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Near-IR groundbased observations coordinated with Wide Field
Planetary Camera 2 (WFPC2) HST observations (Sromovsky et al.
Icarus 149, 416–434, 459–488) provide new insights into the vari-
ations of Neptune and Triton over a variety of time scales. From
1996 WFPC2 imaging we find that a broad circumpolar nonax-
isymmetric dark band dominates Neptune’s lightcurve at 0.467µm,
while three discrete bright features dominate the lightcurve at
longer wavelengths, with amplitudes of 0.5% at 0.467 µm and 22%
at 0.89µm, but of opposite phases. The 0.89-µm modulation in 1994,
estimated at 39%, is close to the 50% modulation observed during
the 1986 “outburst” documented by Hammel et al. (1992, Icarus
99, 363–367), suggesting that the unusual 1994 cloud morphology
might also have been present in 1986. Lightcurve amplitudes in
J–K bands, from August 1996 IRTF observations, are compara-
ble to those observed in 1977 (D. P. Cruikshank 1978, Astrophys.
J. Lett. 220, 57–59) but significantly larger than the 1981 ampli-
tudes of M. J. S. Belton et al. (1981, Icarus 45, 263–273). The 1996
disk-integrated albedos of Neptune at H–K wavelengths are 2–7
times smaller than the 1977 values of U. Fink and S. Larson (1979,
Astrophys. J. 233, 1021–1040), which can be explained with about
1/2–1/4 of the upper level cloud opacity being present in 1996.
A simplified three-layer model of cloud structure applied to CCD
wavelengths implies ∼7% reflectivity at 1.3 bars (at λ= 0.55 µm,

1 Based on observations made with the NASA/ESA Hubble Space Telesc
and on observations obtained from the data archive at the Space Telescop
ence Institute. STScl is operated by the Association of Universities for Rese
in Astronomy, Inc. under NASA Contract NAS 5-26555.

2 Visiting Astronomer at the Infrared Telescope Facility, which is operated
the University of Hawaii under contract to the National Aeronautics and Sp
Administration.

decreasing as λ−0.94) and∼1% at 100–150 mbars. To fit the WFPC2
observations and those of E. Karkoschka (1994, Icarus 111, 174–
192), the putative H2S cloud between 3.8 and 7–9 bars must have
a strong decrease in reflectivity between 0.5 and 0.7 µm, as previ-
ously determined by K. H. Baines and W. H. Smith (1990, Icarus
85, 65–108). To match our 1996 IRTF results, this cloud must have
another substantial drop in reflectivity at near-IR wavelengths, to a
level of 0–5%, corresponding to single-scattering albedos of∼0–0.3.
The model that fits our near-IR observations on 13 August 1996
can reproduce the magnitudes of the dramatic 1976 “outburst”
(R. R. Joyce et al. 1977, Astrophys. J. 214, 657–662) by increas-
ing the upper cloud fraction to 6% (from ∼1%) and lowering its
effective pressure to ∼90 mbars (from 151 mbars). Triton’s disk-
integrated albedo from HST imagery at 11 wavelengths from 0.25
to 0.9 µm are consistent with previous groundbased and Voyager
measurements, thus providing no evidence for the albedo decrease
suggested by Triton’s recent warming (J. L. Elliot et al. 1998 Nature
393, 765–767). Triton’s lightcurve inferred from 1994–1996 WFPC2
observations has about twice the amplitude inferred from 1989
Voyager models for the UV to long visible range (J. Hillier et al.
1991, J. Geophys. Res. 96, 19,211–19,215). c© 2001 Academic Press
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Multispectral Hubble Space Telescope (HST) imaging
Neptune in 1994, 1995, and 1996 provide a significant datab
of information concerning Neptune’s atmospheric dynamics a
vertical structure and its changes since the last detailed and
tended view provided by theVoyagerencounter in 1989. Wide
Field Planetary Camera 2 (WFPC2) images that we obtai
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on 13–14 August 1996 are unique in their temporal cover
of a single rotation of Neptune and in their coordination w
groundbased observations from the NASA Infrared Telesc
Facility (IRTF). The observations and special data reduction p
cedures we developed to analyze 1996 and earlier observa
are described by Sromovskyet al. (2001a), hereafter referre
to as Paper I. Atmospheric circulation and spatially resol
cloud structure results obtained from these data are describe
Sromovskyet al.(2001b), hereafter referred to as Paper III. T
I /F values used to infer first-order vertical structure inform
tion in Paper III are based on the same photometric calibra
discussed in this paper.

Here we describe the analysis that yields calibratedI /F val-
ues for the HST and IRTF data, and determine disk-integra
albedos of both Neptune and Triton at CCD and near-IR wa
lengths. Neptune’s disk-integrated albedo and its rotational m
ulation are valuable in comparing with both recent observatio
as well as observations dating back to 1972. The 1996 data
vide a special insight into the relationship of disk-integra
properties to the spatial distribution of cloud features, wh
helps to interpret the long-term record of Neptune’s atmosph
dynamics. The disk-integrated spectrum of Triton and its ro
tional phase have value in tracking expected seasonal varia
on Triton that cause migration of volatiles and resulting chan
in Triton’s mean spectrum. By monitoring Triton’s spectral va
ations as a function of rotational phase we can place constr
on the distribution of surface ices. Triton’s disk-integrated
solute spectral lightcurve also has special value as a spe
reference for Neptune.

In the following sections we first provide a brief overview
the photometric methods applied to the HST image analysis,
lowed by a description of the IRTF photometric approach, w
emphasis on aperture selection and seeing corrections. We
present the albedo and lightcurve results for Triton, the alb
and lightcurve results for Neptune, and finally, simplified mod

of Neptune’s cloud structure that are consistent with observed
disk-integr

0

5
2
5
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the methane absorption coefficient within each filter bandpass
uch variability
ated spectral properties and their short- and long-term

TABLE I
Observing Parameters for HST Observations

Neptune–Sun Range Ä(Neptune)a Phase Ä(Triton) Triton
Date distance (AU) (AU) (sr) angleb(◦) (sr) long.c(◦)

10 Oct 1994 30.174 30.09 9.379E-11 1.89R 2.863E-13 160–14
18–19 Oct 1994 30.177 30.23 9.292E-11 1.89R 2.811E-13 27–(−6)
28 June 1994 30.177 29.20 9.956E-11 0.53L 3.012E-13 46–25
2 Nov 1994 30.173 30.47 9.141E-11 1.79R 2.765E-13 211–19
2 Sep 1995 30.169 29.46 9.781E-11 1.38R 2.959E-13 309–29
24 Nov 1995 30.166 30.77 8.964E-11 1.48R 2.709E-13 246–24
8 Mar 1996 30.164 30.78 8.958E-11 1.47L 2.710E-13 316–295
13 Aug 1996 30.161 29.24 9.929E-11 0.81R 3.004E-13 341–33

a We used 1-bar values for Neptune’s equatorial and polar radii (Davieset al.1992).
b

is tabulated to demonstrate that there is too m
R(L) indicate that the Sun is right (left) of the central m
c The longitude scale for Triton is planetographic.
KY ET AL.
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variations. In two appendices we discuss measurements o
IRTF point spread function (A) and standards of solar spec
irradiance (B).

2. HST PHOTOMETRY

We computed reflectivities for Neptune and Triton using

a(F) =
(

DN

tEXP

)
PHOTFLAM(F)/Ä

(RE/RT )2E¯(F)/π
, (1)

where DN is the WFPC2 digital number,tEXP is exposure time,
F denotes filter,RE is the mean radius of the Earth’s orbit,RT

is the Sun–target distance at the time of the observation,E¯(F)
the average solar flux for each HST filter at a distanceRE andÄ
denotes solid angles of either Neptune or Triton, for computa
of disk-integrated albedos, or the solid angle of a single pi
for computation ofI /F values. Orbital distances, ranges, so
angles, and phase angles are provided in Table I. The geom
albedo, i.e., the disk-integrated albedo at zero phase angle
fers from our observed albedo by a small correction. Becaus
phase correction is not accurately known, we present the re
here without correction (this is further discussed in regard
Triton’s lightcurve in Section 4.3).

In Eq. (1) the parameter PHOTFLAM is the point-source sp
tral flux density that produces 1 DN/s for a specific filter and A
gain state, assuming a spectrally flat source and integration
an “infinite” aperture. The integral over the “infinite” aperture
operationally defined to be 1.096 times the flux contained wit
an aperture of 0.5′′ in radius (Voit 1997). For a spectrally varyin
source, the equivalent spectrally flat flux density is obtained
weighting the source spectrum with the HST system respo
functions. The WFPC2 filter characteristics, the current val
of PHOTFLAM, and the average solar flux for each HST
ter we used are provided in Table II. The standard deviatio
eridian (with N up).
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TABLE II
HST WFPC2 Filter Characteristics and Photometric Fluxes

〈λ〉a 1λa 〈k(CH4〉a σ (k)a PHOTFLAMb E¯(F)c

Filter (nm) (nm) (km-am)−1 (km-am)−1 erg/(s cm2 Å) W m−2µm−1

F255W 260.59 45.02 0.0001 0.0000 5.736E-16 157.1
F336W 336.88 46.93 0.0048 0.0000 5.613E-17 871.5
F410M 409.42 18.61 0.0004 0.0000 1.031E-16 1682.2
F467M 467.09 20.89 0.0014 0.0005 5.763E-17 2015.4
F547M 548.77 63.79 0.0214 0.0032 7.691E-18 1856.7
F588N 589.36 6.54 0.0041 0.0021 6.125E-17 1776.2
F631N 630.64 4.21 0.0083 0.0064 9.148E-17 1661.3
F673N 673.22 6.33 0.0505 0.039 5.999E-17 1518.8
F850LP 912.47 106.91 5.68 1.02 8.357E-18 876.1
FQCH4N-B 621.82 4.49 0.624 0.49 9.059E-17 1708.1
FQCH4N-D 889.75 7.05 23.3 24.7 1.771E-16 921.8

a1λ= ∫ S(λ) dλ, 〈 λ 〉= ∫ λS(λ) dλ/1λ, 〈 k 〉= ∫ k(λ)S(λ) dλ/1λ, σ (k)= (
∫

(k(λ)−〈 k 〉)2S(λ) dλ/1λ)1/2, whereS(λ)
is the filter-dependent relative response function versus wavelength, normalized to a unit maximum, andk(λ) is the CH4

absorption coefficient spectrum of Karkoschka (1994).
b Values are for Gain= 7. Multiply by 10 to convert to W m−2µm−1. Obtained from http://www.stsci.edu/instruments

wfpc2/Wfpc2phot/wfpc2photlam.html, last updated May 1997. The last two values were converted to gain= 7 using Table

28.1 of the HST Data Handbook (Voit 1997).
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c Average in-band solar irradiance at 1 AU= ∫ S(λ)E¯(λ)

to accurately characterize the absorption by a single coeffic
for each filter. Instead, we must compute radiation transfe
full resolution, or use exponential sums, and then integrate
results over the system response functions.

We treated Triton as a point source, using a circular aper
of 0.5′′ in radius, with background values obtained from an
nulus with inner and outer radii of 4′′ and 6′′ respectively. Our
disk-integrated photometry of Neptune used an aperture d
eter of 110 pixels (a radius of 2.5′′) and a background annulu
from 229 to 316 pixels in diameter, corresponding to a radial
nulus from 5.2′′ to 7.2′′. From measurements of integrated cou
rates as a function of integration aperture size, we estimate
the infinite aperture value is 1% larger than our standard va
and have applied that correction prior to conversion to flux un
For long-exposure images, made at UV and methane-band w
lengths, numerous cosmic ray streaks are found throughou
images. These were removed from the planet disk by inte
lation, using visual identification based on their characteri
morphology. They were also removed from the background
using an automated technique that removes values exceed
threshold level set to five standard deviations from the dark
level, where the standard deviations are determined from s
regions without cosmic ray hits.

3. IRTF PHOTOMETRIC ANALYSIS

3.1. Aperture Selection

Selection of an appropriate aperture for integration of ene
from a given target is complicated by the extended wings of
point spread function (PSF), which make significant contri
approach we take is based on measured PSF pro
in Appendix A.
λ/1λ.
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Enclosed energy profiles and corrections.The enclosed en-
ergy as a function of aperture size varies significantly with see
conditions (Fig. 1). Our procedure for dealing with these var
tions was to use a fixed aperture size for all seeing conditio
then apply seeing-dependent corrections to approximate the
integral. We used circular integration apertures and an an
lar region for background averaging that had approximately
same area as the integration aperture. The aperture size was
sen as large as possible within limitations of image frame s
and avoidance of background contamination by other sour
We chose a central aperture diameter ofd1 = 33 pixels, which
encloses 98% of the point-source energy when the seein
0.5′′, and background annulus diameters ofd2 = 43 pixels and
d3 = 56 pixels. The seeing-dependent central and backgro
integrals are used to estimate the seeing-independent infi
aperture integral as described in the following.

Our operational measured aperture integral for point sour
is given by the relation

SM = S(d1)− (S(d3)− S(d2))
d2

1

d2
3 − d2

2

, (2)

where S(d) = ∫ d/2
0 2πr I (r ) dr is the integral out to radius

r = d/2. The second term of the equation is the backgrou
correction. Denotingβ(d) = S(d)/S(∞), we can rewrite Eq. (2)
in the form

S(∞) = SM

[
β(d1)− (β(d3)− β(d2))

d2
1

d2
3 − d2

2

]−1

(3)
filesThe sizes of the corrections involved are summarized in
Table III. The correction uncertainties are probably∼1% or
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FIG. 1. Enclosed energy as a function of aperture radius (left) and a detailed view of the upper 20% as a function of aperture diameter in pixels (rig

selected integration aperture is denoted byd1, while d2 andd3 indicate inner and outer annular diameters for background averaging. The diffraction curve is a
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less, except that our estimate forS(∞) might be short by sev-
eral percent, depending on how the wing behaves outside
radius range we investigated. However, that correction is p
ably the same for all seeing conditions, and because it ap
as a factor that affects both reference star and target mea
ments, it cancels in the ratio. The primary role of our correct
model is to accommodate changes in integral fractions betw
refrence calibration measurements and target measuremen
might well occur because of changed seeing conditions. W
we use a local reference for each image, such as Triton for d
Neptune photometry in the same image, correcting for miss
energy is far less important.

Wavelength dependence of photometry corrections.The at-
mospheric seeing disk is only weakly dependent on wavelen
varying asλ−0.2 (Walker 1987). Thus, over a wavelength ran
from 1.26 to 2.4µm, this component would decrease by t
factor (1.26/2.4)0.2 = 0.88, and the first-order effect would b
correctly accounted for by the corrections given in Table
More difficult to assess is the wing contribution, which presu
ably is a scattering effect and thus could depend rather stro
on wavelength. However, comparing measured K- and J-fi
brightness profiles reveals no significant difference in either
core or the wing behavior. Perhaps this is accounted for by a
distribution in defects, such that different scales of particles
defects dominate at different wavelengths.

TABLE III
J-Filter Aperture Photometry Corrections

Seeinga Seeingb β(d1) β(d2) β(d3) S(∞)/SM

0.40′′ 0.47′′ 0.976 0.985 0.995 1.033
0.78′′ 0.88′′ 0.965 0.982 0.994 1.047
1.20′′ 1.23′′ 0.952 0.981 0.993 1.062

a FWHM average over 7–9 images in each group.

b Median FWHM of 2D Gauss fits within 17× 17 box.
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Aperture sizes and corrections for nonpoint sources.For
objects of substantial angular extent, such as Neptune, and
focused star images, the aperture diameter needs to be incre
by the diameter of the object in question, to ensure that e
ergy from a limb point is collected with the same efficiency a
that from a point source. We also modified the background
tegrals from that used for point sources so that annular ra
would provide at least as much distance from the source
not get uncomfortably large. The aperture and annulus sizes
summarized in Table IV.

3.2. Photometric Calibration Methods

Our IRTF calibration is based on comparisons with standa
stars observed at times and airmasses that are close to those
for our target measurements. Our starting point is the measu
relative magnitude

mr ≡ −2.5 · log10

(
DN

tEXP

)
= m(F, T, t)+mE(F, T, t)−m0(F, t) (4)

wherem(F, T, t) is the magnitude outside the atmosphere fo
filter F (J, H, K, etc.), for targetT (star, Neptune, or Triton)
at timet , andmE(F, T, t) is the corresponding atmospheric ex
tinction. The photometric zero pointm0(F, t) is the magnitude
of a star that produces zero relative magnitude at zero air ma
following the sign convention used in the NSFCAM manua
The DN value may be for a single pixel, but more often is a su
over many pixels.

Magnitudes for Triton were obtained from segment averag
closest to the air mass of the star observations, using a differen
form of Eq. (4), namely

m(Triton) = m(star)+ [m̄r(Triton)−mr(star)]
− k[ X̄(Triton)− X(star)], (5)



439

We used t
the UKIRT l
NEPTUNE AND TRITON II: DISK-INTEGRATED PHOTOMETRY

TABLE IV
Summary of Aperture and Annular Diameters

Background annulus
Angular Pixel Target aperture

Target object diameter diameter d1 d2 d3

In-focus star 0.0′′ 0 33 33× 1.3= 43 33× 1.7= 56
Triton 0.128′′ 0.9 33 43 56
Neptune 2.4′′ 16 33+ 16= 49 43+ 16= 59 56+ 16= 72

Defocussed star 13.3′′ 85 33+ 85= 118 43+ 85= 128 56+ 85= 139

h

4

n
.

s

.

ses
ed
nd
st
m

get
orst-
nly
ble

rs
dy
ular

ese

itial
dent
s
l-
in which we approximatemE(F,Triton)−mE(F, star) as the
product of the air-mass difference [X̄(Triton)− X(star)] and the
extinction per air-mass slopek. For observations made at near
the same air mass as the stellar measurements, we used an
ogous procedure to define Neptune’s magnitude, except t
correction termδm was added to account for water vapor a
CO2 bands that produce differences in broadband extinction
tween Neptune and the reference sources. At a typical 1.
mass, we estimate that its J extinction was∼7% and∼11% less
than reference sources on 13 and 14 August, respectively, a
K extinction was∼7% more on both nights. For H, Spencer 1
and CVF filters,δm was.1%. For other Naptune observation
we used Triton as a reference, first averaging its relative ma
tude over segments of the observing period (typically∼0.5 h)
to reduce noise, then using

m(Nep)= m(Triton)+ [mr(Nep)− m̄r(Triton)+ δm] (6)

to obtain the magnitude of Neptune within each segment.
advantage of using Triton as a reference is that it can be mea
in the same image as Neptune, at the same time and with the
air mass, thus minimizing effects of extinction uncertainties
wo stars as magnitude references: faint star 34 on
ist,

ters. We increased uncertainties to 0.05 mag to roughly account
lation.
for calibrating broadband filter observations,

TABLE V
Reference Magnitudes and Fluxes for IRTF NSFCAM Filters

〈λ〉 1λ UKIRT FS34 γ Aql Zero mag fluxd E0(F) Solar fluxe E¯(F)
Filter µm µm magnitudea,c magnitudeb,c 10−9 W m−2 µm−1 W m−2 µm−1

J 1.262 0.252 12.82± 0.014 0.33± 0.03 3.03± 0.09 443
H 1.633 0.269 12.92± 0.014 −0.36± 0.03 1.24± 0.04 238
Spencer H 1.740 0.097 12.93± 0.020 −0.41± 0.05 0.99± 0.03 195
K 2.199 0.390 12.99± 0.011 −0.54± 0.03 0.41± 0.01 86
CVF 1.59 1.590 0.032 −0.43± 0.05 1.21± 0.04 240
CVF 2.00 2.000 0.040 −0.49± 0.05 0.58± 0.02 116
CVF 2.07 2.070 0.041 −0.51± 0.05 0.51± 0.02 102
CVF 2.10 2.100 0.042 −0.52± 0.05 0.48± 0.02 98

a Based on J–K, H–K, K, from Casali and Hawarden (1992).
b J, H, K from Engelset al. (1981).
c Other values are computed as described in the text.
d

for the additional uncertainty of the interpo
Computed from Kurucz model matched to Brownet al. (
e Computed solar flux at Earth’s mean distance (see te
ly
anal-
at a

nd
be-
air

d its
7,
s,
gni-

The
ured

same

and a fairly bright star,γ Aql (HR 7525), for the narrowband
filters. Their magnitudes are given in Table V. The air mas
of our IRTF observations, listed in Table IV of Paper I, rang
from 1.3 to 2.36 for Neptune, 1.34–1.74 for UKIRT FS34, a
1.18–1.73 forγ Aql. Extinction slopes from 13 and 14 Augu
96 were not significantly different; by filter they ranged fro
0.075 mag/air mass for the CVF 2.1-µm filter to 0.17 mag/air
mass for the K filter. Given that most of our reference-to-tar
air-mass differences were 0.1 air masses or less, even our w
case 0.05/magnitude uncertainty in extinction coefficient o
yields a flux uncertainty of 0.005 mag, making this a negligi
source of error.

To obtainγ Aql magnitudes for nonstandard filters (filte
other than J, H, K) we first computed fluxes for a blackbo
spectrum with an effective temperature of 4106 K and ang
diameter of 7.5 ma, both from Dycket al.(1998). Their ratios to
the Vega fluxes provided an initial estimate of magnitudes. Th
agreed well with the K magnitude of Engelset al.(1981), but dif-
fered by 0.1 mag for the H magnitude. We thus adjusted the in
computed magnitudes by subtracting a wavelength-depen
offset of 0.154× (λ− 2.3µm), which produced a simultaneou
match to Engelset al.(1981) measurements for both H and K fi
1985).
xt for basis).
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TABLE VI
Triton Magnitudes on 13, 14 Aug 1996

Filter 13 Aug 1996 14 Aug 1996 Difference (14–1

J open 12.20± 0.02 12.12± 0.02 −0.08± 0.03
H 12.08± 0.02 12.06± 0.02 −0.02± 0.03
Sp 1.7 12.01± 0.03 11.99± 0.03 −0.02± 0.04
K 12.24± 0.02 12.29± 0.03 +0.05± 0.03
CVF 1.59 11.99± 0.06
CVF 2.00 12.27± 0.06
CVF 2.07 12.24± 0.09
CVF 2.10 12.29± 0.08

Note. UKIRT FS34 is the reference for J, H, Sp. 1.7, K.γ Aql. is the reference
for CVF filters. JHK airmass differences: 0.05 on 13 and 14 Aug. CVF airm
difference: 0.10.

Zero magnitude fluxes for all filters were computed fro
the model Vega spectrum of Kurucz (personal communicat
1998) scaled by 2.653× 10−16 to match the Brownet al.(1985)
1.4–2.6µm Vega spectrum, which is itself based on measu
ments by Blackwellet al.(1983). The fluxes were computed u
ing the referenced spectrum and IRTF filter functions
Eq. (7). Our zero-magnitude fluxes for J, H, and K filters
respectively 0.914, 1.075, and 0.993 times those compute
Cohenet al. (1992) for the corresponding UKIRT filters. Ou
quoted uncertainties are based on the uncertainties in the B
et al. (1985) spectrum.

Our derived Triton magnitudes are summarized in Table
The uncertainties are derived from scatter in the measured
tive magnitudes and uncertainties in the stellar reference sou
No magnitudes are given for CVF filters on 14 August beca
of stellar contamination. These results were obtained at Tr
orbital planetographic central meridian longitudes of 336◦–337◦

on 13 August and 274◦–275◦ on 14 August, and at a phase a
gle of 0.81◦. Small corrections may be required to obtain me
magnitudes at zero phase (see Section 4).

3.3. Conversion of Magnitudes to Fluxes and I/F

Our magnitude scale is defined in terms of the average spe
flux density within each filter passband, i.e.,

Ē(T, F, t) ≡
∫

S(F, λ)E(T, λ, t) dλ∫
S(F, λ) dλ

≡ E0(F)10−m(F,t)/2.5, (7)

whereS(F, λ) is the IRTF-NSFCAM total instrument respon
function for filter F andE(T, λ, t) is the spectral irradiance o
targetT at wavelengthλ and timet , referenced to the top o
the atmosphere, and whereE0(F) is the average flux at zer
magnitude (using instrumental spectral weighting), andm(F, t)
is the magnitude of the target, as determined directly or indire
from stellar comparisons using Eqs. (5) and (6). NSFCAM fi

response functions are given in Paper I. Filter characteristics
zero magnitude fluxes are listed in Table V.
KY ET AL.
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We computed the reflectivity, orI /F values, using the ex
pression

a(F, T, t) = π

Ä

R2
T

R2
E

E0(F)

E¯(F)
× 10−m(F,t)/2.5, (8)

whereÄ is the solid angle of the target,RT is its distance from
the Sun,RE is the mean orbital radius of the earth, andE¯(F) is
the spectral irradiance of the Sun averaged over the instrum
response function for filterF . These solar flux averages are list
in Table V. When the solid angleÄ includes the entire planetar
disk, this becomes the disk-integrated albedo. When applie
measurements at zero phase angle, this becomes the geo
albedo.

In computing the average solar fluxes for each filter, we u
a composite solar irradiance reference described in Appe
B. Because of significant errors in the commonly used Arve
et al. (1969) spectrum, we used the model spectrum of Kur
(1994) for the region 1–2.5µm, an approach also taken by Colin
et al. (1996).

4. ALBEDO AND LIGHT CURVE OF TRITON

In addition to their value in establishing a photometric r
erence for Neptune, Triton’s geometric albedo spectrum
lightcurve have direct scientific value of their own. As Triton
southern hemisphere approaches summer solstice (∼2000 AD),
large changes in frost distribution are expected (Yelleet al.1995)
and thus monitoring Triton’s infrared spectral behavior dur
the coming decade should provide useful insights into the
namics of surface ices on Triton (Brownet al.1995). From oc-
cultation observations in 1995 and 1997, Elliotet al.(1998) con-
cluded that Triton’s atmosphere has undergone a global warm
with the resultant doubling of atmospheric bulk every 10 yea
According to Model F of Spencer and Moore (1992), this res
is consistent with a frost albedo decrease by 0.12 between
and 1997. However, our results suggest that little change ha
curred in Triton’s mean albedo since 1989–1990, although th
does seem to be a change in Triton’s lightcurve.

4.1. Triton’s Albedo at CCD Wavelengths

The Triton HST disk-integrated albedo results for 13 Aug
1996 and 18 October 1994 are summarized in Table VII
compared in Fig. 2 with 1989Voyagerimaging results (Hillier
et al. 1990). Voyagerphotopolarimeter results (Nelsonet al.
1990), an IUE measurement at 0.27µm (Sternet al.1989), and
1990 groundbased results (Burattiet al.1994). The Sternet al.
result was corrected to a Triton radius of 1352 km. For filt
common to both 1994 and 1996 HST data sets it can be
that 1996 albedos are about 4% higher than 1994 values.
might be due to the difference in phase angles. The 1994 re
are for a phase angle of 1.89◦, while the 1996 data were ob

◦
andtained at a phase angle of 0.81. If we use the phase coefficient
of Gougenet al. (1989) we would expect 1996 albedos to be
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in this plot. For the HST
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TABLE VII
HST WFPC2 Determinations of Triton’s Disk-Integrated Albedo

Triton long.: 123◦–159◦ 6–27◦ 195◦ 292◦–309◦ 300◦–362◦
Phase angle: 1.89◦ 1.89◦ 1.79◦ 1.38◦ 0.81◦
Filter\date: 10, 11 Oct 94 18 Oct 94 2 Nov 94 2 Sep 95 13, 14 Aug 9

F255W 0.43± 0.04
F336W 0.62± 0.04 0.65± 0.05
F410M 0.71± 0.04 0.74± 0.04
F467M 0.71± 0.03 0.72± 0.03 0.73± 0.03 0.73± 0.03 0.73± 0.03
F547M 0.723± 0.015 0.743± 0.015 0.771± 0.015 0.743± 0.015
F588N 0.772± 0.016
F631N 0.844± 0.017
F673N 0.794± 0.016
F850LP 0.826± 0.017
FQCH4N-B 0.761± 0.015 0.792± 0.016
FQCH4N-D 0.684± 0.014 0.713± 0.015
a

h

n
s
c
t
i

a

t
s

r

nts:
ra-
tion
ard
isi-
ble
um
and

at
nm.
tain-
ments
in
s at

tible
nser-
ce
at

e of
ise

eem
lear
ent
re-
fi-
nce
the
n is
the

real
effect. In the summer of 1989, Grundy and Fink (1991) mea-
Note. Triton’s central meridian longitude is pl

2.7± 3.8% higher, compared to the observed 3–4%. Anot
possibile contribution could be a difference in Triton longitud
coupled with a longitude-dependent albedo. The longitude
ference noted in Table VII is not large enough, nor is Trito
lightcurve well enough defined, to make a good case for thi
the primary cause, although it cannot be ruled out (see Se
4.3 for further discussion of Triton’s lightcurve). The Bura
et al.(1994) observations in 1990 were made on 19 June, w
phase angle of 0.6◦ and a Triton planetographic longitude∼80◦–
140◦. In comparison with the 1996 HST results, the Buratti d
need no phase correction, but might be expected to be some
lower because the longitudes sampled have been and may s
somewhat darker (see Section 4.3). However, the Buratti re
are in excellent agreement with the HST results.

FIG. 2. Disk-integrated albedo of Triton based on 1996 and 1994 H
observations, in comparison withVoyagerresults (diamonds) by Hillieret al.
(1990) using the ISS and (triangles) by Nelsonet al.(1990) at 0.25 and 0.75µm
using the photopolarimeter, with an IUE result (squares) at 0.27µm (Stern
et al. 1989), and with 1990 groundbased results (asterisks) by Burattiet al.
(1994). See text for phase angles and Triton orbital phase. September 1995
in Table VII) would overlap the 1994 results if includ
points, horizontal bars indicate filter bandpasses.
netographic.
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Errors in our HST results are dominated by three compone
uncertainty in the HST calibration, uncertainty in the solar ir
diance spectrum, and measurement noise. The HST calibra
is generally accurate to about 2% RMS or better for stand
photometric filters and broad and intermediate filters in the v
ble and better than 5% RMS for narrowband filters in the visi
(Voit 1997). The uncertainty in the solar irradiance spectr
is hard to estimate accurately. Differences between Neckel
Labs (1984) and Arvesenet al. (1969) are relatively flat, with
Arvesen a few percent higher, but differnces are up to 10%
330–340 nm, 7–10% at 380–395 nm, and 7% at 410–420
These differences are quite a bit larger than the 1–2% uncer
ties estimated by the authors. Recent space-based measure
by Woodset al.(1996) have estimated errors of 5–7% accuracy
the spectral range 330–400 nm, with even larger uncertaintie
shorter wavelengths. Comparisons between Woodset al.(1996)
and other measurements in this spectral range seem compa
with these estimates. Thus we have assigned somewhat co
vative approximate uncertainties of 2% to the solar irradian
spectrum for wavelengths beyond 500 nm, 4% at 467 nm, 5%
410 nm, 7% at 336 nm, and 7% at 255 nm. Measurement nois
the Triton aperture integrals contributes a relatively small no
that reaches a maximum of 0.7% at 410 nm.

Discussion: An albedo feature at 890 nm?Both the 1994
and 1996 HST observations using the methane quad filters s
inconsistent with other measurements. This is especially c
for 1996, where we find that the F850LP result is consist
with the lack of a significant wavelength dependence in the
gion 0.6–1µm, while the FQCH4N-D result suggests a signi
cant drop of 12–13% at 890 nm. This is possibly a conseque
of the vignetting of the methane quad filters, which causes
greatest perturbations at the edge of the image, where Trito
located when Neptune is close to the center of the image. On
other hand, the low albedo near 890 nm could be partly a
ed
sured a relative depression of 6.0± 0.6% at 890 nm, which they
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attribute to absorption by CH4 ice. Had no change occurred sinc
1989, this might explain half of our observed depression. Al
given observed global warming on Triton since 1989 (Ell
et al.1998), the albedo depression at 0.89µm might easily have
increased. However, Sromovskyet al.(1998) presented a relativ
grism spectrum of Triton that closely matched that of Cruiksha
et al. (1993) in the depths of CH4 absorption features betwee
2 and 2.4µm providing evidence against significant chan
between 1991 and 1998. Our CVF and broadband filter m
surements at these wavelengths in 1996 (discussed in the
lowing section) are also compatible with no change betw
1991 and 1996, although these observations are not as sen
to the methane absorption features. The weight of the evide
suggests that at least half of the 890-nm albedo depressio
observed in 1996 is probably an artifact.

4.2. Triton’s Albedo at near-IR Wavelengths

Our disk-integrated albedo results of Triton (Table VIII) we
obtained by inserting the magnitudes from Table VI in
Eq. (8). The tabulated uncertainties are derived from mag
tude uncertainties and uncertainties in the solar flux integr
As noted previously, there was background contamination b
nearby star on 14 August that prevented meaningful CVF fi
measurements of Triton on that day.

The wavelength dependence of Triton’s disk-integrated alb
is displayed in Fig. 3, where our discrete filter results are see
agree closely with 1992 spectra obtained by Cruiksha
et al. (1993). The broadband results for 13 and 14 August a
agree within estimated errors, except for J-filter, where a lar
difference might be an indication of a small rotational mod
lation (the longitude difference is 62◦). These results provide
little evidence for changes in the mix or distribution of surfa
ices on Triton since the 1991–1992 period of Cruikshank’s
servations. Historical evidence for variations in this part of t
spectrum are discussed by Brownet al. (1995). There is some
evidence that the 1.65-µm absorption feature (due to CH4 ice)
was significantly weaker in 1981, and that the 2.34-µm feature
(also primarily due to CH4 ice) was stronger in 1986. Howeve

TABLE VIII
Triton’s Disk-Integrated Albedo on 13, 14 Aug 1996

Filter 13 Aug 1996 14 Aug 1996 Difference

J open 0.85± 0.05 0.92± 0.03 +0.07± 0.04
H 0.73± 0.02 0.74± 0.02 +0.02± 0.03
Sp 1.7 0.75± 0.03 0.77± 0.03 +0.02± 0.04
K 0.58± 0.02 0.56± 0.02 −0.03± 0.02
CVF 1.59 0.77± 0.05
CVF 2.00 0.59± 0.04
CVF 2.07 0.61± 0.05
CVF 2.10 0.57± 0.04
Note.References: UKIRT FS34 for J-K,γ Aql for CVF. JHK airmass differ-
ences: 0.05, 0.10 on 13, 14 Aug. CVF airmass difference: 0.10 on 13 Aug.
Y ET AL.
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FIG. 3. Disk-integrated albedo of Triton as a function of wavelength, co
paring average IRTF results from 13–14 August 1996 (Table VIII) with spe
from Cruikshanket al. (1993). The error bars for the Cruikshank spectra
from Brownet al.(1995). Spectral features are due to absorption by surface
of N2, CH4, CO, and CO2. Horizontal bars indicate spectral ranges of the filte
vertical bars indicate uncertainties.

both of those changes are probably too small to resolve with
1996 observations.

4.3. Triton’s Lightcurve

Definition of Triton’s lightcurve has scientific value becau
it places constraints on the changing distribution of ices o
Triton’s surface. Understanding variations related to orbital ph
is required to distinguish those from longer-term seasonal v
ations due to migration of volatiles. It also has value in mak
use of Triton as a photometric reference for Neptune obse
tions. The rotational lightcurve amplitude for Triton is expect
to be quite small; e.g., Larket al. (1989) found no more than
2% variation at 8900̊A, while Hillier et al. (1991) found about
4% (peak-to-peak) in the visible range (based onVoyagerob-
servations). These are relatively small variations, compar
to the absolute calibration uncertainty in the HST observatio
However, in lightcurve measurement it is relative errors that m
ter most, and these are much smaller than the absolute e
Baggett and Gonzaga (1998) showed that fluctuations of ph
metric throughput for filters F336W and longward are±1% or
less over 4 years.

The exceptional photometric stability of the WFPC2 and
lack of any need to determine variable extinction correctio
that complicate groundbased measurements provide signifi
advantages in the measurement of lightcurves. However, the
one complication that arises when the object is not at a fixed lo
tion in the image frame: variations in charge-transfer efficie
(CTE) with image corrdinates. The CTE effect causes faint s
to appear typically 4% brighter near the bottom of the ima
frame (high line numbers) than they do at the top of the fra
(Holtzmanet al.1995). Because Neptune is approximately c
tered in our HST data sets. Triton circles around the outer

of the image frame, producing a varying line number that cor-
relates with Triton’s orbital phase, thus creating an automatic
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FIG. 4. Triton’s lightcurve at 467 and 547 nm, according to 1994–19
HST observations, compared to Hillieret al.(1991) relative models for 350 nm
(dot-dash) and 560 nm (solid) based onVoyagerobservations. Models have bee
scaled to provide an approximate match to HST absolute values. HST v
have been corrected for CTE effects (Whitmoreet al. 1999) and corrected to
their average phase angle of 1.45◦ usingβ = 0.025. The upper (+) and lower
(×) phase correction limits are based on Gougenet al. (1989). The sign of the
correction is positive when the observed phase is larger than the average
and negative otherwise.

correlation between CTE effects and Triton’s central merid
longitude. If no CTE correction is made, a false lightcurve
several percent modulation is implied for an object as brigh
Triton. To approximately remove this effect we used correct
equations provided by Whitmoreet al. (1999). Because Triton
is so far from the center of the image frame we also need to
ply a photometric correction for distortion effects, as given
Fig. 5.12 in theWFPC2 Instrument Handbook(STScl 1996).
This correction typically decreases the integrated DN by 1.

In Fig. 4 our 1994–1996 HST estimates of Triton’s lightcur
from F467M and F547M filter observations are compared
Voyager-based synthetic lightcurves by Hillieret al.(1991). Be-
cause the HST observations are taken over a variety of p
angles, we have corrected the observations to the average
angle of 1.45◦ using the Gougenet al. (1989) phase coefficen
of 0.025± 0.035. Phase correction uncertainties are show
vertical bars terminating with× and+ to indicate the correc
tions respectively resulting from the lower and upper limits
the phase coefficient. For a given observation, the sign of the
rection depends on whether the phase angle is smaller or l
than the mean phase.

Our lightcurve results agree with Hillieret al. (1991) that
Triton is darker near 100◦ planetographic longitude and a
crudely consistent with their brightness maximum near 28◦,
but do not agree with the details of either their observed
shown) or model curves. (It should be noted that Hillieret al.,
and most previous observers in this field, expressed resu
terms of a longitude= 360◦ − planetographic longitude.) W
find a peak-to-peak amplitudes of 5.6% (0.06 mag) for F46

(blue) and of 7.8% (0.08 mag) for F547M (green), which a
about twice what Hillieret al.obtained at 560 nm. The syntheti
-INTEGRATED PHOTOMETRY 443
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curves were developed for a subobserver latitude of 50◦ S, to
approximateVoyagerobserving conditions. The sub-Earth la
tude in 1994 was 48.1◦S, very close to the model value. Thus t
variation in lightcurve amplitude with the changing sub-Ea
latitude does not explain the discrepancy between the m
lightcurve and the points we derived from HST observations

To obtain a reasonable degree of orbital phase coverage
had to combine results from three different observing ye
which might raise questions about drifts in the photometry
partly responsible for lightcurve disagreements. The photom
ric stability results of Bagget and Gonzaga (1998) can be fur
strengthened by comparing Triton’s variation in time with th
of Neptune’s. According to Lockwood and Thompson (199
Neptune’s variation over an entire solar cycle is only about
at these wavelengths, so that only a small variation might be
pected over the 1994–1996 period. From the HST observat
we find that Neptune’s disk-integrated variation is only ab
1% over this period, well below the nearly 8% observed
Triton. From this comparison it is clear that Triton’s variatio
is not an artifact. There remains the possibility that change
Triton’s lightcurve from year to year have produced some dis
tions in the derived lightcurve. However, the most robust res
the steep slope in the 120–180◦ longitude range, is all from a
single year.

According to models of Hillieret al. (1991), Triton’s light-
curve amplitude should decrease as 1/λ, at least up to 890 nm
where it should equal about 2%. Unfortunately, there are v
few reliable HST observations that can be used to confirm t
The F850LP observations in 1996 do not cover a long eno
time period by themselves, and the 1994–1995 observations
only the methane quad filters, which have considerable vign
ing in the region of the image where Triton is usually locate

The closely spaced HST observations in Fig. 4 give consis
indications of brightness variations with longitude, with slop
comparable to those measured by Hillieret al. (1991), but not
at the same longitudes. Because theVoyagerresults had to be
corrected for widely varying phase angles, while the HST ob
vations are all at very small phase angles, it is probable tha
HST observations provide a more accurate description than
Hillier et al. predictions of the 1994–1996 lightcurve. Anal
sis of additional wavelengths, especially longer wavelengths
which Triton’s rotational lightcurve has a small amplitude, a
shorter wavelengths for which the amplitude should be grea
may yield better constraints on the lightcurve.

5. ALBEDO AND LIGHTCURVE OF NEPTUNE

5.1. Neptune’s Rotational Lightcurve at WFPC2 Waveleng

An accurate description of Neptune’s lightcurve on 13 A
gust 1996 can be obtained at CCD wavelengths from our H
observations with WFPC2, which provide almost complete c
erage of one rotation for F467M, F673N, and F850LP filte

re
c
and a good sampling at several other wavelengths. Our direct
measurements are displayed in Fig. 5, from which we estimate
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FIG. 5. Neptune’s lightcurve during one rotation on 13 August 1996, as obtained from HST disk integrations scaled to a unit minimum. Error bars
statistical uncertainties in disk integration. Systematic errors during one rotation are probably less than 0.2%. The inset curve displays the shape of the modulation

by plotting differences from the minimum divided by the maximum difference for each filter. Cloud features in view during the rotation are indicated bythe
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sequence of images in the upper panel. The 467M curve is dominated by

peak-to-peak amplitudes of 0.5± 0.1% for F467M, 1.7± 0.1%
for F673N, 10.0± 0.3% for F850LP, and 22± 1% for FQCH4-
ND. Our value at 0.89µm is equivalent to 0.22 mag, which
comparable to the 1986 value obtained by Hammelet al.(1989),
but about half of their 1987 value. However, relatively lar
modulation amplitudes can be found in the 1994 HST data
10 October 1994, opposite sides of Neptune differed by 3
(0.36 mag) at 0.89µm, which is close to the 1987 value
0.44 mag of Hammelet al. (1992), and thus is a possible i
dication of what Cruikshank (1985) and Hammelet al. (1992)

referred to as an “outburst.” This is further discussed in Sect
5.5 and in Paper III.
ark features, the rest by bright features.

e
On
9%
f
-

The main features of the 1996 lightcurves are understand
from a comparison with the time sequence of images in the up
panel of Fig. 5. There are three prominent bright clouds that h
significant influence on the lightcurve, two near 45◦S and one
near 40◦N, the latter being the companion to the dark spot
35◦N. In methane-band filters they are seen with great contr
but at 673N the contrast is much reduced, and at 467M i
essentially absent. For F850LP (and FQCH4-ND, the 0.89-µm
filter), the lightcurve maximum is achieved when three brig
clouds are visible on the disk, and the minimum when only o
ionis visible. This is also true for the 673N filter (and for FQCH4-
NB, the 0.62-µm filter), except that the lightcurve amplitude is
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reduced by the smaller feature contrast and the shape is sli
different because these two bands are relatively more sensit
the southern clouds and less sensitive to the northern compa
cloud.

It is interesting to note that the F467M lightcurve reache
minimum where other curves reach a maximum. the 467M
ages show that this filter does not have any significant respon
all to the bright cloud features. Instead, it is the filter that is m
sensitive to dark features. Although the transit of two dark sp
contributes to the variation, it is relatively small because the
tures are of low contrast and heavily limb darkened. The prim
variations seen in the 467M lightcurve arise from varying vie
of the dark band surrounding the southern pole. As describe
detail in Paper III, that band is a wavenumber-one feature a
average latitude of 60◦S, and a latitudinal amplitude of∼5◦, re-
sulting in a 10◦ north–south wobble as the planet rotates. Wh
its northern-most excursion is in view, the dark fraction of
Earth-facing disk is increased and the disk-integrated albed
thereby decreased. When the band is seen at its southern
excursion, the dark fraction is at a minimum, raising the di
integrated albedo. The influence of dark features on Neptu
lightcurve provides possible explanations of some puzzling
pects of past groundbased observations, as noted in the follo
discussion.

Comparisions with previous observations.Neptune’s disk-
integrated albedo has been known for some time to vary
rotational phase. Beltonet al. (1981) used the variations in th
shape of the K–J lightcurve during July and August 1980
infer that there were several cloud features present with di
ent rotational periods, suggesting that Neptune’s winds va
with latitude. Hammelet al.(1989) used CCD imaging to sho
that lightcurves at methane-band wavelengths in 1996 and
were each dominated by a single bright cloud feature. They
tained lightcurve amplitudes at 0.89µm of about 0.2 mag in
1986 and 0.5 mag in 1987, but less than about 0.05 ma
continuum wavelengths of 0.826, 0.749, and 0.634µm. In the
methane bands, the high contrast between discrete bright c
features and the dark background atmosphere is seen to
larger amplitude lightcurves. At shorter wavelengths, constra
on lightcurve amplitudes can be obtained from Lockwood
Thompson’s long-term tracking of Neptune’s brightness witb
(0.472µm) andy (0.551µm) filters (Lockwood and Thompso
1991, Lockwoodet al.1991). Standard deviations of these o
servations, reported by Hammelet al. (1992), remained below
0.004 mag (0.4%) from 1972–1985, but increased to 0.0085b)
and 0.0095 (y) in 1987. Theb andy standard deviations in 198
correspond to lightcurve amplitudes of 2.4 and 2.7% resp
tively, assuming a randomly sampled sinusoidal lightcurve,
which the standard deviation is just the peak-to-peak fractio
amplitude divided by 2

√
2. On the other hand, if we consid

the standard deviation of 0.4% as measurement noise, the
implied lightcurve amplitudes would be 2.1 and 2.4%. In eit

case, these are much larger than the 0.5% amplitude tha
found for the F467M filter in 1996.
-INTEGRATED PHOTOMETRY 445
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Discussion: The possibility of major dark features in 198
Hammelet al.(1992) present the interesting result that theb and
y standard deviation peaks in 1987 are reached a year afte
peak in the 0.89-µm lightcurve amplitude, and that during th
0.89-µm peak thebstandard deviation was near its normal valu
of 0.004 mag. It is clear that the shortwave filters were not s
ing merely attenuated versions of what is seen in the meth
band. Our 1996 observations, showing that dark features
play an important role at short wavelengths, suggest the po
bility that these disk-integrated observations withb andy filters
are providing information about dark features that might ha
been present following the peak in the bright cloud features
is conceivable that the 1989 GDS appeared between the tim
the 1986 and 1987 observations, and that it would be well po
tioned in the southern hemisphere to have a maximal impac
the disk-averaged albedo observed from the Earth. Howeve
1989 the GDS represented only about 4–6% of the total cro
sectional area when on the central meridian, and thus, assum
theVoyagerblue contrast value of∼10% for this feature (Smith
et al. 1989), it should contribute only about 0.4–0.6% to th
peak-to-peak lightcurve amplitude, about 1/4 the value inferred
from the b-filter observations in 1986. Perhaps the GDS w
larger in 1987, or the second dark spot was much larger, or o
nonaxisymmetric dark features, such as the south circump
wave, were more prominent then.

5.2. The Disk-Integrated Albedo of Neptune
at WFPC2 Wavelengths

The disk-integrated albedo results from the 1994 and 19
WFPC2 observations are presented in Table IX and Fig.
The 1994 results were obtained from seven successive ima
between 15:00 UT and 17:02 UT on 18 October (data s
u23j0401–407). The 1996 results were obtained from 18 ima

TABLE IX
HST Determinations of Neptune’s Disk-Integrated Albedo

1996
〈HST〉 lightcurvea Groundbasedb,c

correction 23–26 July
Filter 18 Oct 1994 13 Aug 1996 factors 1993

F255W 0.52± 0.04
F336W 0.54± 0.04 0.55± 0.04 0.563
F410M 0.57± 0.03 0.58± 0.03 0.574
F467M 0.55± 0.02 0.56± 0.02 0.998 0.575
F547M 0.42± 0.01 0.454
F588N 0.440± 0.009 0.471
F631N 0.365± 0.007 0.379
F673N 0.215± 0.004 0.997 0.233
F850LP 0.043± 0.001 0.992 0.044
FQCH4N-B 0.113± 0.003 0.114± 0.002 0.119
FQCH4N-D 0.0195± 0.0004 0.018± 0.001 0.987 0.0226

a Factor to correct for rotational sampling (not applied).

t web The Karkoschka (1994) spectrum weighted with HST filter functions.

c Uncertainties are 2% relative, 4% absolute.
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FIG. 6. Disk-integrated albedo of Neptune based on 13 August 1996
18 October 1994 HST observations, in comparison with groundbased re
by Neff et al. (1984) (dotted line) and Karkoschka (1994) (solid curve). T
Neff results were increased by 3% to account for changes in adopted v
of Neptune’s radii. Filter bandbpasses are shown as horizontal lines. The
structure forλ < 400 nm is due to Raman scattering.

from 8:33 UT to 12:16 UT on 13 August (data sets u3fc0101-
in Table II of Paper I). We used the measured lightcurve for 1
to determine correction factors that would convert the 1996
erages to averages over a complete lightcurve. The correct
listed in Table IX, are below 1% for most filters, and only 1.3
for the FQCH4N-D filter. Although we have no correspond
lightcurve measurement to assess the representativeness
1994 observations, from the visual appearance of images d
our averaging periods, in comparison to those at other times
estimate that the means for 1994 are probably within 1% of
rotational means, with the possible exception of the FQCH4N
value, which might deviate by 1–2%. Examination of the 19
images we used shows that more bright clouds than thos
the 1996 images were present at low latitudes. (These unu
low-latitude features, known as the “bright complex,” are d
cussed in Paper III.) This might explain why the FQCH4N
albedo for 1994 is∼10% larger than the value for 1996. Th
other albedo values for corresponding filters in 1994 and 1
are insignificantly different.

The HST albedo values for 1994 and 1996 (Fig. 6) co
pare reasonably well with groudbased results for 1993 and 1
Karkoschka (1994, 1998) and for Neffet al. (1984). The latter
have been increase by 3.4% to correct them to the current
radii of Neptune (Davieset al.1992). According to Karkoschk
(1998) the major reason for the difference between his s
trum and that of Neffet al. is the use of different values fo
the solar irradiance spectrum. Karkoschka uses a solar an
spectrum that we believe to be in good agreement with
Neckel and Labs (1984) spectrum that we used for the ra
330 to 869 nm. The two Karkoschka spectra for Neptune s
no significant change between 1993 and 1995, except pos
for deep methane-band wavelengths beyond about 0.85µm. At
0.89µm the ratio of the two spectra (1995/1993) is about 0.

Given the 17.5% lightcurve amplitude we observed in 199
and the even larger amplitude that was present in 1994, it is
KY ET AL.
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tainly possible that the difference in the two Karkoschka spec
could be due to observing different average phases of Neptu
lightcurve.

For a more precise comparison with Karkoschka’s spectr
we computed average albedos for each of the HST filters, wei
ing the albedo spectrum by the product of the solar irradia
and the HST system response function for each filter. The res
(Table IX) show that difference between the HST and groun
based averages over the same bandpasses are generally
the error bars, although the groundbased results average
higher, including all filters but FQCH4N-D. For that filter (a
0.89 µm) Karkoschka’s albedo is 29% larger than our 19
albedo, and 15% larger than our 1994 value. These differen
probably mean that the fractional coverage of bright discr
cloud features was somewhat greater during the 1993 and 1
observing periods. While significant albedo changes on N
tune have occured even at shorter wavelengths (∼4% at 472 and
551 nm), these occur on times scales comparable to the s
cycle (Lockwood and Thompson 1991), and thus would not
expected to contribute much over a 2-year period. A more lik
explanation for the 4% difference over the other filter bands
systematic calibration difference, which is in fact the same s
as the absolute error quoted by Karkoschka.

5.3. Comparison of the 0.3–1.0µm Spectrum
with Model Calculations

Using the same temperature and mixing ratio profiles, a
the same methane and CIA absorption computational meth
as described in Paper III, we computed Neptune’s geome
albedo for a clear atmosphere containing a thin high-altitu
haze, and for models with additional tropospheric reflecti
layers. We computed multiple scattering using the doubling a
adding methods of Hansen and Travis (1974), and accounte
Raman scattering effects using the model derived by Karkosc
(1994, 1998). The aim of these calculations is to provide insi
into the way tropospheric scatterers can influence Neptun
spectrum, and thus what the measured spectrum implies a
the vertical location of such scattering aerosols and their rela
contributions to Neptune’sI /F spectrum.

If its atmosphere were purely Rayleigh scattering and cons
vative, Neptune’s geometric albedo would be about 0
(Bergstralh and Baines 1984), far above its measured maxim
near 0.6 (Karkoschka 1994). Even after methane absorption
Raman scattering are taken into account, an additional h
altitude absorbing haze is needed to explain the measured al
at shorter wavelengths. Using haze optical depths comparab
those of Pryoret al.(1992) we obtained the “cloud-free” mode
displayed in the upper part of Fig. 7. This model captures m
of the gross features of Neptune’s spectrum, but has two sig
icant discrepancies: the peaks and valleys of the weak meth
bands (0.45–0.60µm) are both too low and the stronger metha
bands (0.6–1µm) are deeper and broader than observed. S

5,

cer-
tering by upper tropospheric aerosols must be added to achieve
reasonable agreement with the measurements.
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FIG. 7. (Top) Comparison of Neptune’s measured geometric albedo (Karkoschka 1994) with a “cloud-free” model calculation, showing the need for in

measurements with model calculations including a 3.8-bar reflector at equal albedo
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scattering in deep methane bands and at 0.5–0.6µm. (Bottom) Comparison of
increments, showing approximate linearity and the need for reduced lowe

Because there is so little methane above the tropopause (
400 mbars), scattering layers in that region have a particu
strong influence on Neptune’s spectrum at wavelengths be
0.5µm. Only about 1% coverage of high-albedo upper tro
spheric clouds is needed to fill in the deep methane bands a
0.89, and 1µm, but that amount of cloud has a negligible infl
ence at short wavelengths. A much larger fractional contribu
is required to fill in the deficit in the range 0.45–0.6µm. This
region can be well fitted by a reflecting layer near 3.8 bars,
nominal revised fit to the bottom cloud top pressure by Bai
et al. (1995). This layer is plausibly composed of H2S aerosols
extending down to the H2S condensation level near 7 bars. Mod
calculations for such a layer are illustrated in the lower hal
Fig. 7, for layer albedos from 0 to 1 in increments of 0.2
With a high albedo this layer can produce the needed boo
0.45–0.6µm, but, as noted by Baines and Smith (1990) a
Baines and Hammel (1994), this cloud cannot be as highly
flective at longer wavelengths because it would be in violent
agreement with the low continuumI /F values measured beyon
0.6µm. Beyond 0.8µm, the albedo of that layer must be no mo
than∼0.25. Figure 7 also shows that forλ > 0.5µm there is a
roughly linear relationship between the lower cloud albedo
the geometric albedo of Neptune. We later take advantag
this special linear relationship in simplifying model fits to t
spectrum. This does not apply at short wavelengths where
tiple reflections between the atmosphere and the 3.8-bar re
tor create the nonlinearity that generally characterizes mul
scattering.

Even if the single-scattering albedo of this cloud is redu
as needed to be compatible with the peakI /F values in this
region (near 0.75, 0.83, and 0.935µm), it produces peak shape

that are too narrow. That problem is nicely handled by add
a second tropospheric layer of scatterers near the 1.3-bar le
cloud albedo forλ > 0.6µm.
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which can be plausibly associated with condensed methane
ticles. Multiple-scattering calculations including a thin 1.3-ba
cloud with optical depths from 0 to 0.1 also show an approx
mate linear relationship betweenI /F and optical depth of this
cloud, a characteristic we will also take advantage of in fittin
model calculations to observations. From imaging observatio
it is clear that much of the upper-level scattering that dom
nates methane-band wavelengths arises from discrete feat
rather than from a horizontally homogeneous layer. We do n
know what opacity range is valid for these highest clouds, bu
they consists of opaque elements, then theirI /F contributions
will be a linear function of their effective fractional coverag
amounts.

The above considerations lead to a three-layer upper tro
spheric model consisting of a homogeneous reflecting laye
3.8 bars with a spectrally varying albedo, a homogeneous tra
parent cloud near 1.3 bars, as needed to improve the shape o
deeper methane bands, and a heterogeneous reflecting lay
100 mbars to represent the effects of clouds that are above m
of the methane. We take advantage of the computational con
nience of the approximate linear relationships previously not
and use a linear combination of layer contributions to mod
Neptune’s disk-averagedI /F spectrum as

I = fhaze[ f0.1I0.1,1+ f1.3I1.3,1

+ (1− f0.1− f1.3)[a3.8I3.8,1+ (1− a3.8)I3.8,0]] (9)

a3.8 = amin+ amaxexp(−(λ− λ0)/δλ)

1+ exp(−(λ− λ0)/δλ)
, (10)

where fhazeis a multiplier that adjusts the effective stratospher

ing
vel,
haze absorption that was included in the calculation ofI0.1,1,

I1.3,1, and I3.8,1, which are the disk-integratedI /F spectra that
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would result from unit albedo homogeneous lambertian refl
tors placed at 0.1, 1.3, and 3.8 bars respectively.I3.8,0 is the
corresponding spectrum for a zero albedo surface at 3.8
The fractional coverage amounts for the upper two layers
seen from above the atmosphere, are given byf0.1 and f1.3. We
chose to parameterize both middle and upper layers in te
of a fractional coverage (as seen from above the clouds
unit albedo reflectors at the pressures indicated by subsc
From multiple-scattering experiments we find that an effec
fraction f1.3 corresponds to an optical depth ofτ1.3 ≈ 2.2 f1.3,
assuming unit albedo particles with the Pryoret al.phase func-
tions. TheseI /F calculations include the multiple-scatterin
Rayleigh atmosphere, Raman scattering, and haze extinctio
ing a wavelength-dependent functionτh=0.05(λ/0.75µm)−0.78

that we matched to Pryoret al.(1992). Although this linear com
bination approach is not strictly valid at short wavelengths,
nonlinearities that exist there are really unimportant for two
tuitous reasons: (1) to fit the observations, the deep 3.8-bar c
must have essentially unit albedo for which we do not really n
to interpolate, and (2) the small coverage fractions (or opt
depths) of the upper and middle clouds contribute so little
short wavelengths that errors in computing their contribution
these wavelengths are unimportant. The virtue of this appro
is that it allows a small set of very time-consuming multip
scattering calculations to be used to accurately fit the obse
I /F spectrum with iterative nonlinear regression technique

To accommodate an equivalent variation of opacity w
wavelength, we included a wavelength dependence in the
tional coverage of the 1.3-bar cloud asf1.3(λ) = f1.3,0.55×
(λ/0.55µm)n1.3, which might be expected for particles not mu
larger than the wavelengths considered. In modeling the w
length dependence of the albedo of the lower cloud, we ass
that amax= 1, as suggested by the shortwave behavior of
Baines and Hammel (1994) results. The remaining param
allow for adjustment of the transition wavelength,λ0, the transi-
tion width δλ, and the minimum albedoamin that is the limiting
value at long wavelengths.

From nonlinearχ2 minimization we found best-fit param
eters values offhaze= 1.055± 0.04, f0.1 = 0.0114± 0.0004,
f1.3,0.55 = 0.072± 0.003,n1.3 = −0.94± 0.12,amin = 0.24±
0.01,λ0 = 0.611± 0.001µm, δλ = 0.051± 0.002µm, where
the errors quoted are the combined random uncertainties
tained from theχ2 analysis and the 4% absolute calibrati
uncertainty quoted by Karkoschka (1994). The 1.3-bar frac
evaluates to 0.05 at 0.75µm, which scales to an equivale
optical depth of 0.11. This is much higher than the global a
age optical depth of 0.03 inferred by Baines and Smith (19
at the same wavelength, but between the values 0.05 and
Baines and Hammel (1994) found for equatorial and 22◦S–30◦S
regions, respectively. Our fit of the 3.8-bar albedo parame
confirms that the 3.8-bar scattering layer has a greatly red
albedo beyond 0.5µm as shown in the bottom panel of Fig.
This is equivalent to a strong decrease in the single-scatte

albedo of particulates in this layer, to∼0.8 at 0.9µm, in ap-
proximate agreement with Baines and Smith (1990) and Bai
KY ET AL.
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and Hammel (1994). This is not a physically appealing solut
because the obvious candidate cloud materials (H2S or NH3) do
not have the proper red-absorbing characteristic, as evident
frost spectra of Lebofsky and Fegley (1976). Nevertheless,
model spectrum, shown as the heavy solid curve in Fig. 8, d
an excellent job of fitting the observations. At most wavelengt
the fit is comparable to the 2% relative error in the measurem
(Karkoschka 1994). While the fit is close and the parameters
well constrained by the observations, this does not rule out
possibility that alternative models might be constructed tha
as well.

The haze correction factor amounts to a decrease in the
extinction optical depth by about 0.02 relative to the assum
Pryoret al.(1992) values of 0.19± 0.08 at 0.265µm and 0.05±
0.02 at 0.75µm. The adjustment is within their error bars.

The effective fractional amount of high-altitude cloud th
is needed to fill in the deep methane bands to the level of
Karkoschka (1994) measurements is extremely small (f0.1 ≈
1%), while rather large changes in cloudiness at deeper le
have little impact at 0.89µm because of the strong absorptio
by the overlying CH4. Because the fraction of Neptune’s dis
that contains bright cloud features generally exceeds 1%
Fig. 5, for example), the upper clouds must be heterogenou
a subpixel level, as is suggested by many of the high-resolu
Voyagerimages (Smithet al.1989), or the clouds must be partl
transparent.

5.4. Neptune’s Disk-Integrated Albedo at near-IR Waveleng

The time dependence of Neptune’s near-IR disk-avera
albedo from NSFCAM images on 13 and 14 August 1996
displayed in Fig. 9. Each plotted value is an average over s
eral images to reduce noise levels, with averaging time segm
indicated by horizontal bars. The cause for the albedo decr
during the 13 August observing period is the bright cloud n
30◦N, which rotated out of view as the evening progressed. T
is illustrated by the J-filter images in Fig. 10 and the HST ima
sequence in Fig. 5. In Fig. 9 we also show the lightcurve obtai
from the WFPC2 F850LP filter, scaled and offset to provid
best match to the near-IR values for three representative fil
The shape of the very time-limited IR variation on 13 August
well matched by these fits. From this comparison we concl
that the peak-to-peak differences seen in the IRTF images
roughly half of the full lightcurve modulation for most filters.

The directly measured maximum to minimum albedo d
ferences are 18% (0.18 mag) for J, 31% (0.30 mag) for
92% (0.71 mag) for Spencer 1.7, and 181% (1.12 mag) for
Using the fitted WFPC2 shape function, we estimate peak
peak values for the complete lightcurves to be 55% (0.47 m
for J, 72% (0.59 mag) for H, 126% (0.88 mag) for Spenc
1.7, and 269% (1.42 mag) for K. The percentage differen
are computed as 100× (max/min − 1). and magnitude differ-
ences as 2.5 log10(max/min). Our estimated J–K amplitude i
then about 0.95 mag for 13 August 1996, which is in clo
nes
agreement with the 1.09 mag obtained for 12–13 July 1977 by
Cruikshank (1978), even though he obtained a surprisingly small
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FIG. 8. (Top) Model computations of Neptune’s geometric albedo (thick solid curve) compared to groundbased results (thin solid curve) by Kark
(1994). All models include stratospheric absorbing haze. (Middle) Small differences between model and measured albedo spectra demonstrate the eellent fit

obtained by the simple multilayer model. (Bottom) The variation of wavelength-dependent model parameters shows that the putative H2S cloud seen at 3.8 bars
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1977 than in 1996. This interpretation is further explored with
must become very dark forλ > 0.6µm.

FIG. 9. Disk-integrated albedo of Neptune derived from 13–14 Aug
IRTF NSFCAM images. Horizontal bars indicate averaging periods, ver
bars indicate albedo uncertainties. The solid curves are offset and scaled ve
of the HST-derived lightcurve obtained for the F850LP filter, given in Fig
The dashed curves are estimated lightcurves, obtained by offsetting the

curves by 17 h, which is the average rotation period of the bright features
dominate the lightcurves.
st
cal
sions
5.
solid

K-magnitude variation (0.85). Beltonet al.(1981) obtained only
about 0.5 mag for J–K modulation during July and August 198
While these 1977 and 1981 values are roughly comparable
what we observed in 1996, it is likely that much larger IR mo
ulations would have been obtained in 1986, when the 0.89-µm
modulation (Hammelet al. 1989) was four times larger than
we observed in 1996. Presuming the difference is caused by
larger fractional coverage of bright clouds near the tropopau
a factor of 4 increase would also have been expected for the
lightcurve amplitudes during 1986.

The wavelength dependence of Neptune’s near-IR di
integrated albedo is displayed in Fig. 11, where our discr
filter averages for 13 and 14 August 1996 (Table X) are co
pared to the 1977 spectrum of Fink and Larson (1979). Giv
the large effect of discrete cloud features on the albedo in t
spectral range, we should not expect close agreement betw
these two sets of measurements. An overall calibration prob
in our results is unlikely because the same calibration is use
obtain our Triton albedos, which are in reasonably close agr
ment with previous results. The most plausible explanation
that Neptune’s bright cloud features were more prominent
that
model calculations that are described in the next section.
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FIG. 10. J-filter images of Neptune illustrating discrete cloud characteristic for the IRTF data sets used to determine disk-integrated albedos for 1996. The
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first two characterize conditions on 13 August, and the third characterizes

5.5. Comparison of the 1–2.5µm Spectrum
with Model Calculations

Following the same procedures described in Paper III,
calculated model spectra in the range 1–2.5µm for the three-
layer model of tropospheric scattering developed to fit the 0
1 µm spectrum. In this model, the disk-integrated albedo
represented as a linear combination of geometric albedo
reflecting layers at specific pressure levels, i.e.,

I = f phi I phi,1+ f1.3I1.3,1

+ (1− f phi − f1.3)[a3.8I3.8,1+ (1− a3.8)I3.8,0], (11)

whereI phi,1, I1.3,1, andI3.8,1 are the disk-integratedI /F values

that would be valid for horizontally homogeneous unit albedo

ervations
trum (see

In formulating a model that could reproduce the essential
to
reflecting layers at high, middle, and low altitudes respectively

FIG. 11. Disk-integrated albedo of Neptune as a function of wavelength, comparing average results from 13–14 August 1996 IRTF obs
(Table VIII) with 1977 measurements (dash-dot curve) of Fink and Larson (1979), and a model fitted (solid curve) to the Fink and Larson spec
text for model description). Horizontal bars indicate spectral ranges of the filters; vertical bars indicate uncertainties. The modulations in the Fink and Larson

features of Neptune’s near-IR spectrum, we first tried
spectrum in the range 2.1–2.4µm are at the noise level. The dashed segmen
and solar irradiance functions.
conditions on 14 August.

we

.3–
is

s of

(at pressuresphi, 1.3 bars, and 3.8 bars), andI3.8,0 is the cor-
responding spectrum for a zero albedo surface at 3.8 bars.
f value for each level represents fractional cloud amounts
heterogenous opaque layers) or fractional reflectivity (for se
transparent layers), anda3.8 is the albedo of the reflecting laye
at 3.8 bars. This model follows the same form as Eqs. (9), (1
except that the extinction optical depth of stratospheric haz
taken to be 0.02 less than the fit to the Pryoret al.(1992) values.
This representation of geometric albedo as a linear combina
is valid for upper and middle clouds that are either opaque (
heterogeneous) or of such low opacity that multiple reflectio
between layers do not need to be accounted for. In this spe
range the atmospheric Rayleigh scattering contribution is w
approximated by single scattering (see Paper III).
ts are averages of the model fitted to the Fink and Larson spectrum, weighted by filter
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TABLE X
Average Disk-Integrated Albedo of Neptune by Filter

13 Aug 1996 14 Aug 1996
1977 Outburst

Filter Measured Model Measured Model model model

J open 0.0153± 0.0009 0.0159 0.0147± 0.0009 0.0138 0.024 0.046
H 0.0136± 0.0004 0.0141 0.0118± 0.0004 0.0118 0.025 0.047
Sp 1.7 0.0053± 0.0002 0.0050 0.0034± 0.0003 0.003 0.012 0.030
K 0.0019± 0.0001 0.0018 0.0008± 0.0001 0.0010 0.006 0.020
CVF 1.59 0.0302± 0.0016 0.0260
CVF 2.00 0.0047± 0.0003 0.0050
CVF 2.07 0.0026± 0.0002 0.0031

CVF 2.10 0.0019± 0.0001 0.0020
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extrapolate the model developed to fit the CCD spectral
servations. We initially useda3.8 = 0.024 (the asymptotic valu
for long wavelengths) andf1.3 = 0.041(λ/1 µm)−0.94, which
is our previous middle cloud wavelength dependence func
refernced to 1µm instead of 0.55µm. We then separately com
puted each term of Eq. (11) and compared them (Fig. 12) to
observed spectrum of Fink and Larson (1979). It is apparent
the upper cloud contribution is constrained by theI /F values in
the strong CH4 and H2 bands where it is the dominant contri
utor. The CCD model has only about one-half the upper cl
amount needed to match the Fink and Larson spectrum, w
is not at all surprising, given the variability of the high-altitu
discrete features on Neptune. The relative spectral variat
within these strong absorption bands is compatible with clo
at ∼120 mbars. The extrapolated 1.3-bar contribution is a
reasonably compatible with the Fink and Larson spectrum
the sense that it does not exceed the measurements, even
added to the 120-mbars contribution.
in problem with the extrapolation arises from the 3.8-

um, with

at 1µm, but has a stronger wavelength dependence that leads to
ar
bar contribution. While it is compatible with the measured peak

FIG. 12. Disk-integrated albedo of Neptune as a function of wavelength, comparing model components derived from fitting Karkoschka’s 1994 spectr

slightly better fits and less pathological albedos for the 3.8-b
rements (dash-dot curve) of Fink and Larson (1979). The 3.8-b
tions in the longer wavelength windows, unless its albedo is su
b-

ion
-
the
hat

-
ud
ich
e
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ds

lso
in

when

at 1.07µm, it alone greatly exceeds the measuredI /F in the
other window regions near 1.27 and 1.58µm. To accommodate
a cloud at 3.8 bars, the observations require that the cloud ha
greatly reduced albedo within these windows, although the p
cise albedo values are not well constrained. When we add
1.3-barI /F contribution to the 120-mbar contribution, there
little room for any additionalI /F from the 3.8-bar cloud layer,
unless we reduce the overall fractional contribution of the 1
bar cloud, or increase its wavelength dependence, both of wh
are conceivable differences that might have occurred betw
times of CCD and near-IR spectral observations. More sign
cantly, the spectral details are not sufficiently well resolved
the observations to permit a clear distinction between these m
dle and low cloud contributions at near-IR wavelengths. Th
we are forced to be somewhat arbitrary in how we partition the
two contributions.

We chose to use for our nominal model a mid-level fractio
of f1.3 = 0.041(λ/1µm)−2, which agrees with the CCD mode
ar cloud component is a major contributor to the peak at 1.07µm, but is incompatible
bstantially reduced in those windows.
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TABLE XI
Reflecting Layer Combination Fits to near-IR

Observations of Neptune

Model for Fink Model for Model for Model for
Parameters and Larson 13 Aug 96 14 Aug 96 1976 outb

phi, bars 0.124± 0.010 0.151± 0.015 0.151 0.089
fhi 0.023± 0.001 0.009± 0.001 0.005 0.057
f(1.3,1µ) 0.041 0.010± 0.008 0.010 0.010
a(3.8,1µ) 0.387 0.387 0.387 0.387
a(3.8,1.27µ) 0.012 0.060 0.060 0.060
a(3.8,1.6µ) 0.028 0.028 0.028 0.028

cloud. We chose three parameters to describe the 3.8-bar c
a(3.8,1),a(3.8,1.27), anda(3.8,1.6), the albedos at 1, 1.27, and 1.6µm.
Linear interpolation is used between these values, and a con
is assumed forλ > 1.6µm. Besides the three albedo values,
fitting algorithm also adjusted the pressure of the upper clo
phi, and its fractional coverage,fhi, for a total of 5 adjustable
parameters.

The best fit to the Fink and Larson spectrum is shown
Fig. 11, with averages over the IRTF bandpass filters liste
Table X. The best-fit parameter values and uncertainties
those that are tightly constrained) are listed in Table XI. T
weighted averages over the fitted spectra for each filter
shown by heavy dashed lines extending over each filter b
pass. The solid curve is the best-fit spectrum, smoothed to
vide better compatibility with the measurements. Note, howe
that the model is unable to reproduce well the detailed spe
features of the continuum peaks. Better spectral resolution
signal/noise in the observations would be valuable in refin
ure. The

at least roughly consistent with the reduction in the number of
a

future models. The most reliable aspect of the current model fit
is the inference concerning upper cloud characteristics because

FIG. 13. Model fits to 1996 measurements of Neptune’s disk-integrated near-IR albedo. Parameters for the solid-line spectrum are given in the fig

bright discrete cloud features visible (Fig. 10). Although it has
bandpass filter-weightedI /F averages over this spectrum are indicated by d
upper level cloud fraction, and a cloud level pressure of 50 mbar.
KY ET AL.
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they are almost entirely constrained by the behavior in the str
absorption bands, where radiation cannot reach the lower lay

In fitting the 13 August 1996 bandpass-filter observatio
we assumed the same lower cloud albedos as found from fit
the Fink and Larson spectrum, except that we found it nec
sary to increase the combined reflectivity contributing to t
1.27-µm window, which we chose to obtain by adjusting th
lower cloud albedo at this wavelength. While retaining the p
viously assumed wavelength dependence for the middle clo
we were unable to obtain a reasonable fit unless we adju
the overall middle cloud fraction. The fit results for 13 Augu
observations are presented in Fig. 13 and Tables X and XI.
before, the solid curve is the best-fit spectrum. The weighted
erages over the fitted spectra for each filter are shown by he
dotted bars. While the upper level cloud top pressure retrie
from the 13 August 1996 observations is similar to that neede
fit the Fink and Larson (1979) spectrum, the retrieved fractio
cloud amounts for upper and middle cloud layers both appea
be reduced by at least a factor of 2.

The 14 August 96 observations are less complete due to
interference, and thus do not provide enough constraints to w
rant a full independent fit of all parameters. However, it is ea
to approximately match the 14 August results by adjusting j
the fractional coverage of the upper cloud (Table XI). This is t
only parameter that provides the across-the-boardI /F reduction
in the 1.7- and 2.3-µm absorption bands. A spectrum with th
upper cloud fraction reduced to 0.0048, shown as the dot-d
curve in Fig. 13, has about the right characteristics neede
match the 14 August observations. The bandpass filter aver
for this spectrum are also listed in Table X.

The reduced upper cloud amount of the 14 August mode
otted line segments spanning the filter bandpass. The dot-dash spectrum has half the



K

a
h

p
a

d
t

s
a

e
-

w
p

i

a
i
d

a

o
n

sing
the

ose
tude

of
er-
be

ght
m,

the
e of
this
mb

so
re-

o-

e
fer-
ora-
Sill
po-
the
ile

-

b-
e, it
ve-

e in
to 0.
ob-
r III.
ties
an-

edo
ave-
yer
ents

with

of
ue

is is
NEPTUNE AND TRITON II: DIS

very small fractional coverage this upper level cloud is domin
at wavelengths of strong methane absorption. Whether t
is a small additional scattering contribution by an ubiquito
high-altitude haze is not determined from these observations
localized I /F observations in the equatorial region (see Pa
III) have found very little evidence of an upper level (100 mb
or so) haze contribution.

The model fits discussed above were disk-integrated mo
based on essentially 1-dimensional models of vertical struc
and do not account for the fact that the upper level cloud c
tribution is dominated by a small number of discrete feature
specific view angles. Models that do account for this are tre
in Paper III.

Discussion: Albedo characteristics of 3.8-bar cloud particl
Our modeling results for the putative H2S cloud have been ex
pressed in terms of the normal albedo of a reflecting laye
3.8 bars. To make more direct comparisons of our results
previously derived single-scattering albedos for the cloud
ticles, it is necessary to establish a relationship between
parameter and cloud reflectivity that our models constrain.
that purpose we carried out multiple-scattering calculations
a semi-infinite layer of isotropic particles and for particles w
phase functions matching those derived by Pryoret al. (1992),
both as a function of single-scattering albedo of the cloud p
cles. We then used those results to convert our cloud reflect
values to equivalent single-scattering albedos. The combine
sults from CCD and near-IR fits are displayed in Fig. 14, alo
with previous determinations at CCD wavelengths by Baines
Smith (1990) and Baines and Hammel (1994). At most wa

FIG. 14. Estimates of the single-scattering albedo of the 3.8-bar cl
particles, as a function of wavelength, assuming that the cloud is semi-infi
Previous results are indicated by BS90 (Baines and Smith 1990) and B
(Baines and Hammel 1994). Our reflectivity results are converted to sin

scattering albedo values as explained in the text. The FL Model is our mo
that fits the spectrum of Fink and Larson (1979).
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lengths our values are somewhat lower when converted u
the isotropic phase function results (solid line) rather than
Pryoret al. (1992) phase function (dotted line).

At CCD wavelengths, our results are in reasonably cl
agreement with previous estimates, especially in the ampli
of change over the CCD range and in the maximum slope
the transition between high and low albedo. The main diff
ence is in the wavelength of the transition, which we find to
∼0.03µm longer than previous estimates. This difference mi
be a result of our fitting to the Karkoschka (1994) spectru
which has a larger maximum and falls off more slowly than
Neff et al.(1984) spectrum used by earlier modelers. Our us
a lambertian reflecting model might also have contributed to
difference. Our multiple scattering calculations show that li
darkening is very minimal at low single-scattering albedos,
that our model results tend to overestimate the reflectivity
quired to match the global averageI /F . For the near-IR results
we show the effect of changing from lambert (Minnaert exp
nent= 1) to zero limb darkening (Minnaert exponent= 1/2)
for the August 1996 model. At 1µm the difference between th
two inferred single-scattering albedos is larger than the dif
ence between various results in the CCD spectral range. Lab
tory measurements by Lebofsky and Fegley (1976) and by
(1973) show that neither of the primary candidate cloud com
nents (H2S or NH3) has an absorption feature that can explain
0.6–0.7µm dip in the inferred single-scattering albedo. Wh
the pure frosts are relatively flat across the 0.3–1.03µm spectral
range, irradiated frosts do have a reflectance dip near 0.6µm.
However, as noted by Baineset al.(1995), the fact that the irra
diated frost remains highly reflective forλ > 0.7µm makes it a
poor match to the observed cloud reflectivity.

The main new constraint we obtain is from our near-IR o
servations: if the 3.8-bar cloud is really present and opaqu
must have a very low single-scattering albedo at near-IR wa
lengths, with a strong decrease between 1 and 1.2µm, to∼0.2
or possibly smaller. The upper limit shown as the dotted curv
Fig. 14, is obtained when the middle cloud (at 1.3 bars) is set
The upper limits shown as points are from spatially resolved
servations of the equatorial atmosphere, discussed in Pape
The latter results are insensitive to limb-darkening uncertain
because they are derived from observations at small zenith
gles. The exact value of the lower cloud single-scattering alb
in this spectral range is uncertain because of uncertain w
length dependence in the properties of the middle cloud la
(at an effective pressure of 1.3 bars). Laboratory measurem
of NH3 frost reflectivity between 0.3 and 2.5µm (Sill 1973)
show large variations in reflectivity beyond 1µm, although it
does not appear that the spectral features are compatible
our observations.

If the 3.8-bar cloud is partially transparent, then some
the inferred variation in single-scattering albedo might be d
to wavelength dependence in the scattering efficiency. Th

dela more attractive mechanism to obtain decreasing reflectivity
with wavelength than a strongly increased absorption by cloud
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particles, although it remains to be seen whether a s
transparent cloud and size distribution can be found that
explain the reflectivity characteristics that have so far been
ferred for the 3.8-bar cloud, including the transition at 0.6–
µm, and the high reflectivity needed in the range 0.5–0.6µm
to match the moderate resolution CCD spectrum, as well a
H2 quadrupole lineshape observed at high resolution. Nea
spectral observations of Neptune at higher spectral resol
and at higher signal-to-noise ratios would be helpful in res
ing the current ambiguities concerning relative contribution
lower and middle cloud layers.

Discussion: Modeling the outburst.On 15–16 March 1976
Joyceet al.(1977) measured unusually high values for Neptun
brightness, finding minimum magnitudes of 9.05 (J), 8.82 (
and 9.61 (K). Our measurements on 13 August 1996 corres
to magnitudes of 10.23 (J), 10.1 (H), and 12.10 (K), imply
that Neptune was brighter in 1976 by the rather large ratio
3.1 (J), 3.25 (H), and 9.9 (K). If we simply multiply the upp
level cloud amount in our 13 August model by a factor of 10
obtain ratios that are comparable to these but a little too hig
J and H. By using a slightly lower cloud-top pressure (89 mb
instead of 151 mbars) and using an upper cloud fraction 0
(6.6× the 13 Aug 96 value), the model brightness of Nept
for J, H, and K filters increases by factors of 2.84, 3.14,
10.6, relative to 13 August, almost an exact fit to the Jo
et al.ratios. Thus, this major “outburst” on Neptune is consis
with the development of increased high-altitude cloud cover
factor of∼7 relative to August 1996, but by only about a fac
of ∼2.5 relative to our model of the Fink and Larson (197
observations, which were made during 28 Feb–2 March 1
one year before the outburst. Narrowband filter measurem
made the year following the outburst, also by Joyceet al.(1977),
are roughly comparable to the Fink and Larson spectrum,
were interpreted by Pilcher (1977) as due to a planet-wide h
altitude reflecting layer. Our results suggest that it might a
have been due to a collection of high-altitude discrete featu

6. SUMMARY AND CONCLUSIONS

Our main results can be summarized as follows:

(1) Disk-integrated albedo determinations of Neptune fr
WFPC2 imaging during 1994–1996, average about 4% low
most wavelengths than the recent 1993 and 1995 groundb
spectra of Karkoschka (1994, 1998), probably mainly due to
ibration differences. The difference equals the 4% absolute
quoted by Karkoschka. Near 0.89µm the HST albedo value
are a much more significant 15–29% lower than Karkosch
values, a probable result of differences in the number an
distribution of discrete bright cloud features during the differ
measuring periods.

(2) A Neptune lightcurve obtained from 13–14 August H

observations demonstrates the role of discrete bright cloud
tures in producing modulations at most wavelengths, confi
KY ET AL.
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ing the previous results from other observing periods, and,
the first time, identified that a dark nonaxisymmetric south po
band was responsible for the modulation at blue wavelengths
was out of phase with the modulations at longer waveleng
suggesting that dark features may also have played a signifi
role in variability seen inb-filter measurements the year fo
lowing the 1986 peak in long-wavelength rotational modulat
reported by Hammelet al. (1992).

(3) Models of the CCD spectrum using a linear combinat
of opaque heterogeneous or low-opacity reflecting layers at 1
150 mbars and 1.3 bars, overlying a 3.8-bar opaque reflect
spectrally varying albedo, match most of the observed spe
features in the 1993 Karkoschka (1994) spectrum within quo
relative measurement errors. With such a structure we find
previously determined by Baines and Smith (1990) and Ba
and Hammel (1994), that the putative H2S cloud, at and below
3.8 bars, must exhibit a strong drop in reflectivity (and sing
scattering albedo) atλ∼ 0.6, from near unity forλ<0.5 µm
to ∼0.24 (single-scattering albedo∼0.8) at 0.9µm. The 1.3-
bar effective cloud fraction was found to be∼7% at 0.55µm,
while the effective fractional coverage of upper troposphe
clouds (the highest layer) seems to have been about 1% a
time of Karkoschka’s observations, and averages about 0.7%
our 1996 observations. These high-altitude clouds are the m
source of rotational modulation within methane bands beca
of their heterogenous distribution and elevation above mos
the methane absorption.

(4) Using IRTF observations, and fits to the shape of
F850LP lightcurve derived from the HST observations, we e
mated rotational amplitudes for J, H, Spencer 1.7, and K fil
of 0.14, 0.54, 0.86, and 1.2 mag respectively. These are com
ible with lightcurve measurements in 1977 (Cruikshank 19
but are considerably larger than seen in 1980 (Beltonet al.1981)
during which multiple periods were observed and the J–K a
plitude was∼0.5 mag.

(5) The disk-integrated albedos of Neptune that we derive
H–K wavelengths are factors of 2–7 less than the 1977 grou
based values of Fink and Larson (1979), which is consistent
reduced upper and mid-level cloud opacity in 1996. The up
cloud is found near the tropopause (124± 12 mbars in 1977
and 151± 13 mbars in 1996) with effective fractional covera
(or reflectivity) values of 2.3% in 1977, and 0.9 and 0.5%
13 and 14 August 1996, respectively. Reflectivity at 1.3 b
(at λ = 1 µm) is found to be∼4% in 1977 and∼1% in 1996,
although uncertainties about the wavelength dependence o
and 3.8-bar layers creates ambiguity about their relative va
at near-IR wavelengths. A low 3.8-bar albedo is required in
case at 1.27 and 1.6µm where we infer, from the Fink an
Larson spectrum, upper limits of 0.05 and 0.045 respectiv
(corresponding single-scattering albedos are∼0.3 for both).

(6) A simple variation in upper cloud characteristics can
produce the greatly increased brightness of Neptune during
fea-
rm-
major “outburst” in 1976. If we change the 13 August cloud
model so that the upper cloud fractional coverage is increased to
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∼6% and the cloud-top pressure reduced from 151 to∼90 mbars,
we are able to reproduce accurately the low J, H, and K m
nitudes observed by Joyceet al. (1977) in March 1976, whe
Neptune was almost 10 times brighter in the K band than in 1

(7) Triton’s disk-integrated albedo derived from HST i
agery at 11 wavelengths from 0.25 to 0.9µm are consistent
within error bars, with previous groundbased andVoyager
measurements, including the low IUE result at 0.27µm. We did
not find evidence for the expected albedo decrease sugg
by recent (1995 and 1997) observations of global warming
Triton (Elliot et al.1998). The disk-integrated albedo of Triton
the range 1.2–2.4µm, as determined from 1996 IRTF observ
tions, is also consistent with previous 1991–1992 groundb
results of Cruikshanket al. (1993).

(8) A new determination of Triton’s lightcurve from HS
F467M and F547M filter observations during 1994–1996 sh
substantial deviations fromVoyagermodels in the UV to long
visible range. Although we find a minimum at roughly the sa
planetographic longitude on Triton (∼100◦), the 6–8% ampli-
tude is about twice what Hillieret al.(1991) obtained at 560 nm

(9) To derive calibrated near-IR groundbased observation
Neptune and Triton we developed refined analysis techniq
We measured encircled energy as a function of aperture fo
IRTF NSFCAM observations, and developed a model to
rect finite apertures for missing energy. Our review of so
spectral models, needed forI /F computation, determined th
the Arvesen spectrum leads to significant errors in the ra
1–2.5µm, and made use of an improved spectral mode
Kurucz (1994), an approach also taken by Colinaet al. (1996).
We also established that Triton can be used as a local p
metric reference provided exposures are long enough to pro
good signal-to-noise ratios.

APPENDIX A

IRTF Point Spread Functions
spheric

ing
are
Understanding the PSF is an important element in deciding on photometric
integrating apertures and on the size of the array used to characterize the PSF

FIG. 15. Linear (left) and logarithmic (right) J-filter radial brightness profiles for good, fair, and poor seeing conditions, compared to model atmo

sentative images. The J-filter brightness profile results for three different see
conditions are displayed in Fig. 15. The uncertainties in the radial profiles
PSFs derived from Eq. (12) usingr0 values of 20, 30, and 55 cm, which prov
Gaussian profile (dotted curve in right panel) falls off much more rapidly th
K-INTEGRATED PHOTOMETRY 455
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for deconvolutions, and in carrying out simulations of IRTF observations.
consider diffraction, atmospheric turbulence, and a third component implie
the measurements, but the physical mechanism for which has not been u
biguously established.

Diffraction effects. According to Young (1974), the energy excluded fro
an aperture of radiusr is given byε(r ) = λ/(5r D(1− d/D)), whereλ is the
wavelength of light,D is the diameter of the primary mirror,d is the diameter
of the secondary, andr is measured in radians. The IRTF values areD = 3
m, d = 0.229 m. For wavelengths of 1.26 to 2.4µm, the minimum aperture
diameter required to capture 99% of the diffracted energy varies from 3.7′′ to
7.1′′ (25 to 48 pixels, for the 0.1478 arcsec/pixel image scale). Apertures w
diameters half these sizes would capture 98% of the diffracted energy, exce
the very significant impact of two other effects that dominate the point spr
function: atmospheric turbulence and scattering by telescope defects and

Atmospheric effects on the PSF.The effects of atmospheric turbulence o
a long-exposure image can be expressed in terms of the atmospheric tra
function

B( f ) = exp
(
−3.44(λ f/r0)5/3

)
, (12)

where f is angular frequency (inverse radians), andr0 is defined as the telescop
diameter at which diffraction and atmospheric turbulence have equal effec
telescope resolving power. The equation is derived assuming a Kolmogo
turbulence spectrum (Roddier 1981). A two-dimensional Fourier transform
this spatial frequency transfer function yields the corresponding point sp
function. SinceB( f ) is nearly Gaussian (5/3 is near 6/3), the corresponding PSF
is also nearly Gaussian, especially near the core, but in the wings the PSF fa
much more slowly than a Gaussian. The parameterr0 is proportional toλ

6
5 and

sec(z)
3
5 (Walker 1987) so that the coefficient off

5
3 in Eq. (12), which is a charac-

teristic of the seeing only, can be written asK (λ, z) = K (λ0)(λ/λ0)0.2(sec(z))0.6

wherez is the solar zenith angle. The PSF is displayed in the subsequent
cussion for a variety of seeing conditions.

Measured PSF profiles. To obtain a physical understanding of the depe
dence of integral value on enclosed radius, we determined averaged brigh
profiles for each of three seeing conditions. Our primary measurements
integrations of point-source energy over a range of apertures, correcting
background by subtracting the average background obtained from an an
1.3 to 1.7 times the radius of the largest integrating aperture. We stoppe
integrations at 30 pixels radius (4.4′′), using background averages from 39
51 pixels. In the range 0.3′′–4.4′′ we obtained the average intensity profiles b
differentiation. These profiles were averaged over 7–9 images for each se
group. For the inner core of the brightness profiles we used Gaussian fits to r
ide approximate fits to the core region of each profile (see text for discussion). The
an either the model PSF or the observations.
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FIG. 16. Model of a J-filter radial brightness profile, consisting of an
mospheric seeing component (long dashes) and a wing component (do
compared to measurements (triangles).

relatively small, except for the normalization constant, which has been adj
to give approximate agreement between the core profile and the ensemble
age profile for each seeing group. The Gaussian profile can be seen to d
much more rapidly with radius than the observed profiles. Fourier transform
erence seeing profiles are also shown, forr0 values that provide an approxima
best fit to the cores of the observed profiles. These also fall below the mea
intensities at large radii. This is more apparent for the best seeing, becau
PSF component due to atmospheric effects is concentrated at smaller ang

As shown in Fig. 16, the wing can be empirically modeled with a sim
function that falls off approximately as 1/r 3.25. The plotted function, which
approximately fits the difference between the observations and the atmos
PSF model, has the formIw(r ) = a/(1+ (r/b)3.25), and fit parameter value
a = 0.035′′ andb = 0.6′′. The area integral of this function is approximate
2πab2, which evaluates to 0.079 arcsec2 (assuming a dimensionless brigh
ness). For comparison, the integral of the main atmospheric component is
0.196 arcsec2 (2.48 times larger). Thus, the wing contribution is 0.079/0.275=
29%, while the main atmospheric component of the PSF contributes the re
ing 71%. The justification for assuming the wing contribution is flat nearr = 0
comes from the likely physical mechanism that produces it. In reference to
surements of stellar profiles, Kormandy (1973) pointed out that the only vi
explanation for power-law wing contributions is scattering by dust and defec
the telescope mirror. These features would have to be larger thanλ/(2πr ) in or-
der to produce a falloff of intensity beyond radiusr . Forr = 1′′ the defects would
have to be about 4 cm or larger, clearly well beyond the range of dust part
unless particles within the camera optics are responsible. If diffraction from p
cles or defects are responsible, the scattering function will consist of overlap
single-particle scattering functions of the formI (r ) = 1

4π x2( 2
xr J1(xr ))2, where

J1 is the Bessel function of order 1, andx = 2πa/r , wherea is the particle
(or defect) radius. Nearr = 0, I (r ) approaches a constant value ofπa2/λ2, and
thus we made use of a function of similar characteristics in modeling the
behavior.

APPENDIX B

Solar Irradiance Standards

In defining the geometric albedo of planetary bodies and their feature
is necessary to determine not only the flux reflected by the body, but als
incident flux from the Sun. To compute the incident solar flux average wi
each relevant filter passband, we initially used the solar irradiance spec

compiled by Wehrli (1985), which is based on Brasseur and Simon (19
for the region 200–310 nm, Arvesenet al. (1969) for 310–330 nm, Neckel
KY ET AL.
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FIG. 17. Ratio of measured solar spectrum of Arvesenet al. (1969) to
recent detailed solar model spectrum of Kurucz (1994).

and Labs (1984) for the region 330–869 nm, and Smith and Gottlieb (19
and Arvesenet al. (1969) for wavelengths beyond 869 nm. Wehrli adjuste
the Arvesenet al. (1969) measurements to fit the continuum values of Neck
and Labs (1984), and Labs and Neckel (1970). After further adjustments
match joints between the various spectral contributions, the total spectrum
scaled to yield a solar constant of 1367 W/m2. Aside from a few flaws in the
matching and interpolation process, the main problem with this compilation
a result of significant spectral structure in the Arvesenet al.spectrum that is not
due to solar absorption lines. This can best be seen by comparing the Arv
spectrum to a detailed solar model spectrum developed by Kurucz (1994).
ratio, shown in Fig. 17, is full of structure that is almost entirely due to th
Arvesen measurements, which appear to have significant telluric contamina
in this range. This was also pointed out by Gao and Green (1995) who no
the defects in the World Radiation Center spectrum compiled by Wehrli (198
The same problems were noted by Colinaet al. (1996), who decided to use the
Kurucz model spectrum for the region 0.96–2.5µm in compiling a reference
spectrum for NICMOS calibration.

In computing solar flux integrals over the K-filter passband, we obtain fro
Arvesen’s spectrum a value that is nearly 8% smaller than we obtain using
Kurucz spectrum. This translates into an 8% error in albedo, and because o
large variations within this band, CVF calibration errors can be up to twice
large as those of the wide band observations. By using the Kurucz spectrum
reduced the discrepancy between our own narrowband and broadband mea
of geometric albedo in this spectral range, further validating the conclusion t
the Arvesen spectrum is not correct in this spectral region. Thus we used Ku
(1994) for the range 1–2.5µm.

The ratio of our compiled spectrum to the Kurucz model for the regio
200 nm to 1µm is provided in Fig. 18. Because the Kurucz model is fitted
81) FIG. 18. Ratio of our composite solar irradiance spectrum to the recent
detailed solar model spectrum of Kurucz (1994).
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FIG. 19. Ratio of our composite solar irradiance spectrum to the re
compilation by Colinaet al. (1996).

Neckel and Labs and apparently Labs and Neckel, which is also the basis f
compilation in the range 330–869 nm, the relatively good agreement there is
expected. There are disagreements at shorter wavelengths however. Com
our reference spectrum to the Colinaet al.(1996) compilation (Fig. 19), we se
a comparable disagreement at short wavelengths. The difference arises
from source differences: in contrast to the sources mentioned earlier, Colinaet al.
(1996) used Woodset al.(1996) up to 410 nm. We agree very closely with Col
et al.at longer wavelengths, generally to better than 1%, which is to be exp
because we used the same sources. Small differences at wavelengths long
0.95 µm are apparently due to differences in binning and normalizing
Kurucz model spectrum. In future analyses we plan to use the Colinaet al.
compilation.
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