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Abstract

In this paper, we have analyzed neutron spectroscopy data gathered by the High Energy Neutron Detector (HEND) instrument onb
Odyssey for comparison of polar regions. It is known that observation of the neutron albedo of Mars provides important information
distribution of water–ice in subsurface layers and about peculiarities of the CO2 seasonal cycle. It was found that there are large water
permafrost areas with contents of up to∼50% water by mass fraction at both the north and south Mars polar regions. The water–ice la
high northern latitudes are placed close to the surface, but in the south they are covered by a dry and relatively thick (10–20 cm) lay
Analysis of temporal variations of neutron flux between summer and winter seasons allowed the estimation of the masses of the CO2 deposits
which seasonally condense at the polar regions. The total mass of the southern seasonal deposition was estimated as 6.3×1015 kg, which is larger
than the total mass of the seasonal deposition at the north by 40–50%. These results are in good agreement with predictions from the N
Research Center General Circulation Model (GCM). But, the dynamics of the condensation and sublimation processes are not quite a
with these models: the peak accumulation of the condensed mass of CO2 occurred 10–15 degrees ofLs later than is predicted by the GCM.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Two years of neutron mapping measurements onboard
Mars Odyssey spacecraft are presented based on High E
Neutron Detector (HEND) observations. The HEND instrum
is a part of the GRS suite, which is responsible for detectio
epithermal and high energy neutrons produced within 1–
(for soils having very low hydrogen content) of Mars’ su
surface(Mitrofanov et al., 2002, 2003a, 2003b). The neutron
albedo and gamma-ray radiation of Mars are a result of
bombardment of the martian surface by the nuclei of prim
galactic cosmic rays freely penetrating through the thin m
tian atmosphere(Masarik and Reedy, 1996). The leakage flux o
neutrons strongly depends on the presence of hydrogen a
Subsurface water of even a few percent by weight significa
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0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2005.08.009
e
gy
t
f

e

-

s.
y

depresses the flux of epithermal and fast neutrons(Drake et al.,
1988; Feldman et al., 1993). Therefore, neutron spectrosco
from the low altitude polar orbit is a highly sensitive meth
for measuring the global distribution of subsurface water on
planet.

There is a direct correspondence between the energy
detected neutron and the most probable depth at which it
produced. The production rate of fast neutrons has a maxim
at depths of less than tens of centimeters, while the epithe
neutrons mainly originate 1–2 m below the surface of dry s
Combining the HEND measurements of neutrons in differ
energy ranges from 0.4 eV to 15 MeV and higher, one m
reconstruct the water abundance distribution, starting from
top, down to∼1 m of depth. These data allow the testing
various models that describe the layered structure of the so
the shallow subsurface.

Neutron and gamma-ray measurements onboard Mars O
sey have discovered large regions with a huge amount of wa
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ice in the shallow subsurface placed poleward of 60 degre
the north and south poles(Boynton et al., 2002; Feldman et a
2002; Mitrofanov et al., 2002, 2003a, 2003b, 2004a, 200.
These areas may be called northern and southern perm
regions, because water–ice is stable over the entire ma
year at these latitudes(Mellon and Jakosky, 1995; Mello
et al., 2003, 2004). It was also found that subsurface wate
ice has a layered structure at southern regions. It was
gested that the bottom layer, containing on average 35–1
water–ice by weight, is covered by a relatively dry layer
varying thickness(Boynton et al., 2002; Tokar et al., 200
Prettyman et al., 2004). Determining the amount of water–ic
accumulated at the polar regions, and how deep it is place
low the surface, plays an important role in the understandin
past and current changes of the climate on Mars. Moreov
may give rise to speculations concerning the search for tr
of life.

Another phenomenon, which may be studied by nuc
methods, is global seasonal redistribution of atmospheric2
between snow depositions at the poles. Seasonal changes
martian poles are a very significant feature of the martian
mate. This atmospheric redistribution involves more than 2
of the total atmospheric mass(Forget and Pollack, 1996). The
spatial and temporal properties of this process are mainly
trolled by solar insolation(Leighton and Murray, 1966). The
study of CO2 and H2O cycles is a high priority of martian cli
matology and may give us a more detailed understanding o
current and past climate on Mars.

During the previous martian year, we have observed
cyclic process of the accumulation of CO2 frost during fall and
winter when the temperature falls below the CO2 condensation
point. During the spring and summer, the CO2 deposit subli-
mates back into the atmosphere, revealing the residual
caps. While the northern residual cap is thought to consis
pure water–ice, in the southern region, the CO2 deposit does no
completely sublimate during summer. The residual cap on
south pole is covered by a CO2 frost even during the souther
summer(Kieffer, 1979; Tokar et al., 2003). The annual balanc
of CO2 deposition and sublimation is the important parame
determining the climate of Mars. The knowledge of the
havior of this cycle in the past epochs is a means to bui
model of climate changes on the planet. The thickness of2
snow in the winter above±60 degrees of latitude varies fro
tens of centimeters up to∼1 m (Smith et al., 2001). Taking
into account that the neutron production layer is about 1–
thick, one may expect significant temporal variations of n
tron albedo for the northern and southern permafrost reg
throughout the martian seasons. During the summer, the
and energy spectrum of the neutron albedo is determined b
production and moderation of neutrons inside a water–ice-
layer of the subsurface. (The presence of hydrogen is the
reason for strong moderation, because the H proton in the
ter molecule gets about half of the energy at each collision
a neutron.) In contrast, during the winter, when the thicknes
the CO2 deposit approaches its maximum, the layer of neu
production shifts from the regolith to the layer of overlying c
bon dioxide, which contains a small amount of water and wh
at
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the moderation of neutrons is not so efficient. If the thickn
of the CO2 layer is large enough, about 1 m or so, all of t
escaping neutrons are produced in the CO2 frost, and a further
increase in the thickness of the CO2 does not change the lea
age flux of neutrons.

So, in summer, when the CO2 deposit sublimes from the su
face, the flux of epithermal and high energy neutrons from
poleward permafrost regions goes down. On the other h
the flux increases during winter due to the deposition of
mospheric CO2 onto the surface.

Measurements of neutron flux onboard Mars Odyssey by
HEND and the Neutron Spectrometer clearly display sign
cant variations of neutron flux between the summer and wi
seasons of a given year(Mitrofanov et al., 2003a; Feldma
et al., 2003a; Litvak et al., 2003a, 2003b, 2004). The flux of ep-
ithermal neutrons above the permafrost regions varies betw
winter and summer seasons by a factor of several. The am
tude of the variations is larger at higher polar latitudes. At
border of the seasonal cap (minimal thickness of the CO2 de-
posit), the increase is quite small (1.1–1.3 times), but at m
poleward latitudes (>80 N/80 S), the change in neutron flu
corresponds to a factor of 2–3(Litvak et al., 2003a, 2003b).

In this paper, we compare properties of northern and so
ern permafrost regions using the data from neutron meas
ments by HEND onboard Odyssey. The global neutron map
of Mars’ surface started in February 2002 at the end of sout
summer and is in progress now. It provides the unique op
tunity to study the entire martian year of seasonal change
Mars at high latitudes. Using these data, the comparative a
sis between south and north poleward regions may be do
two ways. According to the first method, we will compare C2
frost-free ground soil surfaces to understand the major di
ences between the water–ice distributions. The second way
the comparison of the time profiles of condensation and su
mation of seasonal carbon dioxide deposits at different reg
together with the estimation of their total masses.

2. Instrumentation and condition of orbital mapping

HEND consists of four detectors to provide measurem
of neutrons within the broad energy range from 0.4 eV
to 15 MeV (Boynton et al., 2004). It has three3He propor-
tional neutron counters coated by a Cd shield and placed in
moderating polyethylene enclosures with different thicknes
These counters record thermal neutrons by neutron captu
actions. When neutrons come into the detector volume,
lose energy in the polyethylene moderator and are bro
down to thermal energies. They are then detected by the
portional counters. The moderation efficiency in polyethyl
depends on its thickness. The Large Detector (LD) with
thickest moderator (∼30 mm) is the most sensitive to neutro
with energies 10 eV–1 MeV. The Medium Detector (MD) w
a 14-mm-thick moderator is used for detection of neutron
the energy range 10 eV–100 keV. The Small detector (SD)
the thinnest (3 mm) moderator is sensitive to neutrons with
ergies from the cadmium threshold 0.4 eV up to 1 keV. T
combination of data from all three detectors (SD, MD, and L
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provides information about the spectral density of the neut
in the broad energy range from 0.4 eV to 1 MeV.

The organic stylbene scintillator (SC/IN) is used to det
neutrons with energies higher than 1 MeV. This scintillator
tects high-energy neutrons by recording flashes of light f
recoil protons knocked out of the organic crystal lattice by n
trons. In space, this organic scintillator may also detect
primary protons of cosmic rays. In addition, cosmic-ray el
trons and secondary electrons produced by gamma-ray ph
are also well detected in the crystal. There is a special electr
board in the instrument, which separates counts of protons
counts of electrons by pulse shape analysis. This technique
vides quite good quality of separation between protons
electrons. The highest probability of making the mistake
detecting an electron signal as a proton signal in such se
tions is about 10−3, which corresponds to the lowest amplitu
counts in the entire energy range. To reject the primary pro
of cosmic rays, HEND uses the active anticoincidence shie
CsI around the stylbene detector. It shields the organic sc
lator from the open sky except in the direction of the mart
surface.

The Mars Odyssey spacecraft is a relatively massive b
which produces secondary nuclear radiation under bomb
ment by the galactic cosmic-ray flux. Orbital neutron meas
ments made by the HEND instrument aboard Odyssey con
a contribution from the spacecraft, called the spacecraft b
ground. The spacecraft background was determined by m
suring the number of neutron counts recorded during nom
collection intervals in the HEND detectors during the cru
and aerobraking phases of the mission when the space
was far from both Earth and Mars. The average numbe
counts per collection interval in each neutron signal is take
the isotropic galactic cosmic-ray flux induced spacecraft ba
ground. The isotropic galactic cosmic-ray flux induced ba
ground is only an approximation of the spacecraft backgrou
When the spacecraft is in an orbit close to Mars, the planet
tially shields the spacecraft from the galactic cosmic-ray fl
The partial shielding decreases the number of galactic cos
rays hitting the spacecraft, therefore decreasing the secon
nuclear radiation produced and causing a decrease in the s
craft background counts. This decrease in background co
per measurement interval is taken into account by multiply
the isotropic galactic cosmic-ray flux induced background
(1 − Ω(t)/4π ), whereΩ(t) is the solid angle subtended b
Mars from the current point in the spacecraft orbit. The eq
tion used to estimate the background subtracted signalSi for
each HEND detector in theith measurement interval is:

(1)Si = Ci − Bi · 4π − 2π · (1− cosθi)

4π
,

whereCi—measured counts duringith collection interval in
given detector in given set of energy channels,Bi—counts from
isotropic galactic cosmic rays inith collection interval in given
detector in given set of energy channels (measured far a
from Mars during cruise and aerobraking mission phases),θi—
angular radius of Mars as seen from Odyssey duringith collec-
tion interval,Si—background subtracted signal inith collection
s
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interval calculated for given detector in given set of ene
channels.

The galactic cosmic-ray flux induced spacecraft backgro
is removed from every measurement interval, resulting i
time-series of background subtracted measurements of ea
the HEND neutron signals.

There is also another source of background affecting
HEND detector. This background is due to neutrons backs
tered from the spacecraft. The data gathered during the a
braking phase of the mission shows that this background c
ponent is several times lower then the primary background
sented in Eq.(1). This backscattered background compon
is proportional to neutron flux from Mars, i.e. it is propo
tional to Si . One may take this component into account as
additional part of the efficiency function, which describes
transformation of the incoming flux of neutrons into counts
the detectors. However, we use the normalization procedur
scribed below, where all signals (Si ) from neutrons at differen
measurement intervals (i) are normalized by the maximum si
nal from Solis Planum. To first order, we believe that this n
malization procedure excludes the backscattering effect f
our analysis. Once the time-series background subtracted
have been produced for each of the five HEND signals, the
is examined to determine if data collection occurred durin
solar particle event. Solar particle events (SPEs) significa
influence the HEND detectors’ counting rates, often incre
ing the counting rates by several orders of magnitude. Any
collected during times of intense solar activity are flagged
excluded from further routine data processing, as the goa
the routine data processing is to create a data set that a
examination of the temporal and spatial changes in martian
tron albedo over time. The exclusion of data collected du
SPEs is based on visual inspection of the data combined
information from Earth observation of solar activity (i.e. GO
spacecrafts). The visual inspections and comparisons with o
data sets do not guarantee that every collection interval tha
been influenced by heightened solar activity has been exclu
It is possible that weak traces of SPEs may remain in the d

The time of a single measurement is∼20 s. During this time
the spacecraft travels about 1 degree of arc over the pl
The spatial resolution for neutron measurements is affecte
the presence of the martian atmosphere. The results of nu
ical simulations show that at certain points in the orbit
instrument collects neutrons from as large a surface are
600× 600 km. In some directions, the HEND field of view
limited by the spacecraft body (∼380 kg, primarily consisting
of Al), which is important for the data deconvolution becau
the probability of the interaction of neutrons with the spa
craft body can be quite large. This also means that the HE
footprint area is not circular. It is smaller than 600× 600 km
and is offset from the nadir direction. However, the offset
fect is negligible for the regions selected for this study, whic
proven by directly comparing data for each surface elemen
measured during both North-to-South and South-to-North fl
conditions, when either the southern or the northern parts o
HEND field of view are partially screened by the spacecraft
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Another possible source of systematic error involves s
tial mixing as it was introduced byTokar et al. (2002)and
Prettyman et al. (2004). The GRS, HEND, and NS have sim
ilar spatial response characteristics and spatially mix the
in comparable ways. For example, there is a transition re
between high and mid southern latitudes in which the G
HEND, and NS sample both the polar water rich region
the dry low latitude region. This gives rise to a broad, smoo
varying profile for the interpreted water abundance betw
low and high latitudes when spatial mixing is ignored, as w
demonstrated by Tokar et al. and Prettyman et al. as menti
above. These studies showed that the NS data were gen
consistent with an abrupt boundary between the ice-rich p
region and the relatively dry mid-latitudes when spatial mix
was included in models of the counting data. Spatial mix
was also shown to result in a systematic bias in the amou
water in the ice table, giving a lower bound on this quant
Because we believe that this effect does not significantly
averaged estimations of minimal water abundances in the
lected regions, we did not account for this effect in our d
analysis in the same manner as was done inTokar et al. (2002)
andPrettyman et al. (2004).

Taking spatial resolution into account, we limited our d
processing by the analysis of relative large regions only. Fo
northern hemisphere, we selected 74 partially intersecting
gions covering the surface area from 60◦N up to the North Pole
The regions selected along the boundary of the northern
rich area (∼60◦N) are 15◦ (longitude) by 10◦ (latitude). The
regions at the pole have sizes equal to 72◦ × 10◦. The south-
ern seasonal cap was covered by a grid of 98 regions sta
from 50◦S. Like in the northern case, the southern border
gions are 15◦ × 10◦, and the southern near-polar regions
72◦ × 10◦ (longitude× latitude).

3. Model dependent deconvolution of HEND neutron data

The measurements of the subsurface structure of Mar
based on the comparison between the orbital observation
and predictions of numerical models of neutron leakage
from the surface. To make this comparison, one needs to d
the model of the neutron production layer. The simplest
sion of this model has to contain 3 or 4 layers: the top la
is the martian atmosphere, the middle layer represents the
able deposition of carbon dioxide on the surface, and the bo
layer (or two layers) correspond(s) to the structure of the s
surface soil. Each layer is comprised of a different substa
with a different composition of elements, and each layer
unique properties for producing and moderating neutrons
escape from the martian subsurface up to the spacecraft.

The martian atmosphere has variable thickness at diffe
points on Mars, and it also varies with the seasons of the
tian year. It is known that the presence of the thin martian
mosphere influences orbital neutron fluxes as a function of
energy (see, e.g.,Prettyman et al., 2003). To take these effect
into account, the layers of martian atmosphere were inclu
in the numerical modeling. The composition of the atmosph
was fixed as the following: carbon dioxide (CO2)—95.32%; ni-
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trogen (N2)—2.7%; argon (Ar)—1.6%; oxygen (O2)—0.13%;
carbon monoxide (CO)—0.08%. The atmospheric column d
sity was taken from the Ames GCM predictions for given
gions and seasons(Haberle et al., 1993).

The layer of the CO2 deposit can be described by only o
free parameter, which can be used to calculate column de
of the deposition. Using the best fitting value of this param
ter, one may estimate the column density of the carbon dio
deposition for different periods of time and for different s
face elements of the planet. The creation of a multidimensi
model of CO2 deposition (thickness vs time and position on
martian surface) is one of the main goals of this study. With
exception of the south polar residual cap, this layer disapp
during the summer and has the largest thickness at the e
the winter for each hemisphere.

The last layer (or layers) in our model describe(s) the st
ture of the shallow subsurface. To study the structure of
regolith, one may use summer observations only, when the
of neutron production does not contain the layer of seas
CO2 deposition. We may define this study asTask1 for deter-
mining the structure of the ground soil. When thisTask1 is
completed and the structure of the ground soil is known,
may use observational data for fall–winter–spring season
determine the variable thickness of the layer of CO2 deposi-
tion. This Task2 will provide the multidimensional model o
this deposition.

For simplicity inTask1, we start by assuming that the grou
soil has a homogeneous composition throughout its depth
cording to this assumption, the water content in the soil is
scribed by a single parameter: the water mass fraction,ζhom.
The composition of the dry soil fraction (1− ζhom) was taken
from the APXS/Pathfinder observations(Wanke et al., 2001
Foley et al., 2003a, 2003b). Task1 in this case is associated wi
searching for the best fitting value of the single free param
ζhom, for the summer-time data gathered in HEND obser
tions.

If the model with depth-homogeneous soil is not suppo
by the observational data (see below), the next level of comp
ity corresponds to adding an additional layer to the struc
of the soil. By weight, the top layer is composed of 2% wa
and 98% soil with the composition found by APXS/Pathfin
(Wanke et al., 2001; Foley et al., 2003a, 2003b). The first value
reflects the minimal amount of bound water which may
found in the upper layers of the martian subsurface (see
example,Foley et al., 2003b; Prettyman et al., 2004). The thick-
ness of the upper layer,hup, is used as the first free parame
of the shallow subsurface. Water content,ζdown, is the second
free parameter of the subsurface structure. The bottom
consists ofζdown water wt% and (1− ζdown) soil wt% with
APXS/Pathfinder composition. In this case,Task1 is completed
when the best fitting values for both parameters,h

(min)
up and

ζ
(min)
down , are found for each surface element according to the

accumulated during summer-time observations.
Besides selecting a numerical model to deconvolve w

abundance in the martian subsurface from relative chang
neutron flux through the planet’s surface, one ought to app
normalization to an absolute value of water content in a part



HEND/Odyssey data on Mars polar regions 27

ar
er

t re
on
the
s o
ged
ux
th

tha
ke
-
on

th
m
th

sti-
)

ted
e
rd

m
00%
-
-
th
m

osi

ace
s o
ns

ini-
an
ld-
nc

e

ee
LD
rre
Th
ex

nds
and

ND
c-
me-
la-
s,

:

im-
the

wn

libra-
ight
ep-
sible
the

ns
hem

an-
ND
the
own
not

pen-
lar region of Mars. The best candidate for such a reference
may be founded at equatorial latitudes (Solis Planum) wh
neutron flux approaches its maximum value. It is the dries
gion of Mars, and it is an area that is not affected by seas
CO2 precipitation. This normalization allows us to exclude
systematic errors caused by effects of temporal variation
neutron emission of Mars due to the variable flux of char
particles from the Sun, variations of Galactic Cosmic Ray fl
temperature drifts and possible degradation of the gain in
HEND detectors. An additional analysis has also shown
temperature drifts (the HEND electronics and detectors are
in the temperature range 0–5◦C) and degradation of gain (com
parative analysis for different periods of the mission has c
firmed excellent stability of spectra shapes) are negligible.

For the analysis discussed in this paper, we have fixed
minimal content of water in the martian surface (Solis Planu
at the 2% level. This choice is supported by the “ground tru
(APXS measurements of bound water, seeFoley et al., 2003b),
numerical simulations based on “winter” normalization, e
mation of minimal abundance of water(Prettyman et al., 2004
and comparisons between HEND, NS and GRS data.

The winter normalization procedure was initially sugges
by Feldman et al., 2003a, 2003b. Following this approach, w
have selected and modeled HEND data gathered polewa
85◦N during north polar winter (Ls = [0◦,20◦]). For these
measurements, we have used a two-layer model (soil+ CO2

frost) of the martian subsurface. In this model, the bottom se
infinite layer simulated the basement terrain composed of 1
H2O and was covered by 65 g/cm2 of CO2 frost (see, for exam
ple,Feldman et al., 2003a, 2003b, 2004). Using such a normal
ization to winter north polar data, we are able to estimate
content of water in other regions of Mars. For Solis Planu
such an estimation resulted in 2.1± 0.1% water provided this
region is fitted by a homogeneous model with APXS comp
tion and an unknown content of water.

A minimum abundance of water in the martian subsurf
of around 2% by weight is also supported by the analysi
Prettyman et al. (2004), based on the saturation of fast neutro
gathered by the NS instrument.

Finally, we have also found that estimations of the m
mum water abundance at equatorial regions from neutron
gamma data (presentations of I. Mitrofanov/HEND, W. Fe
man/NS and W. Boynton/GRS at 6th International confere
on Mars, Pasadena, 2003, see alsoFeldman et al., 2003b, 2004)
gives approximately the same values for Solis Planum.

When the solution toTask1 is found for a selected surfac
element of Mars, the best fitting parameters ofTask1 can be
fixed, and the search for the solution toTask2 is started with
only one free parameter: the column density,ξCD, of carbon
dioxide deposition.

The search for appropriate solutions toTask1 andTask2 is
based on the minimization procedure of the difference betw
the set of observed counts in the HEND sensors (SD, MD,
SC/IN) and the set of model-predicted counts, which co
spond to testing the model with the given parameter(s).
minimization function can be presented as the following
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Fig. 1. Efficiency functions for the HEND detectors. The thick line correspo
to the efficiency of the inner scintillator stylbene detector. The thin, dash
dash–dot lines correspond to the LD, MD, and SD detectors, respectively.

pression:

(2)S(Pj ) =
∑

i

(
Si − Mi(Pj )

σi

)2

,

whereSi are background subtracted counts from the HE
sensors (i = 1,2, . . . , k), Mi are model predicted counts a
cording to numerical simulations for selected model para
tersPj , andσi is the total error including statistical and calcu
tion errors (MCNPX errors+uncertainty of response function
see below).

TheMi value may be calculated from following equation

(3)Mi =
E2∫

E1

dN

dE
(E) · Seffi (E)dE,

where dN/dE is the neutron leakage spectrum of the orbit s
ulated by MCNPX code for the selected martian model with
given atmosphere, regolith structure and thickness of CO2 frost
(see, for example,Prettyman et al., 2004, Appendix B). The
irradiation of the martian surface is deduced from the kno
spectral density of CGR flux (see, for example,Reedy, 1987).

Seffi (E) is the detector efficiency function (seeFig. 1).
These response functions were generated from ground ca
tions for each HEND detector as it was packaged in the fl
version of HEND. (The HEND is a small instrument and s
arate detectors may influence each other.) To avoid pos
misleading interpretations due to systematic errors, we fixed
maximal errors (∼10% as estimated during ground calibratio
of HEND data) of the response functions and have taken t
into account in the minimization procedure(2). E1 andE2 de-
fine the selected energy intervalE.

In numerical simulations, we also took into account the
gular dependency of the response functions for each HE
detector as it was packaged in HEND flight version. For
HEND, as a stand alone instrument, calibrations have sh
that the angular dependency of the efficiency functions is
the dominating factor when compared to the energy de
dency. The difference between arbitrary functions Seff(E,α1)
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Fig. 2. The illustration of the direct comparison between real HEND coun
rates (thick line) and best fit model predictions (thin line).

and Seff(E,α2) calculated for a given HEND detector can
fitted by a normalization constant and is diminished if in d
processing we normalize to the counts registered above a
ticular region. Onboard Odyssey, the HEND instrument is p
tially screened from martian neutron flux by the mass of
spacecraft. For example, for the fast neutrons with energie
about 1 MeV, the probability of no interaction may be roug
estimated as 0.08, showing that most 1 MeV neutrons trave
through the spacecraft are attenuated. But the compariso
tween maps (counting rates in HEND epithermal and fast n
tron detectors) created for North-to-South and South-to-N
flybys have shown that for the regions selected for the ana
the effect of partial screening is non-significant.

Due to unavailable information about the spacecraft mo
we did not take into account in our data analysis the backs
tering of martian neutrons in the spacecraft body. To solve
problem, we consider the spacecraft as a black body and
normalization to Solis Planum. We believe that this meth
in data reduction suppresses the problems with HEND’s
structed field of view to the first order of magnitude.

The quality of minimization may be estimated using aχ2
n

distribution withn degrees of freedom, wheren = k − p (k is
the number of independent signals, andp is the number of
free parameters in the tested model). Usually, the tested
pothesis can be accepted if the probability to get the mini
value,Smin(Pj ), due to random fluctuations ofχ2

k−p is larger
than 0.01–0.05. If the probability lies below the accepta
level, one should conclude that the difference between m
predictions and observed counts is not a result of random
tuations, and the model is not supported by observations.
total number,k, of independent signals varies depending on
model.

The correspondence between real HEND data and be
model predictions is illustrated byFig. 2where epithermal an
fast neutron counting rates are compared with model est
tions.
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4. Distribution of water–ice at the Mars polar regions

We have solvedTask1 to estimate the content of water
the subsurface for enormous permafrost territories surroun
the north and south poles. All numerical calculations were
formed using the MCNPX Monte Carlo code(Waters, 1999),
which transforms the flux of Galactic Cosmic Rays into
count rates in the detectors of HEND in orbit.

The sensitivity of the tested model to the structure of
regolith is determined by comparing the statistics at differ
energy bands. Fast neutrons are mainly produced at sm
depths than neutrons with lower energies (epithermal). T
ing into account that the HEND detectors cover a relativ
large energy range (0.4 eV–15 MeV), one may verify the l
ered structure of the martian subsurface by analyzing neu
fluxes that registered in different energy bands of the HE
instrument. This approach was realized through the minim
tion procedure(2) in which measurements of neutron fluxes
different detectors (different energy bands) are compared
model predictions. The selection between the homogeneo
double-layered models is based on the incompatibility of
energy (SD, MD, LD detectors) and high energy channels (S
ben detector) in the minimization sum(2). This occurs in the
case that hydrogen is inhomogeneously distributed throug
the depth.

The martian atmosphere and the composition of the reg
(except hydrogen) play an important, but not dominant, rol
forming orbital neutron leakage spectra. The major effect is
fined by the distribution of hydrogen in subsurface layers
Mars.

The first step was to test the homogeneous model of the
surface for both polar regions (seeTable 1). For the latitude
belts of the northern region, the homogeneous model w
very well and gives very high acceptance probabilities.
believe that a more complex model of the subsurface is
necessary for the northern permafrost region. The estimate
erage content of water–ice corresponds to 44%, 25%, and
by weight for the northern polar region (>80◦N), the north-
ern high latitude belt (70◦N–80◦N), and the northern boundar
belt (60◦N–70◦N), respectively. A similar analysis was r
peated for the set of 74 regions (see Section2) covering the
northern permafrost territory. It was found that the homo
neous model of the subsurface also works well for this sam
of separate regions as it does for the data averaged alon
latitude belts.

Implementation of the homogeneous model for the south
water–ice-rich region has not been so successful (Table 1). In
all cases tested, the minimum of the function(2) was found to
be too large to have resulted from statistical uncertainty;
probabilities of acceptance for the homogeneous models
not exceed several percent. According to statistical rules,
has to reject the homogeneous model of the subsurface fo
latitude belts of the southern water–ice-rich region. One p
sible explanation may be that strong regional variations of
water content exist within the southern region. According
this theory, the homogeneous model could not describe th
tire latitude belt, but it would be acceptable for separate reg
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Table 1
Homogeneous model of regolith: content of water in different latitude belts

Martian season,
Ls

Coordinates Water
content (%)

Probability for homo-
geneous model

120◦–150◦ 0◦–360◦ 44.1 0.6
>80◦N

120◦–150◦ 0◦–360◦ 24.8 0.4
70◦N–80◦N

120◦–150◦ 0◦–360◦ 12.5 0.7
60◦N–70◦N

330◦–360◦ 0◦–360◦ 22.7 0.004
>80◦S

330◦–360◦ 0◦–360◦ 19.5 0.03
70◦S–80◦S

330◦–360◦ 0◦–360◦ 11.2 0.07
60◦S–70◦S

within it. We also tested this possibility for a set of 98 differe
surface elements (see Section2), and again revealed the lack
correlation between the HEND experimental data and the
merical simulation. In most of these regions, the derived ac
tance probabilities have been found to be below the accep
level. In fact, the homogeneous model has been rejected
appropriate description of the southern water–ice territory.

The next level of complexity of the subsurface model co
sponds to the adding a double layer with free parametershup

andζdown (see section above). To increase the sensitivity of
model to the layered structure, five observational signals f
the HEND detectors (SD, MD, LD, SC/IN for 0.85–2.5 Me
and SC/IN for>2.5 MeV) were used when testing the min
mization of function(2).

The average HEND data for the southern latitude belts
port the double-layered model of the subsurface. The best fi
values of the free parameters correspond to a rather high a
tance probability (more than 30%). The average column den
of the top dry layer is about 16–25 g/cm2, and the averag
content of water–ice is about 55% by weight above 70◦S and
then decreases to 25% by weight at the southern boundary
60◦S–70◦S. The south residual cap is covered by CO2 frost
all year round and should be treated separately. However
neutron data show that the CO2 coverage of the residual ca
at the South does not dominate the data for selected reg
within 80◦–90◦ latitude during the summer season. Indeed,
measured a very large increase of the neutron albedo for
region during the winter season, when the seasonal laye
CO2 covers the surface. For the summertime, we found tha
double-layered model of the surface is acceptable to fit the
from the south polar region. (This result differs from that fou
by Tokar et al. (2003)andPrettyman et al. (2004).) Therefore,
the residual cap with dry CO2 ice at the top was not remove
from the data.

The detailed analysis of a large set of experimental data g
ered for both the northern (74 surface elements) and sou
(98 surface elements) regions of Mars (seeTables 2 and 3) re-
vealed that the main difference between these regions is
only the content of water–ice, but the structure of the sub
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face (see alsoMitrofanov et al., 2004a, 2004b). In the north,
the data agrees with the depth-homogeneous model. It m
that dirty water–ice may be found at surface level. On the c
trary, in the south, the water–ice is covered by a dry top la
with a thickness>15 g/cm2. Below the dry layer, the water–ic
content is found to be quite similar to the content of water–
in the North, except that the southern weight fraction of wa
is larger by 5–10% (see alsoMitrofanov et al., 2004a, 2004b).
Assuming a density of 1.6 g/cm3 for this dry layer, the column
density value may be converted to about 10–20 cm of dry b
ket above the ice-rich soil at the southern permafrost territo

Besides differences in the vertical structure and conten
water, there is a sharp distinction in the spatial distribut
of water–ice in the northern and southern hemispheres. In
south, the region with the maximum content of water–ice
significantly larger than in the north (seeFig. 3). In the north-
ern hemisphere, the maximum content of ice is limited by
boundary of the north residual cap. In the southern hemisph
maximum ice content is distributed over a much larger territ
One may say that it is roughly limited by latitudes polewa
of 75◦S.

For both northern and southern regions, the average co
of water–ice exceeds about 50–60% by weight, which co
sponds to a volume fraction of more than 60%, i.e. the ic
the main substance of the subsurface. Even in the boun
belts, the fraction of the ice by volume is still found to be ve
large: about 13% by weight in the north and 25% by wei
in the south. The high fraction of water–ice is relevant to t
ories of Mars evolution(Mellon and Jakosky, 1995). One has
to understand how the subsurface was formed with this e
mous fractional volume of water–ice and was then prese
up to the current time. The ice content of the frost layer (m
then 50% by volume) is too great to be deposited by vapor
fusion and condensation into pores (see alsoTokar et al., 2003
andPrettyman et al., 2004). It means that ice must have be
deposited by some other mechanism. The modern theori
water ice stability in the martian subsurface appeal to clim
variations resulting from quasi-periodic variations in orbital
rameters. Mars’ obliquity defining solar insolation of the m
tian surface has ranged from 14◦ to 48◦ (Touma and Wisdom
1993; Laskar et al., 1993, 2002). Climate models predict tha
during periods of high obliquity, ice stability zones are shif
to the equator, while for low obliquity periods, they shrink ba
toward the polar caps(Richardson et al., 2002, 2003; Habe
et al., 2003; Mischna et al., 2003). For example, with obliquity
>45◦ (several Myr ago), it is predicted that water ice sho
be stable at the equator through the year (see, for exam
Richardson and Wilson, 2002). During the past 300 kyr, th
obliquity has oscillated around 25◦. During this time, the wa-
ter ice was stable only at polar zones (>60◦ latitudes) and was
removed from mid-latitudes. Traces of the shrinking ice-r
mantle are found through geological surveys of regions lay
between 30◦ and 60◦ latitude(Head et al., 2003).

It is interesting to compare ice depths found by the anal
of HEND data with maps of ice table depth based on subsur
ice stability models(Mellon, 2003). In the case of the norther
territories (>60◦N latitude), the ice stability model predicts ic
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Table 2
Northern hemisphere—parameters of homogeneous model

North regions coordinates (degree) Water (%) Probability for ho
geneous modelLongitude1 Longitude2 Latitude1 Latitude2

0 15 60 70 14.4 0.4
15 30 60 70 12.5 0.3
30 45 60 70 12.9 0.9
45 60 60 70 10.5 0.7
60 75 60 70 10.9 0.3
75 90 60 70 11.8 0.0
90 105 60 70 11.7 0.3

105 120 60 70 14.1 0.1
120 135 60 70 15.7 0.1
135 150 60 70 14.3 0.2
150 165 60 70 15.6 0.1
165 180 60 70 14.1 0.5
180 195 60 70 15.5 0.2
195 210 60 70 24.6 0.3
210 225 60 70 21.9 0.3
225 240 60 70 27.4 0.7
240 255 60 70 25.7 0.8
255 270 60 70 22.2 0.3
270 285 60 70 12.6 0.2
285 300 60 70 8.6 0.1
300 315 60 70 7.2 0.5
315 330 60 70 7.6 0.4
330 345 60 70 9.1 0.1
345 360 60 70 12.7 0.4

0 18 65 75 18.8 0.4
18 36 65 75 18.4 0.3
36 54 65 75 17.6 0.4
54 72 65 75 15.7 0.2
72 90 65 75 15.7 0.0
90 108 65 75 18.3 0.2

108 126 65 75 19.1 0.4
126 144 65 75 24.0 0.1
144 162 65 75 18.4 0.6
162 180 65 75 21.8 0.1
180 198 65 75 24.2 0.4
198 216 65 75 24.9 0.3
216 234 65 75 30.6 0.6
234 252 65 75 30.5 0.5
252 270 65 75 27.0 0.3
270 288 65 75 16.8 0.2
288 306 65 75 10.1 0.2
306 324 65 75 8.4 0.2
324 342 65 75 10.9 0.1
342 360 65 75 15.7 0.3

0 24 70 80 25.9 0.6
24 48 70 80 27.3 0.1
48 72 70 80 28.2 0.1
72 96 70 80 19.1 0.1
96 120 70 80 26.1 0.2

120 144 70 80 24.6 0.3
144 168 70 80 28.0 0.3
168 192 70 80 27.3 0.1
192 216 70 80 25.0 0.2
216 240 70 80 31.1 0.6
240 264 70 80 27.6 0.4
264 288 70 80 19.9 0.2
288 312 70 80 15.6 0.2
312 336 70 80 13.8 0.2
336 360 70 80 21.9 0.1

0 36 75 85 33.8 0.4
36 72 75 85 30.1 0.5

(continued on next page)
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Table 2 (continued)

North regions coordinates (degree) Water (%) Probability for ho
geneous modelLongitude1 Longitude2 Latitude1 Latitude2

72 108 75 85 32.1 0.2
108 144 75 85 32.3 0.3
144 180 75 85 30.0 0.3
180 216 75 85 30.2 0.2
216 252 75 85 30.4 0.4
252 288 75 85 25.0 0.2
288 324 75 85 23.1 0.2
324 360 75 85 33.4 0.4

0 72 80 90 50.0 0.1
72 144 80 90 40.1 0.2

144 216 80 90 38.4 0.4
216 288 80 90 40.3 0.6
288 360 80 90 55.1 0.4
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Fig. 3. Distribution of water–ice in the northern hemisphere (solid line)
southern hemisphere (dashed line).

depths ranges from several centimeters up to 20–30 cm, w
analysis of HEND data claims that water ice is homogeneo
distributed throughout depth and may be actually observe
surface level. For the southern hemisphere, HEND observa
are more similar to the model predictions except at polar
tudes where the ice stability model predicts smaller water
depths than were found in the analysis of neutron data.

Another work based on analysis of neutron data (NS/M
Odyssey data,Prettyman et al., 2004) claims that the regolith
in southern regions (>60◦S) may be fitted by a double-layere
model with 2% water (by weight) in the upper layer, 60± 10%
water (by weight) in the bottom layer, and an upper layer c
umn density of∼15 g/cm2. This is rather close to our estim
tions performed for the southern province (>70◦S) assuming a
soil density of 1.4–1.6 g/cm3 (seeFigs. 3 and 4).

5. Distribution of CO2 deposition at Mars polar regions

Analysis of seasonal variations of CO2 deposition is base
on the solution ofTask2 of the HEND data deconvolution.Task2
may be considered whenTask1 has already been accomplish
(see Section4).
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Fig. 4. The depth of occurrence of the water bearing layer in the southern h
sphere.

This means that the best fitting parameters, which desc
the composition of the ground subsurface, can be fixed acc
ing to Task1. To estimate the seasonal deposition of car
dioxide, we solveTask2 with the column density of the CO2 de-
position as the variable parameter. Varying the column den
one may find the best correspondence between model pr
tions and experimental data by the minimizing function(2) (see
Section3 above).

For the northern hemisphere, measurements started a
end of winter, so we have observed the transition from the m
imal presence of the CO2 deposit to the stage of its sublimatio
into the martian atmosphere. In contrast, in the southern h
sphere, the initial period of observations corresponds to
summer, when the presence of CO2 deposition was limited by
the southern residual cap. Going farther into southern fall,
have observed how the CO2 frost gets thicker as it condens
from the enormous mass of atmospheric carbon dioxide. In
cases, the observational data allow the study of the dynami
the seasonal caps and the determination of when the accu
tion of CO2 reached its maximum. The last value may be u
to estimate the total masses of the seasonal caps at both
spheres.
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Table 3
Southern hemisphere—parameters of double layered model

South regions coordinates (degree) Depth (cm) Water (%) Probability for do
layered modelLongitude1 Longitude2 Latitude1 Latitude2

0 15 −60 −50 25.0 2.6 0.4
15 30 −60 −50 25.0 2.6 0.4
30 45 −60 −50 25.0 7.3 0.4
45 60 −60 −50 10.0 8.1 0.4
60 75 −60 −50 15.0 25.0 0.4
75 90 −60 −50 10.0 12.6 0.6
90 105 −60 −50 10.0 15.1 0.5

105 120 −60 −50 15.0 24.5 0.3
120 135 −60 −50 20.0 25.0 0.4
135 150 −60 −50 15.0 8.1 0.6
150 165 −60 −50 25.0 11.8 0.9
165 180 −60 −50 25.0 6.9 0.6
180 195 −60 −50 10.0 3.5 0.2
195 210 −60 −50 25.0 4.5 0.3
210 225 −60 −50 20.0 3.6 0.4
225 240 −60 −50 15.0 3.2 0.5
240 255 −60 −50 20.0 2.7 0.7
255 270 −60 −50 25.0 4.4 0.7
270 285 −60 −50 20.0 3.3 0.4
285 300 −60 −50 25.0 3.5 0.8
300 315 −60 −50 7.5 2.9 0.8
315 330 −60 −50 25.0 5.1 0.8
330 345 −60 −50 25.0 6.7 0.8
345 360 −60 −50 20.0 4.0 0.4

0 15 −70 −60 20.0 25.0 0.9
15 30 −70 −60 20.0 26.6 0.6
30 45 −70 −60 10.0 12.3 0.8
45 60 −70 −60 15.0 17.7 0.4
60 75 −70 −60 7.5 21.3 0.7
75 90 −70 −60 10.0 43.2 0.3
90 105 −70 −60 10.0 42.6 0.7

105 120 −70 −60 10.0 31.8 0.5
120 135 −70 −60 10.0 31.4 0.3
135 150 −70 −60 15.0 39.9 0.9
150 165 −70 −60 15.0 32.6 0.4
165 180 −70 −60 15.0 24.0 0.5
180 195 −70 −60 10.0 15.1 0.7
195 210 −70 −60 15.0 22.1 0.2
210 225 −70 −60 10.0 14.0 0.8
225 240 −70 −60 20.0 31.8 0.8
240 255 −70 −60 20.0 28.8 0.7
255 270 −70 −60 15.0 22.1 0.4
270 285 −70 −60 15.0 25.1 0.5
285 300 −70 −60 20.0 40.2 0.4
300 315 −70 −60 20.0 54.1 0.4
315 330 −70 −60 15.0 23.7 0.9
330 345 −70 −60 7.5 9.9 0.8
345 360 −70 −60 25.0 32.5 0.8

0 18 −75 −65 15.0 40.0 0.5
18 36 −75 −65 15.0 40.0 0.6
36 54 −75 −65 15.0 39.1 0.7
54 72 −75 −65 10.3 27.7 0.1
72 90 −75 −65 8.0 45.0 0.2
90 108 −75 −65 12.0 61.0 0.4

108 126 −75 −65 13.0 54.0 0.3
126 144 −75 −65 16.0 70.0 0.2
144 162 −75 −65 12.5 49.0 0.2
162 180 −75 −65 16.5 70.0 0.2
180 198 −75 −65 16.3 70.0 0.4
198 216 −75 −65 11.5 38.0 0.2
216 234 −75 −65 10.0 26.5 0.6

(continued on next page)
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Table 3 (continued)

South regions coordinates (degree) Depth (cm) Water (%) Probability for do
layered modelLongitude1 Longitude2 Latitude1 Latitude2

234 252 −75 −65 10.0 21.2 0.7
252 270 −75 −65 10.0 28.7 0.2
270 288 −75 −65 10.0 27.8 0.4
288 306 −75 −65 10.0 32.3 0.3
306 324 −75 −65 10.0 40.0 0.1
324 342 −75 −65 10.0 25.0 0.8
342 360 −75 −65 15.0 26.5 0.6

0 24 −80 −70 12.5 52.6 0.7
24 48 −80 −70 12.5 52.8 0.7
48 72 −80 −70 12.5 62.5 0.5
72 96 −80 −70 12.5 66.2 0.5
96 120 −80 −70 12.5 65.0 0.5

120 144 −80 −70 12.5 55.0 0.1
144 168 −80 −70 12.5 66.4 0.1
168 192 −80 −70 10.0 39.5 0.3
192 216 −80 −70 12.5 68.2 0.1
216 240 −80 −70 12.5 60.1 0.4
240 264 −80 −70 12.5 65.3 0.6
264 288 −80 −70 12.5 73.8 0.5
288 312 −80 −70 8.0 36.4 0.3
312 336 −80 −70 10.0 47.0 0.1
336 360 −80 −70 6.0 25.3 0.4

0 36 −85 −75 10.0 66.3 0.4
36 72 −85 −75 10.0 48.8 0.3
72 108 −85 −75 12.5 62.4 0.3

108 144 −85 −75 12.5 64.5 0.2
144 180 −85 −75 10.0 49.3 0.2
180 216 −85 −75 8.0 36.7 0.2
216 252 −85 −75 12.5 70.0 0.3
252 288 −85 −75 10.0 68.2 0.3
288 324 −85 −75 8.0 43.8 0.1
324 360 −85 −75 4.0 31.5 0.2

0 72 −90 −80 10.0 53.1 0.5
72 144 −90 −80 10.0 64.4 0.2

144 216 −90 −80 10.0 51.3 0.1
216 288 −90 −80 10.0 64.4 0.3
288 360 −90 −80 10.0 55.0 0.2
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Neutron and gamma-ray spectroscopy are able to pro
independent estimations of the CO2 deposit’s mass. The tota
massM of the CO2 deposit covering the surface of a particu
region may be estimated asM = ∆ × S × h ≡ S × Cd . Where
∆ is the density of the CO2 deposit;h is the linear thicknes
of the CO2 deposit,S is the surface area, andCd is the column
density of the seasonal deposit.

We estimated the column density of the deposition of C2
for each of 172 selected regions in the northern and sout
hemispheres of Mars. Additionally, the whole period of obs
vation was divided into a set of time intervals which cover
transition between different seasons of the martian year. T
were 11 and 12 such periods selected for northern and sou
hemispheres, respectively. The multidimensional modelin
the CO2 deposition on Mars is based on the solutions ofTask2
of the HEND data analysis for 814 cases for the north (74
face elements× 11 season periods) and for 1176 cases for
south (98 surface elements× 12 season periods).

The time history of the condensed mass of the CO2 deposit
at different northern and southern latitude belts is presente
the upper graphs ofFigs. 5, 6. For both poles, there is a defini
e
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latitude dependence of the condensation and sublimation o
CO2 deposit in the early spring. When carbon dioxide start
sublime from the lower latitudes, it is still stable or even is s
accumulating at higher latitudes. There is a time delay of
maximal accumulation of condensed mass for higher latitu
in comparison with lower latitude belts near the borders of
seasonal caps. It is also seen that the peaks of accumulat
high latitudes are broader and smoother than the peaks obs
at lower latitudes belts.

The contribution to the total CO2 mass varies for differen
latitude belts. Although the polar regions are covered by
thickest layer of CO2, they contribute a significantly smalle
fraction to the total mass of the seasonal cap when compar
the lower latitude belts with a larger area.

Estimations of the annual changes of the total mass of
seasonal caps are also presented onFigs. 5, 6(bottom graph). In
addition to HEND data on these graphs, we present recen
merical simulations of the seasonal cap masses derived from
GCM (shown by dashed line,Smith and Zuber, 2003). Analysis
of the HEND observations shows that the maximum conden
mass at the North may be estimated as (3.8±0.2)×1015 kg (see
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Fig. 5. Changes in the CO2 mass of the northern seasonal cap as a functio
time. Temporal behavior of the total mass of the northern seasonal cap
line) and GCM predictions (dashed line) are shown on the bottom graph. C
showing changes of the CO2 deposit mass at different northern latitudes
shown on the top graph as a function of time. The thin line correspond
the 60◦N–70◦N latitude belt; the thick line corresponds to the 65◦N–75◦N
latitude belt; the dotted line corresponds to the 70◦N–80◦N latitude belt, the
dashed line corresponds to 75◦N–85◦N, and the dash-dotted line correspon
to 80◦N–90◦N.

Fig. 5). It was observed atLs ∼ 5◦ between the end of north
ern winter and the beginning of northern spring. This valu
found to be close to the predictions of the GCM (seeFig. 5).
But, it is the only case of good correspondence between
numerical simulations from the GCM and the HEND expe
mental measurements. According to the GCM, the maxim
mass of the CO2 deposit in the northern hemisphere has to
cur significantly earlier (∼10 degrees ofLs ) than was found
from analysis of the HEND data. The shapes of the GCM
HEND mass time profiles also look quite different. The larg
difference between the two mass estimations may be up to
for particular seasonal intervals.

It is difficult to explain this effect by systematic errors
HEND data analysis. The systematic errors (if they exist) p
a dominant role in the wrong estimation of CO2 frost column
density (y-axis inFigs. 5, 6), but do not significantly change th
observed time history of condensation/sublimation proce
(x-axis in Figs. 5, 6) because they act equally on datas
gathered at different times. Moreover, the comparison betw
f
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Fig. 6. Changes of the mass of the southern seasonal cap as a function o
Temporal behavior of the total mass of the southern seasonal cap (solid
and GCM predictions (dashed line) are shown on the bottom graph. C
showing changes of the CO2 deposit mass at different southern latitudes
shown on the top graph as a function of time. The thin line correspond
the 60◦S–70◦S latitude belt; the thick line corresponds to the 65◦S–75◦S
latitude belt; the dotted line corresponds to the 70◦S–80◦S latitude belt, the
dashed line corresponds to 75◦S–85◦S, and the dash-dotted line correspon
to 80◦S–90◦S.

HEND, Mars Odyssey/NS, and the GCM estimation of C2
frost at polar latitudes [see NS results published inFeldman
et al., (2003a, 2003b)] demonstrates quite a good correspo
dence between different types of data. Our data analysis s
that the time lag between the HEND and GCM estimation
the masses of the polar caps is found to be∼2–3 weeks. This
discrepancy should mainly be attributed to the moderate
tudes.

The main conclusion that may be derived here is that neu
observations give a very similar estimation for the mass of
northern seasonal cap in comparison to numerical simula
of the martian atmosphere (see, for example,Smith and Zuber
2003). But, the obtained variations of the condensed mas
the northern hemisphere do not correlate well. The last fac
quires close attention and further data analysis to unders
the nature of the phenomenon.

For the southern seasonal cap, the maximum accumul
of condensed CO2 mass may be estimated as (6.3 ± 0.2) ×
1015 kg (seeFig. 6). This maximum is observed at the end
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southern winter (Ls ∼ 150◦–160◦). Comparison between GCM
numerical simulations and HEND results shows good co
spondence between both time curves. The HEND mass c
less below the GCM time profile, but the difference betwe
these curves is not as large as it was found to be for the n
ern hemisphere. The estimations of the maximum mass o
southern seasonal cap also provide similar values in both c
However, the observed moment of peak mass accumulati
about 10 degree ofLs later than predicted by the GCM. This
similar to the northern hemisphere case.

Previous estimations of the mass of the CO2 deposition
were derived from predictions of the GCM as from analysis
Mars Global Surveyor (MGS) experimental data(Smith et al.,
2001, 2003; Kieffer and Titus, 2001; Yoder et al., 2003). For
MGS, the redistribution of CO2 mass between the martian pol
influences the spacecraft in orbit. Using precise models o
gravity potential, it is possible to convert distortions of t
spacecraft orbit into the variable masses of the seasonal
(Smith et al., 2001, 2003; Yoder et al., 2003). This approach is
strictly model dependent and does not have very high accu
So, the estimations made byYoder et al. (2003)correspond to
the broad range from 3.7 × 1015 up to 8.6 × 1015 kg for the
northern seasonal cap. The total mass of the southern sea
cap was estimated to be 30–40% larger than for the nort
cap.

The neutron and gamma-ray measurements are sensit
the column density (g/cm2) and cannot provide estimations
the linear thickness of the CO2 deposition. It is necessary t
know the density of the CO2 deposit to convert column densi
to linear thickness measured in cm (column density= linear
thickness× density). The density of the seasonal deposit ca
taken from MOLA data onboard MGS for the previous mart
year(Smith et al., 2001, 2003; Yoder et al., 2003). It may also
be estimated from the direct comparison between the col
density of CO2 measured by neutron instruments and the C2
thickness variation measurements by MOLA.

Such attempts have already been done using neutron
troscopy data gathered onboard Mars Odyssey (HEND,
and elevation data from MOLA/MGS (Mitrofanov et al., 2003a
Aharonson et al., 2004, in press). The quality of the MOLA
measurements is very high at polar latitudes where the th
ness of the CO2 deposit is close to its maximum value. But, t
measurement quality is low at the border of the seasonal
where the thickness is too small in comparison to the MO
resolution of about 20 cm. On other hand, the HEND m
surements are not very sensitive to the thickness of the2
deposition at the polar regions because the column de
of the CO2 frost is comparable to the thickness of the la
in which the neutron production occurs. After a thickness
about 1 m, a larger thickness of CO2 does not lead to a chang
in neutron production. But at low latitudes, HEND has a hig
efficiency than MOLA for measurements of the CO2 layer be-
cause even several centimeters of CO2 changes the leakage flu
of neutrons enough for reliable measurements of the sea
deposition(Litvak et al., 2003a, 2004). Taking this fact into ac-
count, one concludes that the polar latitudes (70◦–85◦) present
the most favorable region over which to perform density
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Fig. 7. Comparison between HEND CO2 frost column density and MOLA snow
depths for same martian seasons. The measurements for 75◦N–85◦N latitude
belt are shown by squares and measurements for 70◦N–80◦N latitude belt are
shown by triangles. The straight lines represent best fits extracted from th
proximation of the data by a linear model.

timations. Using results published inSmith et al. (2001)and
Mitrofanov et al. (2003a)together with current estimations
CO2 column density at different latitudes, one may prov
rough estimations of the CO2 mass density. To explain our e
timations of the CO2 deposit density, we have included a gra
(seeFig. 7) describing the dependency of the CO2 column den-
sity (g/cm2, HEND data) on the deposit’s linear thickness (c
MOLA data, published inSmith et al., 2001). Each data poin
on the graph corresponds to a particular martian seaso
which HEND and MOLA data are available. Here we pres
two northern latitude belts: 70◦N–80◦N and 75◦N–85◦N. The
evident correlation between the two types of data allows u
extract the density of the CO2 frost for a given latitude belt
The slope of a line fitting the experimental points is an estim
of the CO2 deposit density (∼0.9 g/cm3 for 75◦N–85◦N and
∼1.1 g/cm3 for 70◦N–80◦N, seeFig. 7, this technique was
tested inAharonson et al., 2004, in press). Taking into accoun
the scattering of the experimental points, it is difficult to dr
strong conclusions about the latitude dependence of the infe
CO2 deposit density. But, these results may be an indication
such latitude-dependent density effects may be detected in
ther analysis.

6. Conclusions

In this paper, we have compared polar regions of Mars u
neutron spectroscopy data from the HEND instrument onb
Mars Odyssey. Analysis of the neutron albedo of Mars m
be considered a powerful tool for studying the distribution
water–ice in subsurface layers of the planet. Regional variat
of the neutron flux observed at high northern and southern
itudes during the summer seasons are mainly produced
non-homogeneous surface distribution of water–ice. Temp
variations of the neutron flux as a function of the martian s
sons result from the time-dependent nature of the depositio
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atmospheric CO2. These data can be converted into estimati
of the masses of the CO2 deposits that seasonally condense
the polar regions.

To deconvolve measurements of neutron flux into esti
tions of water content, it is necessary to assume a model fo
martian regolith. Here, we have tested the two simplest m
els: a depth-homogeneous model and a double-layered m
It was found that the homogeneous model provides approp
agreement with observations for the northern polar region. D
analysis shows that dirty water–ice is placed very close to
surface at high northern latitudes. It may be covered by a
thin layer of dust with a thickness of at most a few centimet
The distribution of water–ice is latitude dependent: the m
fraction of water increases from 10–15% at 60◦N to ∼50% at
more poleward latitudes.

For the south polar region, we also found approximately
same mass fraction of water as in the northern hemisph
But, the data gathered for the southern hemisphere disa
with the homogeneous model. It was shown that the dou
layered model of the regolith works well: the water–ice r
layers are covered by a dry layer of soil with a thickness
about 10–20 cm.

Taking into account that northern permafrost ice is loca
close to the surface, we think that one may assume it activel
teracts with the martian atmosphere. It leads to speculations
at the present epoch, the formation of the northern ice shie
still in progress. In the southern hemisphere, the interact
between the martian atmosphere and water–ice are severe
minished by the top layer of dry soil. It may point out that t
formation process of the water–ice shield was finished in
southern hemisphere a long time ago as a dry layer was for

We also analyzed temporal variations of neutron flux at
lar regions. These variations are controlled by the globa
distribution of atmospheric CO2 between the martian pole
From analysis of seasonal changes of neutron flux, we
derived the time curves of the mass variations within the no
ern and southern seasonal caps. It was found that the m
mum mass of the southern seasonal cap can be estimat
(6.3± 0.2)× 1015 kg, which is 40–50% larger than the mass
the northern seasonal cap[(3.8±0.2)×1015 kg]. These results
are in good agreement with calculations based on the G
But, according to observations of neutron flux, the accum
tion of the maximum condensed mass occurred∼10 degrees o
Ls later than what follows from GCM predictions(Smith and
Zuber, 2003).

There are definite possibilities for further development of
methods described in this paper. The next step in this direc
concerns comparing different types of experimental data.
first preliminary analysis of gamma-ray and neutron data sh
that the distribution of water–ice throughout the subsurfac
the south polar region may be more complicated than can b
equately described by a double-layered model(Boynton et al.,
2003a, 2003b). To effectively utilize the combination of bot
types of data, one ought to consider models with a multilaye
structure for such analysis(Boynton et al., 2003a, 2003b). Un-
fortunately, the realization of this approach is very laboriou
s
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requires a significantly larger number of parameters and e
mous time for calculation and verification.
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