Icarus149 435-458 (2001)

doi:10.1006/icar.2000.6563, available online at http:/imww.idealibrary.col D E g

|.®

Coordinated 1996 HST and IRTF Imaging of Neptune and Triton

Il. Implications of Disk-Integrated Photometryl

L. A. Sromovsky and P. M. Fry

Space Science and Engineering Center, University of Wisconsin, Madison, Wisconsin 53706
E-mail: larry.sromovsky@ssec.wisc.edu

K. H. Baineg

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

and

T. E. Dowling

Comparative Planetology Laboratory, University of Louisville, Louisville, Kentucky 40292

Received July 15, 1999; revised October 17, 2000

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 0.467 um,
while three discrete bright features dominate the lightcurve at
longer wavelengths, with amplitudes of 0.5% at 0.467 um and 22%
at0.89 um, but of opposite phases. The 0.89-um modulationin 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 A =0.55 um,

decreasing as A~%%%) and ~1% at 100-150 mbars. To fit the WFPC2
observations and those of E. Karkoschka (1994, Icarus 111, 174—
192), the putative H,S cloud between 3.8 and 7-9 bars must have
a strong decrease in reflectivity between 0.5 and 0.7 um, 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 um 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). (© 2001 Academic Press
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1. INTRODUCTION

! Based on observations made with the NASA/ESA Hubble Space TelescopeMultispectral Hubble Space Telescope (HST) imaging o
and on observations obtained from the data archive at the Space Telescopepjeiptune in 1994, 1995, and 1996 provide a significant databa
ence Institute. STScl is operated by the Association of Universities for Reseaa:ﬂ nformation concerning Neptune’s atmospheric dynamics ar

in Astronomy, Inc. under NASA Contract NAS 5-26555. . . . .
2 Visiting Astronomer at the Infrared Telescope Facility, which is operated B{/ertlcal structure and its changes since the last detailed and

the University of Hawaii under contract to the National Aeronautics and Spat@nded view provided by théoyagerencounter in 1989. Wide
Administration. Field Planetary Camera 2 (WFPC2) images that we obtain
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on 13-14 August 1996 are unique in their temporal coveragariations. In two appendices we discuss measurements of t
of a single rotation of Neptune and in their coordination withRTF point spread function (A) and standards of solar spectr:
groundbased observations from the NASA Infrared Telescopeadiance (B).

Facility (IRTF). The observations and special data reduction pro-

cedures we developed to analyze 1996 and earlier observations 2. HST PHOTOMETRY

are described by Sromovslet al. (2001a), hereafter referred

to as Paper I. Atmospheric circulation and spatially resolvedwe computed reflectivities for Neptune and Triton using
cloud structure results obtained from these data are described by

Sromovskyet al. (2001b), hereafter referred to as Paper Ill. The DN\ PHOTFLAM(F)/ Q2

I /F values used to infer first-order vertical structure informa- a(F) = <E> (Re/R1)2Eo(F) /7’ @
tion in Paper Ill are based on the same photometric calibration

discussed in this paper. where DN is the WFPC2 digital numbegxp is exposure time,

Here we describe the analysis that yields calibratgel val- F denotes filterRe is the mean radius of the Earth’s orbiRy
ues for the HST and IRTF data, and determine disk-integratscthe Sun—target distance at the time of the observalig(F)
albedos of both Neptune and Triton at CCD and near-IR wawute average solar flux for each HST filter at a distaRe@nd<2
lengths. Neptune’s disk-integrated albedo and its rotational maténotes solid angles of either Neptune or Triton, for computatic
ulation are valuable in comparing with both recent observatiord, disk-integrated albedos, or the solid angle of a single pixe
as well as observations dating back to 1972. The 1996 data pim-computation ofl /F values. Orbital distances, ranges, solid
vide a special insight into the relationship of disk-integratesihgles, and phase angles are provided in Table I. The geome
properties to the spatial distribution of cloud features, whiciibedo, i.e., the disk-integrated albedo at zero phase angle, c
helps to interpret the long-term record of Neptune’s atmospheférs from our observed albedo by a small correction. Because t
dynamics. The disk-integrated spectrum of Triton and its rotphase correction is not accurately known, we present the resu
tional phase have value in tracking expected seasonal variatibese without correction (this is further discussed in regards t
on Triton that cause migration of volatiles and resulting chang@ston’s lightcurve in Section 4.3).
in Triton’s mean spectrum. By monitoring Triton’s spectral vari- InEg. (1) the parameter PHOTFLAM is the point-source spec
ations as a function of rotational phase we can place constraitnts flux density that produces 1 DN/s for a specific filter and A/C
on the distribution of surface ices. Triton’s disk-integrated algain state, assuming a spectrally flat source and integration o\
solute spectral lightcurve also has special value as a spectialinfinite” aperture. The integral over the “infinite” aperture is
reference for Neptune. operationally defined to be 1.096 times the flux contained withi

In the following sections we first provide a brief overview ofin aperture of 0/5n radius (Voit 1997). For a spectrally varying
the photometric methods applied to the HST image analysis, feburce, the equivalent spectrally flat flux density is obtained b
lowed by a description of the IRTF photometric approach, witlveighting the source spectrum with the HST system respon:
emphasis on aperture selection and seeing corrections. We rierttions. The WFPC2 filter characteristics, the current value
present the albedo and lightcurve results for Triton, the albedbPHOTFLAM, and the average solar flux for each HST fil-
and lightcurve results for Neptune, and finally, simplified modeter we used are provided in Table Il. The standard deviation ¢
of Neptune’s cloud structure that are consistent with observite methane absorption coefficient within each filter bandpa:
disk-integrated spectral properties and their short- and long-teisntabulated to demonstrate that there is too much variabilit

TABLE |
Observing Parameters for HST Observations
Neptune—Sun Range Q(Neptuned Phase Q(Triton) Triton
Date distance (AU) (AU) (sn) andl¢’) (sr) long®(°)

10 Oct 1994 30.174 30.09 9.379E-11 1.89R 2.863E-13 160-140
18-19 Oct 1994 30.177 30.23 9.292E-11 1.89R 2.811E-13 -B)(
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-13 211-195
2 Sep 1995 30.169 29.46 9.781E-11 1.38R 2.959E-13 309-292
24 Nov 1995 30.166 30.77 8.964E-11 1.48R 2.709E-13 246-245
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-13 341-331

aWe used 1-bar values for Neptune's equatorial and polar radii (Davigls1992).
b R(L) indicate that the Sun is right (left) of the central meridian (with N up).
¢ The longitude scale for Triton is planetographic.
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TABLE Il
HST WFPC2 Filter Characteristics and Photometric Fluxes
(n)2 AR (k(CHg)?2 o (k)2 PHOTFLAMP Eo(F)°
Filter (nm) (nm) (km-amy? (km-am)1 erg/(scm A) wWm=2pum-?t
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

B AL= S dr, (A) = [AS(A)dr/ A, (K) = [K()S(M) dr/Ax, o (K) = ([ (K() — (K))ZS(h) dr/Ax)Y2, where S(1)
is the filter-dependent relative response function versus wavelength, normalized to a unit maximio,) &nthe CH,
absorption coefficient spectrum of Karkoschka (1994).

bvalues are for Gair= 7. Multiply by 10 to convert to W m? ;xm~1. Obtained from http://www.stsci.edu/instruments/
wfpc2/Wfpc2phot/wfpc2photlam.html, last updated May 1997. The last two values were converted te @aising Table
28.1 of the HST Data Handbook (Voit 1997).

¢ Average in-band solar irradiance at 1 AU [ S(A)Eg (1) dA/AA.

to accurately characterize the absorption by a single coefficienEnclosed energy profiles and correctionslhe enclosed en-
for each filter. Instead, we must compute radiation transfer exigy as a function of aperture size varies significantly with seeir
full resolution, or use exponential sums, and then integrate tbenditions (Fig. 1). Our procedure for dealing with these varic
results over the system response functions. tions was to use a fixed aperture size for all seeing conditior
We treated Triton as a point source, using a circular apertuhen apply seeing-dependent corrections to approximate the f
of 0.5” in radius, with background values obtained from an aintegral. We used circular integration apertures and an ann
nulus with inner and outer radii of’4and 6 respectively. Our lar region for background averaging that had approximately tf
disk-integrated photometry of Neptune used an aperture diasame area as the integration aperture. The aperture size was
eter of 110 pixels (a radius of Z)pand a background annulussen as large as possible within limitations of image frame siz
from 229 to 316 pixels in diameter, corresponding to a radial aand avoidance of background contamination by other source
nulus from 5.2 to 7.2’. From measurements of integrated cound/e chose a central aperture diametedpt 33 pixels, which
rates as a function of integration aperture size, we estimate thatloses 98% of the point-source energy when the seeing
the infinite aperture value is 1% larger than our standard val@5’, and background annulus diametersipt= 43 pixels and
and have applied that correction prior to conversion to flux unitds = 56 pixels. The seeing-dependent central and backgrou
Forlong-exposure images, made at UV and methane-band waméegrals are used to estimate the seeing-independent infini
lengths, numerous cosmic ray streaks are found throughout épeerture integral as described in the following.
images. These were removed from the planet disk by interpo-Our operational measured aperture integral for point sourc
lation, using visual identification based on their characteristi€ given by the relation
morphology. They were also removed from the background sky

using an automated technique that removes values exceeding a _ df
threshold level set to five standard deviations from the dark sky S = S(dh) — (S(d) — S(cz)) di —d3’ @)
level, where the standard deviations are determined from small
regions without cosmic ray hits. where §(d) = od/2 2zrl(r)dr is the integral out to radius
r =d/2. The second term of the equation is the backgrour
3. IRTF PHOTOMETRIC ANALYSIS correction. Denoting(d) = S(d)/ S(c0), we can rewrite Eq. (2)
in the form

3.1. Aperture Selection

-1
Selection of an appropriate aperture for integration of energy _ d?
from a given target is complicated by the extended wings of the S(00) = Su [ﬁ(dl) ~ (B(ds) — A(d:)) dZ — dg} 3)
point spread function (PSF), which make significant contribu-

tions. The approach we take is based on measured PSF profiles sizes of the corrections involved are summarized |
discussed in Appendix A. Table Ill. The correction uncertainties are probably% 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 denoteddpywhile d, andds indicate inner and outer annular diameters for background averaging. The diffraction curve |
theoretical calculation. The other curves are measurements of J-filter stellar images.

less, except that our estimate 8fco) might be short by sev-  Aperture sizes and corrections for nonpoint sourceiSor
eral percent, depending on how the wing behaves outside thgects of substantial angular extent, such as Neptune, and ¢
radius range we investigated. However, that correction is prdbcused starimages, the aperture diameter needs to be increa
ably the same for all seeing conditions, and because it applBsthe diameter of the object in question, to ensure that el
as a factor that affects both reference star and target measergy from a limb point is collected with the same efficiency a:
ments, it cancels in the ratio. The primary role of our correcticghat from a point source. We also modified the background ir
model is to accommodate changes in integral fractions betwedegrals from that used for point sources so that annular rac
refrence calibration measurements and target measurementsy@dd provide at least as much distance from the source b
might well occur because of changed seeing conditions. Wheat get uncomfortably large. The aperture and annulus sizes
we use alocal reference for each image, such as Triton for dosgnmarized in Table IV.

Neptune photometry in the same image, correcting for missing
energy is far less important. 3.2. Photometric Calibration Methods

Wavelength dependence of photometry correctiofi$he at- Our IRTF calibration is based on comparisons with standatr
mospheric seeing disk is only weakly dependent on wavelengstears observed at times and airmasses that are close to those
varying as. %2 (Walker 1987). Thus, over a wavelength rangéor our target measurements. Our starting point is the measur
from 1.26 to 2.4um, this component would decrease by theelative magnitude
factor (126/2.4)°? = 0.88, and the first-order effect would be
correctly accounted for by the corrections given in Table lIl. 2510 ﬂ
More difficult to assess is the wing contribution, which presum- ' Gio texp
ably is a scattering effect and thus could depend rather strongly

. ' =m(F, T,t) + mg(F, T, t) — mo(F, t 4
on wavelength. However, comparing measured K- and J-filter ( )+ Me( ) o(F. 1) )
brightness profiles reveals no significant difference in either tov‘?\erem(F, T, t) is the magnitude outside the atmosphere fo

core or the wing behavior. Perhaps this is accounted for by a sjze :
distribution in defects, such that different scales of particles ﬁ%{tgr F @, H, K, etc), fgr target (star, N'eptune, or T”t.on)
at timet, andmg(F, T, t) is the corresponding atmospheric ex-

defects dominate at different wavelengths. tinction. The photometric zero pointy(F, t) is the magnitude
of a star that produces zero relative magnitude at zero air ma

TABLE 111 following the sign convention used in the NSFCAM manual
J-Filter Aperture Photometry Corrections The DN value may be for a single pixel, but more often is a sur
: : over many pixels.

Seeing Seeing pdy) pd2) p(ds) S(00)/Su Magpnitudes for Triton were obtained from segment average
0.40" 047" 0.976 0.985 0.995 1033 Closesttothe airmass of the star observations, using a different
0.78' 0.88’ 0.965 0.982 0.994 1.047 form of Eq. (4), namely
1.20 123 0.952 0.981 0.993 1.062

m(Triton) = m(star)+ [m,(Triton) — m,(star)]
a8 FWHM average over 7-9 images in each group. _
b Median FWHM of 2D Gauss fits within 1% 17 box. — K[ X(Triton) — X(star)] 5)
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TABLE IV
Summary of Aperture and Annular Diameters

Background annulus

Angular Pixel Target aperture
Target object diameter diameter di do ds3
In-focus star w’ 0 33 33x1.3=43 33x 1.7=56
Triton 0.128' 0.9 33 43 56
Neptune 2’ 16 33+ 16=49 43+16=59 56+ 16=72
Defocussed star 13 85 33+ 85=118 43+ 85=128 56+ 85= 139

in which we approximateng(F, Triton) — mg(F, star) as the and a fairly bright stary Agl (HR 7525), for the narrowband
product of the air-mass differenck (Triton) — X(star)] and the filters. Their magnitudes are given in Table V. The air masse
extinction per air-mass sloge For observations made at nearlyof our IRTF observations, listed in Table IV of Paper I, range«
the same air mass as the stellar measurements, we used an &noat 1.3 to 2.36 for Neptune, 1.34-1.74 for UKIRT FS34, an(
ogous procedure to define Neptune’s magnitude, except thdt.88-1.73 fory Aql. Extinction slopes from 13 and 14 August
correction termsm was added to account for water vapor ané6 were not significantly different; by filter they ranged from
CO, bands that produce differences in broadband extinction i£075 mag/air mass for the CVF 2. filter to 0.17 mag/air
tween Neptune and the reference sources. At a typical 1.4 miass for the K filter. Given that most of our reference-to-targe
mass, we estimate that its J extinction wa& and~11% less air-mass differences were 0.1 air masses or less, even our wo
than reference sources on 13 and 14 August, respectively, and#ése 0.05/magnitude uncertainty in extinction coefficient onl
K extinction was~7% more on both nights. For H, Spencer 1.%ields a flux uncertainty of 0.005 mag, making this a negligibl
and CVF filtersgm was<1%. For other Naptune observationssource of error.
we used Triton as a reference, first averaging its relative magni-To obtainy Agl magnitudes for nonstandard filters (filters
tude over segments of the observing period (typical®/5 h) other than J, H, K) we first computed fluxes for a blackbod
to reduce noise, then using spectrum with an effective temperature of 4106 K and angul;
diameter of 7.5 ma, both from Dyek al.(1998). Their ratios to
m(Nep) = m(Triton) + [m,(Nep)— m,(Triton) + dm] (6) the Vega fluxes provided aninitial estimate of magnitudes. The
agreed well with the K magnitude of Engelsal.(1981), but dif-
to obtain the magnitude of Neptune within each segment. Tfexed by 0.1 mag for the H magnitude. We thus adjusted the initi
advantage of using Triton as areference is that it can be measwethputed magnitudes by subtracting a wavelength-depend:
inthe same image as Neptune, atthe same time and with the saffeet of 0154 x (A — 2.3 um), which produced a simultaneous
air mass, thus minimizing effects of extinction uncertainties. match to Engelst al.(1981) measurements for both H and K fil-
We used two stars as magnitude references: faint star 34ters. We increased uncertainties to 0.05 mag to roughly accot
the UKIRT list, for calibrating broadband filter observationsfor the additional uncertainty of the interpolation.

TABLE V
Reference Magnitudes and Fluxes for IRTF NSFCAM Filters
(A) Al UKIRT FS34 y Agl Zero mag fluf Eo(F)  Solar flu Eg(F)
Filter um um magnitud&®  magnitudé&® 10°Wm2ym? Wm2pm?
J 1262 0.252 12.820.014 0.33t0.03 3.03:0.09 443
H 1.633 0.269 12.920.014 —-0.36+0.03 1.24+-0.04 238
SpencerH 1.740 0.097 12.930.020 -0.41+0.05 0.99+0.03 195
K 2199 0.390 12.920.011 —-0.544+0.03 0.414+0.01 86
CVF 1.59 1590 0.032 —0.43+0.05 1.214+0.04 240
CVF 2.00 2.000 0.040 —0.494+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 —0.524+0.05 0.48+0.02 98

2Based on J-K, H-K, K, from Casali and Hawarden (1992).

bJ, H, K from Engelst al. (1981).

¢ Other values are computed as described in the text.

d Computed from Kurucz model matched to Broetral. (1985).

€ Computed solar flux at Earth’s mean distance (see text for basis).
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TABLE VI We computed the reflectivity, dr/F values, using the ex-
Triton Magnitudes on 13, 14 Aug 1996 pression
Filter 13 Aug 1996 14 Aug 1996 Difference (14-13 2
9 g ( ) _ 7 Ry Eo(F) —m(F.,t)/2.5
aF, T.t)= - — x 10 , ®)

Jopen 12.26:0.02 12.12£0.02 ~0.08+0.03 Q Rg Eo(F)
H 12.08+0.02 12.06£0.02 —0.02+0.03
Sp 1.7 12.010.03 11.99£0.03 —0.024+0.04 whereQ is the solid angle of the targeRy is its distance from
K 12.24+0.02 12.29:0.03 +0.05£0.03  the SunRe is the mean orbital radius of the earth, dagl(F) is
CVF 1.59 11.99£0.06 the spectral irradiance of the Sun averaged over the instrumen
CVF 2.00 12.27:0.06 P Irradiance un averaged ov Instru
CVE 2.07 12.24+ 0.09 response function for filtef . These solar flux averages are listed
CVF 2.10 12.29+0.08 in Table V. When the solid angk includes the entire planetary

disk, this becomes the disk-integrated albedo. When applied

Note UKIRT FS34 is the reference for J, H, Sp. 1.7)KAql. isthe reference  megsurements at zero phase angle, this becomes the geom:
for CVF filters. JHK airmass differences: 0.05 on 13 and 14 Aug. CVF airmagﬁbedo '

difference: 0.10. . .
In computing the average solar fluxes for each filter, we use

. . a composite solar irradiance reference described in Appenc
Zero magnitude fluxes for all filters were computed fro P PP

the model Vega spectrum of Kurucz (personal communicatior}' Because of significant errors in the commonly used Arvese
1998) scaled by B53 x 10-16 to match the Browret al. (1985) et al. (1969) spectrum, we used the model spectrum of Kuruc

1.4-2.6um Vega spectrum, which is itself based on measurgl-ggA') fortheregion 1-2 5m, an approach aisotaken by Colina

ments by Blackwelkt al. (1983). The fluxes were computed us—Gt al. (1996).

ing the referenced spectrum and IRTF filter functions in
Eq. (7). Our zero-magnitude fluxes for J, H, and K filters are
respectively 0.914, 1.075, and 0.993 t!mes those pomputed b¥n addition to their value in establishing a photometric ref-
Cohenet al. (1992) for the corresponding UKIRT filters. Ourerence for Neptune, Triton's geometric albedo spectrum ar

quo;ced uncertainties are based on the uncertainties in the qu}ﬁﬂtcurve have direct scientific value of their own. As Triton’s
etal. (1985) spectrum. southern hemisphere approaches summer solstized0 AD),

hOur de”V‘?d .Trlton magnltu?es are sumr_narrllzed in Table \%rge changesin frostdistribution are expected (Yetild. 1995)
The uncertainties are derived from scatter in the measured r fAd thus monitoring Triton’s infrared spectral behavior during

tive magnitudes and uncertainties in the stellar reference Sour‘fﬁé'coming decade should provide useful insights into the dy
No magnitudes are given for CVF filters on 14 August becauﬁﬁmics of surface ices on Triton (Brovetal. 1995). From oc- ‘
of §tellar contamina?ion. These rgsglts were obtained at Triteﬂltation observations in 1995 and 1997, Elébal. (1998) con-
orbital planetographic central meridian longitudes of 3&B87 ., je that Triton’s atmosphere has undergone a global warmi
on 13 August and 27)4273 on 14 August, a_md ata phgse aMyith the resultant doubling of atmospheric bulk every 10 year:
gle of_0.8]9. Small corrections may b_e required to obtain me%ecording to Model F of Spencer and Moore (1992). this resu
magnitudes at zero phase (see Section 4). is consistent with a frost albedo decrease by 0.12 between 19
and 1997. However, our results suggest that little change has
curred in Triton’s mean albedo since 1989-1990, although the
Our magnitude scale is defined in terms of the average spectiaés seem to be a change in Triton’s lightcurve.
flux density within each filter passband, i.e.,

JS(F, A)E(T, 2, t)dx

4. ALBEDO AND LIGHT CURVE OF TRITON

3.3. Conversion of Magnitudes to Fluxes arifi |

4.1. Triton’s Albedo at CCD Wavelengths

E(T.F.t)= TSF ) The Triton HST disk-integrated albedo results for 13 Augus
' 1996 and 18 October 1994 are summarized in Table VII an
= Eo(F)10 M(F1/25 (7) compared in Fig. 2 with 19890yagerimaging results (Hillier

et al. 1990). Voyagerphotopolarimeter results (Nelsaat al.
whereS(F, 1) is the IRTF-NSFCAM total instrument responsel990), an IUE measurement at 0,2 (Sternet al. 1989), and
function for filter F andE(T, A, t) is the spectral irradiance of 1990 groundbased results (Buradtial. 1994). The Steret al.
targetT at wavelengthh and timet, referenced to the top of result was corrected to a Triton radius of 1352 km. For filter:
the atmosphere, and wheEg(F) is the average flux at zerocommon to both 1994 and 1996 HST data sets it can be se
magnitude (using instrumental spectral weighting), afl, t) that 1996 albedos are about 4% higher than 1994 values. TI
is the magnitude of the target, as determined directly or indirectlyight be due to the difference in phase angles. The 1994 resu
from stellar comparisons using Egs. (5) and (6). NSFCAM filteare for a phase angle of 1.89hile the 1996 data were ob-
response functions are given in Paper |. Filter characteristics aaghed at a phase angle of 0281 we use the phase coefficient
zero magnitude fluxes are listed in Table V. of Gougenet al. (1989) we would expect 1996 albedos to be



NEPTUNE AND TRITON II: DISK-INTEGRATED PHOTOMETRY 441

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 0.8r
Filter\date: 10, 11 Oct 94 18 Oct 94 2 Nov 94 2 Sep 95 13, 14 Aug 96
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 0.73t0.03 0.73t0.03
F547M 0.723:0.015 0.743:0.015 0.77%#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

Note Triton’s central meridian longitude is planetographic.

2.7 + 3.8% higher, compared to the observed 3-4%. Another Errorsin our HST results are dominated by three componen
possibile contribution could be a difference in Triton longitudesncertainty in the HST calibration, uncertainty in the solar irra
coupled with a longitude-dependent albedo. The longitude ddiance spectrum, and measurement noise. The HST calibrat
ference noted in Table VIl is not large enough, nor is Triton® generally accurate to about 2% RMS or better for standa
lightcurve well enough defined, to make a good case for this plsotometric filters and broad and intermediate filters in the vis
the primary cause, although it cannot be ruled out (see Secthda and better than 5% RMS for narrowband filters in the visibl
4.3 for further discussion of Triton’s lightcurve). The Buratt{\Voit 1997). The uncertainty in the solar irradiance spectrur
et al.(1994) observations in 1990 were made on 19 June, witlisshard to estimate accurately. Differences between Neckel a
phase angle of 0c&nd a Triton planetographic longitudd0°— Labs (1984) and Arveseet al. (1969) are relatively flat, with
140. In comparison with the 1996 HST results, the Buratti datdrvesen a few percent higher, but differnces are up to 10%
need no phase correction, but might be expected to be somewd81-340 nm, 7-10% at 380—-395 nm, and 7% at 410-420 ni
lower because the longitudes sampled have been and may stilThese differences are quite a bit larger than the 1-2% uncerta
somewhat darker (see Section 4.3). However, the Buratti resuiées estimated by the authors. Recent space-based measuren
are in excellent agreement with the HST results. by Woodset al.(1996) have estimated errors of 5—-7% accuracy i
the spectral range 330—400 nm, with even larger uncertainties
- - ' shorter wavelengths. Comparisons between Webds (1996)
E $ —_— and other measurements in this spectral range seem compat
080 >l< ﬁ) %ﬁ H it ‘} } with these estimates. Thus we have assigned somewhat con:

0.90F '

T YTTTTTEY YT Iy

8 o70F vative approximate uncertainties of 2% to the solar irradianc
2 spectrum for wavelengths beyond 500 nm, 4% at 467 nm, 5%
B 060F 4}; 410 nm, 7% at 336 nm, and 7% at 255 nm. Measurement noise
4 o HST 1995 (this worl) i the Triton aperture integrals contributes a relatively small nois
ilg 080 %}l O HST 1994 (this work) 1 thatreaches a maximum of 0.7% at 410 nm.
£ E o Hillier et al. (1990 E . .
2 040F a Nelseoneetool.((199()3) 3 Discussion: An albedo feature at 890 nmBoth the 1994
: X Burotti et ol. (1994) i and 1996 HST observations using the methane quad filters se
0.30F O Stern et al. (1989) E . . . P .
£ ] inconsistent with other measurements. This is especially cle
020 L . e . .3 for 1996, where we find that the F850LP result is consistel
200 400 600 800 1000 with the lack of a significant wavelength dependence in the r

Wavelength, nm

gion 0.6—1um, while the FQCH4N-D result suggests a signifi-
FIG. 2. Disk-integrated albedo of Triton based on 1996 and 1994 Hsgant drop of 12-13% at 890 nm. This is possibly a consequen
observations, in comparison witfoyagerresults (diamonds) by Hillieet al.  of the vignetting of the methane quad filters, which causes tt
(1990) using the ISS and (triangles) by Nelsoal.(1990) at0.25and 0.78m  greatest perturbations at the edge of the image, where Triton
using the photopolarimeter, with an 1UE result (squares) at f.27(Ster |5cated when Neptune is close to the center of the image. On't
et al. 1989), and with 1990 groundbased results (asterisks) by Butatti. hand. the | Ibed 890 db f
(1994). See textfor phase angles and Triton orbital phase.September1995re9$|?§r and, the low albedo near nm cou - € parlly a re
at467 and 547 nm (listed in Table VII) would overlap the 1994 results ifinclude@ffect. In the summer of 1989, Grundy and Fink (1991) mez
in this plot. For the HST points, horizontal bars indicate filter bandpasses. sured a relative depression 006t 0.6% at 890 nm, which they
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attribute to absorption by CHce. Had no change occurred since 1.9 ' ' ' ' ' ' '

1989, this might explain half of our observed depression. Also, [
given observed global warming on Triton since 1989 (Elliot 3 sl —t ]
et al.1998), the albedo depression at 0,88 might easily have ’ J cH,

increased. However, Sromovsital.(1998) presented arelative
grism spectrum of Triton that closely matched that of Cruikshank
et al. (1993) in the depths of CHabsorption features between

sk—Integrated Alb
o
o
T
1
P

2 and 2.4um providing evidence against significant change 2 | CH, l_| ’
between 1991 and 1998. Our CVF and broadband filter meag 4,1 o 13 august 1996 €O, 4
surements at these wavelengths in 1996 (discussed in the foF | © 14 August 199 Nz
lowing section) are also compatible with no change between i o
1991 and 1996, although these observations are not as sensitir 0.2 ; 1 - L L ! -

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

to the methane absorption features. The weight of the evidenc

suggests that at least half of the 890-nm albedo depression we
observed in 1996 is probably an artifact. FIG.3. Disk-integrated albedo of Triton as a function of wavelength, com-
paring average IRTF results from 13—14 August 1996 (Table VIII) with spectr:
from Cruikshanket al. (1993). The error bars for the Cruikshank spectra are
from Brownet al.(1995). Spectral features are due to absorption by surface ice
our disk-integrated albedo results of Triton (TabIe VIII) weréf N2, CH4, CO, and CQ. Horizontal bars indicate spectral ranges of the filters;

obtained by inserting the magnitudes from Table VI int$rtical barsindicate uncertainties.

Eqg. (8). The tabulated tainti derived f i- .
a. (8) © fabuated uncertainties are derived from mag;i th of those changes are probably too small to resolve with o

Wavelength, um

4.2. Triton’s Albedo at near-IR Wavelengths

tude uncertainties and uncertainties in the solar flux integra .
As noted previously, there was background contamination b 96 observations.
nearby star on 14 August that prevented meaningful CVF filtﬁr
measurements of Triton on that day. '
The wavelength dependence of Triton’s disk-integrated albeddefinition of Triton’s lightcurve has scientific value because
is displayed in Fig. 3, where our discrete filter results are seerit@laces constraints on the changing distribution of ices ove
agree closely with 1992 spectra obtained by Cruiksharkiton's surface. Understanding variations related to orbital pha
et al. (1993). The broadband results for 13 and 14 August alsprequired to distinguish those from longer-term seasonal va
agree within estimated errors, except for J-filter, where a larg&ifons due to migration of volatiles. It also has value in makin
difference might be an indication of a small rotational modusse of Triton as a photometric reference for Neptune observ
lation (the longitude difference is 6R These results provide tions. The rotational lightcurve amplitude for Triton is expectec
little evidence for changes in the mix or distribution of surfact® be quite small; eg., Larét al. (1989) found no more than a
ices on Triton since the 1991-1992 period of Cruikshank’s 0B% variation at 890@, while Hillier et al. (1991) found about
servations. Historical evidence for variations in this part of thé (peak-to-peak) in the visible range (basedvogyagerob-
spectrum are discussed by Brownal. (1995). There is some servations). These are relatively small variations, comparab
evidence that the 1.6pm absorption feature (due to Glite) to the absolute calibration uncertainty in the HST observation
was significantly weaker in 1981, and that the 2;,8#-feature However, inlightcurve measurementitis relative errors that ma
(also primarily due to Chlice) was stronger in 1986. Howeverter most, and these are much smaller than the absolute errc
Baggett and Gonzaga (1998) showed that fluctuations of phot
metric throughput for filters F336W and longward ar&% or

3. Triton’s Lightcurve

TABLE VIII less over 4 years.
Triton’s Disk-Integrated Albedo on 13, 14 Aug 1996 The exceptional photometric stability of the WFPC2 and th
lack of any need to determine variable extinction correction
Filter 13 Aug 1996 14 Aug 1996 Difference that complicate groundbased measurements provide significe

advantages in the measurement of lightcurves. However, there

J open 0.85-0.05 0.92+0.03 0.0740.04 ot ; At :

" P 0734 0.02 0,745 0.02 I0.0Z:I: 003 ©°ne _compl!catlon that arlses_when the objectis not ataflxgc_j loc
Sp17 0.75: 0.03 0.77+0.03 4+0.02+0.04 tonintheimage frame: variations in charge-transfer efficienc
K 0.58+ 0.02 0.56+ 0.02 —0.03+0.02 (CTE)withimage corrdinates. The CTE effect causes faint sta
CVF 1.59 0.77:0.05 to appear typically 4% brighter near the bottom of the imag
gﬁ ;-83 g-gi g-gg frame (high line numbers) than they do at the top of the fram
CVE 2.10 0.520.04 (Holtzmanet al. 1995). Because Neptune is approximately cen

tered in our HST data sets. Triton circles around the outer pe

Note.References: UKIRT FS34 for J-i, Aql for CVF. JHK airmass differ- Of the image frame, producing a varying line number that cot
ences: 0.05, 0.10 on 13, 14 Aug. CVF airmass difference: 0.10 on 13 Aug. relates with Triton’s orbital phase, thus creating an automati
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[ ' ' ' ] curves were developed for a subobserver latitude 6fS0o
i ] approximaté/oyagerobserving conditions. The sub-Earth lati-
tude in 1994 was 48°85, very close to the model value. Thus the
variation in lightcurve amplitude with the changing sub-Eartl
latitude does not explain the discrepancy between the moc
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 year
which might raise questions about drifts in the photometry &
partly responsible for lightcurve disagreements. The photome
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Triton Disk—Integrated Albedo

0.70F ) ] . -
O oo oy Wi e werkd : ric stability results of Bagget and Gonzaga (1998) can be furth
. W 1996 HST WFPC2 (this work) ] strengthened by comparing Triton’s variation in time with tha
5 oo 00 300 of Neptune’s. According to Lockwood and Thompson (1991)
Triton centrel meridian planetographic longitude Neptune’s variation over an entire solar cycle is only about 4¢

) ) ) at these wavelengths, so that only a small variation might be €
FIG. 4. Triton’s lightcurve at 467 and 547 nm, according to 1994_199ﬁected over the 1994—1996 period From the HST observatio
HST observations, compared to Hillieral.(1991) relative models for 350 nm . TR ) - .
(dot-dash) and 560 nm (solid) basedvyagembservations. Models have beenW€ find that Neptune’s d|Sk'mtegrated variation Is onIy abol
scaled to provide an approximate match to HST absolute values. HST vald8$ over this period, well below the nearly 8% observed fo
have been corrected for CTE effects (Whitmeteal. 1999) and corrected to Triton. From this comparison it is clear that Triton’s variation
their average phase angle of 1:4fsing § = 0.025. The upper{) and lower ig not an artifact. There remains the possibility that changes
(x) phase correction limits are based on Gougeal. (1989). The sign of the Triton’s lightcurve from year to year have produced some disto
correction is positive when the observed phase is larger than the average phase, . . .
and negative otherwise. tions in the derived lightcurve. However, the most robust resul

the steep slope in the 120-t8@ngitude range, is all from a

correlation between CTE effects and Triton’s central meridiasr'ﬂngle year. - o
longitude. If no CTE correction is made, a false lightcurve of Accordlr}_g: tg m?]dellz gf Hillieet a;. ](a1t9|91),tTr|t(3n g;ght'
several percent modulation is implied for an object as brightg rvé a}mphl ulc? S oul becrez?)/seg f eas |Up ho nm,
Triton. To approximately remove this effect we used correctigi"€re It should equal about 2%. Uniortunately, there are ve;
equations provided by Whitmore al. (1999). Because Triton few reliable HST obse_rvathns that can be used to confirm thi
is so far from the center of the image frame we also need to E;:tr 1€ F85_OLP observations in 1996 do not cover a Iong_enoug
e period by themselves, and the 1994—-1995 observations u

ply a photometric correction for distortion effects, as given b : . . .
Fig. 5.12 in theWFPC2 Instrument Handbod§TScl 1996) nly the methane quad filters, which have considerable vigne
oy ' d'}o1g in the region of the image where Triton is usually located.

This correction typically decreases the integrated DN by 1.5 . - . )
In Fig. 4 our 1994-1996 HST estimates of Triton’s lightcurve The closely spaced HST observations in Fig. 4 give consiste

from F467M and F547M filter observations are compared {Bdications of brightness variations with longitude, with slope:
Voyagerbased synthetic lightcurves by Hilliet al.(1991). Be- con;]parable tlo thfisg megsured by Hilleral. (1931)6 %“'; ”gt

cause the HST observations are taken over a variety of phggé € tszijrr;e o_r:jgllu es.. ec:;use ‘tlmyzligerreﬁr tsh ?—|S1? be

angles, we have corrected the observations to the average pﬁgéreec edfor widely varying pnase angies, while the 0Ds€
angle of 1.45 using the Gougeet al. (1989) phase coefficent Vatons are aII_at very ST“a” phase angles, itis prqbgble thatt
of 0.025+ 0.035. Phase correction uncertainties are shown H T observations provide a more accurate description than t
vertical bars terminating wittkk and+ to indicate the correc- y lier et _a_l. predictions of the 1994._1996 lightcurve. Analy-
tions respectively resulting from the lower and upper limits oS of additional wavelengths, especially longer wavelengths f

the phase coefficient. For a given observation, the sign of the c‘ﬁﬁh'Ch Triton’s rotational lightcurve has a small amplitude, ant

rection depends on whether the phase angle is smaller or Iaﬁéﬁmer wavelengths for which the amplitude should be greate

than the mean phase. ay yield better constraints on the lightcurve.
Our lightcurve results agree with Hilliezt al. (1991) that
Triton is darker near 100planetographic longitude and are
crudely consistent with their brightness maximum near°28 ) . . (
but do not agree with the details of either their observed (r?%tl' Neptune’s Rotational Lightcurve at WFPC2 Wavelength
shown) or model curves. (It should be noted that Hileal., An accurate description of Neptune’s lightcurve on 13 Au
and most previous observers in this field, expressed resultgyirst 1996 can be obtained at CCD wavelengths from our HS
terms of a longitude= 360° — planetographic longitude.) We observations with WFPC2, which provide almost complete co
find a peak-to-peak amplitudes of 5.6% (0.06 mag) for F467ktage of one rotation for F467M, F673N, and F850LP filters
(blue) and of 7.8% (0.08 mag) for F547M (green), which arand a good sampling at several other wavelengths. Our dire
about twice what Hillieet al. obtained at 560 nm. The syntheticneasurements are displayed in Fig. 5, from which we estims

5. ALBEDO AND LIGHTCURVE OF NEPTUNE
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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 ir
statistical uncertainties in disk integration. Systematic errors during one rotation are probably less than 0.2%. The inset curve displaysfitie shagulation
by plotting differences from the minimum divided by the maximum difference for each filter. Cloud features in view during the rotation are indittaged &
sequence of images in the upper panel. The 467M curve is dominated by dark features, the rest by bright features.

peak-to-peak amplitudes off)+ 0.1% for F467M, 17 + 0.1% The main features of the 1996 lightcurves are understandat
for F673N, 100 + 0.3% for F850LP, and 22 1% for FQCH4- from a comparison with the time sequence of images in the upp
ND. Our value at 0.89«m is equivalent to 0.22 mag, which ispanel of Fig. 5. There are three prominent bright clouds that hay
comparable to the 1986 value obtained by Hamenal.(1989), significant influence on the lightcurve, two near85nd one

but about half of their 1987 value. However, relatively largaear 40N, the latter being the companion to the dark spot &
modulation amplitudes can be found in the 1994 HST data. @6°N. In methane-band filters they are seen with great contra:
10 October 1994, opposite sides of Neptune differed by 3%at at 673N the contrast is much reduced, and at 467M it |
(0.36 mag) at 0.89«m, which is close to the 1987 value ofessentially absent. For F850LP (and FQCH4-ND, the Q.89-

0.44 mag of Hammegét al. (1992), and thus is a possible in-filter), the lightcurve maximum is achieved when three brigh
dication of what Cruikshank (1985) and Hamnetlal. (1992) clouds are visible on the disk, and the minimum when only on
referred to as an “outburst.” This is further discussed in Secti@visible. This is also true for the 673N filter (and for FQCH4-
5.5 and in Paper lIl. NB, the 0.62xm filter), except that the lightcurve amplitude is
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reduced by the smaller feature contrast and the shape is slightlpiscussion: The possibility of major dark features in 1987
different because these two bands are relatively more sensitivetemmmelet al.(1992) present the interesting result thatttzend
the southern clouds and less sensitive to the northern companyastandard deviation peaks in 1987 are reached a year after
cloud. peak in the 0.89+m lightcurve amplitude, and that during the
It is interesting to note that the F467M lightcurve reaches89w.m peak théd standard deviation was near its normal value
minimum where other curves reach a maximum. the 467M imf 0.004 mag. It is clear that the shortwave filters were not se
ages show that this filter does not have any significant responsimgtmerely attenuated versions of what is seen in the metha
all to the bright cloud features. Instead, itis the filter that is mobtind. Our 1996 observations, showing that dark features c
sensitive to dark features. Although the transit of two dark spqgttay an important role at short wavelengths, suggest the pos
contributes to the variation, it is relatively small because the felaility that these disk-integrated observations viatandy filters
tures are of low contrast and heavily limb darkened. The primaaye providing information about dark features that might hav
variations seen in the 467M lightcurve arise from varying viewseen present following the peak in the bright cloud features.
of the dark band surrounding the southern pole. As describedsrconceivable that the 1989 GDS appeared between the time
detail in Paper Ill, that band is a wavenumber-one feature attfie 1986 and 1987 observations, and that it would be well pos
average latitude of 6@, and a latitudinal amplitude ef5°, re- tioned in the southern hemisphere to have a maximal impact
sulting in a 10 north—south wobble as the planet rotates. Whehe disk-averaged albedo observed from the Earth. However,
its northern-most excursion is in view, the dark fraction of th&989 the GDS represented only about 4-6% of the total cros
Earth-facing disk is increased and the disk-integrated albedesectional area when on the central meridian, and thus, assum
thereby decreased. When the band is seen at its southern rtiestoyagerblue contrast value ef 10% for this feature (Smith
excursion, the dark fraction is at a minimum, raising the dislet al. 1989), it should contribute only about 0.4—0.6% to the
integrated albedo. The influence of dark features on Neptunp&ak-to-peak lightcurve amplitude, aboy#ithe value inferred
lightcurve provides possible explanations of some puzzling &sm the b-filter observations in 1986. Perhaps the GDS wa
pects of past groundbased observations, as noted in the followliager in 1987, or the second dark spot was much larger, or oth
discussion. nonaxisymmetric dark features, such as the south circumpo

Comparisions with previous observationdNeptune’s disk- wave, were more prominent then.

mteg.rated albedo has been known for some t|r'.ne. to vary W|,£h2 The Disk-Integrated Albedo of Neptune
rotational phase. Beltoet al. (1981) used the variations in the at WFPC2 Wavelengths

shape of the K-J lightcurve during July and August 1980 to
infer that there were several cloud features present with differ-The disk-integrated albedo results from the 1994 and 19¢
ent rotational periods, suggesting that Neptune’s winds varidd-PC2 observations are presented in Table IX and Fig.
with latitude. Hammeét al. (1989) used CCD imaging to showThe 1994 results were obtained from seven successive imay
that lightcurves at methane-band wavelengths in 1996 and 13#fween 15:00 UT and 17:02 UT on 18 October (data se
were each dominated by a single bright cloud feature. They ai23j0401-407). The 1996 results were obtained from 18 imag
tained lightcurve amplitudes at 0.8§8m of about 0.2 mag in

1986 and 0.5 mag in 1987, but less than about 0.05 mag at TABLE IX

continuum wavelengths of 0.826, 0.749, and 0.634. In the

. . . HST Determinations of Neptune’s Disk-Integrated Albedo
methane bands, the high contrast between discrete bright cloud P g

features and the dark background atmosphere is seen to yield 1996
larger amplitude lightcurves. At shorter wavelengths, constraints (HST) lightcurvé* - Groundbaset®
on lightcurve amplitudes can be obtained from Lockwood and _ correction  23-26 July
Thompson’s long-term tracking of Neptune’s brightness with 7" 180ct1994  13Aug1996  factors 1993
(0.472;4m) andy (0.551um) filters (Lockwood and Thompson gogxy 0,52 0.04
1991, Lockwoocket al. 1991). Standard deviations of these ob=33sw 0.54+ 0.04 0.55+ 0.04 0.563
servations, reported by Hammet al. (1992), remained below F410M 0.57:0.03 0.58+0.03 0.574
0.004 mag (0.4%) from 1972-1985, but increased to 0.0685 {46’M 0.55:0.02  0.56£0.02  0.998 0.575
and 0.0095Y) in 1987. Theb andy standard deviations in 1987 S47M 0.42:0.01 0.454

: . F588N 0.44Gt 0.009 0.471
correspond to lightcurve amplitudes of 2.4 and 2.7% respeg 0.365% 0.007 0.379
tively, assuming a randomly sampled sinusoidal lightcurve, feg7an 0.215-0.004  0.997 0.233
which the standard deviation is just the peak-to-peak fractiorr@b0LP 0.043:0.001  0.992 0.044
amplitude divided by 2. On the other hand, if we consider"QCH4N-B  0.113:0.003 = 0.114£0.002 0.119

the standard deviation of 0.4% as measurement noise, thentR&H4N-D 0.0195:0.0004 0.0180.001  0.987 0.0226

implied lightcurve amplitudes would be 2.1 and 2.4%. In eithera ..o 1o correct for rotational sampling (not applied).

case, these are much larger than the 0.5% amplitude that Werne Karkoschka (1994) spectrum weighted with HST filter functions.
found for the F467M filter in 1996. ¢ Uncertainties are 2% relative, 4% absolute.
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o 1o tainly possible that the difference in the two Karkoschka spectt
® H this work . .

O HST 1994 E.his workg 7 could be due to observing different average phases of Neptun
— Karkoschka (1998) IightCUrVe.

-+ Neff et al. (1984) ) . 3
=++Boines and Smitn (1990) For a more precise comparison with Karkoschka's spectru

o

o

o
T

o
I
S
TV LTI FRETTT T

3 °'4°fT‘.' _ we computed average albedos for each of the HST filters, weig}
3 0.30E E ing the albedo spectrum by the product of the solar irradianc
I and the HST system response function for each filter. The resu
g "o E (Table IX) show that difference between the HST and grounc

0.10F based averages over the same bandpasses are generally in

000E ‘ , , o o i the error bars, although the groundbased results average -
200 400 Wovz?eongth, - 800 1000 higher, including all filters but FQCH4N-D. For that filter (at
0.89 um) Karkoschka’s albedo is 29% larger than our 199¢

FIG. 6. Disk-integrated albedo of Neptune based on 13 August 1996 aadbedo, and 15% larger than our 1994 value. These differenc
18 October 1994 HST observations, in comparison with groundbased resm@bamy mean that the fractional coverage of bright discret
by Neff et al. (1984) (dotted line) and Karkoschka (1994) (solid curve). Th'&loud features was somewhat greater during the 1993 and 19

Neff results were increased by 3% to account for changes in adopted values . . . .o
y S g P @servmg periods. While significant albedo changes on Nej

of Neptune’s radii. Filter bandbpasses are shown as horizontal lines. The fi9 -

structure for. < 400 nm is due to Raman scattering. tune have occured even at shorter wavelengtid94 at 472 and
551 nm), these occur on times scales comparable to the so
cycle (Lockwood and Thompson 1991), and thus would not b

8§ pected to contribute much over a 2-year period. A more likel

in Table Il of Paper ). We used the measured lightcurve for 19 planati_on fof the_4% qifference over th_e _other filter bands i_s
to determine correction factors that would convert the 1996 ay/>tematic calibration difference, which is in fact the same siz
erages to averages over a complete lightcurve. The correctioi?w%:[he absolute error quoted by Karkoschka.
listed in Table 1X, are below 1% for most filters, and only 1.3% .
for the FQCH4N-D filter. Although we have no correspondin§'3'. Comparison of th.e 0.3-1m Spectrum
) . with Model Calculations
lightcurve measurement to assess the representativeness of the
1994 observations, from the visual appearance of images duringJsing the same temperature and mixing ratio profiles, ar
our averaging periods, in comparison to those at other times, the same methane and CIA absorption computational metho
estimate that the means for 1994 are probably within 1% of tras described in Paper Ill, we computed Neptune’s geometr
rotational means, with the possible exception of the FQCH4N-&bedo for a clear atmosphere containing a thin high-altitud
value, which might deviate by 1-2%. Examination of the 199aze, and for models with additional tropospheric reflectin
images we used shows that more bright clouds than thosdagers. We computed multiple scattering using the doubling ar
the 1996 images were present at low latitudes. (These unusagding methods of Hansen and Travis (1974), and accounted
low-latitude features, known as the “bright complex,” are didRaman scattering effects using the model derived by Karkosch
cussed in Paper lIl.) This might explain why the FQCH4N-[1994, 1998). The aim of these calculations is to provide insigl
albedo for 1994 is~10% larger than the value for 1996. Thanto the way tropospheric scatterers can influence Neptune
other albedo values for corresponding filters in 1994 and 198pectrum, and thus what the measured spectrum implies ab
are insignificantly different. the vertical location of such scattering aerosols and their relati
The HST albedo values for 1994 and 1996 (Fig. 6) coneontributions to Neptune's/F spectrum.
pare reasonably well with groudbased results for 1993 and 1995f its atmosphere were purely Rayleigh scattering and conse
Karkoschka (1994, 1998) and for Nedt al. (1984). The latter vative, Neptune’s geometric albedo would be about 0.7
have been increase by 3.4% to correct them to the current 1 {Bergstralh and Baines 1984), far above its measured maximt
radii of Neptune (Daviest al. 1992). According to Karkoschka near 0.6 (Karkoschka 1994). Even after methane absorption a
(1998) the major reason for the difference between his sp&taman scattering are taken into account, an additional hig
trum and that of Neffet al. is the use of different values for altitude absorbing haze is needed to explain the measured albe
the solar irradiance spectrum. Karkoschka uses a solar anadbghorter wavelengths. Using haze optical depths comparable
spectrum that we believe to be in good agreement with theose of Pryoet al.(1992) we obtained the “cloud-free” model
Neckel and Labs (1984) spectrum that we used for the rangdjsplayed in the upper part of Fig. 7. This model captures mo
330 to 869 nm. The two Karkoschka spectra for Neptune shafithe gross features of Neptune’s spectrum, but has two sign
no significant change between 1993 and 1995, except possilhnt discrepancies: the peaks and valleys of the weak metha
for deep methane-band wavelengths beyond abouth®%At  bands (0.45—-0.6@m) are both too low and the stronger methane
0.89um the ratio of the two spectra (1995/1993) is about 0.96ands (0.6—Lum) are deeper and broader than observed. Sce
Given the 17.5% lightcurve amplitude we observed in 199&ring by upper tropospheric aerosols must be added to achie
and the even larger amplitude that was present in 1994, it is cevrasonable agreement with the measurements.

from 8:33 UT to 12:16 UT on 13 August (data sets u3fc0101-1
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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
scattering in deep methane bands and at 0.5+M6(Bottom) Comparison of measurements with model calculations including a 3.8-bar reflector at equal all
increments, showing approximate linearity and the need for reduced lower cloud albeds fa6 um.

Because there is so little methane above the tropopause (1@®ch can be plausibly associated with condensed methane p
400 mbars), scattering layers in that region have a particulatigles. Multiple-scattering calculations including a thin 1.3-ba
strong influence on Neptune’s spectrum at wavelengths beyaraud with optical depths from 0 to 0.1 also show an approxi
0.5 um. Only about 1% coverage of high-albedo upper troporate linear relationship betweérF and optical depth of this
spheric clouds is needed to fill in the deep methane bands at @18ud, a characteristic we will also take advantage of in fittin
0.89, and Jum, but that amount of cloud has a negligible influmodel calculations to observations. From imaging observatio
ence at short wavelengths. A much larger fractional contributidnis clear that much of the upper-level scattering that dom
is required to fill in the deficit in the range 0.45-Quén. This nates methane-band wavelengths arises from discrete featt
region can be well fitted by a reflecting layer near 3.8 bars, thather than from a horizontally homogeneous layer. We do ni
nominal revised fit to the bottom cloud top pressure by Bain&aow what opacity range is valid for these highest clouds, but
et al. (1995). This layer is plausibly composed of$aerosols they consists of opaque elements, then thélF contributions
extending down to the } condensation level near 7 bars. Modekill be a linear function of their effective fractional coverage
calculations for such a layer are illustrated in the lower half @mounts.

Fig. 7, for layer albedos from 0 to 1 in increments of 0.25. The above considerations lead to a three-layer upper trog
With a high albedo this layer can produce the needed boosspheric model consisting of a homogeneous reflecting layer
0.45-0.6um, but, as noted by Baines and Smith (1990) arl8 bars with a spectrally varying albedo, a homogeneous trar
Baines and Hammel (1994), this cloud cannot be as highly ggarent cloud near 1.3 bars, as needed to improve the shape of
flective at longer wavelengths because it would be in violent dideeper methane bands, and a heterogeneous reflecting laye
agreementwith the low continuuhi F values measured beyond100 mbars to represent the effects of clouds that are above m
0.6um. Beyond 0.8:m, the albedo of that layer must be no moref the methane. We take advantage of the computational cony
than~0.25. Figure 7 also shows that far> 0.5 um there is a nience of the approximate linear relationships previously note
roughly linear relationship between the lower cloud albedo amed use a linear combination of layer contributions to mode
the geometric albedo of Neptune. We later take advantageN#ptune’s disk-averagdd F spectrum as

this special linear relationship in simplifying model fits to the

spectrum. This does not apply at short wavelengths where mul- | = fpa.d fo1lor1 + fizliza

tiple reflections between the atmosphere and the 3.8-bar reflec-

tor create the nonlinearity that generally characterizes multiple + (1= for = Ta3)lasslsgs + (1~ ss)lagol]l (9)
scattering. 8min + 8max€XP(=(A — A0)/81)

Even if the single-scattering albedo of this cloud is reduced 48 = 1+ exp(r — ro)/8A)
as needed to be compatible with the pdalE values in this
region (near 0.75, 0.83, and 0.938), it produces peak shapeswhere fia,cis a multiplier that adjusts the effective stratospheri
that are too narrow. That problem is nicely handled by additgze absorption that was included in the calculationogf;,

a second tropospheric layer of scatterers near the 1.3-bar level,;, andlsg 1, which are the disk-integratdd F spectra that

: (10)
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would result from unit albedo homogeneous lambertian refleead Hammel (1994). This is not a physically appealing solutio
tors placed at 0.1, 1.3, and 3.8 bars respectivigly, is the because the obvious candidate cloud materiad$ @&t NHs) do
corresponding spectrum for a zero albedo surface at 3.8 barst have the proper red-absorbing characteristic, as evident frc
The fractional coverage amounts for the upper two layers, fagst spectra of Lebofsky and Fegley (1976). Nevertheless, t
seen from above the atmosphere, are giveridayand f; 3. We  model spectrum, shown as the heavy solid curve in Fig. 8, do
chose to parameterize both middle and upper layers in terarsexcellent job of fitting the observations. At most wavelength:s
of a fractional coverage (as seen from above the clouds) thé fitis comparable to the 2% relative error in the measuremer
unit albedo reflectors at the pressures indicated by subscrifkarkoschka 1994). While the fit is close and the parameters a
From multiple-scattering experiments we find that an effectiweell constrained by the observations, this does not rule out tt
fraction f, 3 corresponds to an optical depth«af; ~ 2.2f,3, possibility that alternative models might be constructed that f
assuming unit albedo particles with the Predal. phase func- as well.

tions. Thesel /F calculations include the multiple-scattering The haze correction factor amounts to a decrease in the he
Rayleigh atmosphere, Raman scattering, and haze extinctioneinction optical depth by about 0.02 relative to the assume
ing a wavelength-dependent functigp=0.05(1 /0.75.m)~%’8  Pryoretal.(1992) values of 19+ 0.08 at 0.265.:m and 005+
that we matched to Pryet al.(1992). Although this linear com- 0.02 at 0.75.m. The adjustment is within their error bars.
bination approach is not strictly valid at short wavelengths, the The effective fractional amount of high-altitude cloud that
nonlinearities that exist there are really unimportant for two fors needed to fill in the deep methane bands to the level of tt
tuitous reasons: (1) to fit the observations, the deep 3.8-bar cld{atkoschka (1994) measurements is extremely snmiglf &
must have essentially unit albedo for which we do not really neé&o), while rather large changes in cloudiness at deeper leve
to interpolate, and (2) the small coverage fractions (or optidahve little impact at 0.83&m because of the strong absorption
depths) of the upper and middle clouds contribute so little By the overlying CH. Because the fraction of Neptune’s disk
short wavelengths that errors in computing their contributionstiat contains bright cloud features generally exceeds 1% (s
these wavelengths are unimportant. The virtue of this approdely. 5, for example), the upper clouds must be heterogenous
is that it allows a small set of very time-consuming multiplea subpixel level, as is suggested by many of the high-resolutic
scattering calculations to be used to accurately fit the obsersm/ageliimages (Smittet al. 1989), or the clouds must be partly
| /F spectrum with iterative nonlinear regression techniquestransparent.

To accommodate an equivalent variation of opacity wit
wavelength, we included a wavelength dependence in the fr
tional coverage of the 1.3-bar cloud dg3(%) = f13055 X The time dependence of Neptune’s near-IR disk-average
(A/0.55 um)™= which might be expected for particles not muckalbedo from NSFCAM images on 13 and 14 August 1996 i
larger than the wavelengths considered. In modeling the wadisplayed in Fig. 9. Each plotted value is an average over se
length dependence of the albedo of the lower cloud, we assuenal images to reduce noise levels, with averaging time segmel
that amax = 1, as suggested by the shortwave behavior of timdicated by horizontal bars. The cause for the albedo decree
Baines and Hammel (1994) results. The remaining parametdtsing the 13 August observing period is the bright cloud nec
allow for adjustment of the transition wavelength, the transi- 30°N, which rotated out of view as the evening progressed. Th
tion width A, and the minimum albeday,, that is the limiting is illustrated by the J-filter images in Fig. 10 and the HST imag
value at long wavelengths. sequence in Fig. 5. InFig. 9 we also show the lightcurve obtaine

From nonlineary? minimization we found best-fit param-from the WFPC2 F850LP filter, scaled and offset to provide
eters values oOff,.e= 1.0554+ 0.04, fo; = 0.0114+ 0.0004, best match to the near-IR values for three representative filtel
f13.055 = 0.072+ 0.003,n13 = —0.94+ 0.12,ay,j, = 0.24+  The shape of the very time-limited IR variation on 13 August i
0.01,10 = 0.611+ 0.001 um, A = 0.051+ 0.002um, where well matched by these fits. From this comparison we concluc
the errors quoted are the combined random uncertainties thmt the peak-to-peak differences seen in the IRTF images ¢
tained from they? analysis and the 4% absolute calibrationoughly half of the full lightcurve modulation for most filters.
uncertainty quoted by Karkoschka (1994). The 1.3-bar fractionThe directly measured maximum to minimum albedo dif:
evaluates to 0.05 at 0.7&8m, which scales to an equivalentferences are 18% (0.18 mag) for J, 31% (0.30 mag) for F
optical depth of 0.11. This is much higher than the global ave32% (0.71 mag) for Spencer 1.7, and 181% (1.12 mag) for K
age optical depth of 0.03 inferred by Baines and Smith (1990%ing the fitted WFPC2 shape function, we estimate peak-t
at the same wavelength, but between the values 0.05 and (h84k values for the complete lightcurves to be 55% (0.47 mal
Baines and Hammel (1994) found for equatorial and®280S for J, 72% (0.59 mag) for H, 126% (0.88 mag) for Spence
regions, respectively. Our fit of the 3.8-bar albedo parametdr§, and 269% (1.42 mag) for K. The percentage difference
confirms that the 3.8-bar scattering layer has a greatly redu@d computed as 100 (max/min — 1). and magnitude differ-
albedo beyond 0.xm as shown in the bottom panel of Fig. 8ences as B log,o(max/min). Our estimated J-K amplitude is
This is equivalent to a strong decrease in the single-scatterthgn about 0.95 mag for 13 August 1996, which is in clos
albedo of particulates in this layer, t00.8 at 0.9um, in ap- agreement with the 1.09 mag obtained for 12—-13 July 1977 &
proximate agreement with Baines and Smith (1990) and Bain@ruikshank (1978), even though he obtained a surprisingly sm¢

Cé_l. Neptune’s Disk-Integrated Albedo at near-IR Wavelengtt
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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 demonsttaie fihe e;
obtained by the simple multilayer model. (Bottom) The variation of wavelength-dependent model parameters shows that the j8itdtiud been at 3.8 bars
must become very dark far > 0.6 um.

K-magnitude variation (0.85). Beltat 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
X { whatwe observed in 1996, it is likely that much larger IR mod
e 1 ulations would have been obtained in 1986, when the p.80-

° .“\1—“\/ -l jz, modulation (Hammekt al. 1989) was four times larger than
i T we observed in 1996. Presuming the difference is caused by t
larger fractional coverage of bright clouds near the tropopaus
a factor of 4 increase would also have been expected for the
lightcurve amplitudes during 1986.

The wavelength dependence of Neptune’s near-IR disl
integrated albedo is displayed in Fig. 11, where our discre
filter averages for 13 and 14 August 1996 (Table X) are con
pared to the 1977 spectrum of Fink and Larson (1979). Give
the large effect of discrete cloud features on the albedo in th

10 " e (UZT%’ '3 Auésge) 30 35 spectral range, we should not expect close agreement betw
these two sets of measurements. An overall calibration proble

FIG. 9. Disk-integrated albedo of Neptune derived from 13—-14 Augusn our results is unlikely because the same calibration is used
IRTF NSFCAM images. Horizontal bars indicate averaging periods, verticabtain our Triton albedos, which are in reasonably close agre
bars indicate albedo uncertainties. The solid curves are offset and scaledversmré%t with previous results. The most plausible explanation

of the HST-derived lightcurve obtained for the F850LP filter, given in Fig. Sm t Nept 's bright cloud feat . ti
The dashed curves are estimated lightcurves, obtained by offsetting the s Iél eptune’s bright cloud features were more prominent |

curves by 17 h, which is the average rotation period of the bright features t4& 7 7 than in 1996. This interpretation is further explored witl
dominate the lightcurves. model calculations that are described in the next section.

0.010

Neptune Disk—Integrated Albedo
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5, 11113 UTC

FIG. 10. J-filter images of Neptune illustrating discrete cloud characteristic for the IRTF data sets used to determine disk-integrated albedos for 19
first two characterize conditions on 13 August, and the third characterizes conditions on 14 August.

5.5. Comparison of the 1-2,om Spectrum (at pressuregn, 1.3 bars, and 3.8 bars), amgs is the cor-
with Model Calculations responding spectrum for a zero albedo surface at 3.8 bars. T
. . . f value for each level represents fractional cloud amounts (f
Following the same procedures described in Paper IIl, we

eterogenous opaque layers) or fractional reflectivity (for sem

f:‘lglr“r?]tggerln;dtfé Sgscrgrearig]st::]:ttﬁri]r?e dle—\llzetlt?) f%:jt?:ﬁt:] trﬁ:_o g,r_ansparent layers), arsd g is the albedo of the reflecting layer
y Posp g P “at 3.8 bars. This model follows the same form as Egs. (9), (1C

L pm spectrum. In_ this model_, th_e d|sk-|ntegrate_d albedo ('esx](:ept that the extinction optical depth of stratospheric haze
represented as a linear combination of geometric albedos

: o ! taken to be 0.02 less than the fit to the Prgoal. (1992) values.
reflecting layers at specific pressure levels, i.e., ) . . ; L
This representation of geometric albedo as a linear combinatic

is valid for upper and middle clouds that are either opaque (ar
heterogeneous) or of such low opacity that multiple reflection
+(1— fo, — fr3)[@sslass + (1 —ass)lsso), (11) between layers do not need to be accounted for. In this spect
range the atmospheric Rayleigh scattering contribution is we

wherely, 1, 1131, andlzg 1 are the disk-integratet)/ F values approximated by single scattering (see Paper IlI).
that would be valid for horizontally homogeneous unit albedo In formulating a model that could reproduce the essenti
reflecting layers at high, middle, and low altitudes respectivefgatures of Neptune's near-IR spectrum, we first tried t

I = fphilphiql—i_ fl.3|1.3,1
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FIG. 11. Disk-integrated albedo of Neptune as a function of wavelength, comparing average results from 13-14 August 1996 IRTF obsen
(Table VIII) with 1977 measurements (dash-dot curve) of Fink and Larson (1979), and a model fitted (solid curve) to the Fink and Larson spectru
text for model description). Horizontal bars indicate spectral ranges of the filters; vertical bars indicate uncertainties. The modulatiomiarttid_&son
spectrum in the range 2.1-2.4n are at the noise level. The dashed segments are averages of the model fitted to the Fink and Larson spectrum, weighted
and solar irradiance functions.



NEPTUNE AND TRITON II: DISK-INTEGRATED PHOTOMETRY 451

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

Jopen 0.0153-0.0009 0.0159 0.014% 0.0009 0.0138 0.024 0.046
H 0.0136+ 0.0004 0.0141 0.01180.0004 0.0118 0.025 0.047
Sp 1.7 0.0053:0.0002 0.0050 0.003# 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 0.0042-0.0003 0.0050
CVF 2.07 0.0026-0.0002 0.0031
CVF 2.10 0.0019:0.0001 0.0020

extrapolate the model developed to fit the CCD spectral olt 1.07uum, it alone greatly exceeds the measutgé in the
servations. We initially useas g = 0.024 (the asymptotic value other window regions near 1.27 and 1/58. To accommodate
for long wavelengths) and; 3 = 0.041(./1 xm)~%%4 which acloud at 3.8 bars, the observations require that the cloud hav
is our previous middle cloud wavelength dependence functigreatly reduced albedo within these windows, although the pr
refernced to um instead of 0.5%m. We then separately com-cise albedo values are not well constrained. When we add t
puted each term of Eq. (11) and compared them (Fig. 12) to th&-barl /F contribution to the 120-mbar contribution, there is
observed spectrum of Fink and Larson (1979). Itis apparent thittte room for any additional /F from the 3.8-bar cloud layer,
the upper cloud contribution is constrained by tH& valuesin unless we reduce the overall fractional contribution of the 1.:
the strong CH and H, bands where it is the dominant contrib-bar cloud, or increase its wavelength dependence, both of whi
utor. The CCD model has only about one-half the upper cloade conceivable differences that might have occurred betwe
amount needed to match the Fink and Larson spectrum, whtehes of CCD and near-IR spectral observations. More signif
is not at all surprising, given the variability of the high-altitudeantly, the spectral details are not sufficiently well resolved b
discrete features on Neptune. The relative spectral variatidhs observations to permit a clear distinction between these mi
within these strong absorption bands is compatible with cloudke and low cloud contributions at near-IR wavelengths. Tht
at ~120 mbars. The extrapolated 1.3-bar contribution is alsee are forced to be somewhat arbitrary in how we partition the:
reasonably compatible with the Fink and Larson spectrum, two contributions.
the sense that it does not exceed the measurements, even whive chose to use for our nominal model a mid-level fractiol
added to the 120-mbars contribution. of f13 = 0.041(./1 um)~2, which agrees with the CCD model
The main problem with the extrapolation arises from the 3.8t 1 m, but has a stronger wavelength dependence that lead:
bar contribution. While it is compatible with the measured peadtightly better fits and less pathological albedos for the 3.8-b:

—-—--Fink and Lorson Spectrum

— — 120-mb cloud (CCD model X 2)
1.3-bar cloud {CCD model)
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FIG.12. Disk-integrated albedo of Neptune as a function of wavelength, comparing model components derived from fitting Karkoschka’'s 1994 spectru
1977 measurements (dash-dot curve) of Fink and Larson (1979). The 3.8-bar cloud component is a major contributor to the pgal, &t i84ncompatible
with observations in the longer wavelength windows, unless its albedo is substantially reduced in those windows.
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TABLE XI they are almost entirely constrained by the behavior in the stror
Reflecting Layer Combination Fits to near-IR absorption bands, where radiation cannot reach the lower laye
Observations of Neptune In fitting the 13 August 1996 bandpass-filter observation:s

we assumed the same lower cloud albedos as found from fittir

Model for Fink - Model for — Modelfor —Modelfor o i and | arson spectrum, except that we found it nece

Parameters and Larson 13 Aug 96 14 Aug 96 1976 outburst . . L .

sary to increase the combined reflectivity contributing to th
pri, bars 0.124-0.010 0.15H0.015 0.151 0.089 1.27-um window, which we chose to obtain by adjusting the
fhi 0.023+0.001  0.009:0.001 0.005 0.057 lower cloud albedo at this wavelength. While retaining the pre
faan 0.041 0.016:0.008  0.010 0010 vjously assumed wavelength dependence for the middle clou
&3.8.11) g'gfg g'ggg g'ggg 8'32(7) we were unable to obtain a reasonable fit unless we adjust
Zﬁ;gigl’)‘) 0.028 0.028 0.028 0o the overall middle cloud fraction. The fit results for 13 Augusi

observations are presented in Fig. 13 and Tables X and XI. /
before, the solid curve is the best-fit spectrum. The weighted a
cloud. We chose three parameters to describe the 3.8-bar clatrages over the fitted spectra for each filter are shown by hea
a38,1), &38,127) andais g 16), the albedos at 1, 1.27, and L. dotted bars. While the upper level cloud top pressure retrieve
Linear interpolation is used between these values, and a consfegim the 13 August 1996 observations is similar to that needed
is assumed fok > 1.6 um. Besides the three albedo values, thét the Fink and Larson (1979) spectrum, the retrieved fraction:
fitting algorithm also adjusted the pressure of the upper clouddpud amounts for upper and middle cloud layers both appear
Phi, and its fractional coveragedy,;, for a total of 5 adjustable be reduced by at least a factor of 2.
parameters. The 14 August 96 observations are less complete due to s
The best fit to the Fink and Larson spectrum is shown interference, and thus do not provide enough constraints to ws
Fig. 11, with averages over the IRTF bandpass filters listed fiant a full independent fit of all parameters. However, it is eas
Table X. The best-fit parameter values and uncertainties (ferapproximately match the 14 August results by adjusting jus
those that are tightly constrained) are listed in Table XI. THbe fractional coverage of the upper cloud (Table XI). This is th:
weighted averages over the fitted spectra for each filter #rely parameter thatprovides the across-the-bbaFdreduction
shown by heavy dashed lines extending over each filter bandhe 1.7- and 2.3sm absorption bands. A spectrum with the
pass. The solid curve is the best-fit spectrum, smoothed to pugper cloud fraction reduced to 0.0048, shown as the dot-da
vide better compatibility with the measurements. Note, howevetrve in Fig. 13, has about the right characteristics needed
that the model is unable to reproduce well the detailed spectitch the 14 August observations. The bandpass filter averag
features of the continuum peaks. Better spectral resolution datithis spectrum are also listed in Table X.
signal/noise in the observations would be valuable in refining The reduced upper cloud amount of the 14 August model
future models. The most reliable aspect of the current modelditleast roughly consistent with the reduction in the number ¢
is the inference concerning upper cloud characteristics becabgght discrete cloud features visible (Fig. 10). Although it has :
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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 figt
bandpass filter-weighteld/ F averages over this spectrum are indicated by dotted line segments spanning the filter bandpass. The dot-dash spectrum ha:
upper level cloud fraction, and a cloud level pressure of 50 mbar.
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very small fractional coverage this upper level cloud is dominal@ngths our values are somewhat lower when converted usi
at wavelengths of strong methane absorption. Whether théhne isotropic phase function results (solid line) rather than tt
is a small additional scattering contribution by an ubiquitouBryoret al. (1992) phase function (dotted line).
high-altitude haze is not determined from these observations, buAt CCD wavelengths, our results are in reasonably clos
localizedl /F observations in the equatorial region (see Papagreement with previous estimates, especially in the amplitu
I11) have found very little evidence of an upper level (100 mbarsf change over the CCD range and in the maximum slope
or so) haze contribution. the transition between high and low albedo. The main diffel
The model fits discussed above were disk-integrated modefwce is in the wavelength of the transition, which we find to b
based on essentially 1-dimensional models of vertical structure).03 um longer than previous estimates. This difference migt
and do not account for the fact that the upper level cloud come a result of our fitting to the Karkoschka (1994) spectrun
tribution is dominated by a small number of discrete featureswhich has a larger maximum and falls off more slowly than th
specific view angles. Models that do account for this are treatheff et al. (1984) spectrum used by earlier modelers. Our use
in Paper lIl. a lambertian reflecting model might also have contributed to th

Discussion: Albedo characteristics of 3.8-bar cloud particleg'ﬁerence' Our multiple scattering calculations show that lim

Our modeling results for the putative,Si cloud have been ex- darkening is very minimal at low single-scattering albedos, s

. . that our model results tend to overestimate the reflectivity re
pressed in terms of the normal albedo of a reflecting layer at.

) . ired to match the global averaggF . For the near-IR results
3.8 bars. To make more direct comparisons of our results wj . :

X . . : we show the effect of changing from lambert (Minnaert expo
previously derived single-scattering albedos for the cloud par- . . .
. L . . . ent= 1) to zero limb darkening (Minnaert exponeatl/2)
ticles, it is necessary to establish a relationship between tha .

o . or the August 1996 model. At Am the difference between the

parameter and cloud reflectivity that our models constrain. For . . ) . .
. . . . two inferred single-scattering albedos is larger than the diffe

that purpose we carried out multiple-scattering calculations for

A ) . . . ..ence between various results in the CCD spectral range. Labo
a semi-infinite layer of isotropic particles and for particles wit

. ; ) ory measurements by Lebofsky and Fegley (1976) and by S
phase functlon.s matchmg those dgnved by Peaal. (1992), {1973) show that neither of the primary candidate cloud comp
both as a function of single-scattering albedo of the cloud par

i- : .
cles. We then used those results to convert our cloud reflectivi ?én_tg (?Smo(rj:\uﬁ) ?haj %?ezirkr)(asgrsr)iaorez?:;;z:izat ;ﬁ)ne?j)(()pl\eli\llrr]];z
values to equivalent single-scattering albedos. The combined ﬁa- oy P . 9 g :

) . A the pure frosts are relatively flat across the 0.3—L.@Bspectral
SL."tS ”O”.‘ CCD and T‘ea.r"R fits are displayed in Fig. 1A." alon ge, irradiated frosts do have a reflectance dip neaitb
W'th previous determmauons atCCDwavelengths by Baines aﬂ@we\,/er as noted by Bainesal. (1995), the fact that the irra-
Smith (1990) and Baines and Hammel (1994). At most WaV§iated frost remains highly reflective far> 0.7 um makesita

poor match to the observed cloud reflectivity.

1.0 T T
The main new constraint we obtain is from our near-IR ob
1 servations: if the 3.8-bar cloud is really present and opaque,
0.8 _ must have a very low single-scattering albedo at near-IR wav
lengths, with a strong decrease between 1 anghin2to ~0.2
3 LN or possibly smaller. The upper limit shown as the dotted curve
[ L - . . . . .
2 RESULTS FOR 00D (0.3-14) SPECTRAL RANGE: 4 it Fig. 14, is obtained when the middle cloud (at 1.3 bars) is set to
© 06l e THIS WORK (H-G PHASE FN.) v —
2 405 WoRK (SOTROPC S PN) \\"; | The upper limits shown as points are from spatially resolved ol
L o o oo L H {1 servations of the equatorial atmosphere, discussed in Paper
3 © BH34 £O. REGION Ly 1  The latter results are insensitive to limb-darkening uncertaintie
o 040 i because they are derived from observations at small zenith ¢
o RESULTS FOR NEAR-IR (1-2.51) SPECTRAL RANGE: ' \; N b . .
5 = = = FL MODEL (THIS WORK) R 1 gles. The exact value of the lower cloud single-scattering albe
LT T AUO 96 NODEL (TWS WORK) AN 1 in this spectral range is uncertain because of uncertain way
—-eo— AUG 96 kp..=1/2 (THIS WORK) \
0.2 .. FL MODEL UPPER LIM (NO MIDDLE CLD) m ST T length dependence in the properties of the middle cloud lay
2 g | (atan effective pressure of 1.3 bars). Laboratory measureme
: i /$'__ of NHj; frost reflectivity between 0.3 and 2/om (Sill 1973)
0.0 0'5 ' 0'7 ! 1' : 1'5 2' show large variations in reflectivity beyondidm, although it
" wovelength, um ' does not appear that the spectral features are compatible w

our observations.

FIG. 14. Estimates of the single-scattering albedo of the 3.8-bar cloud |f the 3.8-bar cloud is partially transparent then some c
particles, as a function of wavelength, assuming that the cloud is semi-infin

Previous results are indicated by BS90 (Baines and Smith 1990) and Bl—l@f inferred variation in smg_le-scatterlng ‘.'J"bedo. mlght be qu
(Baines and Hammel 1994). Our reflectivity results are converted to singF@- wavelength _dependencg in the sca_ttermg eﬁ'(_:'ency- Th!S_
scattering albedo values as explained in the text. The FL Model is our mo@elmore attractive mechanism to obtain decreasing reflectivi

that fits the spectrum of Fink and Larson (1979). with wavelength than a strongly increased absorption by clot
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particles, although it remains to be seen whether a serinig the previous results from other observing periods, and, fc
transparent cloud and size distribution can be found that wilie first time, identified that a dark nonaxisymmetric south pole
explain the reflectivity characteristics that have so far been iband was responsible for the modulation at blue wavelengths t
ferred for the 3.8-bar cloud, including the transition at 0.6—0was out of phase with the modulations at longer wavelength
um, and the high reflectivity needed in the range 0.5+M% suggesting that dark features may also have played a significz
to match the moderate resolution CCD spectrum, as well as tioée in variability seen irb-filter measurements the year fol-
H, quadrupole lineshape observed at high resolution. NearddRving the 1986 peak in long-wavelength rotational modulatiot
spectral observations of Neptune at higher spectral resoluti@ported by Hammesdt al. (1992).

and at higher signal-to-noise ratios would be helpful in resolv- (3) Models of the CCD spectrum using a linear combinatiol
ing the current ambiguities concerning relative contribution @f opaque heterogeneous or low-opacity reflecting layers at 10
lower and middle cloud layers. 150 mbars and 1.3 bars, overlying a 3.8-bar opaque reflector

Discussion: Modeling the outburstOn 15-16 March 1976, spectrally varying albedo, match most of the observed specti

Joyceetal.(1977) measured unusually high values for Neptung'§atures in the 1993 Karkoschka (1994) spectrum within quote
brightness, finding minimum magnitudes of 9.05 (J), 8.82 (H5elat_|ve measurement errors. With such a structure we f|n(_j, |
and 9.61 (K). Our measurements on 13 August 1996 correspdtigviously determined by Baines and Smith (1990) and Baine
to magnitudes of 10.23 (3), 10.1 (H), and 12.10 (K), implyin nd Hammel (1994_),. that the putatlvefﬁ-lcloud! et and bellow
that Neptune was brighter in 1976 by the rather large ratios of °2rs, must exhibit a strong drop in reflectivity (and single
3.1 (J), 3.25 (H), and 9.9 (K). If we simply multiply the upper'scatterlng elbedo) alt~Q.6, from near unity forr <0.5 um
level cloud amount in our 13 August model by a factor of 10 wi? ~0-24 (single-scattering albede0.8) at 0.9um. The 1.3-
obtain ratios that are comparable to these but a little too high fr effective cloud fraction was found to ber% at 0.55um,

Jand H. By using a slightly lower cloud-top pressure (89 mbapdile the effective fractional coverage of upper tropospheri

instead of 151 mbars) and using an upper cloud fraction 0.08/Puds (the highest layer) seems to have been about 1% at |

(6.6x the 13 Aug 96 value), the model brightness of Nepturfine Of Karkoschka's observations, and averages about 0.7%!1
for J, H, and K filters increases by factors of 2.84, 3.14, aiff!l 1996 observations. These high-altitude clouds are the ma,
10.6, relative to 13 August, almost an exact fit to the Joy&Qurce of rotational modulation within methane bands becau
etal.ratios. Thus, this major “outburst” on Neptune is consisteff their heterogenous distribution and elevation above most
with the development of increased high-altitude cloud cover by methane absorption. ,

factor of~7 relative to August 1996, but by only about a factor (4) Using IRTF observations, and fits to the shape of th
of ~2.5 relative to our model of the Fink and Larson (19795850LP I|ghtcurve der_lved from the HST observations, we est
observations, which were made during 28 Feb—2 March 19-fgeted rotational amplitudes for J, H, Spencer 1.7, and K filtel
one year before the outburst. Narrowband filter measuremeft9-14: 0-54,0.86, and 1.2 mag respectively. These are comp
made the year following the outburst, also by Jogtal.(1977), ible with I|gh_tcurve measurements in 1977 (Cruikshank 1978
are roughly comparable to the Fink and Larson spectrum, afidf € considerably larger than seen in 1980 (Bestan. 1981)
were interpreted by Pilcher (1977) as due to a planet-wide higf1ing which multiple periods were observed and the J-K an
altitude reflecting layer. Our results suggest that it might al&@jtude was~0.5 mag.

have been due to a collection of high-altitude discrete features (5) The disk-integrated albedos of Neptune that we derived.
H-K wavelengths are factors of 2—7 less than the 1977 groun

based values of Fink and Larson (1979), which is consistent wif
reduced upper and mid-level cloud opacity in 1996. The upp¢
cloud is found near the tropopause (X242 mbars in 1977
and 151+ 13 mbars in 1996) with effective fractional coverage
(1) Disk-integrated albedo determinations of Neptune frofor reflectivity) values of 2.3% in 1977, and 0.9 and 0.5% fo
WFPC2 imaging during 1994-1996, average about 4% lowerl8 and 14 August 1996, respectively. Reflectivity at 1.3 bar
most wavelengths than the recent 1993 and 1995 groundbagsd. = 1 um) is found to be~4% in 1977 and~1% in 1996,
spectra of Karkoschka (1994, 1998), probably mainly due to cakthough uncertainties about the wavelength dependence of 1
ibration differences. The difference equals the 4% absolute ereord 3.8-bar layers creates ambiguity about their relative valus
quoted by Karkoschka. Near 0.89n the HST albedo values at near-IR wavelengths. A low 3.8-bar albedo is required in an
are a much more significant 15-29% lower than Karkoschkatase at 1.27 and 1.6m where we infer, from the Fink and
values, a probable result of differences in the number andlarson spectrum, upper limits of 0.05 and 0.045 respective
distribution of discrete bright cloud features during the differetftorresponding single-scattering albedos-a@e3 for both).
measuring periods. (6) A simple variation in upper cloud characteristics can re
(2) A Neptune lightcurve obtained from 13—14 August HSPproduce the greatly increased brightness of Neptune during t
observations demonstrates the role of discrete bright cloud fe@ajor “outburst” in 1976. If we change the 13 August cloud
tures in producing modulations at most wavelengths, confirmodel so that the upper cloud fractional coverage is increased

6. SUMMARY AND CONCLUSIONS

Our main results can be summarized as follows:
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~6% and the cloud-top pressure reduced from 15190 mbars, for deconvolutions, and in carrying out simulations of IRTF observations. W
we are able to reproduce accurately the low J, H, and K ma@nsider diffraction, atmospheric turbulence, and a third component implied |
nitudes observed by Joyes al. (1977) in March 1976, when the measuremer_ns, but the physical mechanism for which has not been un:
Neptune was almost 10 times brighterin the Kband thanin 19§’équ°us'y established.

(7) Triton’s disk-integrated albedo derived from HST im- Diffraction effects. According to Young (1974), the energy excluded from

. an aperture of radius is given bye(r) = A/(5rD(1 — d/D)), wherex is the
agery at 11 Wavelengths from 0.25 to Qn are consistent, wavelength of lightD is the diameter of the primary mirrad, is the diameter

within error bars, with previous groundbased awolyager of the secondary, and is measured in radians. The IRTF values Bre- 3
measurements, including the low IUE result at Qu2id. We did  m, d = 0.229 m. For wavelengths of 1.26 to 2:4n, the minimum aperture
not find evidence for the expected albedo decrease suggegieeter required to capture 99% of the diffracted energy varies fraft@
by recent (1995 and 1997) observations of global warming ar:lr“ (25 to 48 pixels, for the 0.1478 arcsec/pixel image scale). Apertures wi

. . L. . ._diameters half these sizes would capture 98% of the diffracted energy, except
Triton (E”IOt etal. 1998)' The dISk_mtegrated albedo of Triton Irlhe very significant impact of two other effects that dominate the point sprez

the range 1-2_2-A.m, as d(_etermim_a-d from 1996 IRTF observagnction: atmospheric turbulence and scattering by telescope defects and dt
tions, is also consistent with previous 1991-1992 groundbaseq\tmospheric effects on the PSFThe effects of atmospheric turbulence on

results of Cruikshankt al. (1993). a long-exposure image can be expressed in terms of the atmospheric tran
(8) A new determination of Triton’s lightcurve from HST function

F467M and F547M filter observations during 1994—-1996 show

substantial deviations frotdoyagermodels in the UV to long

visible range. Although we find a minimum at roughly the sameheref is angular frequency (inverse radians), agis defined as the telescope

planetographic longitude on Triton-0C"), the 6-8% ampli- diameter at which diffraction and atmospheric turbulence have equal effects

tude is about twice what Hilliezt al (1991) obtained at 560 nm telescope resolving power. The equation is derived assuming a Kolmogoro

9) To deri librated IR db dob ti turfulence spectrum (Roddier 1981). A two-dimensional Fourier transform ¢
(9) Toderive calibrated near-IR groundbased observa 'Onsﬂq spatial frequency transfer function yields the corresponding point spre:

Neptune and Triton we developed refined analysis techniqugfction. SinceB( f) is nearly Gaussian (3 is near §3), the corresponding PSF
We measured encircled energy as a function of aperture for tha&so nearly Gaussian, especially near the core, butin the wings the PSF falls

IRTF NSFCAM observations, and developed a model to conuch more slowly than a Gaussian. The paranetér proportional to.£ and
rect finite apertures for mlss|ng energy Our review of 80|§?C¢)5 (Wa”(er1987) SOthatthecoefﬁCientbé in Eq(lz),Wthh isacharac-

: : teristic of the seeing only, can be writtenia@, z) = K (Lo)(%/A0)*2(secg))’®
spectral models, needed fbfF computation, determined tha'twherez is the solar zenith angle. The PSF is displayed in the subsequent d

the Arvesen spectrum leads to significant errors in the rangggion for a variety of seeing conditions.
1-2.5um, and made use of an Improved spectral model by Measured PSF profiles. To obtain a physical understanding of the depen-

Kurucz (1994)* an approach also taken by Cotnal. (1996)' dence of integral value on enclosed radius, we determined averaged brightn
We also established that Triton can be used as a local phgigfiles for each of three seeing conditions. Our primary measurements we
metric reference provided exposures are long enough to providegrations of point-source energy over a range of apertures, correcting
good signal-to-noise ratios. background by subtracting the average background obtained from an annu
1.3 to 1.7 times the radius of the largest integrating aperture. We stopped f
integrations at 30 pixels radius.#4), using background averages from 39 to
51 pixels. In the range.8’—4.4" we obtained the average intensity profiles by
IRTE Point Spread Functions diﬁerentiation._These profiles were averaged_over 7-9 images f_or egch see
group. For the inner core of the brightness profiles we used Gaussian fits to reg

Understanding the PSF is an important element in deciding on photomesantative images. The J-filter brightness profile results for three different seei
integrating apertures and on the size of the array used to characterize the &8felitions are displayed in Fig. 15. The uncertainties in the radial profiles a

B(f) = exp(—3.44(./r0)°?), 12)

APPENDIX A
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FIG. 15.

radius, arcseconds

radius, arcseconds

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

PSFs derived from Eq. (12) usimg values of 20, 30, and 55 cm, which provide approximate fits to the core region of each profile (see text for discussion)

Gaussian profile (dotted curve in right panel) falls off much more rapidly than either the model PSF or the observations.
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0.1 1.0 recent detailed solar model spectrum of Kurucz (1994).
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] ] ] ) o and Labs (1984) for the region 330-869 nm, and Smith and Gottlieb (197

FIG. 1'6. Mpdel of a J-filter radial brightness profllg, consisting of an atynq Arveseret al. (1969) for wavelengths beyond 869 nm. Wehrli adjusted
mospheric seeing component (long dashes) and a wing component (dottgh, Arveseret al. (1969) measurements to fit the continuum values of Necke
compared to measurements (triangles). and Labs (1984), and Labs and Neckel (1970). After further adjustments

relatively small, except for the normalization constant, which has been adjus{gatCh Jomt_s between the various spectral contr_lbutlons, the total speptrum W
gled to yield a solar constant of 1367 Vi/mside from a few flaws in the

to give approximate agreement between the core profile and the ensemble avé hi dint lati th . bl ith thi ilation i
age profile for each seeing group. The Gaussian profile can be seen to dedfifeening and interpoiation process, the main problem wi IS compriation |
result of significant spectral structure in the Arveseal. spectrum that is not

much more rapidly with radius than the observed profiles. Fourier transform rgf- t lar ab tion i Thi best b b ina the Arves
erence seeing profiles are also shownr foralues that provide an approximate ue€ to solar:absorption fines. This can best be seen by comparing the Arves

best fit to the cores of the observed profiles. These also fall below the meastﬁ%%icnum to a det_a||ed sqlar model spectrum deyeloped by Kgrucz (1994). T
I‘%Illg, shown in Fig. 17, is full of structure that is almost entirely due to the

intensities at large radii. This is more apparent for the best seeing, because ts which toh ianificant telluri taminati
PSF component due to atmospheric effects is concentrated at smaller anglé%r.vesen measurements, which appearto have sighificant tefiuric contaminati

As shown in Fig. 16, the wing can be empirically modeled with a simpl't trl;sfrar:gt_e. ;h'?/vwalz ;Isg_pt(_)lnt%d O;Jt by GTO and Gre_lerli %g\?\?)h\’\:holggg
function that falls off approximately as/8325. The plotted function, which - ¢ G€fectsn ble orida '? 'é)r; gnls:slpefgr;? corr]npée 'dyd te rl(th
approximately fits the difference between the observations and the atmosph-gng same problems were noted by Colétal. ( ), who decided to use the

PSF model, has the f —a/(1 b)325), and fit t | Kurucz model spectrum for the region 0.96—2.8 in compiling a reference
model, has the forf, (r) = a/(1 + (r/b)**), and fit parameter values spectrum for NICMOS calibration.

a=0.035" andb = 0.6”. The area integral of this function is approximately ) ) ) .
2ral?, which evaluates to 0.079 arcie@ssuming a dimensionless bright- In computing solar flux integrals over the K-filter passband, we obtain fron
' Tvesen’s spectrum a value that is nearly 8% smaller than we obtain using t

ness). For comparison, the integral of the main atmospheric component is o'% - : o .
0.196 arcsé(2.48 times larger). Thus, the wing contribution i§T9/0.275 = Kurucz spectrum. This translates into an 8% error in albedo, and because of

29%, while the main atmospheric component of the PSF contributes the rem fhoe variations within _thls band, CVF ca_llbratlon errors can be up to twice 2
ing 71%. The justification for assuming the wing contribution is flat mearO arge as those_ of the wide band observations. By using the Kurucz spectrum
comes from the likely physical mechanism that produces it. In reference to mé duced th? dlscrepa_mcy_between ourown narrowbapd a_nd broadband T“eas‘
surements of stellar profiles, Kormandy (1973) pointed out that the only viab geometric albedo |n_th|s spectral range, further vahdatlng the conclusion th
explanation for power-law wing contributions is scattering by dust and defectst Arvesen spectrum is not correct in this spectral region. Thus we used Kuru
the telescope mirror. These features would have to be largei.itfanr) in or- 1994) for _the range 1—2,5_m. .
der to produce a falloff of intensity beyond radiu§orr = 1” the defects would The ratio of our Comp'le.d spectrum o the Kurucz model for t.he. regior
have to be about 4 cm or larger, clearly well beyond the range of dust particl%g,0 nm to 1um is provided in Fig. 18. Because the Kurucz model is fitted to
unless particles within the camera optics are responsible. If diffraction from parti-
cles or defects are responsible, the scattering function will consist of overlapping
single-particle scattering functions of the fohft) = ;= x2(;2 J1(xr))?, where

J; is the Bessel function of order 1, amd= 2ra/r, wherea is the particle

(or defect) radius. Near= 0, | (r) approaches a constant valuewa? /22, and

thus we made use of a function of similar characteristics in modeling the wing
behavior.

1.0 .IAAA P e ]

A |

L ratio smoothed with 11-pt boxcar

APPENDIX B

Solar Irradiance Standards

UW Compilation / Kurucz irradiance (sm3)

In defining the geometric albedo of planetary bodies and their features, it
is necessary to determine not only the flux reflected by the body, but also the 02 014 o o8 o 12
incident flux from the Sun. To compute the incident solar flux average within wavelength, um
each relevant filter passband, we initially used the solar irradiance spectrum
compiled by Wehrli (1985), which is based on Brasseur and Simon (1981) FIG. 18. Ratio of our composite solar irradiance spectrum to the recer
for the region 200-310 nm, Arveseat al. (1969) for 310-330 nm, Neckel detailed solar model spectrum of Kurucz (1994).
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2 "10F E Belton, M. J. S., L. Wallace, and S. Howard 1981. The periods of Neptun
€ 1.05 E E Evidence for atmospheric motiorisarus45, 263—-273.
v = 3
g 1.00 By e e e 3 Bergstralh, J. T., and K. H. Baines 1984. Properties of the upper troposphere
B 0.95 3 Uranus and Neptune derived from observations at “visible” to near-infrare
; 0.90 E wavelengths. IrUranus and Neptunél. Bergstralh, Ed.), NASA CP 2330,
3 0'85§ 3 pp. 179-212.

0.5 1.0 1.5 2.0 25  Blackwell, D. E., S. K. Leggett, A. D. Petford, C. M. Mountain, and M. J. Selby

“m 1983. Absolute calibration of the infrared flux from Vega at 1.24, 2.20, 3.7€

. . . . and 4.6um by comparison with a standard furnabton. Not. R. Astron. Soc.
FIG. 19. Ratio of our composite solar irradiance spectrum to the recent205 897-905

compilation by Colineet al. (1996).
P y ( ) Brasseur, G., and P. Simon 1981. Stratospheric chemical and thermal respo

to long-term variability in solar UV irradiancd. Geophys. Re86, 7343.

Neckel and Labs and apparently Labs and Neckel, which is also the basis forB@wn, R. H., D. P. Cruikshank, and D. Griep 1985. Temperature of Com
compilation in the range 330-869 nm, the relatively good agreement there is to bERAS—Araki—Alcock 1983dlcarus62, 273-281.

expected. There are disagreements at shorter wavelengths however. Comp#&ogn, R. H., D. P. Cruikshank, J. Veverka, P. Helfenstein, and J. Eluszkiewic
our reference spectrum to the Colieteal. (1996) compilation (Fig. 19), we see  1995. Surface composition and photometric properties of TritoNejptune

a comparable disagreement at short wavelengths. The difference arises mainind Triton(D. P. Cruikshank, M. S. Matthews, and A. M. Schumann, Eds.)
from source differences: in contrast to the sources mentioned earlier, Eodiha  pp. 991-1030. Univ. of Arizona Press, Tucson.

(1996) used Woodst al.(1996) up to 410 nm. We agree very closely with Colinagyratti, B. J., J. Goguen, J. Gibson, and J. Mosher 1994. Historical photomet
etal.atlonger wavelengths, generally to better than 1%, which is to be expectegyigence for volatile migration on Tritotcarus 110, 303-314.

because we used the same source;. Smalldﬁerepcgs atwavelength; Ipnger(;gggli’ M. M., and T. G. Hawarden 1992CMT-UKIRT NewsletterNo. 3,
0.95 um are apparently due to differences in binning and normalizing the

Kurucz model spectrum. In future analyses we plan to use the Cetird Augustissue, p. 33. _
compilation. Cohen, M., R. G. Walker, M. J. Barlow, and J. R. Deacon 1992. Spectral i

radiance calibration in the infrared. |. Ground-based and IRAS broadbat
calibrations Astron. J.104, 1650-1657.
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