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Previous studies interpreted differences in ice coverage between
Mariner 9 and Viking Orbiter observations of Mars’ north residual
polar cap as evidence of interannual variability of ice deposition on
the cap. However, these investigators did not consider the possibility
that there could be significant changes in the ice coverage within
the northern residual cap over the course of the summer season.
Our more comprehensive analysis of Mariner 9 and Viking Orbiter
imaging data shows that the appearance of the residual cap does not
show large-scale variance on an interannual basis. Rather we find
evidence that regions that were dark at the beginning of summer
look bright by the end of summer and that this seasonal variation
of the cap repeats from year to year. Our results suggest that this
brightening was due to the deposition of newly formed water ice on
the surface.

We find that newly formed ice deposits in the summer season have
the same red-to-violet band image ratios as permanently bright de-
posits within the residual cap. We believe the newly formed ice ac-
cumulates in a continuous layer. To constrain the minimum amount
of deposited ice, we used observed albedo data in conjunction with
calculations using Mie theory for single scattering and a delta-
Eddington approximation of radiative transfer for multiple scatter-
ing. The brightening could have been produced by a minimum of (1)
a ~35-um-thick layer of 50-um-sized ice particles with 10% dust
or (2) a ~14-um-thick layer of 10-xm-sized ice particles with 50%
dust.  © 2000 Academic Press
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1. INTRODUCTION

Like Earth, Mars has perennial ice caps and an active wi
ter cycle. The Viking Orbiter determined that the surface of th
northern residual cap is water ice (Kieffer al 1976, Farmer
et al. 1976). At the south residual polar cap, both Mariner ¢
and Viking Orbiter observed carbon dioxide ice throughout th
summer. Many have related observed atmospheric water vay
abundances to seasonal exchange between reservoirs sucl
the polar caps, regolith adsorption, and cloud coverage (e.!
Jakosky and Farmer 1982, Kieffer 1990, Zet#l. 1986, Kahn
1990), but the extent and nature of martian surface and subs!
face reservoirs and the extent to which they exchange betwe
the surface and the atmosphere remain uncertain. In this pag
we examine Mariner 9 and Viking Orbiter imaging observation:
of the north residual polar cap to provide additional constraint
on Mars’ water cycle.

The cycles and variation of Mars’ climate has been of in
terest for many years. Geologic evidence such as the dendri
valley networks (in addition to the outflow channels) on Mar:
has lead many to speculate that Mars’ climate was much diffe
ent in its past (e.g., Fana al. 1992). Further, there has been
much discussion of martian climate change due to astronon
cal variations of the Mars’ orbit and the orientation of its spir
axis over million-year time scales (e.g., Bills 1990, Ward 1992
Touma and Wisdom 1993). It is the combination of the obliq
uity and the inclination of the martian orbit that produces ven
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strong variations in solar insolation over the course of millions of As atmospheric dust concentration theoretically affects tt
years; such variations are most likely imprinted in the geologicahnual water cycle, previous investigators postulated a link b
history of the planet. Any variations in the martian climate matyveen the cyclic deposition of water ice and dust onto the pol:
be magnified by the variable nature of Mars’ global dust stornesp and the interannually occurring dust storms (e.g., James ¢
(e.g., Kahnet al. 1992; Zurek and Martin 1993). However, toMartin 1985, Kieffer 1990, Paiget al. 1994). Dust affects ice de-
date there is no conclusive evidence documenting the cyclic msition in several ways: atmospheric dust decreases the albe
ture of Mars’ climate. Inferred climate change from layered icef the cap surface and increases sublimation. It also increases
cores on Earth (Jouzelk al. 1987) suggests that the record ofmospheric temperatures and increases the water-holding car
Mars’ climate variation is also likely recorded in layered polaity of the atmosphere. A thick dust layer deposited on a surfac
ice. In the polar regions of Mars, high-resolution Mariner 9 angowever, can physically inhibit sublimation of surface £d
Viking images recorded a layered geologic unit (e.g., Geitéd  H,O ice and can act as an insulating layer on the cap surfa
1970). The presence of the layered deposits has been widely(Hbfstadter and Murray 1990).
tributed to climatically driven cycles of deposition and erosion
of airborne dust and water ice due to quasiperiodic variationg. MARINER 9 AND VIKING ORBITER IMAGING DATA
of Mars’ orbital and axial elements (Ward 1992, Muretyal. .
1973). These polar layered terrains may be the best recor e'rls' Previous Work
of martian global climate variability. A key to understanding Previous investigators observed variance in the appearance
whether the polar regions contain this record of Mars’ climatée north residual cap in Mariner 9 and Viking Orbiter imaging
history lies in assessing the rate at which the polar caps are alata. Calibration of Mariner 9 imaging data has been revisite
rently gaining or losing mass. Further, comparing the simplar Herkenhoffet al. (1988), while Viking Orbiter calibration is
martian climate system to Earth’s more complex one may lepdgesented in Klaaseet al. (1977). James and Martin (1985)
insight into the mechanisms of climate change (Imbrie 1982poked at two consecutive summers of Viking observations ar
Finally, because the polar caps are currently large reservoirsioted that a bright outlier that was visible in 1976; & 135)
the volatiles involved in recent climate dynamics, examinindisappearedin 1978¢=118). (Areocentric solar longitude, or
changes in the polar cap appearance is a key to understandipgdefines the martian season and measures the angle from
recent climate change on Mars. sun between Mars’ current position and its position at the ve
This investigation is divided into two parts. In this paper, weal equinox, i. e.L.s =0 marks the vernal equinox arhd =90
examine and interpret Mariner 9 and Viking Orbiter imagingnarks the northern summer solstice.) Kieffer (1990) also ma
data to place constraints on the interannual and/or seasonal varsimilar observation: a comparison of data from two Viking
ations in the appearance of Mars’ north residual polar cap. \Wemmers showed the disappearance of a bright outlier from o
also model the minimum amount of ice potentially depositegear to the next. Paiget al. (1994) examined larger regions
on the cap surface using Mie theory for single scattering anflthe cap: a whole residual cap view provided by a Marine
a delta-Eddington approximation for multiple scattering. In & wide-angle framel(s = 101) compared to a Viking photomo-
companion paper Bass and Paige (2000), we correlate thesaic Ls=110-155) taken 3 Mars years later showed much mol
sults of this paper with Viking Infrared Thermal Mapper datérightice in the Viking mosaic (Figs. 1a and 1b). Assuming tha
and Mars Atmospheric Water Detector data for a clearer pictutee seasonal cap decreases steadily throughout the spring
of the processes involved in the martian north polar water cycdemmer, global dust storms that occurred before the Mariner
(Part 11). observations were interpreted as causing decreased ice dep
tion following the storms and decreased cap brightness. It w
noted that a global dust storm occurred in 1977 between tl
The current state of understanding of the martian polar cagiking observations mentioned in James and Martin (1985) ar
and the global water cycle is primarily derived from spacecrdfieffer (1990). These observations lead to the conclusion th
observations. In the fall and winter seasons, the polar regions tire north polar cap net mass gain/loss rate varies interannuz
covered with seasonal carbon dioxide ice. The@® sublimes and that any changes in summertime cap appearance from «
inthe spring, revealing the residual water ice cap in the north. \Wear to the next must also be due to some kind of variable def
define the northern residual cap as the bright water ice cap th#iion. As we will demonstrate, the observations interpreted
is visible in the summer season as well as the associated dagegy interannual variability are actually evidence supporting &
deposits that appear as curvilinear features in the residual ¢eexpected appearance variation in the appearance of the
and presumably underneath the residual cap. We define britjit repeats each summer season.
outliers to mean detached high albedo regions surrounding 31;3
main body of the residual cap. We define the term “ice” as the™
solid phase of any volatile regardless of its structure or formationEach image included in this study was acquired in the la
process. northern spring or summer, froby = 80 toL s = 180. The Viking

1.2. Spacecraft Observations

Imaging Data Selection



FIG. 1. Mars’ residual north polar cap. (a) A Mariner 9 Orbiter wide-angle image of the north polar region of Mars, acquigedl1 in 1972 (668A10).
Image is polar-projected and was corrected using a model Lambertian photometric correction function. The image was acquired 3 years befgriethgegikin
in the full cap Viking photomosaic (b). Image shows less bright water ice than Viking image. Cap is approximately 1200 km across. (b) Viking Qadoitesaico
of north residual cap, produced from USGS 256 m/pixel resolution images. The images were acquired beta&ebandLs= 155 in 1978, 3 Mars years after
the full cap Mariner 9 Orbiter image (a). Image shows substantially more bright water ice, a finding which some thought suggested interanrityabi/erabil

water cycle. Rectangle in image outlines close-up region shown in Figs. 2a—2e.
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Orbiter images used for this study were selected usimgtifacts introduced by the processing techniques would be i
Washington University’s Image Retrieval and Processing Sytsseduced uniformly for all images. For more information abou
tem (IRPS). IRPS is an on-line database containing plan®#CS, seePICS—Planetary Image Cartography Systesar-
ary images and imaging data product information. For moséon 1.1, United States Geological Survey, Flagstaff, Arizon:
information about IRPS, see thBPS Software Specification1989. All images were finally stretched using a linear contras
DocumentSlavney and Guinness 1989). The results were comss that black=0 DN, white=6000 DN. The 16-bit data files
pared to the archives at JPL's Regional Planetary Image Facilitgre then converted to 8-bit files so that 6000 BI®55. Note
(RPIF), and images that did not appear in the IRPS search twt DN= 10,000« Lambert albedo.

still had data in the originally defined region were added to the

final database, which totaled over 300 Viking Orbiter image2.4. Imaging Data Results and Interpretations

The Mariner 9 data were located using the image catalog c:on—U intial . f the Mariner 9 i ing data with
tained in JPL Technical Memorandum 33-585 (Cutts 1974). The bon initial comparnson of the Mariner 9 1maging data wi
entire imaging database was examined for albedo variations, gH&)hshed Viking mosaics, distinct differences in bright ice cov

. . : o rgge consistent with earlier work (Baedsal. 1994, Paiget al.
a portion of the images with albedo variations has been selec 4. Kieffer 1990, James and Martin 1985) were noted., Hov
for presentation here. J ) .

ever, in depth examination showed that images acquired in d
ferent years but at approximately the same areocentric so
longitude have similar bright ice coverage. This similarity wa:
We utilized the USGS-developed Planetary Image Cartogrested for all the available Mariner 9 and Viking Orbiter data
phy System (PICS) to digitally process the imaging data. Daf@r example, a Mariner 9 mosaic acquired_gt= 97 in 1972
reduction in PICS is divided into four stages. Level 1 processiiifig. 2a) has a similar amount of bright ice when compared t
in PICS involves radiometric correction of the files. DN valuea Viking Orbiter mosaic (Fig. 2b) acquired 3 Mars years late
are scaled to absolute radiometric units with respect to a Labnt at a similar areocentric solar longitude;& 100 in 1978).
bertian surface and a histogram of the DN values is creatébservations reported by previous investigators as evidence
The data are then filtered to despike the data. Level 2 proceisgerannual variations in ice brightness are better interpreted
ing includes procedures to geometrically control the imageseasonal variations. Also, images acquired in two different yea
in addition to procedures for the reprojection of rectilinear im:1976 and 1978) during the Viking mission but at the sdmge
ages to a wide variety of map projections, including sinusoidslhow similar bright ice (Figs. 2d and 2e). These results col
equal area and polar stereographic. In this study all images waealict earlier conclusions that the northern residual polar ce
reprojected to polar stereographic projections. Level 3 processhibits readily apparentinterannual variations in brightice co\
ing involves matching resolutions between images and creatergge. We suggest that earlier conclusions were reached bece
mosaics. Where possible, the images chosen for this study wirese studies compared images acquired during different ye:
mosaicked for broad-scale coverage. Level 4 processing reduaed different times in the summer. If there were large-scal
photometric inconsistencies by characterizing the photometngerannual variability, there would be substantially differen
and then correcting according to model photometric functionsverall brightnesses in the compared images acquired in simi
A summary of the procedures used to process each image in #gasons.
study is found in Table I. Differences in illumination between Todemonstrate the similarity of albedos measured at the sal
images in this study were reduced using a Lambert scattersgason during different years, we have differenced the imagil
law, although no atmospheric corrections have been made. ddita. Figure 3 is the difference of Figs. 2d and 2e: two image
images in this study were processed identically; therefore amgquired at very similar areocentric solar longitudes=£ 134

2.3. Imaging Data Processing

TABLE |
Procedure name Input Output
CD2PICS Compressed EDR-formatted image, 8-bit image PICS formatted image
SPICELAB PICS formatted image with uncorrected label information PICS formatted image with updated labels
LEVEL1 PICS 8-bit rectilinear image 16-bit, radiometrically corrected, cosmetically improved,
and geometrically documented rectilinear image
BASE 16-Bit PICS image Transformation “temporary” file ready to compare to base fil
TVTIE Transformation file and base image with known geometry Geometrically registered PICS image
LEVEL2 PICS Level 1 geometrically registered image Trimmed sinusoidal equal area map projected image
NUPROJ, GEOM Sinusoidal equal area Level 2 image Polar streographically projected image
PHOTOMPR, PHOTOM Polar stereographic image Photometrically corrected (Lambertian) image
DSK2DSK Photometrically corrected image Trimmed smaller image file
MOSAIC Trimmed photometrically, radiometrically, Large mosaic of images

and geometrically calibrated image files
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FIG. 2. Sequence of Mariner 9 and Viking images showing albedo increase with increasing areocentric solar longitude. Crater bowl is approximatel
in diameter. All images were acquired with red filters, except the Mariner 9, which was acquired with a minus-blue filter, and all images were oorrec
illumination variations using a Lambertian model function. Sun direction for all images is from the lower right. A linear contrast stretch wasdeimpD
values between 0 and 3000 and then converted to values between 0 and 255, where 0 is black and 255 is whifeO@NLambert albedo. (a) Mariner
9 mosaic of high-resolution polar images (675B57) acquiredsat 97 in 1972. Mosaic is centered at°®§ 270°W. See Fig. 1b for the location of the data
presented in Fig. 2. Sun direction is from the lower right. (b) Low-resolution Viking Orbiter mosaic (726A50, 726A52) §fror®9 shows similar ice coverage
when compared with a Mariner 9 mosaic (Fig. 2a) of approximately the same region. White transect marks values used in quantitative albedo Eognparisor
(c) Viking Orbiter image (765A28) acquired &t =117 shows more ice than earlier Mariner 9 (Fig. 2a) and Viking (Fig. 2b) images. Note distinct bright
increase. (d) Low-resolution Viking Orbiter image (801A41) acquired approximately 40 daysllgter134) than the image in Fig. 2c. Image shows an increas
of ice compared to images taken earlier in the northern summer season (Figs. 2a—2c). (e) Viking Orbiter mosaic (65B56, 65B58, 65B60) acquarhiat a
martian year but at approximately the same time in the northern summer séaseh36) as the image in Fig. 2d shows comparable albedo and extent of brig
water ice. Visual brightness changes occur in a regular seasonal cycle rather than in an interannual cycle.

and Ls=136) but different years (1978 and 1976). The lowsonal variability is visible in a much larger number of images
contrast image indicates there was little albedo change from dhan those presented here.

year to the next. Due to different filters on the orbiter cameras, itBecause we consistently measured similar seasonal albe
is inappropriate to difference Mariner 9 and Viking Orbiter datehanges in many different Viking and Mariner 9 Orbiter im-
as all color artifacts may not be eliminated. Rather, we haeges, we conclude that the lack of interannual albedo variatiol
performed this type of analysis on Viking images only becaudetween Mariner 9 and Viking Orbiter images is authentic. W
Viking seasonal coverage is more complete. Note that the sé@erefore infer that processes occurred during Mariner 9 da
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Viking 1978, 1976
36

FIG. 3. Difference of two Viking images taken at approximately the same areocentric solar longitude but different martian years. The image is most
indicating that there was little contrast between the two images. The bright region in the lower right-hand portion of the crater indicatesdiffstemowing in
the images. Viking image 801A41 was acquired a&= 134 in 1978 and 65B56, 58, 60 were acquiredl g 136 in 1976; these images are show in Figs. 2d anc
2e. Allimages were taken with a red filter. A linear contrast stretch was employed for DN values between 0 and 3000 and then converted to valuesdetwe
255, where 0 is black and 255 is white. BNLO,000« Lambert albedo. Emission angles for both images ranged betw@&hand~82°. Crater is 60 km across.

acquisition similar to those that occurred when the Viking datalues from the transect in the sequence of brightening in
were acquired. In summary, we observed no evidence in tages (Figs. 2b—2d). Ice-covered locations in the images sh
imaging data of large-scale interannual variability of the resithrightening. Although data values from Fig. 2b (726A50, 52
ual cap throughout the 4 Mars years studied. are higher in the dark and intermediate regions in addition f

We find that instead of an interannual variation, the albedbe bright regions, scaling data so the dark regions overlap t
changes occur seasonally (Bagsal. 1995). North polar cap dark regions of 801A41 or 765A28 (Figs. 2c and 2d) woulc
images acquired successively later in the summer show brigbteduce an even larger difference between the bright regio
ening in specific regions (Figs. 2b—2d). This distinct increasd Figs. 2b and 2c. As all images were processed similarly, tt
in albedo of certain places on the residual cap can not be ltightening is not an artifact of the processing techniques. At
tributed to the return of seasonal €{@e; surface temperaturesother method of identifying quantitative differences can be foun
were too high at this point in the summer season (Paige aindsubtraction images. Figure 6 is the difference of Figs. 2b ar
Ingersoll 1985). The large albedo increase is visible in high-a@d: two images acquired at different areocentric solar longitud
low-resolution images taken the same martian year but at {ii-s=100and_s= 134)in one year (1978). The large brightnes:
creasing seasonal dates. This same seasonal albedo changearatrast shows that the cap appearance altered substantiall
also be seen at many other cap locations (Figs. 4a—4c) and duthgsummer continued. In summary, each instance of suppos
different martian years. large-scale interannual variability reported in previous literatur

Confirmation of this qualitative seasonal albedo increase c@lames and Martin 1985, Kieffer 1990, Pagjal. 1994) docu-
be derived from several sources. Figure 5 shows calibrated Bi¢nts changes that occur during each martian summer.
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The cap is at its minimum extent and appears darkest b L B UM I
tweenLs=94 andLs=103 (Figs. 1la and 2d). Interesting to 4000 1= go1Aaq(L ~134) PN _
note is the perpetually brighter center of the residual ca s500 L~ - 765A28 (L 58;117) v 1
(Fig. 1a), which is located at the geographic pole. Even whe & — 72650,52 (L =100) ;|

$ 3000 ; i _
3 §
> 2500 - q
Z Pa—
2|
2000
1500 AN R

78.5 78.0 77.5
Latitude (degrees)

FIG.5. Brightness from images in Figs. 2b—2d. Values plotted correspon
to transect in Fig. 2b. Values from Figs. 2c-2d correspond to exact latitude
of transect in Fig. 2b. Viking images 726A50, 52 were acquireti gt 100
in 1978, image 765A28 was acquiredla=117 in 1978, and image 801A41
was acquired aks=134 in 1978. Increase in brightening is not an artifact of
the image processing techniques; all images were corrected for illuminatic
identically using a model Lambertian photometric correction function.

the cap is at its darkest, the very center of the cap remail
bright.

3. CHARACTERIZATION OF “NEW” LATE
SUMMER ICE DEPOSITS

3.1. Previous Work

A number of possible explanations for the brightening of ice
deposits in a variety of contexts have been proposed. Metho
to increase the albedo of a surface deposit include ice crac
ing (Eluszkiewics 1993), the formation of suncups or penitente
(e.g., Lliboutry 1954), deposition of bright ice on top of a darke!
layer of dust, and cleaning of the dust-covered ice revealing
bright layer beneath (e.g., Hart and Jakosky 1986, Kieffer 1990
In this paper, we characterize the ice deposits and consider t
possible explanations. The sensitivity of the residual polar ca
and the water cycle to small amounts of water vapor may &
constrained; can the deposition of only micrometers of ice (Ha
and Jakosky 1986) produce extreme brightness changes on
polar cap, or are larger quantities necessary?

Assessing the amount of bright water ice that could accout
for the brightening in the late summer of the residual north polz

FIG. 4. Sequence of mid-resolution images increasing brightening wittap requires an understanding of ice albedo as a function
increasing summer season. Allimages have been polar-projected and have pggicle size and ice deposit thickness. Wiscombe and Warr
F:o_rrected for differences 'in illumination using a Lampertign correctipn. Regic(fj_ggo) considered the albedo of a pure ice deposit by developil
in images shows approximately 8280 42—-95W. Bridge is approximately . . . .

50 km across. (a) Low-resolution Viking Orbiter image (710A76) acquired ear model L,jsmg Mie the_ory for smglg S,(:atterlng coupled FO i
in the northern summer seasdn & 92). Note the faint outline of an “ice bridge” d€lta-Eddington approximation of radiative transfer for multiple
above Chasma Boreale, the dark re-entrant in the polar cap. Sun direction is f@@attering to determine ice albedo and emissivity. The Warre
the lower right.(b) Viking Orbiter image (768A06) acquired lates & 119) in - and Wiscombe (1980) model for the albedo of a dust-laden ic

the northern summer than in Fig. 4a shows distinctly more ice, again indicati[&éer adapted the methods in Wiscombe and Warren (1980) a
that an ice increase is a seasonal phenomenon. Sun direction is from the u%ﬁ}1 r

right. (c) Viking Orbiter low-resolution image (797A01) acquired.at= 133. owed _spectral reflecFaqces that ?‘re in good agre_emem W
Image shows an ice bridge brighter than that visible in Viking images acquir@pServations of terrestrial ice deposit that are contaminated wi

earlier in the summer. Sun direction is from the lower right. dust and soot.

Viking 1978

L=133
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Viking 1978
L=134-L=99

FIG. 6. Difference of two Viking images taken the same Mars year but at different times in the summer season. Viking images 726A50, 52 were a
at Lg=100 in 1978, and image 801A41 was acquired_at 134 in 1978; Viking images are shown in Figs. 2b and 2d. All images are polar-projected &
were corrected identically using a model Lambertian photometric correction function. Image has high contrast, indicating there were siffeseemtizd th
brightnesses between the two images. Crater is 60 km across.

Kieffer (1990) examined water ice grain sizes and the amoumixed or whether there has been a change in the checkerbo
of dust that could potentially be in Mars’ residual north polapattern of deposition. Thomas and Weitz (1989) investigate
cap in order to produce the observed cap albedo. Reasorting issue of mixing bright and dark material in the polar lay
that ice grains grow larger as they age through the processeoéd deposits of Mars. They estimated the amount of bright du
thermal metamorphism and sintering, which lowers the albedelative to the amount of darker “sand” by mapping the col
of ice, Kieffer combined a thermal model of the residual polars of the dunes in and near the polar deposits. By examini
cap with the Wiscombe and Warren (1980) method of determired/violet ¢.e = 0.59 andh = 0.45) and red/green.(s = 0.59
ing albedo of an ice deposit given the dust content to constraind L¢ = 0.54) band ratio images, Thomas and Weitz (1989
the dust/ice ratio of the residual polar cap. Ice deposits that caoncluded that there was some dark sand incorporated into 1
sist of large ice particles reflect less light than ice deposits thadlar layered deposits, as indicated by the changing slope of t
consist of smaller ice particles due to increased multiple sc&#V ratio profiles. They used the changing ratio to indicate eithe
tering. In order to reproduce the broad band albedo of the caghange in relative components in an intimately mixed depo:s
derived from spacecraft data, Kieffer concluded that the resioka change in the relative checkerboard patchiness of a depo
ual cap surface may consist of either older, coarse ice that mosither intimate mixing nor patchiness was singled out as ¢
be relatively clean or else younger, fine-grained ice with a relexplanation for the distribution of ice and dust. Herkenhoff an
tively higher dust content. For instance, old ice with grain sizégurray (1990) have also investigated ice/bare ground mixing |
of 100 um or more would have dust concentrations of 1 pathe south polar region by using ratio images.
per 1000 or less. With respect to the varying appearance of thédart and Jakosky (1986) used spectral evidence to determi
residual cap different years, Kieffer (1990) suggested that ddisé thickness of the bright ice at the Viking Lander 2 site. The
may be removed from the surface of the cap some years. tiged the color of the soil relative to the nearby ice deposit
also suggested that water may be deposited by “cold trappirdgtermine whether the ice was present in quantities sufficient
it onto the bright regions as the bright polar areas are approriask the red surface color. Hart and Jakosky (1986) estimat
mately 25 K colder than the darker regions (Kieffer 1987). Thihat a 5% increase in reflectance would result ifidd of ice
observations presented in this work will be examined in light drmed on the surface. We show in the following pages that ot
these hypotheses. calculations are consistent with the Hart and Jakosky (198

A key issue in this study is whether the bright ice visible iestimates; 1Q:m of ice may be sufficient to greatly alter the
the late summer has different amounts of ice and dust intimatelgpearance of Mars’ surface at the north pole.
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Here we use red/violet ratios of imaging data to see ifai a
change in ratio would indicate a change in the relative comg
nents of dust and ice in early spring ice compared to late sumr
ice. We do not distinguish between intimate mixing and patcl
ice, but rather distinguish whether there has beehamgein
either intimate mixing or patchy ice distribution. In conjunctiol
with this method of determining whether late summer brightict
on the residual cap have either changing amounts of intimat
mixed dust and ice or changing amounts of patchy ice, we a
investigate the amount of ice and dust needed to approximate
albedo seen onthe cap. The amount of brightice needed tom
a previously red surface appear white has been investigate:
the Viking Lander 2 site (Hart and Jakosky 1986, Svitek ar
Murray 1990). We apply a similar technique to bright ice on tF
north residual polar cap.

3.2. Determination of Ice and Dust Mixing

The Viking and Mariner 9 Orbiter imaging datasets conta
information regarding the physical properties of the north pol
cap surface materials. In this section, we focus on the “new” i
deposits/regions that were dark in the early summer and bece
bright in the late summer. To determine the mixing of brigt
ice and darker dust, we employ the technique of ratioing red
violet north polar region imaging data that were acquired eal
and also late in the northern summer season. Subsequently
follow the methods used by Warren and Wiscombe (1980) a

later adapted by Kieffer (1990) for water ice on Mars to calcula b . : : : : ! ]
the thickness of ice deposits based on the albedo, particle s ol .
and ice—dust mixing ratio.

3.2.1. Mixing of ice and dust results and interpretas *** . 5
tions. Image ratios like those of Thomas and Weitz (198G o T
quantify color differences between dark ground and bright i i G S N
within a particular image. Thomas and Weitz (1989) used tl S~ ‘. w
changing ratio to indicata changein relative components in s + ssube o % ¢ . st Il ]
an intimately mixed deposit or elsechangen the patchiness Py 4300 4350 4400 4450 4500
of a deposit. Figure 7 shows the range of colors of the residi b 3400 3600 prvey 2000 vy o
cap ice on Mars. We plot a transect on Viking Orbiter imag _ Red (DN)

750A23 (Fig. 7a) to identify the location of the data plotted in o . .

. . . FIG. 7. Determination of color and composition of north polar ice.
_Flg' 7b. F|gur_e 70 _pIOtS violetversus red Lambert albedos of W%m_\e/iking Orbiter image 750A23 acquired & =111. Inset shows values
images acquired in the late northern summer season and highewly brightened ice bridge. (b) Plot of red/violet DN values of red-filtered
lights the values acquired in the region of the bright ice “bridgefhage 750A23 and violet-filtered image 750A26. Slope of bright ice is consis
that brightened in late summer. Note that the lack of signifient, therefore showing little variation in color, regardless of location on the cay

cant deviation of points from a constant R/V line indicates r.E)oth images were corre_cted for |_|Ium|n§1t|0n identically using a model Lamber
tlan photometric correction function. A linear contrast stretch was employed fc

. . . . . i
color differences. There |s_n0 difference In cqlor be_tween ice tké;t:values between 3000 and 5000 and then converted to values between O
covers the bulk of the residual cap and ice in regions that hays; where 0 is black and 255 is white. BAL0,000+ Lambert albedo.

brightened later in the northern summer. This implies that there

is no detectable difference between surface material that covers

the bulk of the cap and the brightened regions; there is no chamigble in the late summer is young. Young ice indicates the

in intimate mixing or change in checkerboard distribution of ici is not possible for the brightening to have been produced b

and bare ground between the different regions. the formation of either suncups or cracks in the ice as eac
We suggest that the same processes form bright ice over ttidhese mechanisms require older ice. It is also unlikely the

whole cap late in the summer. Further, a contiguous depagitst would preferentially cover up only certain icy areas in th

of bright ice over the whole cap indicates that the bright iagorthern winter season while leaving other iced regions cleg
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since the iced regions appear to have similar properties. Thisd no color related to the underlying surface is visible, then tt
suggests that the residual cap ice is not translucent showingd@posit can be treated as semi-infinite.

underlying surface of dust; otherwise, variations in the depositBy combining the Thomas and Weitz (1989) method with th
thickness would be apparent. Therefore, we believe the “neWarren and Wiscombe (1980) approach, we calculated arange
ice can be treated as an optically thick layer of material overlyinge-and-dust depths that could be producing the albedo variatic

a darker substrate. seeninthe imaging data. The results are dependent upon the ¢
and ice optical properties. The surface (bare ground) albe
3.3. Albedo Calculations in a red band image is taken to be an average of 0.26, wi

) ] ) _a solar zenith angle of 70°. The density of dust is fixed at
The albedo of an ice deposit depends on the particle sizes3a) g/cn?, and the density of ice is taken to be the value of pur

the ice, the optical properties and mixing ratio of the dark COftse, 0.917 g/crh We fixed dust parameters that correspond t
taminants, and the ice deposit thickness. For an optically thigkean dust grain radius of 2.8n for these calculations. The
deposit, the minimum possible thickness can be determined frgiical constants for dust were recommended by PokacH.
its albedo using radiative transfer theory if the particle sizes %?;79). For 04 < . < 1.1 um, the values for dusti, were taken
the ice and dust are known. In our calculations, ice and dust @gsm Pollacket al.(1977) and reduced by an order of magnituds
tical properties are calculated using Mie theory, which assumgs po||aclet al. (1979) recommended. The justification for the
ice particles are spherical and is valid only when the distangge of this methodology is in keeping with properties reporte
between particles is large compared with the wavelength of trr‘\eprevious investigations (Pollagkt al. 1979, Kieffer 1990).
radiation. The scattering properties of dust depend strongly $Re revised Pollaclet al. (1995) values give similar results.
the imaginary part of the complex ind.e>_< of refrac;tion. The ethanging these values (e.g., Clargtyal. 1995, Ockert-Bell
fects of close packing and nonsphericity of grains have begpg| 1997) will not alter our results by orders of magnitude
discussed by Wiscombe and Warren (1980) and for simpliCiyo atmospheric correction was considered. The real index
are not included in our calculations. refraction was assumed constant. A variety of ice grain rac
In this study, the Mie parameters for dust-ice mixtures ajgere used, but all Mie parameters for ice are taken at R159-
averaged using their respective optical cross sections per Ypshyelength, which is representative of the average value in

area as weighting factors, as red-filtered data. For ice, the Mie parameters were calculat
using a real index of refraction equal to 1.33 and an imaginal
Ad _ (ﬁ) (47”§Qexta5)o) (1) index of refraction equal t0.35594x 1079,
A N; Ay i2 Qex; @0

3.4.1. Albedo calculations, results, and interpretationBy
combining the Warren and Wiscombe (1980) calculations wit
our observations of a young northern water ice and the Kieffe
) (1990) conclusions that young ice must consist of a dusty fini

and

4
% - <&> (’Odéﬁrd3 (2) grained ice deposit, we further constrained the amount of ic
M; Ni pi %ﬂrﬁ that likely produced the albedo changes seen in the observatic
of Viking and Mariner 9 data. (Recall that ice grains grow du
whereM is the mass of ice or dust per square melteiis the to sintering and metamorphosis as they age. To reproduce
number density of ice grains or dust per square meterdasithe  particular albedo, one explanation is that ice can either be you
area of ice or dust. The resulting Mie parameters are then inpgtsi therefore must be fine-grained with a large component
for a two-stream delta-Eddington radiative transfer calculatiefyst or old and therefore coarse-grained with a small compone
(Warren and Wiscombe 1980) as well as the intensity and thedust (Kieffer 1990).) Our results differ slightly from those of
solar zenith angle. Hemisphere-integrated reflectamcas a Kieffer (1990); a deposit of 50% dust should have a red albec
function of incidence angle, is the result. In general, the albedsy,0.26 when the ice radius is 10m, but our calculations do
as, depends on the optical depth, the albedo of the substraigt give that albedo until a much larger ice particle is employe
the solar incidence angle, the single scattering alkegioand  (Fig. 8a). However, given the successful reproduction of portior
the asymmetry parametgr The optical thickness of the frostof Kieffer (1990) (Fig. 8b), we feel our treatment is valid. We
is also show good agreement with the effect of graphitic soot on ti
single scattering co-albedo {dw) of water ice in Warren and
70= N7r2Qext, (3) Wwiscombe (1980). One possible explanation for the discrepan
with some of Kieffer's (1990) results is that the method presente
whereN is the number of particles per square centimeter ah@re examines albedos in individual wavelengths rather th:
70 IS the optical depth. The thickness of the ice and dust depaalibedos determined from integrating across the visible spectru
can be calculated frorM using the respective densities of icaalthough we use the samg as Kieffer (1990); the discrepancy
and dust as in Eq. (2). If the ice deposit is thick enough so thregpeared when we moved from calculating optical paramete
a negligible amount of radiation reaches the underlying surfateincorporating the wavelengths.
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FIG. 8. Albedo of dust and ice mixture with varying mass fractions of dust. (a) Albedos calculated for this study. The dust grain radius adopted is 2
with Qext €qual to 2.74; the single scattering albedo is equal to 0.86; and the asymmetry parameter is equal to 0.79. The dust mass fraction from righf to le
0.1, 0.01, 0.001, and 0.0. A deposit entirely of dust (mass fraetibi®) would have an albedo of 0.26. Albedos that correspond to particular ice radii are higl
in (2) when compared to albedo values at the same ice radii in Fig. 7 of Kieffer (1990). (b) Theoretical optical scattering parameters for icer(dermpfex i
refraction 1311+ (3.1 x 10~%)i and wavelength 0.58m) computed using Mie scattering theory.

We present calculations of the range of dust and ice gratbedos; itis possible that much more ice was deposited at the
sizes that can produce the albedo variations noted in Figs. 2asies. Indeed, it is likely that more ice was deposited in the fir:
(Fig. 9). Asemi-infinite layer corresponds to a large optical deptivo cases, as the layer thicknesses are less than the grain si:
(t), which provides a lower constraint on the amount of dust and
ice presentin the ice layer. From these plots, we determined that
ared Lambert albedo of 0.33-0.35, the maximum albedo of the
ice in Viking image 750A23 (Fig. 7a), can be produced by anice .
deposit with either 50% dust and ice radii of 261 or 10% dust 4.1. Residual Cap Appearance
with 50 xm ice radii or smaller components of dust (1%) with To summarize, the available Mariner 9 and Viking Orbiter

largerice grains (50@m) (Fig. 9). As showninFig. 9, values thatimages suggest the following regarding the appearance of t
corresponded to an albedo of 0.33 to 0.35 as stated above angkaidual cap:

opacity greater than 2 were adopted, because at opacities lower

than this value the ice layer is not yet semi-infinite optically. 1. There is no large-scale variation of the residual ca
These correspond to ice and dust mixtures deposited on the appearance from year to year.

of 14 precipitablg:m, 35 precipitablgem, and 300 precipitable 2. The cap is darkest betweeg= 94 andL;=103.

um of ice and dust, respectively. Note that these values are3. Thereisaseasonalvariationintheresidual cap appearan
dependent on the dust and ice optical properties and represemfeneral, the entire residual cap grows brighter as the sumrmr
the minimum amount of ice that can reproduce the observprbgresses.

4. CONCLUSIONS
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4. Specific outlying cap regions that are dark in the beginningl cap, with the exception of possible accumulation of wate
of the summer brighten every year by the end of the sumniee at the cap center. This indicates that the uppermost layer
season. the residual cap may represent current climatic conditions; wat

5. The bright outliers consistently have the same shapesray be cycled from the cap edges to the center each summe
the end of each summer.

6. The residual cap center is always brighter than the c4@. Characterization of New Late Summer Ice Deposits

edges. Regarding the ice deposits, we find:

These observations lead us to conclude that the residual Cap The bright ice that appears in the late summer on the ¢

appearance was not, to a great extent, affected by the intergfyjiers is the same color as the ice on the rest of the cap.
nually occurring global dust storms, at least during the 3 Mars 5. Assuming dust radii of 2.5m, the maximum albedo of
years observed. This implies that the same processes act ongRejate summer ice corresponds to an ice deposit of at le:
residual cap each year. Perhaps the same deposition and erasiPBoYs dust with ice radii of 1om, (b) 10% dust with ice radii
of the cap occurs each year at the present obliquity, and glogggoﬂm or (c) 1% dust with ice radii of 50am.

dust storms have a much smaller effect on ice deposition thary  The amount of deposited dust and ice must be greater th

previously thought. _ o 14 prum for a deposit with smaller sized grains or else greate
The bright permanent ice deposits in the north polar regigi 35 prem for a deposit with larger sized grains.
may be acting as “cold traps” which cause bright water ice to

accumulate on their surfaces when water passes over these d&ecall that a difference in red to violet ratios would indicate
posits. Therefore, the residual cap appearance is primarily afther a change in the amount of dust relative to ice in the di
fected by albedo and local temperatures, indicating that thgs®sit or a checkerboard distribution of ice and dust. Our finding
effects must be treated with care when modeling the water dgéicate that there is no difference in the relative amounts of ic
cle on Mars. In addition to the regular seasonal variation of tleéd dust (nachangein intimate mixing orchangein checker-
water cycle in the north polar region, it appears the residual capard distribution of ice) in the bright ice outliers that appea
acts as a cold trap for water vapor in the summer. in late summer relative to the rest of the cap because the r
The late summer-brightened cap outliers seem to follow tikemponent of the ratioed images relative to the violet comp
same patterns or outlines from year to year, leading us to believent remains constant (Figs. 7a—7c). Also, since bright ice th
that these regions must always be cold relative to the surroulaghpears in the late summer has the same R/V ratio as ice on
ing bare ground and trap bright ice in the same area each yeast of the cap, the processes that produce the bright ice on:
A positive feedback could be maintaining the distribution of thieulk of the cap are probably the same as those producing t
ice, enhanced by topography. These observations strongly slage summer-brightened outliers. Although this cannot be dete
gest that these regions are acting as cold traps for bright watéined conclusively, we also point out that because it is highl
ice in the summer season. It does not seem likely that dust wouldlikely that all of the ice on the main cap would be equally a
be preferentially removed from only certain areas of the residyzdtchy as the smaller outliers, it is possible that the late sur
cap and that these areas are cleaned in exactly the same fastmenice producing the brightened albedo is not arranged in
with no change in visual appearance every year. Therefore, eheckerboard distribution.
believe new ice deposition on the residual north polar cap is theThe brightened regions most likely consist of young ice de
most probable explanation for the late summer cap brighteninpsited late in the summer. Following Kieffer's suggestions, thi
The maximum observed brightness of the peripheral regioinslicates that the ice must be relatively fine-grained, but to pr
examined was significantly lower than albedos measured at thece the observed cap albedo it must also be relatively du:
center of the residual cap (Figs. 1a and 7b). The cap centerigh. To produce such an albedo change, the cap surface m
likely brighter than the cap edge because ice annually accunbe-relatively smooth; highly varying topography would produc
lates there and is youngerthantheice atthe cap edges. Therefoméshy ice coverage on observable lengthscales. This obser
observations concerning the cap center are not necessarily tép is consistent with the Simpson and Tyler (1981) bi-stati
resentative of the entire cap. The perpetually bright center of ttaglar observation which showed that the residual north pol
north residual polar cap (Fig. 1a) may indicate that at least thap is relatively smooth on centimeter to meter lengthscales.
cap center is acting as a net sink for water vapor; the brightness i#\s previously mentioned, because the ice appeared laterin t
consistent with active accumulation in this region through moséason and had the same composition and color as the bulk
of the summer season. It seems logical that if dark areas #re residual cap, it is likely young and consists of a dust-lade
seasonally accumulating ice such as in Fig. 2, itis likely that tliime-grained deposit (Thomas and Weitz 1989, Kieffer 1990
brighter areas that act as cold traps are also regions of seasdha&lrefore, a deposit composed of only 1% dust is unlikely. /
accumulation. Each year approximately the same amount of @eposit thickness of atleast ln or atleast 3m (Figs. 9b and
appears to be deposited and removed from the bulk of the re€id) is consistent with the Hart and Jakosky (1986) estimates



394
a Mass Fraction Dust = .001 to .7
lce Radius = 1.0 micron

1.0 ] T T T
08F === - — -~ T o0i_._.x
8 At o1 .
Q06 M . —-1 4

< ,”" ---.3
0.4 -=5 -

-7

1 1 1 1

0 20 40 60 80 100

Opacity (1)

Mass Fraction Dust = .001 to .7
Ice Radius = 10.0 microns

0 20 40 60 80 100

Opacity (1)

Mass Fraction Dust = .001 to .7
Ice Radius = 100.0 microns

1.0 T T T I
— .001
o8- e I
S — -1
el
208 ---3 ]
L | e B R
0.4 -—=7 N
] Sk v e et e e e et e T, arrs]
20 40 60 80 100
Opacity (1)

Mass Fraction Dust = .001 to .7
lce Radius = 1.0 mm

—.001 I
----- 01
08 —_- -
S ---3
Sos}- - -5 .
< —,— 7 —_— ]
0.4 ~
SR Sl S i P i
0 20 40 60 80 100
Opacity (1)
FIG. 9.

BASS, HERKENHOFF, AND PAIGE

Mass Fraction Dust = .001 to .7
Ice Radius = 1.0 micron

4
Opacity (1)

Mass Fraction Dust = .001 to .7
lce Radius = 10.0 microns

0 2 4 6 8 10
Opacity (1)
Mass Fraction Dust = .001 to .1
Ice Radius = 50.0 microns
T T T
——————— 01T T T T T
----- .01 7
—--A ]
] ] 1 N
4 6 8 10
Opacity ( 7
Mass Fraction Dust = .001 to .7
Ice Radius = 100.0 microns
T T T
— .001 )
----- .01 7]
—_— - 1 -1
—_— T T — m — - — - — —--3 .. — -7
-—=—5 i
______________ - =7 ..
—l—____l__._..__|=_:_.:__""
4 6 8 10

Opacity (1)

Brightness of ice deposit as a function of opacity. Albedos and opacities shown reproduce an albedo of approximately 0.34, the maximum al

Fig. 8a. Albedos that corresponds to opacities of 2 to 3 are considered when determining ice deposition amounts as these albedos correspantirtited “ser
layer of ice and dust. (a) “Mass fraction dust” refers to the amount of dust in the deposit, e.g., 0.1% dust, 1.0% dust. Surface albedo defined as 0.
inflection points move toward lower opacities as shown in top graph. Ice depths represent a “semi-infinite” layer, which corresponds to opm#Esythptotic.
(b) Albedos and opacities shown are more resolved views of Fig. 9a. Albedos that corresponds to opacities of 2 to 3 are considered when detepusitigrice
amounts as these albedos correspond to a “semi-infinite” layer of ice and dust. (c) Albedos and opacities shown represent particle sizes ¢egjer Higs. 9a

and 9b.
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c Mass Fraction Dust = .001 to .1 mer season. However, this does not necessarily imply that the
Ice Radius = 200.0 microns . . . o .

is an annual net deposition of ice. In fact, it is possible the

while deposition occurs at the center of the cap, there is al

- some transport of water vapor away from the cap (Haberle a

----- 01 Jakosky, 1990). Without more data, this leaves the issue of t

] netannual water balance on the cap as a whole highly uncerte
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