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Abstract. The concept of geoengineering by marine cloud
brightening is based on seeding marine stratocumulus clouds
with sub-micrometer sea-salt particles to enhance the cloud
droplet number concentration and cloud albedo, thereby pro-
ducing a climate cooling effect. The efficacy of this as a strat-
egy for global cooling rests on the extent to which aerosol-
perturbed marine clouds will respond with increased albedo.
Ship tracks, quasi-linear cloud features prevalent in oceanic
regions impacted by ship exhaust, are a well-known mani-
festation of the effect of aerosol injection on marine clouds.
We present here an analysis of the albedo responses in ship
tracks, based on in situ aircraft measurements and three years
of satellite observations of 589 individual ship tracks. It is
found that the sign (increase or decrease) and magnitude of
the albedo response in ship tracks depends on the mesoscale
cloud structure, the free tropospheric humidity, and cloud
top height. In a closed cell structure (cloud cells ringed by
a perimeter of clear air), nearly 30 % of ship tracks exhib-
ited a decreased albedo. Detailed cloud responses must be
accounted for in global studies of the potential efficacy of
sea-spray geoengineering as a means to counteract global
warming.

1 Introduction

Marine stratocumulus clouds (MSc), covering, on average,
nearly one-third of the ocean surface (Warren et al., 1988),
exert a cooling influence on climate. It has been estimated
that a 6 % increase of the albedo of MSc would offset
the warming by atmospheric CO2 doubling (Latham et al.,

2008). Based on the assumption that increasing aerosol num-
ber concentration leads to higher cloud droplet number con-
centration and an increase in cloud albedo (Twomey, 1991)
(assuming constant liquid water path – LWP), a marine geo-
engineering scheme was proposed (Salter et al., 2008): using
wind-driven spray-vessels that pump sub-micrometer sea-
salt particles into the air beneath MSc. The effect of injecting
aerosols into the marine boundary layer has been evaluated
in several global climate modeling studies with prescribed
enhanced cloud droplet number concentration (Jones et al.,
2009; Rasch et al., 2009; Bala et al., 2011), global aerosol
microphysics models (Korhonen et al., 2010; Partanen et al.,
2012; Pringle et al., 2012), parcel models (Russell et al.,
1999; Bower et al., 2006), and cloud-system resolving mod-
els (Wang et al., 2011).

According toIPCC(2007), the median value of predicted
global aerosol indirect radiative forcing is−0.7 Wm−2, with
an uncertainty range from−1.8 to −0.3 Wm−2. Modeling
the global aerosol indirect effect is challenging, as the repre-
sentations of aerosol-cloud interactions in climate models are
necessarily crude (Lohmann and Feichter, 2005). The sen-
sitivity of clouds and precipitation to aerosol perturbations
must account for buffering mechanisms (Stevens and Fein-
gold, 2009). As both aerosol levels and meteorology (i.e.,
large-scale dynamic and thermodynamic state) govern the
state of cloudiness, the coupling of these two factors compli-
cates the interpretation of aerosol-cloud responses (Stevens
and Brenguier, 2009).

Ship tracks serve as a well-known manifestation of marine
aerosol-cloud interactions. There have been a number of ob-
servational studies of ship tracks, including in-situ airborne
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Table 1. Instrumentation Payload on CIRPAS Twin Otter.

Parameter Instrument Detected Size

Particle Number Concentration Condensation Particle Counter: CPC3010 Dp
a> 10 nm

CPC3025 Dp > 3 nm

Aerosol Size Distribution Passive Cavity Aerosol Spectrometer Probe (PCASP) 0.1–2.6 µm
Scanning Differential Mobility Analyzer (DMA) 15 nm–1 µm

Cloud and Drizzle Drop Size Distribution Cloud, Aerosol, and Precipitation Spectrometerb (CAPS) 0.4 µm–1.6 mm
Phase Doppler Interferometer (PDI) 4–200 µm
Forward Scattering Spectrometer Probe (FSSP) 1–46 µm
Gerber Light Diffraction (PVM-100 probe) ∼ 5–50 µm

Aerosol Bulk Composition Aerodyne Time-of-Flight Aerosol Mass Spectrometer (AMS)Dva
c
∼ 40 nm–1 mm

Single-Particle Soot Photometer (SP2)

Particle Properties Cloud Condensation Nuclei Counter (CCN Spectrometer)
Particle Soot Absorption Photometer (PSAP)
Photoacoustic Soot Spectrometer (PASS-3)

Cloud Structures Frequency-Modulated Continuous-Wave
94 GHz Doppler Cloud Radar (upward-facing)

Particle and Droplet Inlets Counterflow Virtual Impactor (CVI)

Meteorological variables Meteorology probes
(Temperature, relative humidity, wind properties, etc.)

a Particle diameter.
b Drizzle drop size distribution is measured by the Cloud Imaging Spectrometer (CIP-2D), included in the CAPS package.
c Vacuum aerodynamic diameter.

measurements (e.g.,Radke et al., 1989; Ferek et al., 1998;
Durkee et al., 2000; Twohy et al., 2005; Lu et al., 2007, 2009)
and remote sensing satellite observations (e.g.,Coakley and
Walsh, 2002; Schreier et al., 2007; Segrin et al., 2007; Leb-
sock et al., 2008; Christensen and Stephens, 2011, 2012).
Whereas ample evidence exists that increased aerosol levels
lead to more numerous and smaller cloud droplets, the re-
sponse of cloud macrophysics (i.e., cloud thickness, LWP) to
aerosol perturbations is not as clear-cut. Cloud macrophys-
ical responses to increased aerosol levels can lead to either
enhancement or diminution of cloud brightening. By utiliz-
ing both in situ aircraft measurements and A-Train satellite
data, we present here an analysis of the factors that control
the sign and magnitude of the aerosol indirect effect in ship
tracks.

2 Data description

2.1 In-situ E-PEACE data

The Eastern Pacific Emitted Aerosol Cloud Experiment (E-
PEACE) aircraft campaign, carried out in July and August
2011 (30 research flights) over the eastern Pacific adjacent to
the coast of Monterey, California, was designed to provide
a well-defined data set on MSc responses to ship emissions
(Russell et al., 2012). This area of widespread ship traffic is
characterized by layers of persistent stratocumulus clouds.
The Center for Interdisciplinary Remotely-Piloted Aircraft

Studies (CIRPAS) Twin Otter aircraft was employed, with a
full payload of state-of-the-art aerosol and cloud instrumen-
tation (Table1). In the E-PEACE campaign, three types of
particle sources were used as cloud perturbations: (a) com-
bustion exhaust from large container/tanker vessels (dry di-
ameters 50–100 nm); (b) organic smoke generated onboard
the Research VesselPoint Sur(dry diameters 100 nm–1 µm);
and (c) aircraft-emitted milled salt particles (dry diameters
3–5 µm). The present work focuses on the effect of combus-
tion exhaust from large container/tanker ships. Over the 30
flights carried out, approximately 45 cargo/tanker ship emis-
sions and their effect on cloud microphysical and macrophys-
ical properties were probed. Several flight strategies were ap-
plied. In most flights, the aircraft executed a zigzag pattern in
and out of the plume, with below cloud, in-cloud (cloud base,
mid-cloud, cloud top), and above cloud legs. In four of the
flights, spiral soundings and/or slanted ascents (Fig.1) were
conducted in areas clearly influenced by the ship exhaust and
in adjacent areas relatively free of ship exhaust, from which
the cloud base/top heights, LWP, and cloud albedo, using the
vertical boundary layer profile, were obtained. This strategy
of spiral sounding and slanted ascents proved ideal to probe
the response of cloud properties with respect to ship-emitted
particles: ship exhaust and background marine aerosol below
cloud, in cloud, and above cloud were probed, with the per-
turbed clouds subject to the same background meteorological
conditions as those outside the region of exhaust impact. We
focus here on these four research flights during E-PEACE.
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Fig. 1.Spiral soundings of clean and ship exhaust perturbed areas in E-PEACE research flight 20 and 24 (4 and 10 August 2011, respectively).
Flight path is colored according to aerosol number concentration (particle diameter> 120 nm).

In situ measurements are subject to a variety of uncer-
tainties and limitations. The measurement uncertainty of the
probes is documented in several studies (e.g.,Baumgardner
et al., 2001; Conant et al., 2004; Lance et al., 2010). The
probes were repeatedly calibrated during the E-PEACE field
mission. The aerosol number concentration (Na) was mea-
sured by a condensation particle counter (CPC) and a passive
cavity aerosol spectrometer probe (PCASP). Cloud droplet
size distributions were measured by the cloud, aerosol, and
precipitation spectrometer (CAPS), and cloud droplets are
defined as those with radius greater than 1.77 µm but smaller
than drizzle droplets. Drizzle drop size distribution was mea-
sured using the Cloud-Imaging Probe (CIP, included in the
CAPS package, with size range from 15 µm to 1.6 mm),
and drizzle drops are defined as those with radius greater
than ∼ 20 µm. These values (radius 1.77 and 20 µm) were
chosen based on the particle size range of each measuring
bin. Cloud droplet is defined as drops with radius larger
than ∼ 2 µm (e.g.,Chen et al., 2011), and the correspond-
ing size bin in CAPS is between 1.77 and 2.35 µm in ra-
dius. Therefore 1.77 µm was chosen as the threshold of cloud
droplet size. For drizzle drops, the cutoff radius between
cloud and drizzle drops is defined as 25 µm (e.g.,Wang and
Feingold, 2009). The closest size bin in CIP is that ranging
from ∼ 20 to 32 µm, with 25 µm being the geometric mean.
Thus 20 µm was chosen as the lowest boundary of drizzle
drops. The cloud base and top are defined with cloud droplet
number concentration (Nd) threshold> 10 cm−3 and liquid
water content (LWC)> 0.01 gm−3. LWC is calculated by
LWC =

∫ 4
3πρwr3n(r)dr, whereρw is density of water,r is

droplet radius, andn(r) is the droplet number concentration
distribution. Based on the entire cloud layer profile sampled
in these four flights, LWP can be estimated using LWP=∑

(z(i + 1) − z(i)) ×

(
LWC(i+1)+LWC(i)

2

)
, wherez(i) is the

altitude from cloud base (i = 1) to cloud top. The cloud
droplet effective radius (re) is calculated usingre =∫

r3n(r)dr/
∫

r2n(r)dr.
With the drizzle drop size distribution, the rain rate

(mmday−1) is calculated byZhao et al.(2011): R = 24×

0.6π×10−3
∫ Dmax
Dmin

D3v(D)n(D)dD, whereD is the raindrop

diameter, andv(D) is the droplet terminal velocity (ms−1),
determined byv(D) = 3.778× D0.67 (Zhang et al., 2001).
The cloud base rain rate is averaged over the lower quarter of
the cloud depth.

Using the cloud droplet spectrum, the cloud optical depth,
τ , is calculated by

τ =

∫ ∫
2πr2n(r)dr dz, (1)

where the extinction efficiency at visible wavelength is ap-
proximately 2 in the geometric optics limit for typical cloud
droplet sizes (Seinfeld and Pandis, 2006).

Under adiabatic conditions, a relationship between cloud
optical depth and cloud droplet number concentration,Nd,
can be expressed as (Brenguier et al., 2000):

τ =
9

10

(
4

3
π

) 1
3

l
2
3
0 (kNd)

1
3 H

5
3 , (2)

wherel0 = Cw/ρw, Cw is the moist adiabatic condensation
coefficient, ranging from 1 to 2.5× 10−3 gm−4 for temper-
atures between 0◦C and 40◦C (Brenguier et al., 2000); k

is a parameter inversely proportional to the droplet distribu-
tion breadth (unitless), approaching 0 for a very wide droplet
spectrum and 1 for a monodisperse droplet population; and
H is cloud thickness. The assumption of adiabatic conditions
in Eq. (2) may not be appropriate for heavy drizzling clouds
and/or partly cloudy (i.e., open cell cloud) conditions (e.g.,
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Hayes et al., 2010). Comparison of cloud albedo suscepti-
bility using Eqs. (1) and (2) will be investigated to evaluate
the effect of the adiabatic assumption (Sect. 3.1). From the
approximate expression for cloud albedo (Lacis and Hansen,
1974), A = τ/(τ + 7.7), one obtains dA/dτ = A(1− A)/τ .
Together with Eq. (2), the susceptibility of cloud albedo to
a perturbation in cloud droplet number concentration can be
approximated as:

dA

dNd
=

A(1− A)

3Nd

(
1+

dlnk

dlnNd
+ 5

dlnH

dlnNd

)
. (3)

The first term on the R.H.S. of Eq. (3) represents the so-
called Twomey effect, the second term is the dispersion ef-
fect (i.e., effect of changes inNd on the cloud droplet size
distribution), and the third term expresses the sensitivity of
cloud thickness to aerosol perturbations. The cloud thickness
response, which can be either positive or negative, is deter-
mined by the balance between (a) the moistening/cooling of
the marine boundary layer resulting from precipitation sup-
pression, and (b) drying/warming resulting from enhanced
entrainment due to increased turbulence (Ackerman et al.,
2004; Wood, 2007). Precipitation suppression does not al-
ways lead to moistening of the MSc; under certain condi-
tions, it can enhance entrainment and lead to cloud thin-
ning. The three effects represented in Eq. (3) are the major
ones governing the response of cloud albedo to a perturba-
tion in cloud droplet number concentration. As an increase
in emitted aerosol particles can lead to an increase inNd (the
strength of which depends on background aerosol number
concentration, particles acting as cloud condensation nuclei,
etc.), Eq. (3) can be applied to the ship exhaust observations,
expressing the change between the unperturbed clouds, sub-
ject only to the marine background aerosol number concen-
tration (thus backgroundNd), and those perturbed by ship
exhaust.

For the dispersion effect, the coefficientk is calculated fol-
lowing Lu and Seinfeld(2006) as a function of relative dis-
persion (d) and skewness (s) of the droplet number concen-

tration distributionn(r), k =

(
1+d2

)3

(sd3+1+3d2)
2 , whered = σ/r̄,

r̄ is mean droplet radius,σ is the standard deviation of the

droplet spectrum, given byσ =

(
1

Nd

∫
(r − r̄)2n(r)dr

)1/2
,

and skewnesss is defined ass =
1

σ3Nd

∫
(r − r̄)2n(r)dr.

2.2 Satellite: A-Train data

The A-Train satellite observations stemmed from the frame-
work of Christensen and Stephens(2012). Using 1-km
MODIS imagery over regions on the globe where MSc are
prevalent (e.g., the North Pacific Ocean, and adjacent to the
coasts of South America and South Africa), ship tracks dur-
ing the period June 2006–December 2009 were meticulously
logged by hand. Polluted and nearby unpolluted clouds iden-
tified from MODIS images were co-located to the closest

observation from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) and cloud profiling radar (CPR) on
CloudSat. Droplet effective radius and cloud optical thick-
ness were derived from the 3.7-µm reflectances and ob-
tained using the MODIS cloud product (MYD06,King et al.,
1998). One-kilometer pixels were screened to include only
those with full cloud coverage and fitting the requirement
of a single layer, low-level (cloud top pressure greater than
600 hPa), and warm phase cloud. The screening criteria are
similar to those applied inChristensen and Stephens(2012).
Cloud albedo was calculated using BUGSrad (Stephens
et al., 2001), a two-stream radiative transfer model. LWP
was derived from the effective radius and optical depth
through LWP= (2/3)ρwreτ (Stephens, 1978), assuming that
the cloud contains spherical droplets and that liquid water
content follows an adiabatic vertical profile. These assump-
tions lead to∼ 30 % error at the pixel scale, as derived from
Bennartz(2007). Therefore, numerous pixels, a minimum of
30 for a ship track, were grouped together into segments to
reduce the uncertainty, thereby producing a more represen-
tative average of the cloud optical properties derived from
MODIS.

In total, 589 ship tracks were identified. Clouds were clas-
sified subjectively as closed cell, open cell, unclassifiable,
or others (rolled, wavy, streets, etc.) by visually inspecting
the region of clouds in a MODIS image (0.64-µm channel)
surrounding the ship track. An automated pixel identifica-
tion scheme, outlined inChristensen and Stephens(2012),
was applied to each ship track domain in order to isolate the
1-km MODIS pixels in the ship track from the surrounding
unpolluted clouds. Segments, 30-km in length, containing a
number of pixels were used to construct reasonably represen-
tative averages of the cloud optical properties derived from
MODIS for the polluted and unpolluted portions of ship track
domains.

3 Results

3.1 Cloud response in ship tracks: in situ observations

During four of the research flights (RF18, 19, 20, and 24)
with spiral soundings and/or slanted ascents, the responses of
cloud properties with respect to ship-emitted particles were
probed. In each case, the clouds showed marked differences
in the microphysical (e.g., effective radius) and macrophys-
ical properties between the unperturbed clouds (in the ab-
sence of ship emissions) and those impacted by ship emission
plumes. The perturbed clouds exhibited higher cloud droplet
number concentration and smallerre (Table 2 and Fig.2),
consistent with findings in past field studies of ship tracks
(e.g.,Radke et al., 1989; Hudson and Yum, 1997; Durkee
et al., 2000; Brenguier et al., 2000; Twohy et al., 2005; Lu
et al., 2007).

Atmos. Chem. Phys., 12, 8223–8235, 2012 www.atmos-chem-phys.net/12/8223/2012/
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Table 2. Aerosol/cloud properties measured during E-PEACE Research Flights 18, 19, 20, and 24. For the cloud structure, closed/open
means closed or open cloud cellular structure. Cloud layer is defined with cloud droplet number concentration> 10 cm−3 and liquid water
content> 0.01 g m−3. MeanNa, Nd, re (cloud drop effective radius), andk (droplet spectral shape parameter) are geometric mean values.
BL averagew′w′ is the mean vertical velocity variance in the boundary layer. Standard deviation is in parenthesis.

Research Cloud Cloud Cloud Cloud MeanNa MeanNd Meanre Cloud base BL mean k

Flight Structure top base thickness (> 120 nm) (cm−3) (µm) rain rate w′w′

(2011) (m) (m) (m) (mm d−1) (m2 s−2)

RF18 Clean Closed 609.5 460.0 149.5 153.9 (96.3) 216.1 (44.1) 6.15 (0.97) n/a 0.214 0.81
(2 Aug) Ship 598.8 475.3 123.5 379.5 (137.7) 316.8 (117.4) 5.45 (0.84) n/a 0.216 0.71

RF19 Clean Closed 630.7 329.1 301.6 126.2 (82.4) 161.4 (33.6) 8.80 (1.04) 0.63 (0.28) 0.239 0.74
(3 Aug) Ship 648.2 266.2 382.0 217.6 (111.3) 341.7 (127.7) 7.32 (1.18) 0.60 (0.32) 0.311 0.73

RF20 Clean Open 616.3 363.9 252.4 24.3 (13.8) 14.0 (6.4) 16.94 (2.63) 12.53 (4.03) 0.103 0.39
(4 Aug) Ship 608.6 264.8 343.8 73.4 (43.1) 39.0 (9.3) 16.01 (2.73) 11.40 (3.60) 0.113 0.57

RF24 Clean Closed 607.7 238.6 369.1 115.2 (78.2) 153.5 (38.7) 9.27 (1.57) 1.58 (0.54) 0.135 0.65
(10 Aug) Ship 591.5 254.4 337.1 197.2 (96.0) 193.5 (80.5) 8.76 (1.36) 1.07 (0.59) 0.200 0.63
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Fig. 2. Cloud microphysical parameters measured along the flight tracks. Each symbol represents data over a 1 s increment. Cloud droplet
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∼ 4 and 19 µm. Clean and perturbed cloud data are presented by crosses and open circles, respectively.
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Fig. 3.GOES satellite images. Satellite images during(a) RF20 (4 August 2011) and(b) RF24 (10 August 2011) off coast of Monterey, CA,
exemplifying open and closed cell cloud structures, respectively. Flight path is colored according to aerosol number concentration (particle
diameter> 10 nm).

Table 3. Cloud LWP, optical properties, and environmental conditions measured during E-PEACE Research Flights 18, 19, 20, and 24.
Standard deviation is in parenthesis.

Research LWP Optical Cloud 1LWP/LWPb 1A/A Dewpoint
Flight (gm−2) depthτa albedoA depressionc (K)

RF18 Clean 31.0 7.3 0.49 −0.33 −0.12 40.0 (1.4)
(2 Aug) Ship 21.1 5.8 0.43

RF19 Clean 104.0 18.4 0.70 0.62 0.16 14.3 (1.4)
(3 Aug) Ship 168.2 35.4 0.82

RF20 Clean 41.5 4.6 0.37 2.82 0.82 2.8 (0.5)
(4 Aug) Ship 158.5 16.4 0.68

RF24 Clean 128.6 21.8 0.74 −0.17 −0.02 16.9 (1.8)
(10 Aug) Ship 107.2 20.1 0.72

a Calculated using Eq. (1).
b Relative LWP difference between exhaust-perturbed and unperturbed clouds.
c The free tropospheric dewpoint depression (T − Td) is averaged over the region from 100 m above the cloud top to the highest point
reached in the flight (on average 100 to∼ 140 m above cloud top).

During RF20 (4 August 2011), the clouds were heavily
drizzling (Table2). The presence of heavy drizzle produced
an open-cell-like cloud structure (i.e., open spaces ringed
by cloud edges, Fig.3a). Previous studies (Stevens et al.,
2005; vanZanten et al., 2005; Savic-Jovcic and Stevens,
2008; Wang and Feingold, 2009) have shown that apprecia-
ble precipitation can lead to patchy, scattered cloud, associ-
ated with open cellular structures. In the presence of heavy
drizzle and solar heating, drizzle evaporation below cloud
base and solar absorption tend to promote a stable density
stratification within the marine boundary layer (e.g.,Stevens
et al., 1998; Lewellen and Lewellen, 2002). In the cloud re-
gion impacted by the injection of ship exhaust, substantial
increases in cloud thickness (Clean= 252 m, Ship= 344 m)
and LWP (Clean= 41.5 gm−2, Ship= 158.5 gm−2) were ob-

served, and the cloud albedo is estimated to have increased
by 82 % (using Eq. (1); Table3). For this optically thin cloud
with an open cell structure and low background aerosol num-
ber concentration, the injection of ship exhaust produced a
much brighter cloud than those neighboring owing to more
numerous smaller droplets and higher LWP. Also, numerous
smaller droplets in ship tracks is predicted to lead to less ef-
ficient coalescence and a slightly lower cloud base precipi-
tation rate, followingAlbrecht (1989). Such a response has
been observed in previous field studies (e.g.,Ferek et al.,
1998; Lu et al., 2007).

During RF18, 19, and 24, an overcast sky existed with
closed cell cloud structures (Fig.3b). The clouds were non-
drizzling in RF18, and lightly drizzling in RF19 and 24.
A reduced cloud base rain rate was also evident in RF19

Atmos. Chem. Phys., 12, 8223–8235, 2012 www.atmos-chem-phys.net/12/8223/2012/
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and RF24 ship exhaust-perturbed conditions. As the per-
turbed cloud droplet size near cloud top becomes smaller
(Fig. 2), reduced sedimentation of cloud droplets near the
cloud top entrainment zone tends to cause more efficient
cloud top evaporation, enhancing turbulent kinetic energy
and entrainment, and leading to smaller LWP and a thinner
cloud (Bretherton et al., 2007). These phenomena (less pre-
cipitation, higher vertical velocity variance, lower LWP and
thinner cloud) are evident in RF18 and RF24 (Table2).

Among the three closed cell cases, the perturbed cloud in
RF19 had higher LWP, cloud thickness, and optical depth
than the adjacent clean cloud, similar to that observed in the
open cell cloud in RF20. However, the opposite response
was observed in RF18 and 24, where decreases in LWP,
cloud thickness, and optical depth in the ship track region
were found. The difference in cloud macrophysical responses
among these cases can be attributed to the ambient thermody-
namic conditions. The dewpoint depression (i.e., difference
between temperature and dewpoint temperature, an estimate
of moisture) above cloud top was much larger in RF18 and
24 as compared to RF19 and 20, indicating a drier free tropo-
sphere in these two cases (Table3). The temperature and hu-
midity variations near cloud top reflect the processes of cloud
top entrainment warming and drying (positive dθ/dz and
negative dq/dz near cloud top; not shown). As the bound-
ary layer dried, the cloud became thinner, with higher cloud
base and lower cloud top. Entrainment drying dominated the
response of cloud water (Ackerman et al., 2004). In RF18
and RF24, with drier air above the cloud deck in the closed
cell cloud structure, not only did the LWP decrease, but the
cloud optical depth also decreased by 20.7 % and 7.8 %, re-
spectively.

The susceptibility of cloud albedo to increasedNd (i.e.,
dA/dNd) was calculated for these four cases to evaluate the
change between the unperturbed clouds and those perturbed
by ship emission (Fig.4). Comparing the cloud albedo sus-
ceptibility estimated from the analytical formulation based
on the adiabatic assumption (Eq.3) and derived using the
droplet size spectrum (using Eq.1 andA = τ/(τ + 7.7); see
also Table3), the two derived albedo susceptibilities ex-
hibit only small difference for non-precipitating and light-
drizzling clouds (RF18, 19, and 24, as shown in Fig.4).
However, for heavy drizzling clouds with open cell struc-
ture (RF20), the cloud albedo susceptibility derived using
Eq. (1) is about twice as large as that from Eq. (3), indi-
cating that the assumption of adiabatic conditions is not ap-
plicable for heavy drizzling clouds (see alsoHayes et al.,
2010). In RF18 and RF24, where negative albedo response
(i.e., lower albedo with increasedNd) was observed, the sign
of the cloud thickness effect is negative (Fig.4), as stronger
entrainment drying/warming led to a thinner cloud. The sign
of the dispersion effect is also slightly negative in these two
cases where non/light drizzle exists. The broadening of the
spectrum is caused by the competition for water vapor in the
relatively polluted, condensation-dominated regime, offset-
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Fig. 4. Magnitude of cloud susceptibility in four E-PEACE cases.
Twomey effect (red circle), dispersion effect (green circle), cloud
thickness effect (blue circle), and total cloud albedo susceptibility
based on Eq. (3) (black circle) and Eq. (1) (black cross) for RF18,
RF24, RF19, and RF20 (order from low to high cloud albedo sus-
ceptibility).

ting the cooling from the Twomey effect (Feingold and Seib-
ert, 2009). This result is consistent with previous observa-
tional studies (e.g.,Ackerman et al., 2000; Liu and Daum,
2002). In RF18 and RF24, though the sign of the Twomey
effect is positive, it is offset by the negative cloud thickness
effect, as the cloud optical depth is five times more sensi-
tive to changes in cloud thickness (Eq.3). Combined, these
effects produced 11.8 % and 2.2 % (for RF18 and RF24, re-
spectively) decreases in cloud albedo in the ship track region.

In RF20, with an open cell cloud structure and an opti-
cally thin cloud, the cloud albedo susceptibility is the largest
among the four cases. The Twomey effect, dispersion ef-
fect, and cloud thickness effect are all positive, with the
largest contribution coming from the cloud thickness effect
(Fig. 4). The positive dispersion effect (narrower droplet size
spectrum under polluted condition) in this heavy-drizzling
case is in opposite trend to the cases with non/light driz-
zle (RF18, 19, 24). This result agrees with the large eddy
simulation (LES) studies inLu and Seinfeld(2006) and
Chen et al.(2011), where a larger value of the disper-
sion effect occurs for clouds with stronger precipitation.
With increased aerosol, smaller droplets suppress collision-
coalescence, leading to less spectral broadening. Also, higher
updraft velocity (due to stronger turbulence) leads to droplet
condensational growth and thus spectral narrowing (Lu and
Seinfeld, 2006). In RF20, the dispersion effect acts to en-
hance the Twomey effect. Among these three major effects,
the dispersion effect plays a minor role in the total albedo
susceptibility. In RF19, with a closed cell cloud structure,
cloud susceptibility is also positive. In these two cases (RF19
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a b

c d

Fig. 5. Frequency distribution of different parameters for 589 individual ship tracks from June 2006–December 2009 A-Train observations.
The parameters include:(a) dew point depression,(b) cloud top height,(c) effective radius, and(d) optical depth. Albedo enhancement
(brightening) and decrease (dimming) cases are shown by red and blue lines, respectively. Means and (standard deviations) are given at the
top of each panel. The cloud top height, effective radius, and optical depth are averaged over the unpolluted cloudy sections of each ship
track.

and RF20), the relatively moist overlying air led to less effi-
cient entrainment drying, together with reduction in drizzle,
resulting in higher LWP and albedo (cloud brightening).

3.2 Cloud response in ship tracks: A-Train observations

Based on 1-km MODIS imagery during the period June
2006–December 2009, 589 ship tracks were classified as
closed cell, open cell, unclassifiable, or others by visually in-
specting the cloud regions surrounding each ship track using
MODIS images.

Among the 589 ship tracks identified, ship plumes en-
hanced the cloud albedo∼ 75 % of the time, while∼ 25 %
of the time, a decrease in cloud albedo was observed. Ship
tracks were separated into two categories: those with en-
hanced albedo (cloud brightening) and those with diminished
albedo (cloud dimming) as compared to the surrounding
clouds (Fig.5). The average dewpoint depression (average
moisture profile above the boundary layer from ECMWF-
AUX reanalysis data, e.g.,Partain, 2004; Benedetti, 2005) is
higher in cloud dimming cases (24.0 K) than those in cloud

brightening cases (18.0 K), consistent with the findings from
the in-situ E-PEACE data. Also, the average cloud top height
is higher in cases of reduced albedo, as a higher cloud top
suggests a greater chance for the cloud layer to be decoupled
from the surface moisture supply. This result is similar to that
of Wood(2007), in which increasing droplet number concen-
tration leads to cloud thinning in clouds with higher cloud
base height (particularly those higher than 400 m). Higher
clouds, which are relatively decoupled and consequently not
as susceptible to aerosol perturbations, were found to ex-
hibit more frequent reduced cloud albedo than lower clouds.
A dependence of albedo response on cloud top height was
not observed during the E-PEACE flights as the cloud top
heights were all below 650 m. Based on the satellite data, the
impacts of effective radius and optical depth on albedo re-
sponse are less evident (Fig.5). Generally, the average effec-
tive radius is slightly smaller, and the average optical depth
is slightly larger in ship tracks for which a dimming response
was observed than those with brightening response. Despite
the higher cloud tops in the cloud dimming regime, smaller
droplets in the ambient clouds were observed, suggesting that
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Fig. 6. Fractional change in cloud albedo (Eq.4) versus the frac-
tional change in logarithm LWP. Indicated are the regime of the
Twomey effect (red dots, defined by the absolute value of the frac-
tional change in LWP less than 5 %) and of LWP feedback adjust-
ment (black dots, in which clouds interacted with the environment,
resulting in change in LWP). The four E-PEACE data points (pink)
are shown.

.

droplet growth was suppressed in an environment of drier air
above cloud tops. InChristensen and Stephens(2012), the
optically thin clouds with larger droplets were the most sus-
ceptible to a cloud albedo increase.

The relative change of cloud thickness (or LWP) versus
the Twomey effect determines, in short, the cloud albedo re-
sponse. The dispersion effect is of secondary significance
(Fig. 4; also in Chen et al., 2011). Based on Eq. (3), as-
suming the cloud thickness effect remains constant under
quasi-instantaneous changes (i.e., the timescale over which
the cloud microphysics adjusts to changes in aerosol concen-
tration is rapid (order of minutes) compared to the macro-
physical adjustment timescale), the cloud susceptibility is
simply the Twomey effect, and can be expressed as:

1A

A(1− A)
=

1

3
1(lnNd) . (4)

When the perturbed and unperturbed clouds are macrophys-
ically similar (i.e., red dots in Fig.6, defined by the abso-
lute value of the fractional change in LWP and cloud top
height less than 5 %), the regime is defined as the Twomey
regime (∼ 30 % of ship tracks). As expected, at nearly con-
stant LWP, cloud albedo is higher in the perturbed clouds
compared to the surroundings, primarily resulting from in-
creasedNd. When the macrophysical differences between
perturbed and unperturbed clouds are larger (black dots in
Fig. 6, in which clouds interact with the environment, lead-
ing to change in LWP), the differences in LWP govern the

magnitude and sign of the cloud albedo response. With in-
creased LWP in the ship track, the cloud albedo is increased
beyond that predicted by the Twomey effect and, in some
ship tracks, the reduction in LWP was so great that the cloud
albedo enhancement was dimished to the point where com-
plete cancellation occurred. The four in situ E-PEACE data
points (Fig.6) lie generally within the range of the satellite
data distribution.

As the albedo response of the clouds is, to some extent,
linked to the cloud top altitude and the dryness of the air
above, the effects of the cloud top height and dew point de-
pression on the fractional change in cloud albedo,re, LWP,
andH are depicted in Fig.7. The impact of the ship plumes
on the change in cloud droplet effective radius is relatively
constant with cloud top height. On the other hand, fractional
changes in LWP caused by the plume become increasingly
negative as the cloud top height increases, in agreement with
Christensen and Stephens(2012). Also, as the dew point de-
pression above cloud top increases (drier air), the fractional
change in LWP becomes increasingly negative. As the cloud
albedo response follows closely the LWP response, the cloud
brightening is diminished under drier free troposphere or
higher cloud top heights. Cloud top height and dewpoint de-
pression exert strong controls on the LWP response.

Clouds were classified as closed cell, open cell, unclassifi-
able, or others. In the closed cell regime, nearly 30 % of ship
tracks exhibit decreased cloud albedo. In the open cell and
unclassifiable regimes,∼ 14 % and 19 % of the ship tracks,
respectively, exhibit decreased albedo.

4 Conclusions

The coupling among aerosol, cloud, precipitation, and mete-
orological conditions in the marine boundary layer is com-
plex (Fig. 8). The so-called Twomey and Albrecht effects
can lead to cloud brightening and thus cooling. On the other
hand, in response to an aerosol perturbation, reduced in-
cloud sedimentation leads to an increase of cloud water and
evaporation in entrainment regions, resulting in stronger en-
trainment (Ackerman et al., 2004; Bretherton et al., 2007).
Besides, less drizzle reduces below-cloud evaporative cool-
ing and in-cloud latent heat release, resulting in higher tur-
bulent kinetic energy and thus stronger entrainment (Wood,
2007). In this study, we evaluate, based on both in-situ
and satellite data, the effect of environmental conditions,
cloud cellular structures, and cloud properties (e.g., cloud
top height, extent of drizzle) on cloud albedo responses to
ship emissions. Cloud brightening is evident in an open cel-
lular cloud structure with relatively moist air above cloud
top. The opposite effect appears in the presence of a drier
free troposphere in a closed cellular cloud structure. With
sufficiently dry air above cloud tops, the enhanced entrain-
ment drying/warming facilitated by smaller droplets in pol-
luted clouds leads to lower LWP and thinner clouds. When
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Fig. 7. Binned change in albedo, effective radius (re), LWP, and cloud thickness (H ) as a function of cloud top height (left panel), and dew
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Fig. 8. Conceptual diagram displaying the interactions among aerosol, cloud, precipitation, and meteorology. The response of each prop-
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Footnotes to figure: (1) Twomey effect (Twomey, 1991). (2) Albrecht effect (Albrecht, 1989). (3) Sedimentation-entrainment effect (Brether-
ton et al., 2007). (4) Drizzle-entrainment effect (Wood, 2007). (5) Significant meteorological conditions, such as free tropospheric humidity
(qft ), large scale divergence rate, as well as cloud top height (zi ), can control the MSc structure (Wood, 2007; Chen et al., 2011).

the negative cloud thickness effect outweighs the positive
Twomey effect (Eq.3), a lower cloud albedo results. Based
on over 3 yr of satellite data, both the dryness of the air above
the marine boundary layer and cloud top heights are seen to
play significant roles in determining the albedo response. In
the cases in which cloud albedo actually decreased, cloud top
heights were higher and capped by very dry overlying air. In
classification of cloud cellular regimes, 30 % of the closed
cell ship tracks exhibited lower cloud albedo.

The satellite data show that, on average, 75 % of the ship
tracks are brighter than the surrounding clouds. When taken
as a whole, the polluted clouds are about 2–3 % more re-
flective than the surrounding clouds. The ship track radia-
tive forcing at the local scale (averaged over numerous ship
tracks) is on the order of∼ −10 to−20 Wm−2 (e.g.,Coakley
et al., 1987; Christensen and Stephens, 2011). On the global

scale, however, negligible radiative forcing from ship tracks
has been observed (Schreier et al., 2007; Peters et al., 2011).
In the current study,∼ 25 % of the ship tracks produce a pos-
itive radiative forcing, the strength of which depends on the
depth of the cloud (or decoupling) and the free-troposphere
humidity. The current study employs ship track observations
as means to assess the microphysics of aerosol-cloud rela-
tionships. Further studies are needed to quantify these effects
on global scale.

While the present study has been motivated predominantly
by gaining a more thorough understanding of the response
of marine stratocumulus to perturbations in aerosol con-
centrations, it has obvious implications in terms of marine
cloud brightening geo-engineering. There are some impor-
tant differences, however; when the boundary layer is well-
mixed the buoyancy of ship exhaust may increase the amount
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of ship effluent entering the overlying clouds (Liu et al.,
2000), whereas the surface generation of sea-salt particles,
as demonstrated in the ship wake observations ofDurkee
et al.(2000), lead to a plume that is largely neutrally buoyant.
The extent to which the added buoyancy from the plume aids
in ship track formation is confounded by the observations
from Hobbs et al.(2000) which demonstrate that the heat and
moisture associated with ship exhaust dissipate rapidly into
the boundary layer. Thus, the efficiency of vertical transport
of a plume of sea salt aerosol, under a variety of conditions,
needs to be considered in the design of a geo-engineering
strategy.

Cloud macrophysical responses are crucial in determining
both the strength and the sign of the cloud albedo response
to aerosols intentionally injected into the marine boundary
layer. These responses must be accounted for in global stud-
ies of the potential efficacy of sea spray geo-engineering as a
means to counteract global warming.
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