nism, but double stars measured before
and after the Io observations showed no
obvious difference. We suspect that the
cause is the existence of other, weaker
hot spots on the disk. For example, a hot
spot near the western limb (230° to 250°)
would increase the apparent east-west
diameter, would shift the center of the
modeled disk relative to the hot spot,
and would increase the disk’s relative
brightness. The greater scatter in the
east-west diameter, compared with that
in the north-south, also suggests such an
effect. However, because this is a new
technique with perhaps unknown
sources of error, we do not claim that the
presence of such a hot spot is firmly
required by the residuals.

Finally, the systematic effects men-
tioned above, which introduce spurious
high-frequency power, resulted in an
overestimate of the hot spot brightness.
This spurious power adds in quadrature
with the true power. Estimating that it
would result in a visibility of 0.15 for a
completely resolved disk, and subtract-
ing the equivalent power, we obtained a
corrected hot spot brightness of 0.67
when it is at the subearth point.

Measurements of the total brightness
of Io, relative to the star A Sgr, allowed
us to estimate the hot spot flux. Adopt-
ing an M magnitude of 0.438 = 0.005 for

this star (5) and a zero magnitude flux of .

170 + 8 Jy (7), we obtained a hot spot
flux of 5.78 Jy, which is equivalent to a
radiance at Io’s surface of 2.96 x 10?2
ergs sec™! cm™! sr™Y/A, where A is the
hot spot area.

In summary, after correcting for sys-
tematic effects and estimating the vari-
ous sources of error, we adopt the fol-
lowing hot spot parameters: longitude,
301° = 6°; latitude, 10° = 6°; brightness,
0.67 = 0.15 (relative to the disk); radi-
ance, (2.96 * 0.54) x 10 ergs sec™!
cm~! sroYA.

These data, when combined with the
knowledge that an infrared outburst was
occurring (5), indicate that an eruption
was taking place in the Loki region. Loki
Patera, the ‘‘lava lake” seen by Voyag-
er, was located at (309°, +12°) (8). Two
plumes issued from opposite ends of a
dark feature slightly to the northeast:
(305°, +19°) and (301°, +17°) (9). All
these locations are slightly beyond the
errors limits we have quoted for our
measurements. The discrepancy is small
enough that we cannot absolutely ex-
clude them, but the polarization observa-
tions by Goguen and Sinton (5) also
suggest a source slightly east of Loki
Patera. (In this case, east is the direction
on the planet, not on the plane of the
sky.)
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Table 1. North-south hot spot position on 3
July 1984.

Universal Location

time (arc Longitude
(hours) seconds) (degrees)
10:52 0.125 +13
10:58 0.176 18
11:08 0.044 5
11:13 0.007 2
11:21 0.122 13

We can derive an area for the hot spot
from the radiance, but the result is highly
dependent on the temperature assumed.
For example, 400 K corresponds to
11,400 km?, 600 K to 930 km?, and 800
K to 260 km?. For comparison, the over-
all area of Loki Patera was 50,000 km?.
In view of the large area required for any
likely temperature, the source must be
similar to a lava lake or flow rather than
to the small vent of a plume. The posi-
tion of the active part of the lava lake
may have shifted. Voyager images (10)
show evidence for several such shifts in
the past, in the form of partly ‘‘solidi-
fied”’ or obscured sections extending to
the northeast and southwest.

The recent development of techniques
that allow observations of individual hot
spots, such as the speckle observations
described here, together with the work of
Goguen and Sinton (5), should contrib-

ute toward a much improved under-
standing of volcanism on Io. Multiple
wavelength observations will be particu-
larly important because they will allow
accurate estimates to be made of the hot
spot temperatures and thus of the rela-
tive importance of silicate and sulfur
volcanism.
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Characterization of Io’s Volcanic Activity by

Infrared Polarimetry

Abstract. The thermal emission from I0’s volcanic hot spots is linearly polarized.
Infrared measurements at 4.76 micrometers show disk-integrated polarization as
large as 1.6 percent. The degree and position angle of linear polarization vary with
Io’s rotation in a manner characteristic of emission from a small number of hot
spots. A model incorporating three hot spots best fits the data. The largest of these
hot spots lies to the northeast of Loki Patera, as mapped from Voyager, and the
other spot on the trailing hemisphere is near Ra Patera. The hot spot on the leading
hemisphere corresponds to no named feature on the Voyager maps. The value
determined for the index of refraction of the emitting surface is a lower bound; it is
similar to that of terrestrial basalts and is somewhat less than that of sulfur.

JAY D. GOGUEN

WILLIAM M. SINTON

University of Hawaii, Institute for
Astronomy, Honolulu 96822

Io is the only body in the solar system,
other than Earth, on which active volcan-
ism has been observed directly. During
the two Voyager encounters (March and
July 1979), nine plumes were detected on
Io above active vents on a young, crater-
less volcanic terrain; these features are
indicative of vigorous, sustained erup-
tive activity (/, 2). Ground-based infra-

red (IR) photometry of the thermal emis-
sion from Io’s hot spots has shown a
stable, long-wavelength (8 to 20 wm)
component (3) and a variable, short-
wavelength (5 pm) component (4).
Ground-based IR measurements do not
resolve the disk and represent hemi-
spheric averages. Disk-integrated mea-
surements of the linear polarization of
the thermal emission as Io rotates is a
new technique that can be used to locate
hot spots in both latitude and longitude,
to measure the flux emitted from individ-
ual hot spots, and to estimate the index
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Fig. 1. The variation of flux and linear polar-
ization with orbital longitude due to a single
standard hot spot of area 2000 km? (T, 450 K)
located at 180°W, 15°N on a model planet with
n = L.5 and a true geometric albedo of 0.8. In
each frame of the figure, the solid line is the
signature of this standard spot and the broken
lines show the changes in this signature if one
of the parameters is varied from the standard
configuration. (A) The effective geometric al-
bedo, p’. (B) The degree of linear polariza-
tion, V (dotted line, n = 1.8). (C) Position
angle of linear polarization, ¢ (dashed line,
latitude 45°N; dotted line, latitude 15°S).

of refraction of the emitting surface. A
series of rotational polarization curves
can be used to establish the volcanic
context of the Io data from the upcoming
Galileo mission. Ground-based measure-
ments made during Galileo’s approach to
Jupiter may provide timely targeting in-
formation on active eruption sites when
the spacecraft has its only close encoun-
ter with Io immediately upon insertion
into orbit around Jupiter.

Thermal radiation is initially unpolar-
ized when it originates beneath the sur-
face and becomes linearly polarized
upon transmission across the surface
boundary. The surface boundary is as-
sumed to be a smooth interface between
the dielectric surface material with real
index of refraction n and a vacuum with
n = 1.0. Kirchoff’s law requires that the
emissivity of the surface be the comple-
ment of the reflectivity for each polariza-
tion. The reflectivity is given by Fres-
nel’s reflection coefficients (5, 6). The
emitted radiation (viewed by an observer
on the vacuum side of the interface) is
linearly polarized, with its electric vector
preferentially coplanar with the normal
to the surface and the line of sight. The
degree of polarization increases as the
line of sight deviates from the surface
normal (more grazing viewing); the de-
gree of polarization increases with #.

Because the arc-second disk of Io is
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too small to be resolved by ground-based
telescopes (7), a quantitative model must
calculate the net polarization that results
from integration of the emission and dif-
fuse reflection of sunlight from many flat
surface elements distributed over a
sphere. At 5 pm, most of the background
flux from Io is reflected sunlight (3, 4).
Near opposition, linear polarization of
this reflected flux is negligible (8). We
have assumed that zero linear polariza-
tion is introduced by the background flux
from areas that are not hot spots.

The assumption of zero background
polarization means that the observed po-
larization can be interpreted as the sum
of the contributions of hot spots. Consid-
er the contribution of a single hot spot of
area A at an angular distance 0 from the
center of Io’s disk. A convenient unit is
the product of the Planck function for the
relevant temperature, B(T), and the solid
angle w subtended by the spot, w = A/
d*cos®, where d is the distance to the
observer. The quantity wB(7) is the flux
that would be observed for a hot spot
with unit emissivity. The contribution to
the flux from the model hot spot, Fy, is
reduced by its emissivity according to
Eq. 1.

F, = Y(Es + Ep)uB(T) )

where the emissivity for the radiation
polarized with its electric vector parallel
to the surface is

Ep =1 — [(cos® — s)/(cos® + s)I* (2)

the emissivity for the orthogonal polar-
ization is.

Eg = 1 — [(n’cos® — s)/(n*cosd + s)]°
3)

and s = (n® — sin%0)"2. If this spot is
viewed at a position angle ¢, measured
counterclockwise from north on Io, the
component of the flux that is linearly
polarized with its electric vector parallel
to north is

Fy = V(Es — Ep)cosQd)wB(T) (4

The flux component of the orthogonal
linear polarization is

Fy = Y(Es — Ep)sin2$)oB(T)  (5)

If more than one hot spot is on the visible
disk, then F,, F,, and F, are the sum of
the contributions from each spot. The
total flux, F,, is the background flux, F,
(9), plus the volcanic flux. A useful scal-
ing for the total flux is an effective geo-
metric albedo, p’, that includes the vol-
canic component of the flux and is relat-
ed to the true geometric albedo, p (10),
by p’ = p(1 + F,/F). The normalized
Stokes’ vector, S = (1,x,y,z), is a com-
plete description of the polarization state

0.02 |

0.01

90°
60°
30°

-30°
-60° -y
~90° o oo 1 1
300° 240° 180° 120° 60°
Central meridian (W longitude)

Fig. 2. Observations (@) and the best two-
spot (...... ) and three-spot models
( ) of Io’s 4.76 pm flux and linear
polarization on 8, 9, and 10 July 1984 UT
(Table 1). Observations on 13 August 1984 (O)
were not included in the fit because of their
nonsimultaneity with the other data. Error
bars are *1 standard deviation of the four to
six independent measurements defining each
point and indicate the internal consistency of
the data. If V =0, then ¢ is undefined;
¢ = +90° and —90° are equivalent.

(11). In terms of the flux quantities de-
fined above, x is F,/F,, y is F,/F,, and,
because no circular polarization can be
introduced at a dielectric boundary, z is
0. The degree of linear polarization, V, is
(x* + y)'2, and the position angle of
linear polarization, {, is 1/2 arctan (y/x).

As Io rotates both the solid angle and
the directional emissivity of the spot
vary, as does the disk-integrated linear
polarization (Fig. 1). Polarization effi-
ciency of the surface increases as the
spot moves closer to the limb because of
the strong angular dependence of the
Fresnel coefficients. Simultaneously, the
spot’s contribution to the total flux de-
creases because of its rapidly decreasing
apparent solid angle. These two trends
combine to produce the characteristic
pair of maxima in the degree of polariza-
tion. The plane of polarization is parallel
to the line connecting the spot and the
center of the disk. The central meridian
longitude of the maximum flux, the mini-
mum in the degree of polarization, and
the zero crossing of the position angle all
correspond to the longitude of the spot,
and the asymptote of the position angle
as the spot approaches the limb is the
colatitude of the spot.

The flux and linear polarization of Io
was measured at 4.76 pm effective wave-
length (M filter) with an InSb detector
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and a rotating wire-grid polarimeter (12)
at NASA’s 3-m Infrared Telescope Fa-
cility on Mauna Kea, Hawaii (Fig. 2).
Dates of observation were 8, 9, and 10
July 1984 universal time (UT), a period
during which Io exhibited enhanced, but
not unusual (4), 5-um emission. These
data (13—15) show that the polarization is
variable with Io’s rotation and that the
degree of polarization is as large as 1.6
percent.

Simultaneous nonlinear least-squares
fits for p’, x, and y were made to deter-
mine the locations, relative sizes, and
index of refraction of the emitting areas
(16). Both systematic and statistical
sources of error were evaluated (17) (Ta-
ble 1). The data are naturally subdivided
into two groups: extensive coverage on 8
and 10 July of the trailing hemisphere,
and sparse coverage on 9 July of the
leading hemisphere (18). Initial estimates
of the parameters were obtained by fit-
ting a one-spot model to the strong signa-
ture in the trailing hemisphere data (Figs.
1 and 2). Critical parameters not well
known initially were the index of refrac-
tion and geometric albedo at 4.76-pm
wavelength (19). Starting with » and p at
their provisional one-spot values, the
data from all three nights were fit to a
two-spot model with the second spot
lying on the leading hemisphere (Table
1). This two-spot model is the simplest
one that reproduces the overall features
of the observations.

Systematic deviations of the polariza-
tion data from the two-spot model be-
tween 300° and 360° west longitude and
the large uncertainty in the latitude
(compared to the longitude) of the spot
on the trailing side indicate that a third
spot might be present on the trailing
hemisphere (Table 1 and Fig. 2). The
best-fit solution including a third spot
lying southwest of the larger, main spot
is our preferred model. An alternate so-
lution with somewhat larger residuals
shifts the two spots to the northeast
(Table 1) (20).

Locations and sizes of the hot spots on
the trailing hemisphere (assuming a tem-
perature of 450 K) (Table 1) were
mapped relative to the major surface
features discovered by Voyager (Fig. 3).
The dominant source of S-um thermal
emission is the region near Loki, which
displayed two active plumes during the
Voyager encounters and has been sug-
gested as a stable, long-term source of
8.7- and 10-pm emission (3).

Our best position (288°W, 20°N) indi-
cates that the source of the 5-um emis-
sion is east and north of Loki Patera, a
circular, low-albedo feature (200 km in
diameter) that is thought to be a large
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450 K) to observations of Io’s disk-integrated linear polarization and flux. For each fit, the model parameters are

Table 1. Parameters of the least-squares best-fit models for two and three hot spots (T

he uncertainty in the zero point calibration of
both of which affect the relative scaling of the flux and polarization data. The effects of these systematic errors are estimated by refitting the

shown together with the effects of systematic and statistical errors as the net change in the least significant digits. The sources of systematic error are t

the M-magnitude flux scale and the M-magnitude of the sun,

value as the
2 is the sum

for the three hot spots

n parentheses below the parameter
he measurements (17). The value of x

value of 1 standard deviation, determined from 50 fits to an ensemble of 50 synthetic data sets generated with Gaussian noise comparable to that in t

models for values of the M-magnitude of the sun +0.06 magnitude about the optimum value. The effects of statistical measurement error are shown i
of the weighted squared residuals of p

', x, and y. The combined effects of both sources of error are summarized together with the optimum parameter values. Alternate solutions

2, with parameter values and uncertainties that are not shown but are the same as those in the preferred three-spot solution.

(bottom) represent a local minimum in x

Hot spot 3

Hot spot 2

Hot spot 1

Longi-
tude
(de-

Lati-
tude
(de-

Area
(km?)

hot spots
land 2

Lati-
tude

Lati- Longi-
tude Area tude
(km?) (de-

grees)

Longi-
tude

Area
(km?)

M
(sun)

Data

(de-

(de-
grees)

(de-
grees)

grees)

grees)

grees)

Two hot spots

+14
628

-70
+5.61

(1.41)
+11

(1.77)
-9

71.40

+83 +2.13
1551
(212)
+72

+20
0

+8.80
(5.34)

-9
299.98
(46)

+1

48
4426
(148)

+213

-63

0.784
(14)

+48

-19

1.467
37

+1

-6

—28.23
+6

Systematic error (positive)

Parameter
Standard error

Systematic error (negative)

Summary

-2
+6
+2

+4
71
-2

+300
1550
—140

+6
+9
-5

+5
300.0
=5

—200

4430

+360

-8
0.78
+6

-6
1.47
+4

Total error (positive)
Total error (negative)

Parameter

Three hot spots

+6
492

~80
-11.62

+1.78
321.87

-125
1723

+22
+6.44

+84
71.90

+45
1474

-16
+20.08

—-11 +28
287.78

3057

-56
0.788

=30
1.507

-6
—28.23

Systematic error (positive)

Parameter

+1

(4.28)
+72

(5.52)
—1.04

(116)

+143

-6
+2
+6

(1.43)

(3.30)
~18

(212)

+16

(1.34)
-2
+20
+2

+32

(2.70)
=36
+3
288

(118)

+50

14

+52
-7

0.79
+7

45
+17

+6

Systematic error (negative)
Total error (positive)
Parameter

Standard error
Summary

-5
-12
+5

-7

+7
322

—-240
1720
+260

+4
72
-3 -1

+260
1470
—200

-3

—-130
3060
+170

+6

1.51

Total error (negative)

+27 510

277

Y

Alternate for three hot spots

311

Parameter
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lava lake. This location is consistent with
the source lying near the east end of
Loki, a linear, low-albedo feature (250
km in length) northeast of Loki Patera
and the apparent source of plumes 2 and
9 seen by Voyager. This position sug-
gests that the source may correspond to
enhanced activity in the vicinity of
plume 9, which grew considerably during
the interval between Voyager encoun-
ters (2). The 3060-km? area corresponds
to a circular hot spot 62 km in diameter,
which is twice as large (in terms of flux
emitted) as either of the remaining two
spots but less than 10 percent of the low-
albedo area of Loki Patera.

The position of the spot on the leading
hemisphere (72°W, 6°N) corresponds to
no named feature in the Voyager images.
Voyager coverage was limited to low
spatial resolution, and no IR spectrosco-
py was performed on this hemisphere.
One possibility is that this feature repre-
sents an eruption that occurred after the
Voyager encounters. The appearance of
Surt and changes in Loki Patera between
the two Voyager encounters attest to the
volatile nature of Io’s landscape (7). An-
other possibility is that the assumption of
a single spot on the leading hemisphere is
unjustified. The 1470-km? area of this
spot corresponds to a circular region 43
km in diameter.

The preferred position for the third
spot (322°W, 12°S) is nearest Ra Patera,
a volcano that resembles some of the
actively erupting features but was appar-
ently dormant during the Voyager en-
counters. The error bars also encompass
Mazda Catena (Fig. 3). The alternate
position is close to Atar, a feature that is
apparently the source of low-viscosity
flows recently proposed as an example
of sulfur volcanism (21). A circle 47 km
in diameter has the same area, 1720 km?,
as the best-fit area for this spot.

In addition to determining the loca-
tions of the hot spots, this analysis yields
the index of refraction of the emitting
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surface and the mean geometric albedo
of the disk at 4.76-um wavelength. The
value for n of 1.51 (+0.06/—0.08) is close
to that for some terrestrial basalts and
basaltic glasses [1.34 to 1.46 (22)] and is
lower than a measured value for sulfur
[1.82 = 0.07 at T = 35°C (23)]. Because
macroscopic surface roughness will re-
duce the degree of polarization, the val-
ue for n of 1.51 should be regarded as a
lower limit on the true index of refraction
(24). The value for the mean geometric
albedo, 0.79 + 0.07, agrees well with
measured values from 3.0 to 3.4 um (25),
which is the region of continuum toward
shorter wavelengths from the SO, ab-
sorption band centered near 4 um. It also
agrees with the fraction of the total flux
supplied by hot spots, measured by
speckle interferometry during 2 to 4 July
1985 UT (7).
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Nodal Modulation of the Lunar Semidiurnal Tide in the

Bay of Fundy and Gulf of Maine

Abstract. Observations, numerical modeling, and theoretical calculations show
how the 18.6-year modulation of the main lunar semidiurnal tide in the Bay of Fundy
and Gulf of Maine is reduced from its astronomical value of 3.7 percent to 2.4
percent by the effects of friction and resonance. The agreement of the three
approaches increases confidence in model predictions of widespread changes in the
tidal regime resulting from development of tidal power.
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The world’s highest tides occur in the
Bay of Fundy and have been attributed
(1) to a near-resonant response of the
Bay of Fundy-Gulf of Maine system.
Proposed development of tidal power
would increase the tides throughout this
region by bringing the system closer to
resonance. Detailed predictions of this
increase have been made by a numerical
model (2) that has been calibrated
against observed tides. We report that
study of the long-period variations in the
tide support the idea of resonance and
the validity of the numerical model.

The astronomical forcing of the main
lunar semidiurnal tide (M, tide), which
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has a period of 12.42 hours, varies by
+3.73 percent during 18.61 years be-
cause of variations in the declination of
the moon’s orbit (3). It is generally as-
sumed in tidal prediction that the ob-
served M, tide will be modulated by the
same amount. In the few instances in
which long records of sea level have
been analyzed to check this assumption
4, 5), they show noticeable differences
from the astronomical values. Using
more recent data, we examined the de-

parture of the modulation of M, from the
value predicted in the equilibrium tide
and we compared our results with those
from a numerical model and from theo-
retical calculations.

An unmodulated tidal constituent
would take the form of A cos(wt — 6),
where A is amplitude, » is the tidal
frequency, ¢ is time, and 6 is a phase lag.
The theoretically modulated tide may be
written A(l + RcosAf)cos(wt — 0 + u)
where A = —2mw(18.61 years)™!, u =
—RsinAt. As mentioned, for the M, tide,
R = 0.0373 and so | u | is 2.14°. Because
the observed tide may be different from
this, we consider it in the form A[1 + R’
cos(At — &')lcos(wt — 6 + u'), where
u' = —asinAt + bcosAt, with R', &', a,
and b to be determined from the data.
When the observed modulation equals
the theoretical astronomical modulation,
R'=R,3 =0,a=R,and b = 0.

Data on sea level from Saint John (Fig.
1) for the years 1947 through 1971 were
Fourier analyzed at the M, frequency for
each year and the amplitude and phase
fitted with our model. The results may be
compared (Table 1) with those of a simi-
lar analysis by Doodson (4) for 1894
through 1916. Data from Boston and Bar
Harbor for 1947 through 1966 were ana-
lyzed by complex demodulation. To en-
sure that we were looking at the re-
sponse of the Fundy-Maine system and
not the North Atlantic, data from Halifax
for 1920 to 1980 were also analyzed.

The numerical model of Greenberg (2)
was used with the imposed M, tide at the
shelf edge increased by 3.73 percent
(R = 0.0373) to see how well the model
response corresponded to observation.
To account for open boundaries (6), a
trial was also made with boundary ampli-
tudes scaled up by 4.0 percent.
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Fig. 1. The Bay of Fundy and Gulf of Maine.
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