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Abstract

Increased aerosol concentrations can raise planetary albedo not only by reflecting
sunlight and increasing cloud albedo, but also by changing cloud amount. However,
detecting aerosol effect on cloud amount has been elusive to both observations and
modeling due to potential buffering mechanisms and convolution of meteorology. Here5

through a natural experiment provided by long-term degassing of a low-lying volcano
and use of A-Train satellite observations, we show aerosols are associated strongly
with modification of trade cumulus cloud fields including decreased droplet size, de-
creased precipitation efficiency and increased cloud amount. We also demonstrate
that the observed microphysical and macrophysical changes cannot be explained by10

synoptic meteorology or the orographic effect of the Hawaiian Islands. The “total short-
wave aerosol forcing”, resulting from direct and indirect forcings including both cloud
albedo and cloud amount, is almost an order of magnitude higher than aerosol direct
forcing alone. The precipitation reduction associated with enhanced aerosol leads to
large changes in the energetics of air-sea exchange. Our results represent the first ob-15

servational evidence of large-scale increase of cloud amount due to aerosols in a trade
cumulus regime, which can be used to constrain the representation of aerosol-cloud
interactions in climate models. The findings also have implications for volcano-climate
interactions and climate mitigation research.

1 Introduction20

Aerosols directly modify planetary albedo by absorbing and scattering solar radiation
often referred to as the “aerosol direct effect” (McCormic and Ludwig, 1967). Increased
aerosols are also expected to increase cloud droplet concentration, total droplet cross-
sectional area and therefore cloud albedo for warm clouds, labeled the Twomey ef-
fect (Twomey, 1977). Moreover, increased aerosol concentration can enhance cloud25

macro-physical properties such as cloud amount (referred to as “cloud amount effect”
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here) and cloud organization (Albrecht, 1989; Stevens and Feingold, 2009; Feingold
et al., 2010). Both the Twomey effect and cloud amount effect are collectively referred
to as aerosol indirect effects. Aerosol direct and indirect effects constitute a strong yet
still highly uncertain forcing to the climate system in a global sense (Anderson et al.,
2003; Forster et al., 2007). Estimating the combined direct and indirect aerosol forc-5

ing, especially the indirect component, with sufficiently narrow error bars remains one
of the largest challenges for understanding climate change.

The cloud amount effect is built upon this chain of events: enhanced aerosol load-
ing increases warm cloud droplet number concentration and decreases droplet size
(Twomey, 1977; Heymsfield and McFarquhar, 2001), an increase in droplet number10

decreases precipitation efficiency (Albrecht, 1989; Rosenfeld, 1999; Andreae et al.,
2004), and cloud amount 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 current uncertainty.15

This is because a myriad of processes and factors such as entrainment, droplet sed-
imentation, time scale and cloud scale dynamics can counteract the proposed chain
reaction and result in unexpected changes in cloud macro-properties due to increased
aerosols (Stevens et al., 1998; Ackerman et al., 2004; Bretherton et al., 2007; Wood,
2007; Feingold et al., 1996; Lu and Seinfeld, 2005; Xue and Feingold, 2006). More-20

over, for observed correlations between aerosols and cloud amount, alternative expla-
nations such as co-varying meteorology and retrieval artifacts can be proposed that do
not invoke physical connections between aerosol and clouds (Brenguier et al., 2003;
Mauger and Norris, 2007; Rauber et al., 2007; Loeb and Schuster, 2008; Yuan et al.,
2008; Quaas et al., 2009). A multi-model comparison study also highlights the diffi-25

culty and uncertainty in modeling this effect in general circulation models (Quaas et al.,
2009). (Stevens and Feingold, 2009) provide an excellent overview of the complexity
and subtlety related to the cloud amount effect.
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Most previous studies of cloud amount effect have focused on stratocumulus clouds
because of their high cloud fraction 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
cloud fraction is lower (Norris and Slingo, 2009). More importantly, the cloud amount5

effect (or indirect effects in general) may depend on cloud regimes (Stevens and Fein-
gold, 2009). It is thus suggested that an ideal way to study aerosol indirect effects is
through the use of natural experiments focusing on a particular cloud regime (Stevens
and Feingold, 2009). In this study we explore aerosol effects on trade cumulus clouds.

In this study we present results on aerosol cloud amount effect caused by a long-10

lasting volcanic degassing event. We will document the observed changes in cloud
and precipitation properties related to cloud amount effect. The rest of the paper is
organized as follows. In Sects. 2 and 3 we will describe the volcanic event, and then
the data and methods of analysis, respectively. In Sect. 4, we will present results.
Discussions of possible orographic effects and further evidence for aerosol effects will15

be presented in Sect. 5. Conclusions and final remarks will be presented in Sect. 6.

2 The natural experiment

The Halemaumau Crater of the Kilauea volcano on the Big Island of Hawaii (19◦34′ N,
155◦30′ W) has been active since March 2008. The volcano is actively degassing sulfur
dioxide from the crater vent, located at an altitude of 1200 m. The gas is carried down-20

wind and forms a large plume of sulfate aerosols reaching as far as 6000 km downwind
as shown in Fig. 1. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) data
show that the aerosol plume stays within the lowest 2 km layer.

The volcanic degassing of Halemaumau creates a natural laboratory where we can
observe the consequences of adding aerosols to a relatively clean boundary layer over25

a broad region and during a long time period. Anthropogenic aerosols have minimal
impact on this region in the summer due to the strong subtropical high-pressure system
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and weak source strength from Hawaii. The background aerosol loading of this region
is very low (Fig. 1). The non-absorbing nature of volcanically produced sulfate aerosols
avoids the complication from aerosol absorption (Ackerman et al., 2000; Koren et al.,
2004; Kaufman and Koren, 2006; Feingold and Siebert, 2009). Most importantly, the
volcanic activity producing the aerosol plume is entirely independent of meteorology5

(Gasso, 2008). We can thus largely avoid the important problem of spurious correlation
between observed aerosol and cloud properties created by the co-varying large-scale
meteorology (Brenguier et al., 2003; Lohmann et al., 2006; Loeb and Schuster, 2008;
Stevens and Feingold, 2009).

The added bonus of this natural experiment is the predominance of the remarkably10

homogeneous trade wind circulation in the area (Riehl et al., 1951; Betts and Albrecht,
1987), with a possible exception discussed later. The almost Gaussian shaped aerosol
plume emanating from the volcano source provides strong testimony to the steady wind
and diffusivity of the mixing in this region (Fig. 1). These homogeneous background
conditions coupled with the volcanic aerosol source are used to identify aerosol effects15

by comparing the plume-affected area and nearby non-affected area. The aerosol is
there because the volcano puts the particles there. There is no reason to expect the
atmosphere laterally outside of the plume to be different than within the plume, except
for the introduction of the SO2 and subsequent production of sulfate particles. Here
we have a controlled natural experiment in which non-absorbing sulfate aerosols are20

introduced to an otherwise pristine trade wind boundary layer, where the direct and
indirect effects can be tracked and quantified. We focus on the warm trade cumuli in
the summer to limit the impact of intrusions of tropical and mid-latitude storm track
clouds.

The Hawaiian Islands, however, do introduce orographic effects due to their high el-25

evation. These orographic effects can be categorized into two types: near field (local)
and far-field (Xie et al., 2001). The local effect will appear on the lee side of the is-
lands with anomalously low cloud amount (shown latter). The far-field response results
from more subtle air-sea interactions. The blocking of tall mountains on the islands
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introduces a semi-stationary wind stress curl on the ocean surface downwind. This
wind stress curl excites ocean Rossby waves that lead to a SST warm tongue feature
centered near 19◦ N. The warm SST anomaly introduced by this effect is on the order
of 0.1 ◦C (Hafner and Xie, 2003). We will specifically analyze the impact of this far-field
orographic effect (referred to as “wake effect” in this paper for convenience) on our5

results and show it does not affect our results.

3 Data and method

A suite of data sets from the NASA A-Train satellites (Stephens et al., 2002) is used
here to examine the chain reactions associated with the cloud amount effect. Aerosol
loading is characterized by aerosol optical depth, Angstrom exponent and aerosol in-10

dex (here taken as simply a product of aerosol optical depth and Angstrom exponent)
using the collection 5 aerosol product from the MODerate resolution Imaging Spectro-
radiometer (MODIS) aboard the Terra and Aqua satellites (Remer et al., 2005). We
mostly use data over ocean and both level-2 granule data at 10-km resolution and
level-3 monthly products at 1-degree resolution are used in our study. The collection15

5 cloud product (Platnick et al., 2003) from MODIS is analyzed to study cloud micro-
and macro- physical properties as well as optical properties. The physical retrieval
variables used in the analysis include cloud fraction, cloud optical depth and cloud ef-
fective radius. Both level-2 granule data and level-3 monthly data are used in this study.
Auxiliary MODIS visible images and cloud mask data are used as well.20

Warm cloud precipitation is characterized by the CloudSat precipitation product
(Haynes et al., 2009). We note that in this retrieval algorithm precipitation is detected
and quantified using the radar path-integrated attenuation in contrast to the traditional
method based on the relationship between radar reflectivity and precipitation rate. This
path-integrated attenuation derived precipitation does not have vertically-resolved pre-25

cipitation information. Instead it is a column integrated measure. Currently, we only
use data over ocean since this method requires a good characterization of the surface
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radar reflectivity and ocean surface is more easily characterized. Refer to (Haynes
et al., 2009) for more information on the details of the retrievals. Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) provides the vertical distribution of cloud and
aerosols, which are crucial to ensure that aerosols and clouds are indeed interacting.
We used the CALIOP cloud and aerosol layer product to get vertical aerosol distri-5

butions as well as cloud top information for accurately estimating the height of warm
trade cumuli tops. The Clouds and the Earth’s Radiation Energy System (CERES)
provides estimates of broadband shortwave and longwave fluxes at the top of the at-
mosphere (Wielicki et al., 1996). We use the 2.5◦×2.5◦ “ERBE-like” monthly product
to estimate broadband shortwave flux. In addition to satellite data sets, we also use10

meteorological fields from the NASA Modern Era Retrospective-Analysis for Research
and Applications (MERRA) project. The MetOffice HadISST 1.1 global, monthly sea
surface temperature data are used to characterize sea surface changes.

In light of the recent realization of the aerosol-cloud continuum or “twilight zone”
(Charlson et al., 2007; Koren et al., 2007), we will try to estimate the overall aerosol15

effect on the shortwave radiation field without a separation of cloudy and clear scenes
in addition to the usual approach of analyzing changes in “cloudy” pixels associated
with aerosols. In this approach we directly observe the broadband shortwave albedo
(or flux) changes of the entire aerosol-cloud continuum resulting from aerosol pertur-
bations, thereby bundling direct and indirect effects into one holistic measure of the20

aerosol total radiative forcing.
We derive individual cloud sizes from the MODIS level-2 cloud mask product to study

cloud macrophysical changes caused by aerosols. Using an automatic algorithm we
find patches of connected cloudy pixels (each patch defined as a “cloud”) inside each
granule and record the size (simply the number of pixels inside each cloud) and location25

of each cloud. We do not include pixels that are connected diagonally (4-neighbor
connectivity) although the results are not sensitive to this choice. We can then calculate
mean cloud size for a specific area and season. Any cloud that contains cirrus or non-
liquid cloudy pixels (as indicated by the MODIS thermodynamic phase) is discarded in
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our analysis. For each season we find on the order of 100 000 liquid only clouds that
are larger than 4 pixels in our study area.

4 Results

4.1 An illustrating case study

We illustrate an example of volcanic aerosols affecting clouds in Fig. 2. The Ozone5

Monitoring Instrument (OMI) observed strong SO2 degassing on 16 July and 17 July
2008. The SO2 subsequently converts into sulfates and a plume of sulfates is clearly
visible in the Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol optical
depth (Remer et al., 2005) map on 17 July 2008 (Fig. 2a). A patch of clouds down-
wind of the Big Island formed within the sulfate plume (Fig. 2b and c). A track of the10

CALIOP cut through this cloud patch (red line in Fig. 2c). CALIOP feature mask clearly
indicates that the aerosol layer was confined within the boundary layer and intertwined
with clouds (Fig. 2d). These 3-dimensional anatomies of aerosols and clouds by the
A-Train sensors strongly indicate that aerosols and clouds were interacting with each
other. As a result, relative to the background value of 18 µm cloud droplet effective15

radius was reduced by more than 5 µm (Fig. 2b) for clouds within the sulfate plume.
A large number of similar cases using combinations of A-Train data sets reach the
same conclusion. In the following we show systematic impacts of the volcanic aerosols
on ensembles of trade cumuli at large spatial and long temporal scales and assess
their consequences.20

4.2 Aerosol effects on the cloud ensemble

Figure 3a shows a map of MODIS-derived seasonal mean aerosol index (Nakajima et
al., 2001) (here taken as the product of aerosol optical depth and Angstrom exponent).
The volcanic sulfate aerosols stand out immediately as a plume of high aerosol index
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(Fig. 3a). We use level-2 MODIS cloud retrievals (Platnick et al., 2003) to assess the
impact of added volcanic sulfate aerosols, active cloud condensation nuclei (CCN). We
note that trade cumulus clouds are often broken and small in horizontal scale (Xue and
Feingold, 2006; Zhao and Di Girolamo, 2007) and they create a challenging environ-
ment for MODIS retrievals (Marshak et al., 2006; Koren et al., 2007; Wen et al., 2006;5

Charlson et al., 2007; Yuan et al., 2008). A series of quality control filters are thus ap-
plied to the original MODIS cloud data to minimize the chance of artificial correlations
between aerosols and clouds (Yuan et al., 2008). Briefly speaking, we include only pix-
els that have optical depth greater than 10, brightness temperature greater than 270 K,
the cloud phase is flagged as liquid, and the cloudiness quality flag denotes “overcast”10

with the highest confidence (Yuan et al., 2008). The resulting June-July-August (JJA)
average cloud optical depth map is shown in Fig. 3b. For clouds inside the plume, the
mean cloud optical depth increases from the background value, north and south of the
sulfate plume, by up to 9. Correspondingly, cloud droplet effective radius decreases
by 3 ∼ 8 µm for clouds inside the sulfate plume depending on the location (Fig. 3c).15

Both the enhancement in cloud optical depth and reduction in cloud droplet size man-
ifest themselves as distinct “volcano tracks” that correspond well to the sulfate plume.
These cloud microphysical and optical property changes associated with the volcanic
aerosol plume support the Twomey effect and complete the first link in the chain reac-
tion associated with the cloud amount effect.20

The occurrence of filtered cloudy pixels increases by up to a factor of 5 within the
plume compared to the background as shown in Fig. 3d. Within the sulfate plume we
note a remarkable correspondence among cloud optical depth, cloud droplet size and
number frequency (defined as the number of qualified level-2 pixels in a grid box): the
loci of primary, secondary and tertiary peaks of cloud optical depth correspond well25

to those of cloud droplet size and number frequency. These observations imply that
changes in cloud optical depth and cloud droplet size are associated with increases
in number frequency. Repeated analyses with different cloud optical depth thresholds
reach the same conclusion, suggesting the effect spans the entire cloud spectrum. We
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also look at the cloud fraction data directly (including all cloudy pixels by cloud mask
without filtering). As shown in Fig. 4, the overall MODIS cloud fraction within the sul-
fate plume increases by up to 25% from the background values of around 0.44. As an
attempt at roughly quantifying the connection between aerosol and liquid cloud fraction
we use seven years of data from Aqua MODIS. We normalize each 1◦×1◦ cloud and5

aerosol monthly grid during JJA of 2003–2009 and plot the normalized cloud fraction
against normalized aerosol index in Fig. 5. In the normalization, cloud fraction in each
1◦ box is divided by mean cloud fraction of a clean, background area (20–25◦ N and
165–170◦ W in our case). The normalization is done for multi-year data in order to re-
move interannual variation from large-scale conditions and possible calibration drift in10

the MODIS sensor that might introduce artificial trends in the retrieved products. Fig-
ure 5 suggests that for a doubling of aerosol concentration we observe an increase of
10% in cloud fraction based on the multi-year data. This is comparable to the inference
based on 2008 alone by contrasting cloud fraction inside and outside of plume.

We use the t-student test to evaluate the statistical significance of the changes in15

cloud properties such as optical depth, droplet effective radius, and cloud occurrence.
Most of the changes inside the volcano tracks are statistically significant 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? An20

example is shown in Fig. 6 for cloud optical depth. The shaded contours represent the
magnitude of normalized (in the same way as cloud fraction) cloud optical depth2008 –
cloud optical depthmean and the dotted areas indicate that the difference is statistically
significant at the 95% level. Again, we see three local maxima of cloud optical depth
and they are all statistically significantly higher than climatological mean. Similar re-25

sults are obtained for droplet effective radius, cloud fraction, and aerosol optical depth.
Qualitatively similar results are obtained if normalization is not applied.
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The positive anomaly in cloud fraction both relative to the background and to cli-
matology suggests that the large injection of volcanic sulfates increases the trade cu-
mulus cloud fraction. The decoupling of volcanic degassing from meteorology further
strengthens the physical connection between aerosols and cloud fraction. These ob-
servations of sulfate-induced increased cloud fraction support the third link in the chain5

reaction. The missing link, thus, is the critical precipitation connection.
While many past studies often assume trade cumuli are non-precipitating for sim-

plicity, more recent observations indicate these clouds often precipitate (Rauber et al.,
2007; Snodgrass et al., 2009). Furthermore, precipitation is increasingly recognized as
a crucial process that links cloud microphyiscal properties with macro-properties such10

as cloud fraction and morphology (Rauber et al., 2007; Xue et al., 2008; Stevens and
Feingold, 2009). We examine latitudinal cloud and precipitation changes in an area be-
tween 160◦ W and 170◦ W and between 10◦ N and 25◦ N, selected to further constrain
the large scale conditions. Results are shown in Fig. 7. We used MODIS level 2 cloud
data and apply a threshold of 10 for cloud optical depth when selecting a pixel (see15

discussions above). Cloud precipitation occurrence frequency (Fig. 7d) is derived from
CloudSat observations (Haynes et al., 2009). In this figure, we show that that latitudi-
nal maxima in cloud occurrence and cloud optical depth is associated with a latitudinal
minima in droplet size and precipitation occurrence. The maxima and minima of these
fields are located at roughly 18◦ N inside the volcano tracks of Figs. 4 and 5, where20

aerosol concentration is increased by the volcano.
Cloud droplet size derived from MODIS is highly spatially correlated with aerosol

index (r2 ∼ 0.8, p< 0.01), and cloud precipitation occurrence frequency derived from
CloudSat observations in the study region. is, in turn, highly spatially correlated (r2 =
0.7, p< 0.01) with cloud droplet size, as shown in Fig. 8. Thus, CloudSat precipitation25

frequency is highly spatially negatively correlated with aerosol index (Fig. 8c). Each
data point represents the seasonal average for a latitudinal bin in the selected region.
Precipitation frequency is lowest inside the aerosol plume despite the higher cloud
number frequency (Figs. 3d and 4) or cloud fraction. The cloud droplet size decreases
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by 2 µm for every 0.1 increase in aerosol index. The likelihood of warm precipitation
for trade cumuli will be almost completely suppressed when droplet effective radius is
smaller than 14 µm, corresponding 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 of5

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.

4.3 Consequences of aerosol effects

Theoretically the precipitation suppression can raise cloud tops (Pincus and Baker,10

1994). We use CALIPSO data to detect cloud tops that are within the 2.5 km boundary
layer. Focusing on nighttime data only because CALIPSO day time data are noisy, the
boundary layer cloud tops within the sulfate plume are indeed generally higher than the
background by 400–500 m (Fig. 9a). The boundary layer cloud top map thus creates
another “volcano track” feature, which is spatially noiser because CALIPSO’s spatial15

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 observations (Christensen and Stephens, 2011).

Aerosols not only suppress the precipitation frequency (Figs. 7 and 8) but also de-20

crease the precipitation rate (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 con-
structed based on the 2006–2009 climatology from CloudSat observations. The rela-
tive decrease in precipitation rate inside the sulfate plume is 30–80% depending on the
location, and the reduction is even larger for precipitation frequency. However, given25

the short duration of the CloudSat “climatology” and CloudSat’s sparse spatial sampling
these estimates are uncertain. Nevertheless, if we assume a 50% reduction in both
the precipitation rate and frequency, the total precipitation amount will be decreased by
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75%. The areal mean climatology of CloudSat-derived warm rain rate over the study
area is 0.4 mm day−1. By taking into account only the warm precipitation, we roughly
estimate that the reduction in latent heat transfer from ocean to atmosphere amounts
to ∼ 8 W m−2 following a similar method in (Snodgrass et al., 2009). Other factors
such as the modification of humidity due to precipitation, evaporation and sea surface5

feedbacks to cloud amount change are not accounted for in this rough estimate.
Radiatively, the simultaneous increases of cloud optical depth and cloud amount

represent a scenario where the cloud amount effect reinforces the Twomey effect. Sig-
nificant changes in shortwave albedo at the top of atmosphere are expected. The ideal
conditions for this natural experiment allow us to take a holistic approach and not di-10

vide the aerosol-affected area into artificial “cloudy” and “cloud-free” subsets. Figure 9c
shows a map of broadband albedo for July 2008 using the ERBE-like CERES product
from the Aqua satellite under all sky conditions. Even with the coarse resolution a vol-
cano track of high albedo is clearly noted in Fig. 9c. The planetary albedo increases
by 0.02 ∼ 0.05 inside the sulfate plume compared to the background values of 0.12,15

depending on the location. The secondary peak or minima of albedo inside the sulfate
plume corresponds well with those of cloud optical depth, cloud droplet size and cloud
frequency (Figs. 3 and 4). An increase in upwelling shortwave flux of about 20 W m−2

is observed by either estimating from the albedo change (Fig. 9c) or direct CERES
monthly shortwave flux data (not shown). This is the aerosol total shortwave forcing20

resulting from aerosols modifying the whole aerosol-cloud continuum in this trade cu-
mulus regime. Contributions of individual components are roughly estimated in the
following.

Given the observed aerosol optical depth anomaly of 0.2, the direct forcing is esti-
mated to be 2 W m−2 based on the forcing efficiency calculated from MODIS aerosol25

retrievals (Remer and Kaufman, 2006) and observed cloud fraction. Aerosol indi-
rect effects are thus responsible for the majority of the observed total forcing. Given
the cloud fraction and cloud properties in the region, the Twomey effect contributes
no more than 4 W m−2 (Haywood et al., 2008; Platnick and Oreopoulos, 2008) and
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cannot fully explain the strong total shortwave forcing. The increases in cloud amount
are needed to explain the bulk of the aerosol total shortwave forcing inside the sulfate
plume, which provides further evidence for the chain of processes that constitute the
cloud amount effect. If those processes were not occurring, we could not explain the
CERES observations.5

5 The wake effect and aerosol effects

The “wake effect” resulting from the blocking of the trade wind leads to the formation
of an SST warm tongue that is quite similar in shape to the volcano tracks discussed
above (Xie et al., 2001) although it is displaced a little to the north. This coincidence
may stir speculation that the warm tongue feature may be responsible for the observed10

variation in cloud properties while the volcanic degassing event is just a fortunate co-
incidence. It could even be postulated that both aerosol and clouds are influenced
by this circulation anomaly to produce an artificial correlation between aerosols and
clouds (Loeb and Schuster, 2008; Yuan et al., 2008). To examine this “wake-effect hy-
pothesis” we first note a few facts about the wake effect and then present quantitative15

evidence that negates the wake-effect hypothesis and supports our original aerosol
connection.

The wake effect is only a small anomaly to the mean flow (Xie et al., 2001). The
anomaly introduced is on the order of 1 m s−1 or less in wind speed and of 0.1 K in
SST with even smaller yearly variations. While such small anomalies may potentially20

have a detectable impact on the cloud formation over the warm tongue, they would not
significantly affect the distribution of aerosols because the mean flow (on the order of
10 m s−1) dominates aerosol transport. Second, the aerosol source strength is very
unlikely affected by the wake effect because variability of the aerosol source is mainly
related to the human and natural (mainly volcanic) emissions over the Big Island. This25

asymmetrical influence on aerosol and clouds makes it impossible for the associations
seen between aerosol and cloud parameters to be coincident due to their individual

6428

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/6415/2011/acpd-11-6415-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/6415/2011/acpd-11-6415-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 6415–6455, 2011

Microphysical,
macrophysical and
radiative signatures
of volcanic aerosols

T. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

dependency on the wake effect.
Although the warm tongue could possibly lead to increased cloud water and/or cloud

fraction, no firm observational evidence has been found for its impact on cloud frac-
tion, especially low-level trade cumulus clouds. Moreover, the wake-effect is expected
to produce more precipitation downwind of the Big Island (Kidd and McGregor, 2007),5

which contradicts our observed precipitation reduction inside the wake/volcano track,
a clear sign of aerosols creating a microphysical effect. These lines of arguments are
further supported by the following empirical orthogonal function (EOF) (Wilks, 2005)
analysis that decomposes various meteorological, oceanic, aerosol and cloud fields
into spatial patterns and time series of these patterns. The modes of EOF and as-10

sociated principal components (time series of amplitude of EOF modes) reveal the
dominant spatial patterns and associated temporal variations. Before computing the
EOF modes, we first remove climatological means from the summertime data and ap-
ply area weights to each grid.

In analyzing the SST field, we first apply a high-pass filter to the SST field (Xie et15

al., 2001) and compute the EOFs for the high-pass filtered data. The EOF mode 1
for the filtered SST is shown in Fig. 10. The spatial pattern of this EOF mode is strik-
ingly similar in shapes to volcano tracks in cloud and aerosol fields discussed above.
Indeed, the correlation between the spatial patterns of cloud fraction and filtered SST
has r = 0.434 (p< 0.01). However, the temporal variations in the strength of this SST20

pattern cannot explain any variations in cloud or aerosol fields, as suggested by low
correlations between principal components of cloud variables and that of SST (Table 1
and Fig. 11). As an example, the correlation coefficient between principal components
of cloud fraction and filtered SST is r = 0.107. Similar low values of correlation co-
efficients are computed for other fields against the filtered SST (Table 1). We also25

examined the bulk SST (not filtered) and neither the spatial nor the temporal variability
can explain any cloud property variations.

Similarly we examined meteorological fields from MERRA, including surface wind
speed, 850 mb temperature, surface temperature, and relative humidity. None of the
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temporal variations in these variables are capable of explaining the cloud property
variations observed by MODIS. For example, in JJA 2008 surface temperature across
the domain is actually colder than usual, which is in line with an overall lower than usual
cloud fraction in this year. The relative humidity field also indicates that the atmosphere
in 2008 is drier than the climatological mean (Fig. 12). The dry and cold conditions are5

unfavorable for cloud formation. However, despite these unfavorable conditions cloud
fraction inside the volcano tracks is statistically higher in 2008 than the climatological
mean. The results suggest that factors other than synoptic scale meteorology or SST
have affected temporal and spatial variations of cloud properties.

To summarize, the synoptic scale meteorology leads to high frequency, yet low am-10

plitude variations in SST downwind of the Hawaiian Islands and their spatial pattern
(warm tongue) has similarity with those of cloud and/or aerosol anomalies. The syn-
optic scale meteorology has yearly variations that lead to variations in warm tongue
strength among others that could potentially affect cloud properties. However, these
variations are not capable of explaining the variations in cloud fraction, cloud micro-15

physical and optical properties.
We propose that the dominant factor in explaining the temporal anomalies is aerosol

concentration as shown earlier. Here we further examine the aerosol hypothesis us-
ing the similar EOF analysis. We compute the EOFs of the aerosol index fields and
show the mode 1 EOF in Fig. 13. This pattern clearly shows a plume originating from20

the Big Island, the main land source of aerosols for this region. The southwestward
slant is due to the mean northeastly trade wind. This EOF mode is statistically signifi-
cantly correlated in space (r = 0.4, p< 0.01) with the first EOF mode of cloud fraction.
The principal component of aerosol is also well correlated (r = 0.682, p< 0.03) with
that of cloud fraction, which is statistically significant at above the 95% level (even if25

2008 is left out of the analysis). We do similar exercises to cloud droplet effective ra-
dius and cloud optical depth fields (precipitation record from CloudSat is too short to
make meaningful statistical tests). Their EOF mode 1 patterns are similar to the vol-
cano tracks (not shown here), and are spatially correlated with that of aerosol index

6430

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/6415/2011/acpd-11-6415-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/6415/2011/acpd-11-6415-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 6415–6455, 2011

Microphysical,
macrophysical and
radiative signatures
of volcanic aerosols

T. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(aerosol optical depth as well) at above the 99% significance level. More importantly,
the principal components of these variables are well correlated with aerosol fields, sug-
gesting a strong control of cloud droplet size by aerosol concentration (see Table 1).
The demonstrated microphysical effects in previous analysis and the lack of influence
from meteorological fields point to the conclusion that these correlations are a result of5

physical interactions among aerosol, clouds, and precipitation.
Taking all evidence and arguments together, we show that the temporal variability of

small SST perturbation caused by the orographically induced air-sea interactions (Xie
et al., 2001; Hafner and Xie, 2003) cannot explain the observed temporal variability
of cloud properties. Variability of wind, temperature, and humidity could not explain10

the temporal variation in cloud fraction either. Only variations in aerosols are well
correlated with the cloud fraction as well as microphysical and optical property varia-
tions. We postulate that the similar spatial patterns among high-pass filtered SST, cloud
droplet size, cloud optical depth, aerosol concentration, and cloud fraction anomalies
may merely be a coincidence because of the prevalence of the synoptic trade wind15

circulation. This overarching circulation pattern dictates these patterns, but the yearly
variation in synoptic conditions cannot explain the variation in these cloud and aerosol
fields. In fact, the interannual variation of the trade wind strength is rather limited as the
reanalysis data suggest, while there is strong interannual variation of cloud fraction and
other properties. On the other hand, this circulation pattern does provide an ideal con-20

dition for aerosols and clouds to interact since they are transported/formed within the
same environment. The fact that the variability of cloud properties, including effective
radius, optical depth and cloud fraction, is only strongly correlated with that of aerosol
concentration, and not correlated with any of the meteorological and oceanic variables,
demonstrates clearly the dominant role of aerosols in regulating cloud properties for25

this region.
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6 Discussion and concluding remarks

It appears that the suppression of precipitation may be the key to the observed increase
in cloud fraction that is associated with increase in aerosol concentration: the addition
of aerosols impedes the autoconversion of cloud water to rain and increases overall
cloud coverage, as shown in the schematic (Fig. 14). Browsing through visible MODIS5

images we noted that volcanic plume events are often associated with larger cloud
patches. We examined this possiblity by studying the size of these cloud patches
using the MODIS cloud mask (procedure is described in Sect. 3). We find that the
average cloud patch size in 2008 increases, especially for larger clouds, relative to
all other years. Also in 2008, the mean cloud patch size inside the aerosol plume10

is 71 (number of pixels), much higher than the background value of about 55, which
is also close to mean values in other years. These observations seem to suggest
clouds change their organization such that there is a more frequent occurrence of
large cloud patches under polluted conditions. However, we note that the utility of
cloud patch size derived from 1-km MODIS cloud mask may be limited due to the issue15

of partially cloudy pixels even though we purposely avoided looking at clouds smaller
than 5. Higher resolution (on the order of 10 m) data are needed for this purpose (Koren
et al., 2008). Nevertheless, a few past observational studies (with high resolution data)
seem to suggest that polluted trade cumuli are larger. For example, (McFarquhar et
al., 2004) found that over the Indian Ocean relatively more large clouds are associated20

with episodes of polluted air. Their conclusion is also supported by results from (Dey
et al., 2011) although they attributed this size shift to evaporation of small clouds by
the aerosol semi-direct effect. While both studies suggested possible difference in air
mass properties associated with clean and polluted espisodes we are here working in
the same air mass since introduction of the volcanic emissions does not change the25

temperature, humidity or stability of the atmosphere significantly.
To better understand the exact mechnisms of the micro- and macro- physical

changes in trade cumuli induced by aerosols, large-eddy model simulations with
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detailed microphyiscal schemes are needed (Xue et al., 2008; Jiang et al., 2009; Koren
et al., 2009). Dedicated field-campaigns shall complement smaller scale observations
to the results presented here and offer further clues for modeling efforts.

Conventionally, trade cumuli are thought to be radiatively less important in terms of
determining the planetary albedo due to their smaller cloud fraction as compared with5

stratocumulus even though they are present over a larger fraction of the ocean. How-
ever, our findings indicate aerosols can remarkably leverage their total negative short-
wave radiative forcing by a factor of almost 10 relative to their direct forcing through in-
teracting with trade cumuli. This high leverage highlights the potential of trade cumuli to
change the radiative balance when interacting with aerosols (Norris and Slingo, 2009).10

Moreover, trade cumuli are critical in preconditioning the boundary layer for tropical
deep convection. Precipitation suppression in trade cumuli reduces latent heat transfer
from ocean to atmosphere. Entrainment mixing that possibly leads to an increase in
cloud top height and amount may modify the moisture structure of the boundary layer.
These changes together with the strong negative aerosol total shortwave radiative forc-15

ing will affect preconditioning of the boundary layer and ultimately tropical convection
(Wyant et al., 1997). Aerosol effects on trade cumuli can thus affect the hydrological
cycle indirectly by modifying boundary layer properties. This secondary impact can
only be assessed and studied by a global model.

The response of trade cumuli to aerosol input documented here provides the first set20

of large-scale observational constraints on model parameterizations of aerosol indirect
effects (Forster et al., 2007). With the observational constraints, better representation
of indirect effects in climate models can have an observational anchor. This improved
representation of indirect effects will improve our understanding of the anthropogenic
aerosol total forcing in the past and narrow uncertainties related to aerosol forcing in25

climate change predictions (Forster et al., 2007). For example, the past economic
development induced aerosol increase by industrial pollution and biomass burning up-
wind of trade cumulus cloud areas could have strongly masked greenhouse warming
at regional scales. In addition, the strong sensitivity of the trade cumulus regime to
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aerosol input documented here sheds new light on the importance of non-eruptive vol-
canoes to the Earth’s energy balance and hydrological system. Such importance has
been largely overlooked due to the relatively short lifetime of tropospheric sulfates and
omission of aerosol effect on clouds (Robock, 2000). With the new understanding,
we argue that a few continuously degassing volcanoes could affect large portions of5

the tropics, the heart of the general circulation engine. Moreover, we note interest-
ing potential competing effects in the case of absorbing aerosols such as smoke: the
semi-direct effect would tend to decrease cloud fraction while the cloud amount effect
does the opposite. The competing effects may offer a potential explanation for some
of the discrepancy in the literature regarding absorbing aerosol effect on cloud fraction10

(Ackerman et al., 2000; Norris, 2001). The high radiative sensitivity of trade cumulus
regimes to aerosols also offers an attractive option when researching climate mitiga-
tion strategies to counteract gas-induced warming (Latham et al., 2008; Hegerl and
Solomon, 2009; Jones et al., 2009; Robock et al., 2010).

To sum up, the aerosol effects appear as volcano tracks of reduced cloud droplet15

size, enhanced cloud optical depth, suppressed precipitation, elevated cloud tops and
increased cloud fraction in a natural, ideal experiment. Our results are among the first
observations of the cloud amount effect at large spatial (on the order of 106 ∼107 km2)
and long temporal scales (seasonal) since the original hypothesis (Albrecht, 1989).
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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 correla-
tions 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 (p<0.03)
Filtered SST 0.108 0.4 (p>0.2) 0.107
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(b)

Fig. 1. The plume originating from the Halemaumau Crater of the Kilauea Volcano on the
Big Island of Hawaii (19◦34′ N, 155◦30′ W) as evidenced in (a) MODIS aerosol optical depth
and (b) OMI SO2 (in Dobson Unit) maps averaged over June, July, August, 2008. The plume
of aerosol optical depth extends as far as the Marshall Islands. The plume of SO2 is less
extensive presumably because of the transformation of SO2 into sulfate particles during the
course of transport.
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 848 
Figure 1 849 
 850 
 851 

 852 
Figure 2 853 

Fig. 2. The 17 July 2008 case of volcanic aerosol interacting with clouds: (A) MODIS level-2
aerosol optical depth at 550 nm; (B) MODIS cloud droplet effective radius (µm); (C) MODIS vis-
ible image with the CALIPSO ground track overlaid; and (D) CALIPSO feature mask identifying
the aerosol plume and interacting clouds from 16◦ N to 24◦ N. A clear reduction of droplet size
is visible inside the high aerosol optical depth areas. The gap in the middle of (A) is caused by
sun-glint that is avoided by the current MODIS aerosol algorithm.
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 854 
Figure 3 855 

 856 
Figure 4 857 

Fig. 3. Distributions of (A) aerosol index defined as aerosol optical depth multiplied by the
Angstrom exponent; (B) cloud optical depth (COD); (C) droplet effective radius (DER); and (D)
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.
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 854 
Figure 3 855 

 856 
Figure 4 857 Fig. 4. Same as Fig. 3d, except level-3 cloud fraction is used instead of cloud occurrence

frequency. The local orographic effect is apparent in this figure. The lee-side of the islands has
anomalously low cloud fraction.
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 858 
Figure 5 859 
 860 

 861 

Fig. 5. The relationship between normalized cloud fraction and normalized aerosol index cal-
culated from 1◦ Level 3 monthly data from a 7 year record of June-July-August Aqua products.
“Normalization” indicates that each 1 degree square in the monthly image was divided by the
values from a clean reference area in that year. The reference area representing clean condi-
tions is (20–25◦ N, 165◦ W–170◦ W). Normalization is required in a multi-year analysis because
clean conditions change year by year either because of large-scale meteorology or possible
drift in the MODIS products due to calibration. The plot suggests that doubling aerosol index
leads to about a 10% increase in cloud amount. The error bars stand for the standard deviation
of the normalized cloud fraction in each aerosol index bin.
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 858 
Figure 5 859 
 860 

 861 
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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Figure 6 862 

 863 
Figure 7 864 
 865 

 866 
Figure 8 867 

Fig. 7. Latitudinal variations of (clockwise) MODIS cloud number frequency (number of filtered
cloud pixels), MODIS cloud optical depth, CloudSat precipitation frequency and MODIS droplet
effective radius, averaged over the longitude band between 165◦ W and 175◦ W.
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Figure 6 862 

 863 
Figure 7 864 
 865 

 866 
Figure 8 867 

Fig. 8. (A) Cloud droplet effective radius (µm) as a function of aerosol index for the region
between 10◦ N∼25◦ N and 160◦ W∼180◦ W. The right y-axis shows the number of points in
each aerosol index bin (solid line). Each point represents the mean droplet effective radius for
this aerosol index bin; (B) CloudSat precipitation frequency as a function of MODIS-derived
droplet effective radius; (C) scatter plot of precipitation frequency against aerosol index. Each
point (in B and C) represents a zonal average of a 1◦ latitudinal bin between 160◦ W and 170◦ W.
The total latitudinal span of the analysis covers from 10◦ N to 25◦ N, and the temporal averaging
period spans June-July-August 2008.
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 868 
Figure 9 869 

Fig. 9. (A) Seasonal mean CALIPSO cloud top height for June-July-August of 2008 observed
at night. Clouds are higher within the sulfate plume; (B) observed CloudSat mean precipita-
tion rate anomaly for 2008 relative to 2006–2009 climatology. A volcano track of precipitation
reduction is noted; (C) observed seasonal mean broadband albedo for July 2008 derived from
the ERBE-like CERES product from the Aqua satellite.
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 870 

 871 
Figure 10 872 
 873 
 874 
 875 
 876 
 877 

Fig. 10. High-pass filtered Sea Surface Temperature (SST) Empirical Orthogonal Function
(EOF) mode 1. Data are taken from the years 2000–2010.
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 878 
Figure 11 879 
 880 

 881 
Figure 12 882 

Fig. 11. Scatter plot of the principal component of filtered SST EOF mode 1 against that of
cloud fraction, showing no correlation between them. 2008 has the highest value of cloud
fraction principal component while the filtered SST is close to the mean value.
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 878 
Figure 11 879 
 880 

 881 
Figure 12 882 

Fig. 12. Relative humidity anomaly in JJA, 2008 at 1000 hPa calculated from the NASA Mod-
ern Era Retrospective-Analysis for Research and Applications (MERRA) data set. The area
downwind of the Hawaiian Islands is generally drier relative to climatology.
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Figure 13 884 

 885 
Figure 14 886 
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 896 
Table 1 897 
 898 

 Cloud optical depth Cloud droplet radius Cloud fraction 

Aerosol 0.898 (p<0.001) -0.867 (p<0.001) 0.683 (p<0.03) 

Filtered SST 0.108  0.4 (p>0.2) 0.107 

Fig. 13. The EOF mode 1 of aerosol index. A pattern of a plume emerging from the Big Island
is apparent and it provides the dominant variability in aerosol. A similar pattern is observed for
aerosol optical depth EOF mode 1.
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 883 
Figure 13 884 

 885 
Figure 14 886 
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 896 
Table 1 897 
 898 

 Cloud optical depth Cloud droplet radius Cloud fraction 

Aerosol 0.898 (p<0.001) -0.867 (p<0.001) 0.683 (p<0.03) 

Filtered SST 0.108  0.4 (p>0.2) 0.107 

Fig. 14. A schematic depicting the different evolution of polluted, non-precipitating and clean,
precipitating trade cumuli.
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