficients for principal components of each cloud parameter against either aerosol concentration or filtered Sea Surface
Temperature (SST). While none of the correlations between filtered SST and cloud properties are statistically significant, all correlations
between cloud properties and aerosol index are significant at the 97 % confidence level or better.

Cloud optical depth  Cloud droplet radius  Cloud fraction

Aerosol 0.898 p<0.001) —0.867 (p<0.001) 0.683 $<0.03)
Filtered SST 0.108 0.4(>0.2) 0.107
Filtered SST vs CF ever, despite these unfavorable conditions cloud fraction in-
side the volcano tracks is statistically higher in 2008 than the
R . ' ' ' ' climatological mean. The results suggest thatations in
091 I meteorological conditions are not capable of explaining the
0.7 ] I variations in cloud fraction, cloud microphysical and optical
e 51 . r properties.Factors other than synoptic scale meteorology or
% 031 . - SST have affected temporal and spatial variations of cloud
%: 0.1 . L properties.
< 01 " " We examine the aerosol hypothesis using similar EOF
€ 03] " I analysis. We compute the EOFs of the aerosol index fields
05 and show the mode 1 EOF in Fig. 13. This pattern clearly
. | shows a plume originating from the Big Island. This EOF
oo " . i mode is statistically significantly correlated in space-(0.4,
o8 w08 oz o2 oo o2 o4 o o8 p<0.01) with the first EOF mode of cloud fraction. The prin-
PC of filtered SST cipal component of aerosol is also well correlatee-(0.682,

) o ) p<0.03) with that of cloud fraction, which is statistically
Fig. 11. Scatter plot of the principal component of filtered SST significant at above the 95 % level (even if 2008 is left out
EOF mode 1 against that of cloud fraction, showing no correlation

between them. 2008 has the highest value of cloud fraction princi-Of the analysis). We do similar exercises to cloud droplet

pal component while the filtered SST is close to the mean value. effective radius and CIO_Ud optical depth fields (pre_CIpltatlon
record from CloudSat is too short to make meaningful sta-

tistical tests). Their EOF mode 1 patterns are spatially cor-

related with that of aerosol index (aerosol optical depth as
is similar in shapes to volcano tracks in cloud and aerosolwell) at above the 99 % significance level. More importantly,
fields discussed above. However, teenporalvariations in  the principal components of these variables are well corre-
the strength of this SST pattern cannot explain any variationsated with aerosol fields, suggesting a strong control of cloud
in cloud or aerosol fields, as suggested by low correlationgjroplet size by aerosol concentration (see Table 1).
between principal cqmponents of cloud variables and tha.t of \We have thus shown that the temporal variability of the
SST (Table 1 and Fig. 11). As an example, the correlationyaye effect (Xie et al., 2001; Hafner and Xie, 2003) cannot
coefficient between principal components of cloud fraction exp|ain the observed temporal variability of cloud or aerosols
and filtered SST is = 0.107. Similar low values of corre-  properties. Variability of wind, temperature, and humidity
lation coefficients are computed for other fields against thecoyd not explain the temporal variation in cloud fraction ei-
filtered SST (Table 1). We also examined the bulk SST (NOtner. Only variations in aerosols are well correlated with the
filtered) apd neither the spatial nor t.he temporal variability ¢joud fraction as well as microphysical and optical property
can explain any cloud property variations. variations. These analyses point to the conclusion that what

Similarly we examined meteorological fields from we observe is aresult of physical interactions among aerosol,

MERRA, including surface wind speed, 850 mb temperature clouds, and precipitation rather than a mere coincidence.
surface temperature, and relative humidity. None of the tem-
poral variations in these variables are capable of explaining
the cloud property variations observed by MODIS. For ex-6 Discussion and concluding remarks
ample, in JJA 2008 surface temperature across the domain
is actually colder than usual, which is in line with an over- It appears that the suppression of precipitation may be the
all lower than usual cloud fraction in this year. The relative key to the observed increase in cloud fraction that is asso-
humidity field also indicates that the atmosphere in 2008 isciated with increase in aerosol concentration: the addition
drier than the climatological mean (Fig. 12). The dry and of aerosols impedes the autoconversion of cloud water to
cold conditions are unfavorable for cloud formation. How- rain and increases overall cloud coverage, as shown in the
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80 26 22 -18 -14 10 -06 -02 02 06 1.0 tially cloudy pixels even though we purposely avoided look-

Relative Humidity (%) . . .
ing at clouds smaller than 5. Higher resolution (on the order

Fig. 12. Relative humidity anomaly in JJA, 2008 at 1000 hPa calcu- ©f 10 M) data are needed for this purpose (Koren et al., 2008).
lated from the NASA Modern Era Retrospective-Analysis for Re- Nevertheless, a few past observational studies (with high res-
search and Applications (MERRA) data set. The area downwind ofolution data) seem to suggest that polluted trade cumuli are
the Hawaiian Islands is generally drier relative to climatology. larger. For example, McFarquhar et al. (2004) found that
over the Indian Ocean relatively more large clouds are asso-
EOF Mode 1(Terra) ciated with episodes of polluted air. Their conclusion is also
e : ) . : supported by results from Dey et al. (2011) although they at-
r tributed this size shift to evaporation of small clouds by the
g aerosol semi-direct effect. While both studies suggested pos-
o sible difference in air mass properties associated with clean
9 | and polluted espisodes we are here working in the same air
9 - mass since introduction of the volcanic emissions does not
’ change the temperature, humidity or stability of the atmo-
I sphere significantly.
To better understand the exact mechnisms of the micro-
and macro- physical changes in trade cumuli induced by
kg p=vm . o o 1;5-W aerosols, large-eddy model simulations with detailed micro-
e I : I — phyiscal schemes are needed (Xue et al., 2008; Jiang et al.,
015 010005 000005 010 015 2009; Koren et al., 2009). Dedicated field-campaigns shall

Fig. 13. The EOF mode 1 of aerosol index. A pattern of a plume complement smaller scale observations to _the results pre-
emerging from the Big Island is apparent and it provides the domi-sente{j here and offer further clues for modeling efforts.
nant variability in aerosol. A similar pattern is observed for aerosol Conventionally, trade cumuli are thought to be radiatively
optical depth EOF mode 1. less important in terms of determining the planetary albedo
due to their smaller cloud fraction as compared with stra-
tocumulus even though they are present over a larger frac-
schematic (Fig. 14). Browsing through visible MODIS im- tion of the ocean. However, our findings indicate aerosols
ages we noted that volcanic plume events are often assoctan remarkably leverage their total negative shortwave ra-
ated with larger cloud patches. We examined this possiblitydiative forcing by a factor of almost 10 relative to their di-
by studying the size of these cloud patches using the MODISect forcing through interacting with trade cumuli. This high
cloud mask (procedure is described in Sect. 3). We find thateverage highlights the potential of trade cumulidoange
the average cloud patch size in 2008 increases, especially fahe radiative balance when interacting with aerosols (Norris
larger clouds, relative to all other years. Also in 2008, theand Slingo, 2009). Moreover, trade cumuli are critical in pre-
mean cloud patch size inside the aerosol plume is 71 (numeonditioning the boundary layer for tropical deep convection.
ber of pixels), much higher than the background value ofPrecipitation suppression in trade cumuli reduces latent heat
about 55, which is also close to mean values in other yeargransfer from ocean to atmosphere. Entrainment mixing that
These observations seem to suggest clouds change their grossibly leads to an increase in cloud top height and amount
ganization such that there is a more frequent occurrence ofmay modify the moisture structure of the boundary layer.
large cloud patches under polluted conditions. However, weThese changes together with the strong negative aerosol total
note that the utility of cloud patch size derived from 1-km shortwave radiative forcing will affect preconditioning of the
MODIS cloud mask may be limited due to the issue of par- boundary layer and ultimately tropical convection (Wyant et

20N

15N

10N
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