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2. D.4TA DIS(’1111’TION

The primary data source for this work is the A poll o-Soyuz
photograph dmcrilml hy Illack ( 197!)). 1“’ivc so% of ll(~gatives
were ohta.ined from the Johnson Spw(I ( ‘elltcr IJhotogriiphic

]Jabat~ri(?6 whici] included calihratim stop wedges. IL-wh
negative reprmenlmd a quantified d(’v4*lopItIeIIl. range i II rcd all(l

blue. This WASnwx’ssary in ordm to quantify th(’ reliitivc clo~l(l
a]hcdo incrm.sc in thv ship trail w-(-ollllt,i]lg ;or the nonlill(’ar-

ity of the film rmponsc function. Sea Aurfarc t(’l]lperalll res
and meteorological parametmi haw’ hww ohtainml from the
k’lcct Nummica.1 Wcalhm ( ‘cntm for times and locations CIOSC
to Im-slim of llw ship trails. W’{’have rrqucsttd, hut not yel

ol)[aincd, gmstatimary sat.cllitw imag(~s I() Iwtter pinpoint Llir
Pxact locations of 111(’s]lips and ]Iopcfully id(’nlify 111(*ships in
tllc picture and thvir power l)lant rliaract(’ristics.

The princip~ visual fcatu m of t hc A pollo-Soyuz photo-
graph inrludc the following:

1. ‘l’rails widening to 3 (i kn] over .10 kll] I[)ng patlIs. ‘1’his is
slightly slllallm sprm41ing Lllan any of the I)oi]lls Iiswl l):{

(;ilrord ( 1985) which inrlndo41 norl 1]Ft’a (Iata hy ( ~ral)lrw’
( I!)H2) (a sliip Kpwd of 10 knots is a:+s~]lllwl). ‘1’his illlplios
either oxtrcnw stability or a sca.lv of cI(Ju(I forlll;ltioll” (lif-
fcront froth pullut alit plunlo Hprm(ling or I.tlr s]lip spec(ls
Ilavr I)ccll slightly li::ti(’rt’s;.~ fllill.(’(1.



only 20(X1 I)riglltvr for ttlc illtcrseclillg slli]) trail. I;f)r 111(’ castI of

t]lr intrrsec(i]lg ship lrai], I I)c ovcral I il]!)(>(lo ~lIaIIgtI CAIISC(] I)y

the ship (including [II(I cloIId frw rcgio]ls) is very ~l]lilll. ‘1’l]is

implies thal, at [ea. sl ill Lllis one cam, disrcgilr(lillg 111(’ Cloll(l

free region surroul]ding tllc shi]) I rail Wollld 1(’iL(I It) ii Seriol]s
overestilllatc of the s]]ip t rail all)cdo dr(~ct.

The digitized i]l (’llsily dala wcro also IISW1 10 (Irtcr]llillr
percentage of background clouds near tl)c shii) trails. I;igllre ,1

(lower Iefl) shows tile hislogra..i of ii]tcllsit ics Ilsml 10 l~ifurcatc
cloud an[i nonclol],1 regions. ‘1’lle Illi]lil]llllll ill Il)c Ilihlogranl If)

tl)r left of tllc I]laxi]lllll]l was IIS(’(1 10 s(’l)aralc (1011(1 frO1ll noll-

cloud and (Ile rcrollslruclwi rl(~IId/11() cI{)II(I Iicl(l is also sll(NvIl

ill Fig, I. ‘1’llis leads to clou(] i)crc(’]llag(’ of (j:l(X1. LVllcll this
i)erc(’lllagc is !nultil)liwl I)y tllc arra ol t II(’ (’loil(l fr(w r(’gioll

and by an ass!lll]ed liquid waler col]tcllt takvl] for l’acific st la-
toculllulotls clouds by I]m’rs all(l 11(’~1s ( I!) NH) yicl(ls atl al)scllc(’

of R.5 x 10H p; of ]i(]u]d w:ilcr. 1( ii 111(’iill Sl)(’(’(1 of 111(’ sllil) is

assurlletl to be 10 kl]{)ts this i]lll)lics a (Iir(vl l)f~w(’r illi)lll of
at)ollt 2:]() h! \val t,s !voul(l I)c r(~(llliro(l if I lit (1011(1 frvc rvgiol]s

were sinlj)ly a rw+u]t of(. viil)oriit{~(l” I)ii.(kgrol]l](l (“IOII(IS. ‘1’llis iltl-

I)lics ttlat rilll,’r Iilr Iwo illtcrstvlillg sllil)s iir[’ t’x[rrlllrly liL1’g(’

(aboul Ill ti]]l(:, tile av(’rage six I)(]!lrr sllil) assullli]lg I()(ti of
itvailahlc energy gors to i]t’alillg III(I air) {Jr, lllorc lik(’ly, nit’

exislcnce of a trigger(’[! dllllf)sl)llt’ri~” il]slll)ilily. ‘1’llis illslalJil-
ity collld I)(’ tri;~(’r(’(1 I)y ii collll)illalif)ll of (Iyll;ullir I)lloyalll

forrillg f)f III(* slIil) ])111]11(1 ail(l 1;)1(’1)1 II(I;II rf’lfI;M(I(l I)y a~’rl)s~)l
(.(}llflt’tls;itioll I)ro(’t’ssf’s.
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the direct buoyant eflcrts of the ship’s plun)r and aerosol n]i-
crophysicii.1 energy rclmsc Wecls. With these qua.lific;lti(ms in

mind, much can still be lmrned about tlw potential for ship
trail and surrounding rloud-frm’ region [itlv(III)l)Ill[slll given a

range of input conditions.

Figures 5 and 6 show lhc modding results 1 hour aflor a
short tiuratim lIWMrelease for the liquid wal.cr c(mtmlt and vrr-
tical velocity, respm-tivcly. This prc]iminary calculation dow
not simulate a moving ship Jlrectly, rather it shows tlw dmd-
opment of one heated grid crl]. A heat sourco is put at the
cmtar grid ovm a 10 m-thick Iaycr for 90 s (3 intormd lime
steps ill the Iuodol ). This tilnc franw is dctcrmimi from III{*
ship sped (assumed 10 knots) and lhe grid size. ‘1’hc strength
of the heat so,lrce incrcascs frol]l () 10 I .20(’ during tht? llcat-

ing time. This quantity is dctmmind from the I.cmpcraturd
and outflow rates of cxhausl gases (.[)rrt’sl)t)ll(lillg 1.0 almut a

30 hiW poi III brat release wcnly disl rihu Id ovvr t ho grid.
The assumed meloorologictil con(litiolls nmospondcd ill most
raM*ii to ohmrvcd c(mdil.ions nmr the ship trail (J).wrvil.tiolls.
‘1’hcs{’illrlu(lc ii surfiirc air tcl]lpt’raturo aIId rvlalivc hulllidity
of I(i”( 1 aIId !)5(X, rmpect ivvly. ‘1’llc Ill(drl ii..wiullws ii I]lix(vl
I;lyvr of .500”In wi~.h ronstmt pot:’ntiid tclll p(’riilurr an~l Wlil-

tivc hull] idity of X5(X,ahovc t IIC ~urf;wo. AI)(NP I II(*lllixwl Iayvr
a CIIWIMCof pdmtial tmllperaturo rhmgv d ‘l” K/km wti.s as.
Hulllwl. ‘1’hc 1110(!(’1a.s~unlml Ilvar C;dlll wintls, however, Wl)(}N1iM

lhc thswml win!! spds varid fr[ml ~} h} 10 kIII~ts. Sillco wo

do not w yd liIII)w Ihr dirorl ions of III(I ship 1rails. Ilw dr(l(qt
of winds will hv Illtdvlml at a Ialrr lilllc.

[, (“O N(’I, [I SIONS”



The major results of this analysis include the fol]owillg:

1. ‘1’he high resolution available from the Apoll(ESoyuz pho-
nograph [ 14 m ) showed that. early development of tlw ship
trail appe:lrs as a brightening of background clouds rather
thali all i [I(lcl)endent cloud.

2. Cloud free regions and low rel%tive hrightncss associatml
with the intersect; on of llIe two ship trails argue against
a simp12 relationship between cloud a.lhedo and acrrxml
conrlensatirm nuclei from the ship.

3. N ~il:erical model simulation of the ship trail and marine
cloud illstal)ility show t]lat thu direct I)ouyancy input from
the ship may hc as important as the energy relca.sc duc to
nurloat ion processes.
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Figure (’aptions

I;ig. 1. Ship Lrail photograph from Apoll,>Soyuz off t!le coast
ofsouthcrn (California. July 16. 1!)’?5at. 22:30 (: M’I’.

Fig. 2. Nlagnification oforigin oflower fihiptrai]in Fig. 1,

Fig. 3. Digitized pixel intensities down a line intersecting the
lower of the two intmsccting ship trails and (he ship
trail in Fig, 2 to the right of lhe inlcrscction a) and the
step wedge calibration for the film h).

Fig. 4. IIistogram of cloud intensities (lower ]eft) UGLUIto sepa-
rate cloud and mm{ kmd in a region hct.wccn and to the
right or the intersecting ship lrails aud the results of lhe
bifurcation. (The satellite background cloud picture is
on the upper lcfl with cloud/no cloud representation
on upper right. The lower right graph shows two Iincs
corresponding to the number of points above and I)C1OW
separation iillplyillg 63% cloud iness.)

l’ig. 5. Numerical mode! calculations of the devek,pmcnt of
ciuud liquid water from heating within a central gri(!
point equivalent to 30 hlIV for a duration of 90 s ( the
lime a ship would reside within a gritl cell iussullling a

10 knot ship speed). outside rontnurs SIIOWthr (levcl-
oplncnt of a cloud- frm’ region.

I!g. 6. San]c as Fig. 5 for w’rlira] will(ls in tll(’ region of tllc

IIrated gri(l itl~fl assoria led (Iowll drafts.
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