BNL-69295

SHIP TRACKS REVISITED: IMPLICATIONS FOR CLOUD PARAMETERIZATIONS IN
CLIMATE MODELS AND UNDERSTANDING OF SHIP TRACK PHENOMENA

Y. Liu* and P. H. Daum
Atmospheric Sciences Division
Brookhaven National Laboratory

Upton, NY 11973

May 2002

Submitted for publication in
J. Climate

* Corresponding author: Yangang Liu, Brookhaven National Laboratory, Atmospheric Sciences Division,
Bldg. 815E, 75 Rutherford Dr., Upton, NY 11973-5000; Tel: 631-344-3266; Fax: 631-344-2887; Email:
lyg@bnl.gov.

By acceptance of this article, the publisher and/or recipient acknowledges the U.S.
Government's right to retain a nonexclusive, royalty-free license in and to any copyright
covering this paper.

Research by BNL investigators was performed under the auspices of the U.S. Department
of Energy under Contract No. DE-AC02-98CH10886.



Abstract

Ship-tracks have been considered the Rosetta Stone demondrating the effects of
anthropogenic aerosols on cloud radiative properties through dteration of cloud microphysica
properties (indirect aerosol effect). Previous ship-track sudies have focused on identifying the
ggnatures of indirect aerosol effects (eg. enhanced droplet concentration) caused by ship
emissons, and have been manly concerned with comparing cloud properties within a ship track
to those of surrounding clouds on an individud track-by-track basis. The primary objective of
this note is to show that dhip-track studies can adso provide crucid indghts into cloud
parameterizations in climate modds, as well as understanding the conditions conducive to ship
track formation if they are examined together. This is redized by reexamining the data from
previoudy published ship-track studies. This reandyss reveds an important factor, which
depends on how a given amount of water is distributed amongst a known number of droplets and
has been largely ignored in cloud parameterizations. Observetional evidence is found that the
effective radius can be smdler than the mean cube radius for clouds conducive to the formation
of ship tracks unlike results from genera dratiform clouds where the effective radius is often
larger than the mean cube radius. The reation between this new factor and the shape descriptors
(rdlaive disperson and skewness) of the droplet size digtribution is further examined, revealing
that clouds with the effective radius smdler than the mean cube radius likey have negatively

skewed droplet size digtributions.



1. Introduction

Ship tracks were firsg observed in the early 1960's from saellites as long, narrow,
curvilinear regions of visble clouds in the wake of a ship (Conover 1966). Conover dso
peculated that ship effluents, especidly aerosol particles, might be responsble for the formation
of these tracks. Twomey e d. (1968) provided further theoreticd arguments to support
Conover's speculation. Twomey (1977a, b, 1984) later extended the idea to the study of the
effects of anthropogenic aerosols on cdimate, arguing that an increase in anthropogenic aerosols
leads to an increase in cloud condensation nuclel (CCN), which in turn increases the number of
cloud droplets, decreases droplet szes and enhances cloud dbedo (Twomey effect). Coakley et
a. (1987) noted the frequent occurrence of regions of enhanced cloud abedo in satdlite imagery
(especidly a the wavelength of 3.7 mm) embedded in preexising marine dratiform clouds, and
agued that ship tracks sarve as good examples of the Twomey effect. To ducidate the
mechanisms by which agrosols affect cloud microphyscs and cloud dbedo, subsequent
investigations have often combined remote sendng and in-Stu measurements of both radiative
and microphysical properties of ship tracks and surrounding clouds (Radke 1989; King et 4.
1993; Russl et d. 1999; Durkee et d. 2000; Ackerman et a 2000; Noone. et d. 2000a, b).
These dudies have indeed confirmed the Twomey effect (ship tracks exhibit a higher droplet
concentration, a smaler droplet size and a larger cloud abedo compared to adjacent, unperturbed
clouds). Albrecht (1989) further argued that anthropogenic aerosols dso enhance liquid water
content and hence cloud abedo because reduced droplet sizes suppress the development of
drizzle. However, there is no consensus as to the importance of this so-called second indirect

effect. Some studies (Radke et d. 1989; King et a. 1993) reported an increase in liquid water



content in ship tracks while others (Ferek et d. 1998, 2000; Ackerman et d. 2000) found no such
increases.

An issue closdly reated to indirect aerosol effects is the parameterization of cloud
microphysics in cimate modes, which has been identified as a mgor uncertainty in dimate
models (Cess et ad. 1990; 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 droplet size
digribution) to describe cloud radiative properties. Slingo (1989) developed a scheme that
parameterizes cloud radiative properties commonly used in climate models (eg., optica depth,
sngle dbedo and asymmetry factor) in terms of liquid water path and effective radius. Because
liquid water content has been included as a prognogtic varigble in climate modds (Smith 1990;
Sundquist 1993), the primary difficulty with the parameterization of cdoud microphysics lies in
the specification of the effective radius.

Ealy parameterization schemes for effective radius were formulated as ether a linear or
a cubic root function of the cloud liquid water content, implicitly assuming no dependence of the
effective radius upon tota droplet concentration (Stephens 1978; Fouquart et a 1989). 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 d. 1994; Martin et d. 1994; Liu and Hallett 1997, Reid et a. 1999,

Liu and Daum 2000; Wood 2000; McFarquhar and Heymsfield 2001)
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where r is the dengity of water, ¢ the effective radius, L the liquid water content, N the droplet

concentration, and b a nondimensond parameter depending on the spectral shape of the cloud



droplet sze didribution. The incluson of droplet concentration in the parameterization of
effective radius not only mekes it feasble to invedigate the indirect aerosol effect using this
equation (Rotstayn 1999; Ghan et d. 1997; Lohmann et d. 1999), but aso in some sense unifies
the study of indirect aerosol effects and the development of cloud parameterizations.

Most developers of cloud parameterizations, however, have focused on specification of
the liquid water content and droplet concentration, assuming (explicitly or implicitly) that b is a
condat (eg., b =1) or has a negligibly smdl effect on the evauation of effective radius and
therefore on cloud radiative properties such as cloud abedo (Schwartz and Slingo 1996). A few
dudies have demondrated that b varies subgtantidly and dgnificantly affects the evauation of
cloud radiative properties Pontikis and Hicks 1992; Liu and Halett 1997; Liu and Daum 2000a,
b; Wood 2000; McFarquhar and Heymsfidd 2001). But, studies of b ae very limited, and
further understanding is needed to eventudly incorporate this quantity into in climate models.

Virtudly dl ship-track studies performed so far have contrasted a single, specific ship
track with its immediate, unperturbed surroundings, focusng on whether or not ship emissons
cause any changes in droplet concentration and liquid water content. No ship-track studies have
been geared toward improving cloud parameterizations. We will show in this note that, if they
ae examined together, these ship-track dudies aso provide important implications for cloud
paameterizations in  dimate models. Specificaly, we will demonsrate usng data from
previoudy published ship-track studies, that b not only varies dramaticaly, but dso that its
vadue can be smdler than one. Therefore, the assumption of a congant b can cause subgtantia
errors in the evauation of cloud radiative properties, and hencein climate smulations.

2. Re-Examination of Previoudy Published Data



Cloud dbedo was the principd quantity examined in ealy ship-track studies (eg.,
Conover 1966; Coakley et d. 1987). Later studies of ship tracks aso included microphysica
measurements of droplet concentration, liquid water content and effective radius, with the
motivation to physcaly understand aerosol-cloud-albedo interactions. Radke et a. (1989) and
King & d. (1993) describe the firg in Stu microphyscd measurements of ship tracks
encountered off the southern Cdifornia coast in July 1987 during the marine stratocumulus
intensve field observation of the Firs ISCCP Regiond Experiment (FIRE). Ferek et d. (1998)
reported combined satdlite and in-Stu microphysica 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 Cdifornia coast in 1994, and the mgor findings
were recently published in a specia issue of Journd of the Atmospheric Sciences for. (JAS Val.
57, No.16, 2000). Vaues of droplet concentration, liquid water content and effective radius in
the ship-tracks and the corresponding unaffected ambient clouds were tabulated in severd
sudies (King et a. 1993; Russdl et d. 1999; Ackerman et d. 2000; Frick et al. 2000; Noone et
d. 2000a, b). These tabulated microphysical data provide a unique opportunity to verify the
assumption of a congtant b and to explore the implications of ship-track studies for both cloud
parameterization and ship-track characterization.

Equation (1) can be rewritten as

r, =br,, 2
where £, = (3/4pr )Y3(L/N)Y® is the mean cube radius which can be easly calculated from liquid
water content and droplet concentration. Therefore, the question as to whether or not b is a
congtant can be answered by examining the relationship between effective radius and mean cube

radius, combining data on the effective radius and the mean cube radius from the different ship-



track studies provides a broader context for understanding the two ways of specifying droplet
Szes,

Figure 1 is a composte plot of effective radius as a function of mean cube radius from a
number of ship-track studies in which both variables were explicitly reported. Also shown are
three lines representing three commonly used schemes for the parameterization of effective
radius. The "MQO" line denotes the parameterization scheme with b =1, which holds only when
the cloud droplet size didributions are monodispersee. The MM and MC lines denote the
schemes proposed by Martin et d. (1994) to describe marine and continental Stratiform clouds,
respectively. In this figure, the same symbol denotes the data from the same ship-track, and the
blue (red) color represents the data points ingde (outside) the ship track. As shown in Fig.1, for
each individud ship track, both the effective radius and the mean cube radius indde the ship
track are smaler than outsde the track as reported by the originad authors, suggesting that the
assumption of a condant b a least would not affect the quditatiive concluson regarding the
influences of ship emissons on effective radius. However, an examination of the data points
from dl the ship-tracks reveds tha each of the three commonly used schemes of cloud
parameterization describes only a limited number of data points. In fact, & a given mean cube
radius, effective radius differs from case to case s subgantidly that no a sngle vaue of b can
satisfy al the data points. For the region of the mean cube radius ~ 6 mm, the mgority of data
points exhibit a difference in effective radius larger than 2 mm. For a mean cube radius ~ 8.5 nm,
the difference in effective radius is even larger, reaching as large as ~ 9 nm. These results
suggest that for a given mean cube radius (or liquid water content and droplet concentration), the
edimated effective radius could suffer from an uncertainty ranging from 2 nm to 9 mm due to the

assumption of a congtant b aone.



An uncertanty of this magnitude (2 - 9 mm) in effective iadius caused by the assumption
of a congant b done is dgnificant. For example, Singo (1990) showed that the top-of-
amosphere radiative forcing of doubling the CO, concentration could be offset by reducing the
effective radius of low clouds from 10 mm to between 7.9 and 8.6 nmm (gpproximately 2 mm),
depending on the climate modd used to make the prediction. A more recent sudy 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 doubling of the CO» concentration (Hu and Stamnes 2000). Li et 4.
(1999) argued that changing effective radius from 10 mm to 7 nm could subgtantialy reduce a
recently reported discrepancy between modd-predicted and observed cloud absorption. The
mean oceartland difference in effective radius is from 1.3 to 3.3 mm, and the mean hemispheric
difference in effective radius is from 0.7 to 24mm (Singo 1990). Evidently, the range of
uncertainty in effective radius caused by the assumption of a constant b done may eesly mask
these crucid issues liged above. In fact, a closer examination of Fig. 1 reveds that differences
in effective radius from case to case are a least comparable to those caused by the perturbation
of ship effluents themselves.

3. Further Analysis

The subgantid variability of b becomes more evident in Fig. 2, which shows b as a
function of the mean cube radius. It is particularly interesting to note that b can be smdler than
one, indicating that effective radius can even be smdler than the mean cube radius This
phenomenon has not been previoudy reported, dthough the possbility was pointed out by
Martin et a. (1994).

It is dedrable to express b as a function of some commonly used variables to obtain a

better physcd underdanding of the quantities that affect b. It has been proved that independent



of droplet dze didributions, b can be universdly expressed as (Matin et d., 1994; Liu and

Daum 2000b)

(1+ $2 +$3)2/3
b=, 2)

where e and s are the reative disperson (also cdled spectrd disperson) and skewness of the
droplet sze didribution, respectively. According to this equation, effective radius equas the
mean cube radius (i.e., b = 1) when ether of the following conditions are met:

e=0, (39)

or

(3b)

The condition given by (3a) is sraightforward because it means that the droplet size didtribution
is monodisperse. This is probably the most widdy used assumption (implicit or explicit) in the
sudy of cloud parameterizations and indirect aerosol effects, including ship tracks. However, it
is well known in cloud physics that this Stuation never occurs in red clouds. Broader droplet
gze digributions have been observed even in the so-caled adiabatic cores of clouds where the
narrowest droplet size digributions are expected (Brenguier and Chauma 2001). To further
explore the more redlistic case described by (3b), Fig. 3 shows the dependence of the skewness
on the reative disperson for three typicd vaues of b. The dashed curve and the dotted curve
approximately represent the lower limit (b = 0.5) and the upper limit @ = 1.8) of the observed
vaduesof b shown in Fig. 2, and the solid curve represents the criticd case of b = 1. Equation

(3b) indicates that effective radius is smdler (larger) than mean cube radius when

s< (>) g(1+e2 )3/2 -1- 3? We:" , or below (above) the solid curvein Fig. 3.



A smple mathematicd andyss of Eqg. (3b) reveds that as long as e < sort[3+2srt(3)] ~
254, avadue of b smdler than one means a negaive skewness. This means that a vadue of b
gndler than one virtudly aways means a negative skewness because obsarved redive
dispersons hardly ever exceed 2.54. It is noteworthy that vaues of relative disperson larger than
2.54 were reported in Wood (2000) and McFarquhar and Heymsfield (2001), but, droplet size
digtributions in those clouds were bimodd (a droplet mode plus a drizzle mode) and had vaues
of b much larger than one. Unfortunately, we cannot investigate the reationship between
skewness and relative disperson because the data are not available to us. Neverthdess, the cases
with b smdler than one indeed tend to be negatively skewed, monomoda droplet sze
digtributions, for example those shown in Russl et a. (1999) and Noone et d. (20008). What
causes this phenomenon remains unknown.

It is known tha ship tracks only occur under certain meteorologica conditions. For
example, not every ship causes a ship track; ship tracks appear to form in certain locations but
not in others, ship tracks seem to occur in clugsters (on days ship tracks occur, they seem to be
plentiful; on days when ship tracks fal to materidize, even a hint of a ship track is difficult to
discern despite the abundance of low-level clouds). Although a few conditions that favor the

formation of ship tracks have been proposed, their details remains largey eusive (Durkee et 4.
2000; Coakley et ad. 2000). Vdues of b smdler than one have not been reported in previous
dudies of generd clouds despite the fact that studies of this kind are plentiful. It is thus likdy
that this phenomenon is unique to clouds conducive to ship-track formation. If this proves to be
true, a vaue of b less than one and the associated combination of skewness and relative

disperson can serve as a microphysicd sgnature of clouds conducive to ship-track formation.
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Investigetion of this phenomenon may facilitate undersanding the macroscopic as wel as the
micrascopic conditions for ship-track formation.
4. Concluding Remarks

It is shown that crucid ingghts into both cloud parameterizations in climate modds and
into understanding ship-track phenomena can be obtained if an assembly of ship tracks is studied
together. Our comparison andyss of previoudy published ship-track studies strongly suggests
that not only b varies, but tha this variation, if not addressed properly, can cause errors in the
parameterization of effective radius that are large enough to subdtantidly affect the outcome of
climate modds, even if the droplet concentration and liquid water content are accurately known.
Because the development of cloud parameterizations has primarily focused on specifying droplet
concentration and liquid water content, with the effect of b being neglected, it is likey that the
uncertainties involved in dimae models and the projection of climate change are even larger
than those currently believed. To reduce these uncertainties, b in addition to liquid water content
and droplet concentration has to be adequatdly specified in climate models. Furthermore, because
a gndler effective radius could be due to a smdler b, not necessarily to a larger droplet
concentration, a reduced effective radius does not necessarily indicate the appearance of the
Twomey effect. It should dso be pointed out that the terminology of “droplet size' has been
ometimes utilized ambiguoudy in dudies of indirect aerosol effects (including ship-tracks). For
example, the mean square radius was used in Twomey e d. (1968). Twomey (1977a) argued
that use of ether the mean radius or the mean cube radius should be sufficiently accurete. The
results presented here strongly suggest that one should at least clearly State the characterigtic size

being used to describe the droplet size distribution because of the effect of b.
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Observationd evidence of clouds with b less than one is reported here for the first time.
Many questions regarding this new phenomenon remains to be answered. For example, what is
the frequency of occurrence? What causes this phenomenon? Whether or not this phenomenon
only occurs in clouds conducive to ship track formation? In study of the data collected in non
precipitating sratocumulus clouds, we recently found that b can be represented as a unique
function of the reative digperson because skewness is a unique function of the rddive
disperson for those clouds (Liu and Daum 2000a b). We aso found wide variability of the
relative digperson and hence b, and cdled for the specification of the rdative digperson in
climate modds. The occurrence of vaues of b smdler than one in these ship-track studies further
reinforces the need to specify b in addition to liquid water content and droplet concentration.
However, the problem appears to be more difficult in this case because of the possble
involvement of both skewness and rdaive disperson. Satidicd andyss of b, rdatve
disperson, skewness, and their mutua relationshipsis clearly in order.

In fact, the importance of b is dso evident from a theoreticd point of view. A key task of
cloud microphysics is to undersand and quantify the spectra shape of the cloud droplet Sze
digribution, that is, how a given amount of water is digtributed among a known number of
droplets (Pruppacher and Klett 1997). Because the spectral shape determines b, neglecting b in
the parameterization of cloud microphyscs literdly means neglecting a fundamentd varigble of
cloud microphysics.
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FIGURE CAPTIONS

Fig. 1. Rdationship between effective radius and volume mean radius. The three lines represent
the three commonly used schemes of cloud parameterization. The same symbol denotes

the data from the same ship-track; te blue (red) color represents the data points insde

(outside) the ship track: x = Ackerman et d. (2000); %= Ackerman et a. (2000); L =

Ackerman et d. (2000); # = Frick et a. (2000); + = Frick et a. (2000); [0 = Frick et d.

(2000); < = Frick et d. (2000); - = Noone et a. (2000a); @ = Noone et a. (2000a); A =

Noone et al. (2000a); @ = Noone et a. (2000a); A = Noone et al. (2000b); O = Noone et
a. (2000b); N = King et a (1993); A = Russdl (1999); A = Russdl (1999). MO, MM,
and MC represent three commonly used parameterizations schemes (See the text for
details).

Fig. 2. Same asFig.1, except that the verticd axisisthe parameter b.

Fig.3. Reationships between the skewness and rdative disperson of the droplet sze digtribution

for the three typicd valuesof b.
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