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Galileo observations of Europa's thermal emission show low-latitude diurnal 
brightness temperatures in the range of 86 to 132 kelvin. Nighttime temper- 
atures form an unexpected pattern, with high temperatures on the bright ejecta 
blanket of the crater Pwyll and an equatorial minimum in temperatures after 
sunset, uncorrelated with surface albedo or geology. The nighttime anomalies 
may be due to regional thermal inertia variations of an unknown origin, which 
are equivalent to a two- to threefold variation in thermal conductivity, or to 
endogenic heat fluxes locally reaching 1 watt per square meter. Endogenic heat 
flow at this high level, although consistent with some geological evidence, is 
theoretically unlikely. 

Ice-co~.ercd Europa is one of the ~llost  rc- 
nlarkable of the four Galilea11 satellites of 
Jupiter. Its surface. perhaps still geologicallq 
actil-e. is dominated by ridges and chaotic 
te~sain. n-hie11 suggest a rigid crust that is up 
to several l<ilomcters thick and overlqing soft 
n-arm ic. or liquid n-ater ( I ) .  Surface tzalpcr- 
atures. 13 hie11 are dctemlined by diiimal heat 
flo\\ nithin the top f i n  centimeterb of the 
surface and are scnsit i~ i' to surface composi- 
tion and morphology (for example. porositq 
and grain size and shape). can cast light on 
the \-arious processes [impact gardening. ero- 
sion (sputtering) by jo~- ian  magnetospheric 
ions ( 3 ) .  insolatio11-co~ltrollzd sublimation (3 .  
4 ). or cndogenic procebses] that shape Eu1.o- 
pa's uppermost surface. The best Voyager 
theralal mcas~tremcnts ( 5 )  had limitctl cox er- 
age and Ion. spatial resolution (900 lim). 

The photopolarimeter-radiomctcr (PPR) 
(6. 7).  011 the Jupiter-orbiting Galileo space- 
craft has ~llapped t h e ~ u ~ a l  radiation from Eu- 
ropa's surfacc %-it11 a spatial resolution of SO 
to 200 lun. Pointing errors are smaller than 
thc spat~al resolution. Scar-hlacl<hod!~ rad~a-  
ti011 is cxpectcd from the surfaces of the icy 
Galilean satellites because of the high opaclt), 
of \r ater ice (8) .  and Voyager theimal emis- 
siou spectra of Europa Iverc co~lsistcnt with 
gra!, body emission n it11 a mean emissix-ity t. 
near 0.9 ( 5 ) .  Kinetic tcmperatures are sl ightl~ 
highcr than the i~lfrared brightness tempera- 
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hues reported here. because t. < 1 ( 9 ) .  Ob- 
ben.atio11s prcse~ltcd here (Figs. 1 and 2).  
a it11 11oise Ie\ els < 1 K. n crc obtained during 
the day on orbits E6 (20 Fcbriiarq 1997) and 
G7 ( 5  April 1997) at a 1~.a1slength of 27.5 
~ 1 1 1  and at night on orbit E l  7 (26 Scptenlbcr 
1998). n ith a wide-open filter positio~l senhi- 
ti1.e to all radiatio~l fiom 0.35 to - 100 pn1 
(10) .  

Daytime hrightncss telnperatLires peak 
near 132 K for longitude 1SO0\\' (Fig. 1). 
consistent ~vi th  grouad-based disk-integrated 
radiomctr~ ( 1 I. I.?). Diurnal timperatarc 
x ariatioas (Fig. 2 )  coilstrai~l the surface bolo- 
metric albedo .-I and the cf fcc t i~c  thermal 
inertia rc. If sunlight is absorbed at the sur- 
face. rc is eilual to the thermal inertia I'. - 
\vhich is gix en by r = \ t Iipc ). ~vhere  I< 1s the 
surface the~mal  conducti\.ity. p is the density. 
and c is the specific heat. Increasing I' nil1 
i~lcrcase aighttimc temperatures. For a partic- 
ulate surface. r xariations tend to be domi- 
nated by ~.ariations in X. because of ~.ariations 
in compactioa. grain s~zc .  or effecti1-eness of 
grain-to-pra~n heat flon (13).  althouph corn- 
position may also he important. In icj- mate- 
rials. ho\vc\er. sunlight may be absorbed be- 
low the surface (14 ) .  u l ~ i c l ~  also iacrcascs 
nighttime tcmperatures. TI~s~l l la l  inertia and 
s ~ i n l i ~ h t  pe~letratio~l effects arc difficult to 
distinguish on thc basis of surface tempcra- 
ture measurements (15).  and as dcfi~led 
11ere 111ay i~lc l~ide  co~ltrib~it io~ls fro111 P and 
from sunlight penetration. Because data from 
different timss of the da) come from differ en^ 
l ~ a ~ t s  of tile surface. Fig. 2 pro~.idcs o111q an 
appro~imation to thc diurnal temperature 
\-ariation of anj  particular place on Europa's 
surface but gi\,es so111c co~~s t r a i~ l t  011 global .-l 
and P; ~.alues.  Assuming F: = 0.9. a 110111oge- 

11eous thirmal model with A = 0.55 and r = 

7 X 10- erg em-' s ' K ' [20 tlnles Iolvcr 
than the \slue for solid ice and thus indicat- 
ing a particulate surface. as also indicated bq 
photometric and eclipse cooling studies ( 1 I ,  
l h ) ]  produces about tllc observed diu~llal 
brightness tcmpcratiirc range but is clearly a 
poor fit to the data. \?.hich are more symmct- 
rical al-ound midda! than the temperatures 
sholm b) the modzl. The differcace may be 
largely because existing prenoon observa- 
tions cover the darlter and naliner traili~lg 
hemisphcrc of Europa ( 1 I. 13). I-lo\?.ever. 
u~lresol\ ed vcrtical or lateral $ inhomogene- 
ities. required b! eclipse obse~'\atio~ls of the 
ic! Galilea11 satellites ( 5 ,  1 I ), would also 
make the diur~lal thermal profile more s)m- 
metrical ( 6 ) .  Our best fit model has a bolo- 
metric albedo ' 4 .  co~lsiste~lt  \?.it11 the photo- 
metrically derived value of 0.62 ? 0.14 (17) .  
and gives an equatorial diurnal and seasonal 
mean surface temperamre (an i~llporta~lt 
boundary co~ldit io~l for interior models) of 
106 K. 

Local daytime hrightaess temperatures 
correlate inversely n i th  albedo. as expected 
from equilibrium with absorbed sunlight 
(Fig. 1).  On a global scale. thc same is true at 
night. Loagihidcs 0' through 75'LV. seen af- 
ter sunset (18). with a tqpical 0.18-1.1.m nor- 
mal albedo of 0.65 (IY),  are generall) colder 
than longitudes 140" through 300"W. seen 
before dalvn, where the t!pical albcdo is 0.5. 
Holvevcr. much of the smaller scale nigl~t- 
time temperatLire \ ariability docs not follo~?. 
thc expected darlter = naliner rule. For ex- 
ample. peak prcdann bright~less temperatures 
(95  K near 15"s. 78OcM;) include the bright 
ejecta hla~llict of thc crater Pw!,ll (26"s. 
27 1 "\V). Liost remarl<ahle is the systematic 
1-ariation ivith latihide of the postsilnset tem- 
pcrattircs: Nor the~n latihtdes are naliner than 
cqi~ivalcnt southern latitudes. and thcre is a 
temperahire rninirn~u~l along the equator. Xt 
lo~lgitudc 55%'. hrighmess temperatures are 
91.5. 88.0. and 90.5 K at 3 0 " s .  1 's .  and 
30's. respcctivel!,. Voyager 0 . 1 8 - ~ r n  imagcs 
of these longitudes show a global-scale trend 
of iacreas in~ albcdo away from thc equator 
(19).  perhaps related to the thermal patteln. 
although in the opposite sc~lsc to tllc expected 
tre~ld ~f temperature was co~ltrolled directly 
b). albedo (20) .  Ho\?.ever. the Vo!,ager imag- 
es and the best Galileo imagcs of this loagi- 
htde range (\?.it11 a resolutio11 of 12 km per 
pixel. iiscd as the base map in Fig. I )  also 
sllo\v albedo patteiils on a 200-Itm scale that 
are comparable in ~llag~litudc to the equator- 
to-pole variations and arc not reflected in thc 
PPR temperature distribution. 

Emissivity variations are u~llil<cly to pro- 
duce the observed large variations in broad- 
band thcnnal emission. as decreased emissiv- 
itq will increase surface kinctic temperaturc 
by i~lhihiting radiatix c heat loss. Difiiculties 
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Fig. 1. Contours of brightness temperature distributions on Europa axis) is given in degrees of rotation after midnight, the terminator is 
(nighttime from orbit El7 and daytime from orbit (37). Contour shown by the black dashed lines, and the subsolar point is shown by 
interval is 1 K for the nighttime map and 2 K for the daytime map, and a white star. Base map is from the best available Galileo and Voyager 
contour color scheme is different for the two maps. Local time (top images (33). 

with this and other alternative explanations of 
the observed nighttime temperature anoma- 
lies point to variation in re as the most likely 
cause. A change in re from 7 X lo4 to 4.5 X 
lo4 erg cm-2 s-"~ K-I (produced, for in- 
stance, by a 2.4-fold drop in k) will reduce 
equatorial temperatures by 5 K at a local time 
30" after sunset (Fig. 2), comparable to the 
magnitude of the observed thermal anoma- 
lies. The difficulty then lies in explaining the 
spatial patterns of re variation inferred from 
the observations. Higher re values near the 
crater Pwyll might result froin an increased 
abundance of large regolith particles (of size 
comparable to or greater than the diurnal skin 
depth, which is 4 cm for our best fit model 
and an assumed regolith density of 0.5 g 
cmP3) in the ejecta blanket or from 1 to 2 cm 
of sunlight penetration (15) in the ice-rich 
material of the ejecta. Lunar eclipse thermal 
data show a somewhat similar pattern of 
warm temperatures on crater ejecta blankets 
within 1 crater diameter of the rim, produced 
by the enhanced abundance of rocky blocks 
there (21), although the Pwyll anomaly is 
much larger (extending more than 250 km, 10 
crater diameters, from the rim) and is not 
perfectly centered on the crater. The postsun- 
set temperatures are even more problematic 
because they are correlated with latitude, but 
there is no observed correlation with under- 
lying geology (22). A preliminary analysis of 
1- to 2.5-km spectra from the Galileo near- 
infrared mapping spectrometer (23) shows a 
trend of larger photon path lengths in ice at 

higher latitudes. This is consistent with the 
PPR postsunset temperature distribution if 
the larger path lengths result from increased 
contact between ice grains, which would in- 
crease k and thus re and thus nighttime tem- 
perature at high latitudes. However, simple 
theoretical considerations predict an opposite 
trend: The high daytime temperatures at low 
latitudes will tend to cause grain sintering 
(24), which will increase k and thus re at low 
latitudes. Large, sintered grains will allow 
greater sunlight penetration, which also tends 
to increase re. Surface texture could also be 
affected by the impact of jovian magneto- 
spheric ions, but large gradients in ion flux 
with latitude in the 0" through 75"W region 
are not expected (25), especially as Galileo 
has ruled out an intrinsic magnetic field 
strong enough to deflect bombarding ions 
(26). 

The most intriguing hypothesis is that the 
nighttime temperature anomalies are due to 
warming of the surface by endogenic heat 
conducted through the lithosphere. Tidal 
heating in an ice shell decoupled from the 
interior is predicted to be two to five times 
greater at the pole than at the equator (27), 
consistent with the cold equator seen in the 
postsunset temperature data. The local heat 
flow required to raise the surface temperature 
from 88.0 to 94.5 K is 1.1 W m-'. For a 
crustal conductivity of 2.7 W m-I K-I (28), 
this would imply a thickness for the conduc- 
tive lithosphere (between the mean surface 
temperature and near-melting temperatures) 

of only 0.34 km, within the range of Galileo- 
based estimates of lithospheric thickness [0.1 
to 15 km (29)l. However, current models of 
Europa tidal heating predict a far smaller 
global mean heat flow [50.05 W m-2 (27, 
30)], so an endogenic explanation of the ther- 
mal anomalies is probably unlikely. 

The nighttime temperature observations 
can also be used to search for small, local, 
endogenic thermal anomalies ("hot spots") on 
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Fig. 2. Europa diurnal brightness temperature 
profile, combining data from Galileo orbits E6 
and G7 (daytime) and El7 (nighttime). Only 
regions within 15' of the equator, seen at less 
than 65' from vertical, are included. Model 
diurnal temperature profiles for surfaces with 
A = 0.55 and r = 7 X lo4 erg cm-' s-'I2 K-' 
(solid line) and r = 4.5 X lo4 erg ~ m - ~  r1I2 
K-' (dashed line) are shown. The models were 
run separately for the different heliocentric 
distances and wavelengths-of the daytime and 
nighttime data, resulting in small discontinui- 
ties at sunrise and sunset. 
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Europa. wh1c11 m~gh t  perslst for decades aftel 
local geolog~cal actnlty has ceased ( 3 1 )  We 
have not detected ally such elldogenic hot 
spots. Upper limits to hot spot circular-equiv- 
alent diameter and temperature in the 1856 of 
Europa's surface covered by o m  most semi- 
tive observatioils (the low-latitude nighttime 
coverage show11 in Fig. 1) are 16.8 km at 130 
K, 6.2 lull at 200 K, 3.4 lull at 273 K. or 2.0 
km at 350 K. This is illuch fainter than a brief 
themma1 event tentatively identified in 198 1 
ground-based obser\,ations (32) .  
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An Aqueous Channel for 
Filamentous Phage Export 

Denise K. Marciano, Marjorie Russel," Sanford M. Simon* 

Filamentous phage f l  exits its Escherichia coli host without killing the bacterial 
cell. It has been proposed that f l  is secreted through the outer membrane via 
a phage-encoded channel protein, plV. A functional plV mutant was isolated 
that allowed E. coli to grow on large maltodextrins and rendered E. coli sensitive 
to large hydrophilic antibiotics that normally do not penetrate the outer mem- 
brane. In planar lipid bilayers, both mutant and wild-type plV formed highly 
conductive channels with similar permeability characteristics but different 
gating properties: the probability of the wild-type channel being open was 
much less than that of the mutant channel. The high conductivity of plV 
channels suggests a large-diameter pore, thus implicating plV as the outer 
membrane phage-conducting channel. 

The pIV protein is one of three filamentous 
phage proteins that are not part of the f l  
virioil but are required for phage export fro111 
the host bacterium. Interest in pIV has been 
stimulated by its sequence similarity to pro- 
teins in the type IV pilus asse~llbly and in 
transport pathways. including type I1 and 
type I11 secretion systems ( I ) .  Both of these 
complex secretion systellls mediate the ex- 
port of protei~ls ill Gram-negative bacteria. In 
type I1 secretion, toxins or degradative en- 
zymes are secreted into the extracellular mi- 
lieu; in type I11 secretion. proteins are secret- 
ed and injected directly into the cytosol of 
euka~yotic host cells, causing cytotoxicity. 
Bacteria with type I1 or type 111 secretion 

systellls i~lclude such ilotorious anirnal and 
plant pathogens as Yei,siizicr, S ~ l i ~ ~ o i ~ e l l a ,  Slii- 
gella, and El-~,iiiin. all of which express a pIV 
homolog necessary for secretion or virulence. 
Although it has been postulated that pIV and 
its ho~llologs function as outer ~lle~llbralle 
channels, there has been no direct evidence to 
support this hypothesis. 

The pIV protein exists as a large homo- 
multimer in the outer lnernbrane of E. coli. 
Purified ~nultirners are large cyli~ldrical struc- 
tures, as viewed by scanning tra~lslllissio~l 
electron microscopy (STEM) (2). The fila- 
mentous phage is approxi~nately 1 p m  long 
with a dia~lleter of 6 to 7 nm. A simple 
diffusio~l pore 6 to 7 nm in diameter would 
cause E. coli to be velv sensitive to external 

The University, 1230 York Avenue, New stresses. However. phage-infected E. coli 
York, NY 10021, USA, lnaiiltai~l long-tern1 viability. Thus. if pIV 
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