Icarus144, 397-409 (2000)

doi:10.1006/icar.1999.6301, available online at http://www.idealibrary.coﬂ DE %

|.®

Variability of Mars’ North Polar Water Ice Cap

[I. Analysis of Viking IRTM and MAWD Data

Deborah S. Bass

Instrumentation and Space Research Division, Southwest Research Institute, P.O. Drawer 28510, San Antonio, Texas 78228-0510
E-mail: dsb@grouse.space.swri.edu

and

David A. Paige
Department of Earth and Space Sciences, University of California, Los Angeles, 405 Hilgard Avenue, Los Angeles, California 90095-1567

Received May 15, 1998; revised June 10, 1999

We have examined Viking Orbiter albedo, thermal, and atmo-
spheric water vapor data acquired during Mars’ northern sum-
mer season and compared these results with the imaging results of
D. S. Bass, K. E. Herkenhoff, and D. A. Paige (2000, Icarus 144
382-396). The Viking thermal mapper data show an increase in the
albedo of the entire north water ice cap, consistent with imaging
data results. We find a strong correlation between polar cap surface
temperature and atmospheric water vapor, but we note that the at-
mospheric water vapor data do not increase dramatically until the
cap center temperature exceeds 200 K. The Viking Infrared Ther-
mal Mapper data support the conclusion that cold trapping is the
correct explanation for the observed late summer brightening of the
residual water ice cap. We suggest that the retreating seasonal car-
bon dioxide cap takes the water with it and not until the receding
cold trap reaches the cap center is the bulk of the water released
into the atmosphere. This process, plus the deposition of fresh ice
onto the cap later in the summer season, will tend to close the north
polar cap’s annual water cycle.  © 2000 Academic Press
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1. INTRODUCTION

servations of the thermal infrared appearance, albedo (surfa
brightness), and atmospheric water vapor content of the nort
polar region in light of the hypothesis of water ice deposition in
the summer season. We also use the implications of these resu
to investigate the potential implications for the global and sea
sonal water cycles. Because the polar caps are potentially lare
sources and sinks of the volatiles involved in climate dynam-
ics, examining changes in the polar cap appearance is a key
understanding climate change on Mars.

1.1. Spacecraft Observations of Mars

Others have described the Viking Infrared Thermal Mappel
(IRTM) and Viking Mars Atmospheric Water Detector (MAWD)
instruments and data in detail (e.g., Kieffer 1976, Daeieal.
1977). Briefly, the IRTM and MAWD instruments were included
in both Viking Orbiter payloads. IRTM and MAWD observa-
tions spanned all phases of the Viking mission. IRTM was a 28
channel, four-telescope radiometer that operated in six spectr
bands. Each of the four telescopes had 7 channels, with foo
prints arranged in a chevron pattern. The spectral bands me
sured radiation in bands centered at 7, 9, 11, 15, andi20as
well as a 0.3- to 3zm solar channel. The field of view of IRTM
overlapped that of the imaging camera as well as the Mars Atmc

The visible appearance of the martian residual north polspheric Water Detector, providing directly coincident coverage
cap and its seasonal/interannual variability has been examiri@dyder, 1979). The Viking MAWD was a 5-channel grating
in Basset al. (2000) which hereafter will be described as Part Epectrometer that operated in the LAt region; 3 of the chan-
That paper points out that certain regions of the north residuadls were centered on absorbing regions and 2 on the continuu
water ice cap grow brighter later in the summer season and thatween them to obtain integrated water column abundances.
the phenomenon may be explained by the deposition of watelRTM and MAWD demonstrated that the northern residual
ice onto the cap. Part | also investigates the minimum amountazfp is composed of water ice. IRTM and MAWD data showed
potentially deposited ice mixed with Mars dust that could hatbat temperatures and albedos are consistent withi€0n the
produced the late summer brightening. Here we examine the ¢ddt and winter seasons ang@ ice in the summer (Kieffest al.
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398 BASS AND PAIGE

1976, 1977). MAWD observed spatial and temporal variations of At the present time, the source of the north polar water vapor
water vapor at 1.4m. The maximum atmospheric water columras well as its transport in and out of the polar regions, is no
abundance~100 precipitablg:m or 102 g/cn?) occurs over well constrained. Furthermore, whether or not the conditions
Mars’ northern polar region in the summer season, suggestiprgsently observed on Mars correspond to those that existe
that the northern residual summer cap is a water source (Farmvben the bulk of the polar layered deposits were emplaced i
etal.1976). Davie®t al. (1977) mapped the extent of the water
vapor over the north polar cap in the spring and summer seasons.
They pointed out that the maximum peak of water vapor was not 4
over the center of the cap, as expected, but rather over the darl
sand sea directly surrounding the cap.
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1.2. Models of the Martian Water Cycle
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The north polar cap of Mars and associated layered terrains
are very important to the martian water cycle, as suggested by
model results. The two-dimensional transport model of Haberle 3 ;
and Jakosky (1990) is one of the most complete two-dimensional
models of the martian water cycle to date. Coupled to a diffusive 4'0 elo 8'0 1<!>o 1;0 1}‘0
boundary layer model, they showed that the bulk source of the Areocentric Solar Longitude
southern hemispheric atmospheric water vapor is not the north
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polar cap but rather must be the southern regolith. In the northernb € 120 ' ' ! ' I =
hemisphere, the cap can not account for all the water vaporinthe 5 100}~ 4 This study "wep* -
northern atmosphere so the regolith must play animportantrole 8 gl & Tesas v f1ss2] -
there as well. The water that evaporates off the permanent water € ol i
ice cap in the northern hemisphere is transported southward 3

during the summer months. Haberle and Jakosky (1990) model £ 4or ]
results showed that water may be deposited at the cold soutr = 20 | § .
pole, in the equatorial regolith as an adsorbate, or it may be & oi# %
returned to the cap by baroclinic eddies that are characteristic 3 ' ' L ' ' '
of the fall, winter, and spring general circulation. In any case, 40 E?eocentrii(’solar L;no?tu de 120140
the martian low latitudes are extremely dry, with typical relative °

humidities of a few percent near the surface. One important ¢ = 120F T T T T T -

result of the Haberle and Jakosky (1990) model is the off-cap
circulation present near the edge of the retreating polar cap due
to the temperature differential between the cold polar ice cap
and the warmer, ice-free surrounding terrains.

Houbenet al. (1997) employ a spectral global circulation
model with simplified radiation physics and a hydrological cycle
coupled to a parameterized two-layer subsurface model to model
the water cycle. With 32 grid points pole to pole, the model has i | ! ! )
approximately 5 of resolution. Water acts as a passive tracer 60 80 100 120 140
in the model, and there is no cloud albedo effect; rather, the Areocentric Solar Longitude
atmOSphere_IS Saturated_ whenever _there IS Ice,on the Surfac%lG.l. MAWD seasonally and topographically varying pressure (at 200 K)
Further, a diurnal cycle is not considered, nor is topographyegrated column atmospheric water vapor abundances, wvp data, and int
An interesting result of this model is a mechanism for movingrated column atmospheric water vapor abundances calculated with a consta
water vapor poleward as the seasonal,@@p retreats in the pressure (6 mbar) and temperature (200 K), wcp data. Values were acquired f
spring (Houberet al. 1997). At the edges of the sublimatingBO to 90N latitude bands. Values from this study are averages of data acquire

in 30 Julian days. Those dates were subsequently converted to areocentric so

CG, ice cap, water vapor is taken into the atmosphere. Duel&ﬂgitude. Errorbars are1 SD. (a) MAWD wcp data compared to the wvp data.

_barOC"niC wave activity atthe cap .ed.ge, some of thiS.Water Vap@her total water column abundances are reached with the wvp data than wit
is transported back across the still iced, colder region at whitgle wep data, but the peak occurs at approximately the same time. (b) Jakosky al
point the water vapor precipitates out back onto the cap. Agmer (1982) values compared to wep and wvp values computed in this stud
the season continues. the ceap gradually decreases in Sizé/alues were approximated from published data in Fig. 2, Jakosky and Farme

d fi t | d. taki th ter i ith 982). (c) Davies (1982) data compared to wcp and wvp values computed i
and continues to move poléward, taking the water ice wi is study. Davies (1982) values were approximated from published data, Fig. 2

Finally, just after summer solstice, a large pulse of water vapgiyies (1982). Peak water abundance values occur at similar areocentric sol
is released into the atmosphere. longitude.

100} A This study "wcp” ~
® This study "wvp"
80+ O Davies [1982] -

60— =

g i

post |

o

80-90N Water Abundance (pr um)




MARS’ NORTH POLAR CAP ICE: VIKING IRTM AND MAWD RESULTS 399

1971
| 1 l l |
| 1 T |
L 1/1/71 1/1/72
s 0 90 180 270 360
6678A10 m
67585-7
| | ] I |
I T 1 i 1
1/1/73 ' 1/1/74
| | | | |
1/1/75
1977A
65B56-60 19778
I | ¥ R MR - )
/2\20 I T | | } 100 E
< 11776 _ 11777 &
— " s =
E .: "-‘ S\<>
5 726a50-fp  “O¥2H goradt., g
g N 768A6x - =
8 | T10R76 gd0pp3 YA . s
140| | i I | o3
1/1/78 1/1/79
Viking Mosaic
® = Mariner 9 Image m————m = Global Dust Storm
* = Viking (Close Up) eesesesesess =Temperature
* = Viki i
Viking (Low Resolution) ————————— = Water Vapor [Jakosky & Farmer, 1982]

FIG. 2. Plot of areocentric solar longitudes of images included in this study as well as relevant global dust storms from Mariner 9 through Viking Or
missions. Sequence of images in Part |, Fig. 2, are represented by closed stars. Sequence of images in Part |, Fig. 3, are represented by opgoktars. |
cap surface temperatures for 1 Mars year from Viking Orbiter IRTM observations are plotted (Paige and Ingersoll 1985) as well as atmosphericnwater «
abundances from Viking Orbiter MAWD observations (Jakosky and Farmer 1982).

unknown, but learning the current source of water vapor, as wetirresponded to Mars’ early spring and summer seasons in tt
as the mechanisms involved in water transport, is a logical steprthern hemisphere, when the seasonal C4p was retreating
toward defining past conditions. Understanding the present-dayd the residual water ice cap was exposed froAN6OC°N.
martian annual water cycle is required before polar laminae c@fe chose to use IRTM 2@ channel brightness temperatures
be interpreted in terms of past climatic conditions on Mars. (Tyg) for surface thermal mapping, and IRTM broad-band-solat
channel data which spanned the wavelength region from 0.
2. VIKING INFRARED THERMAL MAPPER AND VIKING 1o 3.0um for apparent albedo mapping. Observations acquire
MARS ATMOSPHERIC WATER DETECTOR with emission angles greater thar?&ere excluded, since those
DATA PROCESSING data were acquired through a path length-@fairmasses.
The IRTM data were projected to polar coordinates to produc
Direct comparison of Mariner 9 imaging, Viking imaging,maps of the north polar region from@%$to 90N using square
Viking IRTM, and Viking MAWD datasets has not been atbins with averaged data front Bf latitude and 2 of longitude.
tempted previously. The IRTM data selected for this analysisach “map” represents the data acquired duribg' intervals
were published in a CD-ROM released by the NASA Planéhat correspond to the number of Julian days in that numbe
tary Data System. We selected data acquired from Decembéareocentric solar longitudes. The polar maps of IRTM albedc
24, 1997, to September 19, 1978 (Julian date 2443501 throwdgta approximately correlate with various Viking Orbiter images
2443771,Ls=23.69-146.00). ICs, or areocentric solar longi- from Part I. The maps only approximately correlate as there wa
tude, corresponds to season in the martian year, wheted is  not enough albedo data acquired during a given day to create
the northern hemisphere vernal equinbx= 90 is the northern complete map. We also creatéldd) surface brightness temper-
hemisphere summer solstice, and so forth.) The dates we chasge maps that correspond to both the imaging and the albec
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L [ 43.3, 828] nobs 130295 L [ €3.1, 82.0] nobs 63950 L [ 83.3,102.8] nobs 132316

L. [103.1,122.7] nobs 227970 Ly [123.0,142.9] nobs 149980 I [143.0,162.5] nobs 104850

FIG. 3. Six IRTM albedo maps showing increase in brightness of northern residual water ice cap as summer season progresses. “Nobs” refers to the
of observations present in each map. Maps show data binned in increments of 40 Julian days and those dates are converted to areocentric sblatd@rgitude
binned in 2 by 2° intervals. Albedos range from 0.12 (blue) to 0.60 (red). Emission anrg€s.

data to closely determine the surface temperatures and condi€aution must be used when identifying the MAWD data ex-
tions on the cap when the images identified in Part | and othemined in this manuscript. Two different integrated column
data were acquired. abundances of water vapor were defined in the MAWD date
Viking MAWD data were obtained from a magnetic tape writset, one using constant atmospheric pressure (6 mbar) and tel
ten in 1983 in a format similar to that used for the IRTM datperature (200 K) (MAWD “water” data, hereafter referred to
(Robert Mehlman, personal communication, 1996). We matchasl “wcp” data) and one dependent upon model calculations ©
the MAWD records identified by date and time to the dateseasonally varying pressures using a topographic model and
and times of IRTM data by converting MAWD IRKs (num-200 K temperature (MAWD “wfapt” data, hereafter referred
ber of rasters since observation start) to IRTM ICKs, given thad as “wvp” data). Additionally, the different water amounts
1IRK=0.28s, 1ICK=1.12 s, 1 FDS (observation sequencalso result from (1) calculating averaged radiances and then de
counter)=4.48 s, and 1 Julian day 86,400 s. We correlated termining the water abundance (wcp data) and (2) using th
our converted MAWD data with published sequences of IRTkadiances to determine the water abundances and then aver:
data (Kieffer 1977, Davies 1982) to be certain comparisons coutdy (wvp data) (Richard Zurek, personal communication, 1997).
be made of IRTM and MAWD data acquired at the same timEigure 1a shows MAWD wcp data compared to the wvp data
the Julian dates of each MAWD observation are accurate ftom 80 to 90N. We took the wcp and wvp values from the
104 days. MAWD dataset and binned them in 30 Julian days and then con
Averaged radiances of the 5 MAWD channels are used for therted those dates into areocentric solar longitude. Our analys
water vapor amounts presented here; these values correspgffdAWD wvp data resulted in different abundances of water
to those denoted by the variable “water” in the MAWD datazapor from the MAWD wcp data. Unless otherwise noted, wcp
We directly compared IRTMI,q, albedo, and MAWD water data were used in this study.
data acquired during the martian spring and summer seasons.
The noise in the MAWD water data was too large to allow the 3. RESULTS
creation of polar water maps comparable to the IRTM albedo and
Too maps. Instead, graphs of the average water amount, averagéomparison of the Viking MAWD data and IRTM data in-
surface temperatures, and average albedos with respect to tificates that there is a correlation between surface temperatu
were plotted. The data were binned in Julian day intervals, aadd atmospheric water vapor content. Figure 2 shows the 4 ma
then those dates were converted to equivalent areocentric stikam years that encompass the timescale when the Mariner 9 ar
longitudes. Viking missions were in operation. The plot indicates the time
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and duration of the two global dust storms that occurred duringa o.so—'zﬁ"@' AR RS RARREREREE MR RAARE RERAC
Viking Orbiter operations, as well as shows the time of each of 55| ~ ® % -
the images shown in Part |, Figs. 2 and 3. Additionally, a rough 0.50 - E % { i
approximation of IRTM and MAWD data are plotted to show § { %
the drop in atmospheric water vapor as the surface temperature < 0451 % { % 7]
declined. As the summer continued, atmospheric water abun § 0401 % %
dance increased, peaking at approximately= 120 (Jakosky § 0.35 % -
and Farmer 1982). Surface temperatures decreased in the la 30} % ® 89-90N 4
: ) O 82 -83N, 270 - 330W
summer and early fall, producing the documented observation: 025 s i e e
of increased bright ice coverage in Part I, Figs. 2 and 3). In the 80 100 120 140
following sections, we describe and compare the IRTM albedo, Areocentric Sofar Longitude
IRTM brightness temperature, and MAWD water vapor data in
greater detail. b S eEamy T : .
® 89-90N
3.1. Viking IRTM Albedo Data Results = sor } O 82-83N, 270 - 330W |+
Binned to show fortyl s increments of data, polar-projected 5 O ® 7]
albedo maps of the north residual polar cap show the retreat o § 3o % % E .
the bright seasonal carbon dioxide cap, the exposure of a darke = ’ E % }
. . . . . g 20+ ® -1
residual water ice cap, and the trend of increasing brightnes: g o g b
of the residual water ice caps as the summer season progress ~ 10 s o e .
(Fig. 3). The trend is documented in the Orbiter images in Part I. O 6B .8.6.6. 6 .. 1. .. 9. 010 &
Albedos representative of the residual water ice cap (bright re- 80 100 120 140
gion at 88N, 62°W), the sand dunes surrounding the cap (dark Areocentric Solar Longitude

regions at 78N, 315W), and the polar layered terrains (inter-
mediate region at 83l llI’W) were identified (Fig. 4). This FIG.5. IRTM albedo and MAWD water data for north residual cap center

. . . and cap edges. Values are binned in increments of 10 Julian days and tho
p|0t shows that the albedo of the b”ght and intermediate ar ?es are converted to areocentric solar longitude. (a) IRTM albedo data. Ce

increases with increasing areocentric solar longitude, while th&er is always brighter than cap edges, although the entire cap grows da
dark regions show no increase in albedo. Each point plottedaiferLs=9388. Cap continues to stay darkened until approximattgly 111.
Fig. 4 is an average of four bin values at each location frofl MAWD water data. Atmospheric water content begins to increase as ca|
the IRTM albedo maps in Fig. 3. The plot shows that the brigHg"kens. and peak occurs at approximately=111. In both graphs, average
. . - . . . values are plotted with error bars #flL SD.
and intermediate regions became brighter while dark regions re-
mained dark. Thus the brightening is not a photometric artifact
resulting from spacecraft viewing geometry, nor could it be a
result of cloud coverage; if this were the case, all areas of tB80°'W. The regions were selected because they allow com
cap would have increased uniformly in brightness. parison of the perpetually bright cap center and a region tha
Figure 5a shows IRTM albedo data for the zonally averagéfianges albedo more dramatically over the course of the sprir
latitude band 89-9M as well as albedo data for 8288 270~ and summer. The cap is darkest between approximatety94
andLs=103 (Fig. 5a) and then brightens until approximately
T —— Ls=140. The center of the residual north polar cap remain:
. F J T 1 T T T T H . . .
bright, even when the rest of the cap is relatively dark after
the seasonal CQcap has completely retreated (Fig. 3; Part I,

SO Fig. 1a).
S e Bright 88N, 62W
N - - - Intermediate 83N, 111W -

* —— Dark 78N,315W 3.2. Viking IRTM Surface Temperature{)lData Results

0.5

0.4

Albedo

0.3 PR Viking IRTM T,o observations documenting the timing of

the retreat and disappearance of the seasonald@a@ and the
T T — ) n subsequent exposure and warming of the residual cap ar
60 80 100 120 140 surrounding areas are shown in Figs. 6 and 7. The plofspof
Areocentric Solar Longitude diurnal temperature variations in Fig. 7 indicate that the season:
CO;, cap retreated beyond the warm polar sand selaghy 81.
FIG. 4. Representative average albedo values for water ice (bright), po'%'f_onsistent with the conclusions of previous studies, the IRTV

layered terrains (intermediate), and sand dunes (dark). Data points from the SIXf ¢ t fth idual h that t
IRTM maps (Fig. 3). Absolute albedos of bright- and intermediate-valued are%g_r ace empera ure_maps 0 e residual cap area show tha
increase as northern summer season progresses. Areocentric solar longitQ§i@ht ice apparent in the imaging (Part I, Fig. 2) and IRTM

correspond to the average of sequence dates plotted in Fig. 3. albedo data late in the summer season was not carbon dioxic

0.2
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FIG. 7. Diurnal surface temperature variations. (a) Nine diurnal surface temperature variation plots in the latitude range. g tita are plotted for
each martian day; days chosen for representation here are indicative of the general trend of the data. Temperatures range from 140 to 260 ke Binotal cy«
established until C®cap has retreated beyond°Rg as shown in plot labelets=77.17. Variation that occurs before the regular diurnal cycle is established
is likely due to local topography and/or local ice coverage. (b) Nine diurnal surface temperature variation plots in the latitude rafitye ffiz-&8jion most
closely approximating the dark polar sand sea surrounding the cap, which has long been considered the source of atmospheric Watéatzmare.plotted for
each martian day; days chosen for representation here are indicative of the general trend of the data. Temperatures range from 140 to 260 ke Binotal cy«
established until C@cap has retreated beyondR8 as shown in plot labeletds = 81.55. Variation that occurs before the regular diurnal cycle is established is
likely due to atmospheric effects and partial local ice coverage.



MARS’ NORTH POLAR CAP ICE: VIKING IRTM AND MAWD RESULTS 403

b L 68 o L : 69 o Ly - 75
© T T T T T ™ © L S e S e s M T © T T T T
N ~N o™
o o o
~ I h < ‘ < I -1
N [aV] N
o o o .
N 1 N h N : h
o™~ o~ o™~ ’
S 8 8
el ;] gl , | gl i : ]
o~ o~ [aY] rd
L ’
(=] G [=] (=]
0 - - w - ~ © B
(=] o o
© | R © B © E
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
hour hour hour
o Lg 78 - Ls 81 o Lg 88
(&) T T T T © T T T T T T L o T T T T
o~ N ™~
F
ol 4 g L ST Ay i ol B
T N f : N .t
y N £
o irod [=} ~ MY o T
o~ o b N - - 1 o~ W b
N e N o~ e
. o o N et
=2 | =31l J = S ]
o N N
4
o (=] (=]
o F - w0 B o g
o o o
er 1 er 1 er 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
hour hour hour
5 Ls 89 ° Ly - 91 ° Ls 92
[{e] T T T T © T T LI T © T T T T
N N N
=) o B =) o
~F E < F . b < F & = h
o~ e o~ i3 o] r
- s ' PO
o L o - o
or e k N b N y h
o~ £ o o~ T
= Sk ; . =) P
et v - = A 1 =8t 4
N [aV] (a\}
o o o
o | L © 4 o F .
(=] o (=]
O - o 1 o} R
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
hour hour hour

FIG. 7—Continued

ice. Surface temperatures were approximately 200 K, which(is982) results; the peak water vapor abundance occurs adjace
much higher than the temperature of stable carbon dioxide toethe cap, over the warmer polar sand sea. We also find that tt
at martian surface pressures (Fig. 8). peak water vapor abundance occurs at approximately 111

. (Julian date 2443680), consistent with Davies (1982) findings
3.3. Viking MAWD Data Results Jakosky and Farmer (1982) stated that the maximum amount ¢

The MAWD north polar water vapor results of this study arevater vapor was in the atmospherelat=120 (Figs. 1b and

generally consistent with those of Davies (1982) and Jakoskg). We can not reproduce Jakosky and Farmer (1982) resul
and Farmer (1982). We find large-scale agreement with Davigesspite repeated variations of binning both wcp and wvp date
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Lg [ 73.1, 77.6] nobs 13880 Ly [ 785, 82.0] nobs 11479 L. [ 83.3, 87.2] nobs 14774

nobs 25698

nobs 52848 nobs 41553

FIG. 6 Six IRTM surface temperatur@4p channel) maps of the north polar region of Mars. Maps track final retreat of seasopab@@dge by showing
increasing temperatures. G@ap has completely disappearedlby= 85.49 in the fourth map. Maps show data binned in increments of 10 Julian days and tho:
dates are converted to areocentric solar longitude. Nobs refers to the number of observations present in each map. Temperatures range fronolB00KK(blue
(red). Emission angles60°. Twenty-four hours of data are plotted for each day shown.

FIG.8 Six IRTM Tyg surface temperature polar maps showing decreasing temperatures as summer season ends. Maps show all data binned in incre
10 Julian days and those dates are converted to areocentric solar longitude. Each particular map shown was chosen to represent the datardoseatrio the |
solar longitudes of the images in Part I, Fig. 2. Nobs refers to the number of observations present in each map. Temperatures range from 100 K (blue) t
(red). Emission angles60°.
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The MAWD wcp data used for this study have systematicall Tl ' H i
lower values than the data from Jakosky and Farmer (198. g[ Eﬁﬁf %P iz Efﬂﬂﬁ 18
(Fig. 1b). However, our water abundances closely match tho: 1 I‘Pﬂi{ll HIEIIEE; 1% ¢
of Davies (1982), as well as matching the timing of the pea< e Lattude 75-76N | &
atmospheric water vapor amounts from Davies (1982) (Fig. 1o— 8 L ;200 ° 18 SN
L L0 a T T
3.4. Correlation of Viking IRTM Albedo g, ’ g I{{Hﬁﬁﬂiqu
and MAWD wcp Data Results o [mausnt :;*Iﬂﬂ - mh1éo o
Comparing the time evolution of IRTM albedd,o, and __ Arecentric Solar Longtude ,
_MAWD wcep dqta_ at the north pole_ (Fig. 9) yield_s some new ; }Elmiﬂﬂ%l’ﬁiﬁiﬂ o
insights. The timing of the darkening of the residual cap be & Iﬁ Hiﬂiiﬂh 18
tweenLs= 70 andLs =100 is well correlated with the increase o [T T st Latitude 76 - 70N | §
in surface temperatures and atmospheric water vapor CONtER T, © 1 g
associated with the disappearance of the cold seasonat&}0O °r H,0 « 1= &
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FIG. 10 Viking IRTM Ty data and Viking MAWD atmospheric water
vapor data. Note the peak of water vapor occurs at the same time in the summ
regardless of the latitude. There is no gradual increase of water vapor in th
atmosphere as the carbon dioxide cap sublimesLy 81.55) as would be
expected if the source of water were directly associated with the regolith. Bott
datasets were binned in intervals of 5 Julian days and those dates were convert
to areocentric solar longitude. Average values are plotted with error bars o
+1 SD. Top graph shows zonally averaged latitude band 73\N-2diddle graph
shows averaged band chosen to cover only the dark polar sand sea—region
78-79N, 265-330W. Bottom graph shows zonally averaged latitude band 85—
90°N. Vertical axis scales from 0 to 255 K for IRTVho; the same scale is used to
plot MAWD water data, but units are in precipitable micrometers. When surface
temperatures increase beyond 150 K and the residual cap is exposed, some we
vapor sublimes into the atmosphere. The dark, thick lines mark the temperatu
at the cap center greater than 200 K. Shortly after the temperatures increa
beyond the nighttime saturation temperature (200 K), atmospheric water vapc
increases.

latitudes. The largest increase in water vapor of all three region
occurred at_s=90. Interestingly, at the lower latitude bands,
there was no major increase of water vapor in the atmosphel
as the carbon dioxide cap sublimed, as would be expected if th
vapor moved directly from the surface into the atmosphere. Al-
though some water vapor sublimed when the,€&p sublimed

FIG.9 Viking IRTM T, and albedo data and Viking MAWD atmosphericearlier (Fig. 10), the bulk of water is not observed until later.

water vapor data. Zonally averaged IRTM data from latitude 85N9@ere

Similarly, at the lower latitude band, water vapor begins de-

binned in intervals of 5 Julian days and those dates were converted to areoce@f'@asing during the summer season well before lower latitud

solar longitude. The MAWD data were treated similarly. Average values are
plotted with error bars ot-1 SD. Vertical axis scales from 0 to 300 K for IRTM

surface temperatures decrease. The best correlation between

T0; the same scale is used to plot MAWD water data, but units are in precipitaBig0SPheric water vapor abundance and temperature is observ
micrometers. IRTM albedo data are plotted underneath the two other datas@é.the pole.
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4, DISCUSSION ing the water vapor from its final release in the center of the caj
to outside the cap over the warmer polar sand sea.

Viking IRTM data confirm the increase in bright ice coverage Examination of these models in light of our observations leads
on the residual north polar cap during the summer season sggno suggest that it is likely that cold trapping of water pro-
in the imaging data from Part I. Possible explanations for thfices the brightening regions seen in the northern summer se
cap brightening include removal of a layer of dust from the cagn (Figs. 3 and 10; Part I, Fig. 2). Figure 11 shows a cartoot
exposing an underlying bright layer or deposition of bright icgf the most likely sequence of events in the annual water cycl
covering up the darker dust. By showing that the surroundirg Mars. In the fall and winter, the seasonal £@p covers
dark sand does not brighten along with the cap (Fig. 4), we ha¥® bright ice, where it remains until the following spring, when
demonstrated that the effect is not that of cloud coverage latefs possible that the mechanism discussed by Hougieal.
the season or other atmospheric phenomena that affect the entig®7) moves the water ice to the center of the cap, darkenin
region. In the next sections, we discuss these results in lighttaé appearance of the cap periphery. Off-cap winds (Haberle an

previous observations and model results. Jakosky 1990) may be producing the pulse of water vapor in th
polar atmosphere over the sand sea, rather than over the cen

4.1. Possible Mechanisms Operating in Mars’ of the polar cap. Local temperature differentials allow cold trap-
North Polar Region ping of water ice onto the cap surface in the summer, producin

e bright cap. Due to decreasing temperatures in the fall seaso
e seasonal carbon dioxide cap forms again on top of the brigt
ater ice.

A variety of explanations can account for the albedo increa
seen in the imaging data (Part I). Possible explanations f
the brightening include photometric variation resulting front’
the spacecraft’s ghanglng viewing geometry, illumination Vangr,  pajation of Models to IRTM Observations
tions, atmospheric phenomenon such as clouds, removal of dust
fromthe cap, exposing a brighter underlying surface, and deposi{RTM albedo data show that the cap appeared darkest afte
tion of ice. Ruling out possibilities for the observed brightenings= 93 (Figs. 3 and 9), which we interpret to indicate that bright
in the imaging data is a critical step in determining whethevater ice has been removed from the bulk of the cap. Addition-
the hypothesis of water deposition on the north polar cap aly, the cap center always remains brighter than the cap edge
the summer season is reasonable. Using evidence from Vikinbich we believe suggests the center is a region of active wate
IRTM and MAWD data, we demonstrate why the most logicate accumulation and is the local sink for the water vapor for the
explanation for the brightening of the north polar residual capst of the cap.
in the northern summer is that of deposition of water onto the IRTM surface temperature and MAWD atmospheric water va-
cap surface late in the summer season. por data show that although some water vapor sublimated int

Comparison of our observations to the results of publishélge atmosphere as the seasonal carbon dioxide cap retreated,
models (Haberle and Jakosky 1990, Kieffer 1990, Howierh.  bulk of the water vapor did not enter the atmosphere until the
1997) provides an explanation for the brightening visible in theenter of the north residual polar cap heated to beyond 200 }
Mariner 9 and Viking imaging datasets. Houbetnal. (1997) at approximately.s=103. This is the approximate temperature
presented a mechanism for moving water vapor poleward as tlie surface ice deposit in solid—vapor equilibrium with a well-
seasonal C@cap retreats in the spring. In their model, at thenixed lower atmosphere containing a total of approximately
edges of the sublimating GQce cap, water vapor was taken50 pr um of water vapor. Note that the peak of water vapor
into the atmosphere. Due to baroclinic wave activity at the caigcurred at the same time in the summer regardless of the lat
edge, some of this water vapor is transported back across tide (Fig. 10). We suggest the discrepancy in the timing of in-
still iced, colder region at which point the water vapor precipiereasing local atmospheric water vapor may indicate the sourc
tates out back onto the cap. The regolith and surrounding sdodthe additional water ice appearing on the cap; on measul
dunes are likely sources for some of the water vapor, but as tifgde timescales, it does not appear that the water vapor is mo
water is transported over colder regions it precipitates out andng directly into the atmosphere from the regolith or the cap
incorporated into the retreating frozen £€ap. As the season surface. Rather, it appears that the water vapor is moving to
continues, the C@®cap gradually decreases in size and continvard the cap center through its recondensation onto the ca
ues to move poleward, taking the water ice with it. Finally, justurface along with the retreating carbon dioxide ice. Figure 7
after summer solstice, when the center of the cap reaches shews that the regular diurnal temperature change was appare
maximum surface temperatures, a large pulse of water vapowisen the minimum diurnal temperature reached a nighttime sat
released into the atmosphere, consistent with the MAWD andation temperature 0f200 K; it appears that the cap must heat
IRTM observations presented here. Interesting to note is the faetyond the nighttime saturation temperature for water vapor t
that the maximum amount of atmospheric water vapor occuye released into the atmosphere. There is a brief time lag be
over the sand sea (Fig. 10). The Haberle and Jakosky (1980¥en the darkening of the caplai= 80 and the appearance of
model indicates that off-cap winds are likely to occur in ththe maximum amount of water vapor in the atmosphere over th
north polar region, which would provide a mechanism for movesidual polar cap dts=110 (Fig. 9). The time lag indicates
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FIG. 11. Cartoon of mechanisms possibly involved in cycling water on Mars. First panel shows what is occurring in the springtime, whiledap iSO
retreating. Water vapor is “vacuumed” up along with retreating carbon dioxide and deposited onto the cap. Inset shows albedo of cap-Baf6Ee Second
panel shows conditions when the surface temperatures reach 200 K. Cap and outliers are at their minimum extent. Note continued anomalousnibeight ce
potentially indicating a cold trap and active water deposition. Third panel shows increasing brightening of cap and associated outliers dappmgadd ice
on areas that always have more ice or ground ice relative to the bare, darker and warmer ground. Insets show brightening of cap and layereditethains la
summer.

that local temperature differences govern some fraction of tttee atmosphere and condensed back onto the cap (Fig. 1(
water transport in the north polar region; some water is releadesite summer condensation of water vapor is consistent witl
into the atmosphere as the surface heats up. This contradibes brightening visible in the imaging data (Part I, Fig. 2),
lower resolution studies that indicated that theect source of and MAWD data do indeed show that, at the same time the
water vapor seen in the MAWD data was the regolith surroundap brightened in the imaging and IRTM albedo data (Part |
ing the cap (e.g., Houbest al. 1997, Jakosky and Farmer 1982)Fig. 1a), atmospheric water vapor decreased. MAWD data als
We suggest instead that the primary global source of water is thdicate there was some transport of water vapor away fron
retreating seasonal cap itself, as well as any additional water tlze northern polar region in the early summer toward the eque
por incorporated into the cap from the surrounding regolith andr (Haberle and Jakosky, 1990). However, it appears that th
sand dunes. bulk of the atmospheric water vapor remained in the northerr

As surface temperatures in the northern hemisphere decregseldr region after its release from the seasonal cap and/or tt
later in the summer, water vapor could no longer be held egolith.
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In the scenario we have just outlined, the seasonal cycleg#sted that the late summer cap albedo increase could have be
surface water is as follows: The north polar region is covergaoduced by a minimum of tens of precipitable micrometer of
with CO; all winter long. In the spring, after the G@ap re- ice and dust deposited on the surface. MAWD water data indi
treats, a thin layer of water ice moves toward the cap centate that the martian atmosphere held an average of L@npr
where it accumulates betwedn =93 andLs=103, result- Therefore, it is plausible that the water vapor observed in the
ing in the bright-centered and dark-edged cap seen in obsamosphere in the MAWD data condensed as surface temper
vations (e.g., Part |, Fig. 1a). Aftdrs=103, water vapor is tures decreased in the summer season. We believe our quan
released from the cap center into the atmosphere. When tative work on estimating deposition could provide constraints
nighttime saturation temperature reaches 200 K, the thin lay®r models for the rate of potential accumulation under presen
of water ice is gradually deposited onto the cap friogaz 111— conditions.

140, before the seasonal carbon dioxide cap returns in the falHaberle and Jakosky (1990) note that the rate of water va

(Fig. 11). por rising in the atmosphere of the southern hemisphere is les
than the rate of falling atmospheric water vapor concentratior
4.3. Viking IRTM Thermal Inertia Maps in the northern hemisphere. They suggest that there must be a

Paigeet al. (1994) mapped the apparent thermal inertia argjtlonal sinks for water vapor, and it may be that some water
albedo of the north polar region of Mars. These maps have sygPor does not cross the equator but rather may be deposited |

nificance in that the regions that are shown to brighten durifise northern residual polar cap. In support of this conclusion

the summer season in this study have high thermal inertias, %perle and Jakosky (1990) pointed out that the high-latituds

regions that do not brighten have lower thermal inertias. Thygmmertime qrculaﬂop lacks the strength to move wat'er va
r to lower latitudes, likely due to the lower elevations in the

is consistent with our conclusion that cold trapping is the mokP h hemisoh This i istent with th ton th
likely mechanism for brightening. It is also consistent with thBOrtNern nemispnere. 1his IS consistent wi € notion tha

notion that accumulation is occurring in areas ofhighthermaliM‘fater vapor is redeposited in the northern hemisphere. How

ertia. Paigest al. (1994) also interpreted the high thermal inertig"c" because the total amount of water vapor that we believ

measurements to indicate the presence of dense, coarse-grdﬁﬁgyowed in the summertlme re3|'dugl' cap albedo varllatlons. I
or solid ice that extends from close to the surface downward &' small, it is not likely to be significant on a hemispheric
least 10 cm. scale.
In the thermal inertia maps, the cap center atN0250— N .
270W has a lower thermal inFe)zrtiathan t?le surrounding portior153'2' Implications for Long-Term Climate Change
of the cap. A lower thermal inertia indicates smaller or less Although water is lost from the northern hemisphere (Haberle
annealed ice grains, which is consistent with the interpretatiand Jakosky 1990), there are several lines of evidence that tt
of younger, accumulating ice at the cap center. water cycle tends toward closure in the vicinity of the polar cap.
First, IRTM and MAWD data showed that the amount of at-
mospheric water vapor did not increase until the center of the
cap reached its maximum surface temperature. IRTM, MAWD,
and imaging data showed that water vapor appears to have be
redeposited on the cap. Second, there was no interannual va
1. The residual cap had the lowest albedo betwlegra 93 ation of this cycle in the years that data were acquired. Thes
andLs=103. observations tend to close the water cycle in the vicinity of the
2. Water vapor was not released into atmosphere until thelar cap.
surface temperatures at the cap center reached their maximunt is difficult to extrapolate these results to those relating to

5. CONCLUSIONS

The IRTM and MAWD observations presented here show:

atLs=103. long-term climate change because we do not have an extends
3. The albedo of the residual polar cap increased later in thezord. However, our results suggest that active seasonal pr
summer season. cesses have macroscopic effects that are observable from ork

4. Surface temperatures during the summer season werefatther, albedo data suggest that the cap center has somewlt
consistent with recondensation of gfost on the cap surface. different characteristics than the cap edge. Although there i

5. The cap center remained brighter than the rest of the camatdefinitive evidence regarding ice flow in the northern hemi-
all seasons. sphere of Mars, Mars Orbiter Laser Altimeter data indicate tha

6. Regions that increased in brightness during the sumntlee cap center is the highest portion of the cap (Zudeal.
season correlate with regions that had high thermal inertia. 1998). Therefore, if any regions are accumulating annual lay
ers, the cap center is the most likely location. We also point ou
that the cap center has a favorable energy balance with respect
accumulation due to the increased brightness. Finally, the timin

Cold trapping is the most likely mechanism to explain thef this study is fortunate as many of these conclusions could b
appearance of bright ice in the late summer. In Paper |, we stigsted by missions to Mars in coming years.

5.1. Implications for Seasonal Cycles
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