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Abstract

Ship tracks have been considered the Rosetta Stone demonstrating the effects of anthropogenic aerosols on cloud radia-
tive properties through alteration of cloud microphysical properties. Previous ship-track studies have focused on identify-
ing the signatures of indirect aerosol effects (e.g. enhanced droplet concentration) caused by ship emissions, and have
been mainly concerned with comparing cloud properties within ship tracks to those of surrounding clouds on an individual
track-by-track basis. Here we show that, examined together, ship-track studies can also provide crucial insights into cloud
parameterizations in climate models, as well as understanding the conditions conducive to ship-track formation. It is
found that unlike the measurements from general stratiform clouds where the effective radius is larger than the mean
volume radius, the effective radius is smaller than the mean volume radius for some clouds in which ship tracks form.
The radius ratio (the ratio of the effective radius to the mean volume radius) varies significantly and cannot be ignored
in cloud parameterizations. The relation between the radius ratio and the spectral shape descriptors (relative dispersion
and skewness) of the cloud droplet size distribution is further examined, revealing that the clouds with the effective radius
smaller than the mean volume radius are likely to have negatively skewed cloud droplet size distributions with a higher
concentration of relatively big droplets.
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1. Introduction

Ship tracks were first observed in the early 1960's
from satellites as long, narrow, curvilinear regions of
visible clouds in the wake of a ship (Conover, 1966).
Conover also speculated that ship effluents, espe-
cially aerosol particles, might be responsible for the
formation of these tracks. Twomey et al. (1968) pro-
vided further theoretical arguments to support
Conover's speculation. Twomey (1974, 1977) later
extended the idea to the study of the effects of anthro-
pogenic aerosols on climate, arguing that an increase
in anthropogenic aerosols leads to an increase in
cloud condensation nuclei (CCN), which in turn in-
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creases the number of cloud droplets, decreases drop-
let sizes and enhances cloud albedo (Twomey effect).
Coakley et al. (1987) noted the frequent occurrence
of regions of enhanced cloud albedo in satellite im-
agery (especially at the wavelength of 3.7 um) em-
bedded in preexisting marine stratiform clouds, and
argued that ship tracks served as good examples of
the Twomey effect. To elucidate the mechanisms by
which aerosols affect cloud microphysics and cloud
albedo, subsequent investigations have often com-
bined remote sensing and in-situ measurements of
both radiative and microphysical properties of ship
tracks and surrounding clouds (Radke et al.,1989;
King et al., 1993; Russell et al., 1999; Durkee et al.,
2000; Ackerman et al., 2000; Noone. et al., 2000a,b).
These studies have indeed confirmed the Twomey ef-
fect (ship tracks exhibit a higher droplet concen-
tration, a smaller droplet size and a larger cloud albe-
do compared to adjacent, unperturbed clouds).
Albrecht (1989) further argued that anthropogenic
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aerosols also enhance liquid water content and the
lifetime of clouds and hence cloud albedo because
reduced droplet sizes suppress the development of
drizzle. However, there is no consensus as to the im-
portance of this so-called second indirect effect.
Some studies (Radke et al., 1989; King et al., 1993)
reported an increase in liquid water content in ship
tracks while others (Ferek er al., 1998, 2000;
Ackerman et al., 2000) found no such increases.

An issue closely related to indirect aerosol effects
is the parameterization of cloud microphysics in cli-
mate models, which has been identified as a major
uncertainty in climate models (Cess et al., 1996;
Stokes and Schwartz, 1994). Hansen and Travis
(1974) introduced the concept of effective radius
(defined as the ratio of the third to second moment
of the cloud droplet size distribution) to describe
cloud radiative properties. Slingo (1989) developed
a scheme that parameterizes cloud radiative proper-
ties commonly used in climate models (e.g., optical
depth, single-scattering albedo and asymmetry fac-
tor) in terms of liquid water path and effective radius.
Because liquid water content has been included as a
prognostic variable in climate models (Smith, 1990;
Sundqvist, 1993), the primary difficulty with the pa-
rameterization of cloud microphysics lies in the spec-
ification of the effective radius in terms of prognostic
variables.

Early parameterization schemes for effective radi-
us were formulated as either a linear or a cubic root
function of the cloud liquid water content, implicitly
assuming no dependence of the effective radius upon
the droplet concentration (Stephens, 1978; Fouquart
et al., 1989). An obvious deficiency of these parame-
terizations is their neglect of the droplet concen-
tration and hence the inability to study aerosol in-
direct effects. It has become increasingly common to
parameterize effective radius as a “1/3” power law
of the ratio of the liquid water content to the droplet
concentration (Bower and Choularton, 1992; Pontikis
and Hicks, 1992; Bower et al., 1994; Martin et al.,
1994; Liu and Hallett, 1997; Reid et al., 1999; Liu
and Daum, 2000a,b; Wood, 2000; McFarquhar and
Heymsfield, 2001).

(] #(L) =s. n

where p is the density of water, r. the effective radius,
L the liquid water content, N the droplet concen-
tration, and 1, = (3/4np)1/3(L/N )1/3 is the mean volume
radius. According to (1), the nondimensional param-
eter B is the ratio of the effective radius to the mean
volume radius, and is hereafter referred to as radius
ratio.

Most developers of cloud parameterizations,
however, have focused on specification of the liquid
water content and droplet concentration (Rotstayn
1999; Ghan et al., 1997; Lohmann et al., 1999), as-
suming (explicitly or implicitly) that the radius ratio
is a constant (e.g., f =1) or has a negligibly small ef-
fect on the evaluation of effective radius and there-
fore on cloud radiative properties such as cloud albe-
do (Schwartz and Slingo 1996). A few studies have
demonstrated that the radius ratio varies sub-
stantially and significantly affects the evaluation of
cloud radiative properties (Pontikis and Hicks, 1992;
Liu and Hallett, 1997; Liu and Daum, 2000a,b;
Wood, 2000; McFarquhar and Heymsfield, 2001).
However, studies of the radius ratio are still very lim-
ited, and further understanding is needed to even-
tually incorporate this quantity into cloud parameter-
izations in climate models.

Virtually all ship-track studies performed so far
have contrasted a single, specific ship track with its
immediate, unperturbed surroundings, focusing on
whether or not ship emissions cause any changes in
droplet concentration, liquid water content, or effec-
tive radius. No ship- track studies have been geared
toward improving cloud parameterizations. We will
show in this study that, if they are examined together,
these ship-track studies also provide important im-
plications for cloud parameterizations in climate
models. Specifically, we will use data from pre-
viously published ship-track studies to demonstrate
that the radius ratip not only varies dramatically, but
also may be smaller than one. This finding further re-
inforces the notion that assumption of a constant radi-
us ratio can cause substantial errors in the evaluation
of cloud radiative properties, and hence in climate
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simulations.

2. Re-Examination of Previously Published Data

Cloud albedo was the principal quantity examined
in early ship-track studies (e.g., Conover, 1966;
Coakley et al., 1987). Later studies of ship tracks also
included microphysical measurements of droplet
concentration, liquid water content and effective ra-
dius, with the primary motivation to physically un-
derstand aerosol-cloud-albedo interactions. Radke
etal. (1989) and King et al. (1993) described the first
in situ microphysical measurements of ship tracks
encountered off the southern California coast in July
1987 during the marine stratocumulus intensive field
observation of the First ISCCP Regional Experiment
(FIRE). Ferek et al. (1998) reported combined satel-
lite and in-situ microphysical measurements for two
ship tracks off the Washington coast in 1992. A more
comprehensive campaign, the Monterey Area Ship
Track (MAST) experiment, was conducted off the
California coast in 1994, and the major findings were
published in a special issue of Journal of the
Atmospheric Sciences (J. Atmos. Sci., 57, No.16,
2000). Values of droplet concentration, liquid water
content and effective radius in ship tracks and the cor-
responding unaffected ambient clouds were tabu-
lated in several studies (King et al., 1993; Russell et
al., 1999; Ackerman et al., 2000; Frick and Hopple
2000; Noone et al., 2000a,b). The question as to
whether or not the radius ratio is a constant for these
clouds can be answered by examining the relation-
ship between effective radius and mean volume radi-
us; the latter can be easily calculated from the tabu-
lated liquid water content and droplet concentration.

Figure 1 is a composite scatterplot of effective ra-
dius as a function of mean volume radius from these
ship-track studies. Also shown are three lines repre-
senting three commonly used schemes for the param-
eterization of effective radius. The “MO” line de-
notes the parameterization scheme with the radius ra-
tio B =1, which likely corresponds to monodisperse
cloud droplet size distributions. The MM and MC
lines denote the schemes proposed by Martin et al.
(1994) to describe marine and continental stratiform
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Fig. 1. Relationship between effective radius and mean
volume radius. The three lines (MO, MM, and MC) repre-
sent the three commonly used schemes of cloud
parameterization. (See the text for details). The same sym-
bol denotes the data from the same ship track; the blue (red)
color represents the data points inside (outside) the ship
track. The data denoted by symbols x, %, and (] are from
Table 1 of Ackerman et al. (2000); the data denoted by sym-
bols ¥, +, ¥, and < are from Table 3 of Frick and Hopple
(2000); the data denoted by symbols @, @, A, and W are
from Table 5 of Noone et al. (2000a); the data denoted by
symbols A and O are from Table 1 of Noone ez al. (2000a);
the data denoted by symbol V are from Table 2 of King et
al. (1993); the data denoted by symbols @ and ® are from
Table 1 of Russell (1999).

clouds, respectively. In this figure, each symbol of
the blue and red colors represents the pair of data ob-
tained from the clouds within the ship track and the
surrounding clouds, respectively. An examination of
just the data points for each individual ship track in-
dicates that both effective and mean volume radii
within the ship tracks are generally smaller than those
from the surrounding clouds, suggesting that the as-
sumption of a constant radius ratio at least would not
qualitatively alter the conclusion regarding the
Twomey effect reported by the original authors. On
the other hand, an examination of all the data points
reveals that each of the three commonly used
schemes of the effective radius parameterization de-
scribes only a limited number of data points. In fact,
for a given mean volume radius, the effective radius
differs from case to case so substantially that not a
single value of the radius ratio can satisfy all the data
points. For the majority of data points, the difference



4 ASIA-PACIFIC JOURNAL OF ATMOSPHERIC SCIENCES

in effective radius is larger than 2 um. These results
suggest that for a given mean volume radius, or equiv-
alently liquid water content and droplet concen-
tration, the estimated effective radius could suffer
from an uncertainty larger than 2 um due to the as-
sumption of a constant radius ratio alone.

An uncertainty of this magnitude in effective radi-
us caused by the assumption of a constant radius ratio
alone is significant radiatively as well as climatically.
For example, Slingo (1990) showed that the top-of-
atmosphere radiative forcing of doubling the CO,
concentration could be offset by reducing the effec-
tive radius of low clouds from 10 wm to between 7.9
and 8.6 um (approximately 2 um), depending on the
climate model used to make the prediction. A more
recent study indicated that a 10% increase in effective
radius could increase the surface temperature by
about 1.6 C, about the same as predicted for the dou-
bling of the CO, concentration (Hu and Stamnes,
2000). Li et al. (1999) argued that changing effective
radius from 10 wm to 7 um could substantially reduce
arecently reported discrepancy between model-pre-
dicted and observed cloud absorption. The mean
ocean-land difference in effective radiusis from 1.3
to 3.3 um, and its mean hemispheric difference is
from 0.7 to 2.4 um (Slingo, 1990). Evidently, the un-
certainty in effective radius caused by the assumption
of a constant radius ratio alone can easily mask these
crucial issues listed above. In fact, a closer examina-
tion of Fig. 1 reveals that the case-to-case differences
in the effective radius caused by the variation of the
radius ratio alone are at least comparable to those
caused by the perturbation of ship effluents them-
selves, and thus should not be ignored in studies of
ship tracks.

3. Further Analysis

The substantial variability of the radius ratio be-
comes more evident in Fig. 2. It is particularly inter-
esting to note that some values of the radius ratio are
even smaller than one, indicating that the effective
radii are smaller than the corresponding mean vol-
ume radii. This phenomenon has not been previously
reported, although the possibility was pointed out by
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Fig. 2. Same as Fig.1, except that the vertical axis is the radi-
us ratio 3.

Martin et al. (1994).

It is desirable to express the radius ratio as a func-
tion of some commonly used variables to obtain a bet-
ter physical understanding of the processes that affect
it. It has been proved that regardless of droplet size
distributions, the radius ratio can be universally ex-
pressed as (Martin et al., 1994; Liu and Daum 2000b)

’B:(l+382+sé‘3)2/3 ’ @)

1+¢&*

where € and s are the relative dispersion and the
skewness of the cloud droplet size distribution,
respectively. According to this equation, the effec-
tive radius equals the mean volume radius (i.e., p =
1) when either of the following conditions is met:

£=0, (3a)

(3b)

The first condition given by (3a) is straightforward
because it means that the droplet size distribution is
monodisperse. This condition is probably the most
widely used assumption (implicit or explicit) in stud-
ies of cloud parameterizations and indirect aerosol
effects, including ship tracks. However, it is well
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known in cloud physics that this situation never oc-
curs in real clouds. Broader droplet size distributions
have been observed even in the so-called adiabatic
cores of clouds where the narrowest droplet size dis-
tributions are expected (Brenguier and Chaumat,
2001). Understanding the so-called spectral broad-
ening remains a central issue in cloud physics (Liu
et al., 2002). To further explore the more realistic sce-
nario described by (3b), Fig. 3 shows the dependence
of the skewness on the relative dispersion for three
selected values of the radius ratio. The dashed curve
and the dotted curve approximately represent the
lower limit (§ = 0.5) and the upper limit (§ = 1.8) of
the observed values of the radius ratio § shown in Fig.
2, and the solid curve represents the critical case of
B = 1. Equation (3b) indicates that the radius ratio is
smaller than one (i.e., effective radius is smaller than
mean volume radius) when s < [(Hez ) —1—382} / £
or below the solid curve in Fig. 3. It is noteworthy that
for the other scenario of the relative dispersion € =
0, although the radius ratio f = 1 mathematically
holds regardless of the value of the skewness, the
skewness is likely equal to zero in reality because €
= 0 often corresponds to a monodisperse cloud drop-
let size distribution.

A simple mathematical analysis of Eq. (3b) reveals
that as long as € <sqrt[3+2sqrt(3)] ~ 2.54, a value of
radius ratio smaller than one requires a negative
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Fig. 3. Relationships between the skewness and relative
dispersion of the droplet size distribution for the three se-
lected values of .
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skewness. This means that a radius ratio smaller than
one virtually always means a negative skewness be-
cause observed relative dispersions hardly exceed
2.54. Tt is noteworthy that values of relative dis-
persion larger than 2.54 were reported in Wood
(2000) and McFarquhar and Heymsfield (2001), but
droplet size distributions in those clouds were bimo-
dal (a droplet mode plus a drizzle mode) and had val-
ues of radius ratio much larger than one. For non-pre-
cipitating clouds, Liu and Daum (2000a,b) showed
that skewness often is an increasing function of the
relative dispersion. What causes this phenomenon
remains unknown. Also noteworthy is that most data
points with the radius ratio B < 1 exhibits an increase
of B with increasing mean volume radius, suggesting
the possible influences of turbulent entrainment-
mixing and drizzle processes.

It is known that ship tracks occur only under certain
meteorological conditions. Not every ship causes a
ship track; ship tracks appear to form in certain loca-
tions but not in others; ship tracks seem to occur in
clusters (on days when ship tracks occur, they seem
to be plentiful; on days when ship tracks fail to ma-
terialize, even a hint of a ship track is difficult to dis-
cern despite the abundance of low-level clouds).
Although a few conditions that favor the formation
of ship tracks have been proposed, their details re-
main largely elusive (Durkee et al., 2000; Coakley
et al.,2000). Values of radius ratio smaller than one
have not been reported in previous studies of other
clouds despite the fact that studies of this kind are
plentiful (e.g., Liu and Daum, 2000a,b; Pawlowska
and Brenguier, 2000). It is thus likely that this micro-
physical phenomenon is unique to clouds conducive
to ship-track formation. If this phenomenon proves
to be true, radius ratio smaller than one and the asso-
ciated combination of skewness and relative dis-
persion can serve as a microphysical signature of clouds
conducive to ship-track formation. Investigation of
this phenomenon may facilitate understanding the
macroscopic as well as the microscopic conditions
for ship-track formation.

Furthermore, previous studies that did not involve
ship tracks showed larger values of radius ratio for
more polluted continental clouds because of the en-
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hanced relative dispersion by increased aerosol load-
ing (Martin et al., 1994; Liu and Daum, 2002; Liu e¢
al., 2006; Yum and Hudson, 2005; Peng et al., 2007).
Although this notion is supported by some of the data
points where the values of radius ratio are larger in-
side the ship tracks than their counterparts outside the
ship tracks, a closer look at Fig. 2 reveals that there
are several cases where the radius ratio is smaller in
the clouds within the ship track than in the clouds sur-
rounding the ship track. This phenomenon is also
unique in the sense that the clouds within the ship
tracks are relatively more polluted than those sur-
rounding them, and may be caused by the compet-
ing dynamical effects associated with ship tracks.
Interestingly both branches of the radius ratio 3 >1 and
B <1 exhibit the decreasing trend of radius ratio for
the clouds within the ship track, but not for the branch
that stays close to 3 =1. The decrease of radius ratio
could be caused by the decrease of skewness. It may
also be caused by the changes in relative dispersion
but with an opposite trend for B >1 (decrease) and 3 <1
(increase) (Fig. 3). Further analyses are definitely re-
quired to make valid interpretation of this unique
behavior.

There is also a possibility that instrumental prob-
lems and/or data averaging procedures contributed
to the cases with radius ratio B < 1. According to the
original work where the data are from, the values for
ship tracks are averaged over the ship tracks and those
for background clouds are averaged over the similar
size of the corresponding ship tracks. On one hand,
a much larger variability is expected if high fre-
quency data are used. On the other hand, the averag-
ing procedure may cause some errors in the calcu-
lation of effective radius and mean volume radius.
However, the errors caused by the averaging proce-
dure are likely to be systematic, unlike the variability
shown in Fig. 1. Another possible source of error
stems from the condition that some studies reported
liquid water content measured with a Particulate
Volume Monitor (PVM) probe while the effective ra-
dius and droplet concentration are derived from the
measurements of cloud droplet size distributions
with a Forward Scattering Spectrometer Probe
(FSSP). The error due to the use of PVM-measured

liquid water content is also likely systematic.
Furthermore, a majority of studies comparing the
measurements of liquid water content with PVM and
FSSP probes (e.g., Wendisch, 1998; Gerber, 1999)
indicates that they agree well when droplets are small
(e.g., effective radius < 9 um according to Wendisch
1998), but PVM measurements tend to be smaller
than those measured by FSSP when larger drops
exist. Therefore, using PVM-measured liquid water
content in the calculation of mean volume radius
would cause little errors when droplets are small, and
an underestimation of the mean volume radius
(overestimation of the radius ratio) when big drops
exist. The latter indicates even smaller values of radi-
us ratio. Using PVM-measured liquid water content
could not explain the observation of effective radius
being smaller than mean volume radius. It should be
noted that the FSSP suffers from both sizing and
counting deficiencies as well (Dye and Baumgardner,
1984; Baumgardner ef al., 1985; Baumgardner and
Spowart, 1990), which in turn can cause errors in the
measurements of effective and mean volume radii
(Gerber, 1996; Wendisch, 1998). However, the FSSP
instrumental deficiencies are expected to have mini-
mal effect on the radius ratio because it is a ratio of
two quantities which are similarly affected. It is also
noteworthy that the number of data presented here
is very limited, with a total of 40 samples, 18 samples
with the radius radio B < 1, and 8 samples with <
0.9. In view of these potential problems, the phenom-
enon that the radius ratio is smaller than one and the
physical reason for it remains a mystery awaiting a
solution, and calls for more comprehensive
investigation.

4. Concluding Remarks

It is shown that crucial insights both into cloud pa-
rameterizations in climate models and into under-
standing ship-track phenomena can be obtained if an
assembly of ship tracks are studied together, in addi-
tion to the indirect aerosol effects identified by exam-
ining individual ship tracks. Our comparison analy-
sis of previously published ship-track studies sug-
gests that the radius ratio varies substantially for a
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given mean volume radius (or given liquid water con-
tent and droplet concentration). In particular, it is
found that the radius ratio can be less than one when
the cloud droplet size distribution is negatively
skewed. The differences in the effective radius
caused by the variation of radius ratios alone can be
larger than 2 um, suggesting that the assumption of
a constant radius ratio alone, if not addressed prop-
erly, can cause errors in the parameterization of effec-
tive radius that are large enough to substantially af-
fect the outcome of climate models, even if the drop-
let concentration and liquid water content are accu-
rately known. An uncertainty of 2 wm is also within
the most observed changes of the effective radius in
ship tracks. Because the development of cloud pa-
rameterizations has primarily focused on specifying
droplet concentration and liquid water content, with
the effect of the radius ratio being neglected, it is like-
ly that the uncertainties involved in climate models
and the projection of climate change are even larger
than those currently believed. To reduce these un-
certainties, the radius ratio in addition to liquid water
content and droplet concentration has to be ad-
equately specified in climate models. In fact, the im-
portance of the radius ratio is also evident from a theo-
retical point of view. A key task of cloud micro-
physics is to understand and quantify the spectral
shape of the cloud droplet size distribution, that is,
how a given amount of water is distributed among a
known number of droplets (Pruppacher and Klett,
1997; Liu et al., 2002). Because the spectral shape
determines the radius ratio, neglecting the radius ra-
tio in the parameterization of cloud microphysics lit-
erally means neglecting a fundamental variable of
cloud microphysics. An accurate specification of the
radius ratio will at least require knowledge of
pre-cloud aerosol properties (Liu and Daum, 2002)
and cloud turbulence (Liu et al., 2002).

The terminology of “droplet size” has been some-
times utilized ambiguously in studies of indirect aer-
osol effects (including ship tracks). For example, the
mean square radius was used in Twomey et al. (1968),
while Twomey (1977) argued that the use of either
the mean radius or the mean volume radius should
be sufficiently appropriate. The dramatic variation
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in the radius ratio presented here disproves this
practice. The variation of the radius ratio with aerosol
loading and dynamics also poses new challenges to
understanding ship tracks.

It should be pointed out that many questions re-
garding the new phenomenon of the radius ratio less
than one reported here remain to be answered. For
example, what is the frequency of occurrence? What
causes this phenomenon? Does this phenomenon on-
ly occur in clouds conducive to ship-track formation?
Does this phenomenon result from some in-
strumental deficiencies used to obtain relevant quan-
tities? More comprehensive investigation is needed
to answer these questions.
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