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Abstract: We present the seasonal variation of the HDO/H20 ratio caused by sublimation-condensation
processes in a global view of the Martian water cycle. The HDO/H20 ratio was retrieved from ground-
based observations using high-dispersion echelle spectroscopy of the Infrared Camera and
Spectrograph (IRCS) of the Subaru telescope. Coordinated joint observations were made by the
Planetary Fourier Spectrometer (PFS) onboard Mars Express (MEX). The observations were performed
during the middle of northern spring (Ls = 52°) and at the beginning of summer (Ls = 96°) in Mars Year
31. The retrieved latitudinal mean HDO/H20 ratios are 4.1 + 1.4 (Ls = 52°) and 4.4 + 1.0 (Ls = 96°)
times larger than the terrestrial Vienna Standard Mean Ocean Water (VSMOW). The HDO/H20 ratio
shows a large seasonal variation at high latitudes. The HDO/H20 ratio significantly increases from 2.4
+ 0.6 wrt VSMOW at Ls = 52° to 5.5 + 1.1 wrt VSMOW at Ls = 96° over the latitude range between 70°N
and 80°N. This can be explained by preferential condensation of HDO vapor during the northern fall,
winter, and spring and sublimation of the seasonal polar cap in the northern summer. In addition, we
investigated the geographical distribution of the HDO/H20 ratio over low latitudes at the northern
spring in the longitudinal range between 220°W and 360°W, including different local times from 10 h
to 17 h. We found the HDO/H20 ratio has no significant variation (5.1 + 1.2 wrt VSMOW) over the
entire range. Our observations suggest that the HDO/H20 distribution in the northern spring and
summer seasons is mainly controlled by condensation-induced fractionation between the seasonal
northern polar cap and the atmosphere.



*Highlights (for review)

This paper presents HDO/H,O distribution on Mars at the northern spring and summer.
We performed ground-based observations using high-dispersion echelle spectroscopy.
We found seasonal increase of the HDO/H,O ratio at the polar region (70-80°N).

The seasonal variation of HDO/H,O ratio can be explained by phase change.
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Abstract

We present the seasonal variation of the HD@QYHatio caused by sublimation—condensation

processes in a global view of the Martian water cycle. The HB@ ratio was retrieved from

ground-based observations using high-dispersion echelle spectrosabpyinfrared Camera and

Spectrograph (IRCS) of the Subaru telescope. Coordinated joint observadmnsnade by the

Planetary Fourier Spectrometer (PFS) onboard Mars ExpreEX)(MI'he observations were

performed during the middle of northern sprihg € 52°) and at the beginning of summes €

96°) in Mars Year 31. The retrieved latitudinal mean HDQ'iatios are 4.1 + 1.4 § = 52°) and

44 = 1.0 [s = 96°) times larger than the terrestrial Vienna Standard Meegar© Water

(VSMOW) The HDO/HO ratio shows a large seasonal variation at high latitudes. TI@/HD

ratio significantly increases from 2.4 £ 0.6 wrt VSMOWLat= 52° to 5.5 + 1.1 wrt VSMOW at

Ls = 96° over the latitude range between 70°N and 80°N. This can be explaipedfénential

condensation of HDO vapor during the northern fall, winter, and springs@idnation of the

seasonal polar cap in the northern summer. In addition, we investigatedebgraphical

distribution of the HDO/HO ratio over low latitudes at the northern spring in the longitudinal

range between 220°W and 360°W, including different local times from @i h. We found the

HDO/H,0 ratio has no significant variation (5.1 + 1.2 wrt VSMOW) over ¢hére range. Our
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observations suggest that the HD@ZHdistribution in the northern spring and summer seasons is

mainly controlled by condensation-induced fractionation between thers¢asrthern polar cap

and the atmosphere.

1. Introduction

Since the first discovery of water vapor in the Martian atmosphesing ground-based

observations (Spinrad et al., 1963), the investigation of the water aydiéars has been one of

the central topics of Martian planetary science. Space-borrevalions have revealed that the

global and seasonal distribution of water vapor is mainly controllgddynamics and

sublimation—condensation process between the atmosphere and the pol&ubtdipsation of

water ice from the northern polar cap during spring and summeidpsowiater vapor to the whole

planet, and the water vapor re-condenses to the polar cap in falliated (e.g., Farmer et al.,

1977; Smith, 2002; Fedorova et al., 2006; Fouchet et al., 2007; Maltaghati 2008; Smith et al.,

2009a). In addition to the polar latitudes, the observations have edvéa geographical

distribution of water vapor at the low—middle latitudes. Two local maxof the water vapor

amount located over Tharsis (~120°W) and Arabia Terra (~330°W) wlerdified at middle

latitudes. The maxima could be caused by atmospheric dynanpessible release of water from
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the subsurface. In addition to the presence of water vapor, watdoucks form when water vapor

in the atmosphere is saturated. Thus far, two major distributiomsatefr ice clouds have been

identified (e.g., Montmessin et al., 2004). One is observed at partiowldatitude regions and is

called as the “equatorial cloud belt (ECB).” This is wheredihés cooled in the ascending branch

of the Hadley cell during the northern spring—summer season$eigh, 2004). The other major

distribution of water ice clouds occurs at middle—high latitudes amefésred to as the “polar

hood clouds”. These appear during the fall and spring seasons (engorBet al., 2011). In

addition to the ice clouds in the atmosphere, the Gamma Ray Spdetr¢@RS) onboard Mars

Odyssey discovered signals associated with subsurface ie@aterthe upper ~1-2 m of sofe.g.,

Boyton et al., 2002; Feldman et al., 2004). Hydrogen-rich deposits (beR@eé&n and 100 %

water-equivalent by mass) were found at high latitudes (>50°uglgests that there are large

underground water reservoirs at high latitudes. In fact, Phoenix uncovered a staltable at the

landing site (68.22°N) (Smith et al., 2009b). Moreover, the hydrogen-richitepese found not

only at high latitudes, but also in low-latitude regions. The weatetent in low-latitude regions

never drops below ~2% water-equivalent hydrogen by mass and e@nhigh as 8-10% around

330°W and 175°W. It implies that the subsurface water ice may present at todagions.
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Water on Mars exists as vapor in the atmosphere, ice in thedfore clouds, surface ice, and

subsurface ice. The phase change between vapor and ice occuraublemat®n-condensation

process. Spatial and temporal variation of water vapor on Mars shoutddparably connected

with this sublimationcondensation process. However, from the currently available obsenaitions

atmospheric KO on Mars, we cannot discriminate between several differgmsiqgaii mechanisms,

e.g., atmospheric dynamics circulation, sublimation from and condemgatpolar cap ice or ice

clouds, and exchange with the subsurface reservoir. Mapping of tlgH4O ratio allows us to

infer the sublimation-condensation process. In the terrestrial, ggebal mapping of the

HDO/H,O ratio from a space satellite identified regions of strong exepsgiration and

condensation of water vapor (e.g., Frankenberg et al., 2009). Similapinmgaof isotopic

fractionation in water vapor is expected to provide deeper insigghthe physical processes of the

water cycle on Mars. The key theory is that the condensation piodesgs isotopic fractionation

of water vapor due to the difference in vapor pressure. He&ll@D vapor preferentially

condensates compared to lightelCHvapor (e.g., Fouchet and Lellouch, 2000). Montmessin et al.

(2005) calculated seasonal variations of the HDO/Iratio using the General Circulation Model

(GCM). They predicted that the HDOJ/ ratio changes by a factor of 2 owing to

condensation-induced fractionation in the polar region. On the other hand,apmdg@ctionation
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has been expected during sublimation owing very slow molecularofadéfusion within ice.
However, a recent experimental study reported that the HEDfHtio of the sublimated gas is
decreased from the bulk ratio when mineral dust present in the ies@tich as the Martian polar
caps (Moores et al., 2012). Thus, it is still an open question whethepits fractionation occurs
or not during sublimation of the polar caps on Mars.

HDO/H,0 ratio also has been used as a proxy to understand of the atmospbletion of Mars.
Previous observations showed that the mean HRO#4dtio in the current Martian atmosphere is
5-6 times larger than the terrestrial standard (Vienna StarMdaesh Ocean Water, VSMOW;
HDO/H,O = 3.11 x 1d). This is probably due to atmospheric evolution, i.e., preferentighestda
H atoms from the atmosphere into space for an extended period dfetogneOwen et al., 1988;
Krasnopolsky et al., 1997; Webster et al., 2013). Understanding outinent water isotope
variations in time and space can help to reveal the wat®nhisf Mars, because such variations
can constrain the distribution of water reservoirs on Mars (e.g., Fisher, 2007).

So far, the distribution of the HDO#B ratio has been investigated using only a few ground-based
observations (e.g., Fisher et al., 2008; Novak et al., 2011). Fisher(20@8) showed that the
HDO/H,O ratio was not uniform but it varied within a range between 2 and 1/SMOW

depending on latitude and season using the data by Mumma et al.. (R003k et al. (2011)
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found latitudinal gradients of the HDO/@ ratio at Ls=50° (northern middle springRrelatively

low ratios at high latitudes were interpreted as the effecondensation of HDO vapor over high

latitudes at the middle of the northern spring. Recently, Nikwva et al. (2015) reported global

maps of HDO/HO ratio atLs=335° (northern late winter), Ls=50° (northern middle spring), and

Ls=80° and 83° (northern late spring). They claimed that the averag€dHJD ratio is ~7 wrt

VSMOW, which is larger than the previous observations by Owen E388) and Krasnopolsky

et al. (1997). Moreover, they found correlation among HDQO/Iratio, atmospheric temperature,

and HO column abundance, and possible anti-correlation between HDO/tio and surface

altitude. In addition, they found very low HDO/8 ratio (1-3 wrt VSMOW) at the winter

hemisphere. Isotopic fractionation induced by sublimation-condensation promalsis explain

some of the latitudinal variability, however, the phase changednation could not explain the

reported non-uniform distribution. It might imply existence of multipde reservoirs having

different HDO/HO ratios depending on their size, accessibility, and location (Fisher, 2007).

To improve our observational knowledge of this topic, we investigated theHpQatio during

two different seasons, the northern spribg< 52°) and summelt§ = 96°), to reveal the seasonal

variation. The comparison of two different seasons is expectessit & the identification of the

physical processes that cause the non-uniform distribution of HEED/WVe performed
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ground-based observations using high-dispersion echelle spectrosdapy20,000) of the

Infrared Camera and Spectrograph (IRCS) of the Subaru teteg8dd m) at the Mauna Kea

observatory and coordinated joint observations with the Planetary F@peatrometer (PFS)

onboard the Mars Express (MEX).

2. Observations

2.1. Ground-based observations with Subaru/IRCS

Our ground-based observations by Subaru/IRCS were performed on Jartya29¥ and April

13, 2012.Table 1 summarizes the observation conditions. The observed seasons on Mars

correspond to springLé = 52.4° andLs = 52.9°) and summer_§ = 96.2°) in the northern

hemisphere of Mars for January 2012 and April 2012, respectively. The dim®aldiameters of

Mars were 9.3.4 and 11.5 arcsec on Januarp 4nd on April 13, respectively. Doppler shift

between Mars and Earth was -15 km/s on Janudyaad +11 km/s on April 13. During these

observations, the longitude of the sub-earth point varied from 256°W to 30228.68N on

January 4, from 237°W to 294°W at 23.6°N on January 5, and from 34°W to 60°W at 22.3°N on

April 13. The longitude of the sub-solar point varied from 292°W to 339°W at 1&id°Mnuary
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4, from 273°W to 330°W at 19.8°N on January 5, and from 344°W to 19°W at 25.0°N on April 13,
2012.

IRCS is designed to deliver diffraction-limited images at 2um, as well as to provide
spectroscopy with grisms and a cross-dispersed echelle (Kobagtaahj 2000). We used the
high-dispersion echelle mode in L-band (2.85-44% and the camera with a J-band filter (1.25 +
0.16 um) as a slit viewer. IRCS has a 1024 x 1024 pixel InSb arragtdeteith a pixel size of
0.055 arcsec (slit length direction) x 0.068 arcsec (slit widtlctitr®. The longest and narrowest
slit (6.69 arcsec x 0.14 arcsec) was used to maximize thelspgaterage and spectral resolving
power that features an instrumental resolving power of ~20,000 wdamplisg rate of ~40,000.
The high spectral resolution of IRCS is essential for thisyshedause the lines of Martian HDO
and HO are quite narrow (line width ~0.005 &jn

The slit was placed along the negbuth direction to investigate latitudinal distribution covering
the northern pole during the observations on January 5 and April 13. Theasliixed at the
sub-earth longitude that advances at a rate of abouh Martian longitude per houocal time
(due to planetary rotation of Mars). During the observation on Janudmywgver, the slit was

oriented along the eastest direction to investigate longitudinal distribution. For thiefatise,
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we obtained the spectra at 15 latitudes from 0°N to 40°N by marsgtiyg the slit on different

positions.

We nodded the telescope along the slit observing Mars and sky iA ted B positions,

respectively, with a difference of 30 arcsec. Subtraction eBJAemo\esthe telluric emissions

and other instrumental features. Flat field was obtained immbdiaefore and after the

observations. In addition, we performed standard &ian¢bolaon January 46 andReguluson

April 13) measurements at the beginning, middle, and end of each dlmseraad Ar lamp

measurements in order to investigate the instrumental line shape of IRCS.

An example of the spectrum measured by IRCS is showiginl. Owing to the cross-dispersion,

we could measure the following five spectral bands simultaneously: 2.94+8.(0Qrder-19 of the

IRCS grating), 3.01-3.18m (Order-18), 3.28-3.3pm (Order-17), 3.49-3.5im (Order-16), and

3.72-3.81um (Order-15). The observed spectra exhibit strong absorption line®46£7), CQ

(628), and HDO at Order-15, G(®26) at Order-16, CHat Order-16 and 17, and.® at Order-17,

18, and 19. The wide spectral coverage of IRCS allows us to obse@and HDO features

simultaneously. The spatial resolution of our measurements is mestiicted by the atmospheric

seeing on the observation dates, ~0.8 arcsec on January 4-5 and ~0.6rakgek13. For the

H,O and HDO analysis, the measured spectra were binned over 10(pixéls arcsecalong the
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slit to increase signal to noise ratio.

2.2. Coordinated joint observation by MEX/PFS

PFS is a double-pendulum interferometer mainly designed for altridspanalyses, such as
measuring the 3-D temperature field in the lower atmosphereatiaions of minor constituents,
and the optical properties of aerosols (Formisano et al., 2005). tivbaspectral channels, one is
the Short Wavelength Channel (SWC) and the other is the Long &atlelChannel (LWC). The
SWC covers the spectral range between 1750 and 8280anth the LWC covers the spectral
range between 250 and 1700 %rboth with a sampling step of 1.0 ¢niThe spectral resolution is
1.3 cm* without apodization and 2 ¢hwhen a Hamming function is applied to the interferograms.
One of the advantages of PFS is its wide spectral coveragereambith relatively high spectral
resolution.

We planned and performed coordinated joint measurements by MEX/BfSAforil 10 to 16
(within £3 days from the Subaru/IRCS observation). The original purpiohes joint observation
was to compare ¥ retrievals between IRCS and PFS. However, the abundance® abdld not
be retrieved from the IRCS data because of the high tertebtraidity during the joint

observation. Therefore, the PFS measurements were used to reli@abundances and were

11
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subsequently coupled with the HDO data from Subaru/IRCS to deriidRi¥H,O ratio (there

was no problem retrieving both,&8 and HDO from Subaru/IRCS data for the other observations

carried out in January 2012Quring the planned period (April 10 to 16) of the coordinated

observations, PFS observations were performed in 26 orbits across (M&X orbit

#10541-10567). Unfortunately, PFS had some problems with the motion of the daudhéupe

during this period of simultaneous observation with the Subaru/IRCS. Howek& worked

nominally in the 4 orbits listed ihable 2 and these observations have been successfully included

in this work (as quasi simultaneous observations).

3. Method of analysis

3.1. Retrieval of KO and HDO abundances from Subaru/IRCS data

We retrieved HO abundances from the absorption lines at 3035.78356(8@9 um, Order-17)
and 3216.52218 c¢m(3.10um, Order-18) and HDO abundances from the lines at 2672.59284 cm
and 2677.71967 ci(both around 3.74im, Order-19). We performed retrievals for each line
independently in order to evaluate the accuracy of our retrieValde 3 describes the line
parameters obtained from the HITRAN 2008 database (Rothman et al., 28&Hown inFig. 1,

there are multiple O and HDO lines in the measured spectral range. However, mtyat bfO
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lines are saturated or not strong enough, angi€g@opic lines under the finite spectral resolution
of IRCS contaminate most of the HDO lines on the measured ap®dtr carefully selected the
absorption lines to be used in this work. The selected lines stiesfpllowing conditions: strong
enough (i.e., line strength is order of*tGor H,O and 1G* for HDO), not saturated, minimal
instrumental effect (i.e., line center is stable within ~lepialong the slit), and minimal
contamination from the other lines (i.e., the other terrestrigl [NO, CH,;, and HO isotopes],

Martian CQ and solar lines).

Since the Martian fO and HDO lines appear on the wings of the deep terrestrial ones (the Martian

lines are shifted ~2 pixels from the terrestrial lines duthé Doppler shift), the contribution from

the terrestrial atmosphere should be separated in order totakaMartian lines. The extraction

requires special considerations of the narrowness of the Wéires (~1/10 of the IRCS spectral

resolution) and of the intrinsic (anamorphic) optical properties GfSRhat lead to an irregular

mapping of the spatial and spectral dimensions on to the detectar Foraremoval of telluric

absorptions, co-measured spectra of nearby reference staftemeused in ground-based

observations. However, extrapolating the reference star (point-3sigoal to an extended object

introduces systematic errors. In addition, since the method wittlestastars requires atmospheric

stability and the same observed air mass between the tathegfarence stars, it does not always

13
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guarantee the quality of the calibration. To solve these problemsumverically synthesized the
terrestrial atmospheric opacity by developing a dedicatedbly-line radiative transfer model and
fitted it to the measurement spectra to obtain the telluric absorptions during owatbss.
Our model is based on clear-sky atmosphere model and takes imtontache atmospheric
opacities due to terrestrial lines ob® HDO, and @, Martian lines of HO, HDO, and CQ
isotopologues (626, 627, 638), solar lines, and the instrumental line shap€®f TRe line
parameters were obtained from the HITRAN 2008 spectroscopic datéRathman et al., 2009).
Isotopic ratios of CQ(627) and CQ (638) were obtained from recent results by Curiosity/TLS
(Webster et al., 2013; reported isotopic ratios of, B27) and C@(638) are 7.618 x 1band
4.928 x 10, respectively). The expected signal intensfig) at pixel-pointx, was calculated as
follows:

(%) = [(@X +1) Xty (X) X EXP(=12 (X) = T,y (¥))] 0 ILS(X, =X, W, o),
where x is pixel-point with a sampling rate of ten milli-pixelg, (and x are a function of
wavelength),a andb are the scaling factors for continuutgy,, is the transmittance of the solar
lines, ze is the total optical depth of the terrestrial linggjs the total optical depth of the Martian
lines, andLS is the instrumental line shape of IRCS. The transmittandeeaddlar spectrum was

obtained from the database of the high-spectral-resolution obserpatfonmed by the ACE/FTS
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(Hase et al.,, 2010). The instrumental line shape of IRCS wagevestr from Ar lamp

measurements. Since this analysis is sensitive to the line ahdpespecially to its wing, accurate

characterization of the ILS is indispensable to retrieve theidmaH,O and HDO abundances

correctly. We found that the instrumental line shape can be exgressa function of one

parameter (its widtMi_s) depending on pixel position over the detector, and this function can be

defined by a combination of two Gaussian functions Aggeendix Ain detail). For calculations of

the terrestrial lines, we considered 32 atmospheric layers4dam to 50 km. The vertical profiles

of temperature, pressure, water vapor, agih@he terrestrial atmosphere were obtained from US

standard atmosphere. Since the line shapes of the terrestmasphere are dominated by

molecular collisions, we considered the collisional line width aheamospheric layer and

summed the optical depths along the 32 atmospheric layers:

-y AN S(Ta (T P)/dw
o097 (X = %,)* +(a,(T,,P,)/dw)?] Zi

j

wherezg(x) is the total optical depth atpixel-point, is the telluric air massy; is the column
abundance of the gas at jkh layer,T; is the temperature at tin¢h atmospheric laye8(T) is the
line strength aT; K, a is the collisional line widthdw is the dispersion of the IRCS echelle mode
in L-band (0.7631/pixel at order18, 0.809/pixel at order-17, and 0.914/pixel at order-15)xo

is the central pixel-point of the terrestrial line, and the thickness of the layer. The temperature

15
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correction of the line intensity is referred to Rothman et al. (1898)sing the total internal
partition sum from Gamache et al. (2000).

Line width of HO and HDO in the Martian atmosphere is dominated by the Doppéewidth
(e.g., Krasnopolsky et al., 2004), because the pressure in the atmosphetatively low.

Therefore, we computed the optical depth considering the Doppler line widths:

UN;E(T)) (X=X, +ds/dw)
u (0= Zw/l_TaD(T)/dweXp([ o (T,)/dw

1)) xz,

wherezy(X) is the total optical depth at pixel-point, « is the total air mass on Marg is the
Doppler line width, andds is Doppler shift. For the Martian atmosphere, we considered 10
atmospheric layers from 0 km to 20 km, and the vertical profileiemaperature, pressure, and
water vapor were derived from Mars Climate Database ver 4.3
(http://mww-mars.Imd.jussieu.fr/mars/access.html). We assurhed effects of dust and ice
aerosols to be negligible at this wavelength; accordinggsettwere not included in the radiative
transfer calculation.

The measured signals include both solar radiation reflected Matign surface (2-way path in
the Martian atmosphere: Sun—Mars—Earth) and the thermal radiatioa ifartian surface (1-way

path: Mars—Earth). Thus, the total air mass given by

lu = rs(lus +lue) + (1_ rs)lue’
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wherers is the rate of solar radiation, {L)-represents the rate of the thermal radiatiQns the
Sun-to-surface air mass, anglis the surface-earth air mass. Our radiative transfer nsbdeved
that the contribution of thermal radiation from the Martian surface is ne@li@ibl,rs = 1.0) at the
H,O spectral range. Conversely, at the HDO spectral rangeptitabution of thermal radiation
must be taken into account. The mtevas retrieved using a strong solar line at 2669.7849tmyn
comparing the observed spectrum with the synthetic spectrum sblieline.Fig. 2 shows the
retrieved rate of surface radiation rg-retrieved from the IRCS data. The rates are variable
depending on surface albedo and temperature. The enhancement of raulifstoen rate (Iz) at
280-320°W and 0-20°N appeared in the January data can be explained by lave sliedo
(Christensen et al., 2001), and the latitudinal gradient appeared irpthel@a can be explained
by decrease of surface temperature toward polar region. Thiwalgldnigh rate at high-latitude
region (>70°N) found in January data is probably caused by high suafaedo due to the
presence of the seasonal polar cap on the ground.

For retrieval, the synthetic spectra were calculated in the limitexdirapeange of £7 pixels (~ £0.5
cm®) from the line center for each,@ line, and +5 pixels (~ +0.3 ¢ from the line center for
each HDO line. We retrieved the following five parameterstirggdactor for the continuuma(

andb), center pixel-point of the deep terrestrial ligewidth of instrumental line shap®, s, total

17
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column density of the terrestrial water vapor, and total column gesfdiihe Martian water vapor.

We set the spectral resolution as an unknown parameter becaumges®t along the slit and

dispersion direction. The total column density of the terrestrisénwaapor was assumed as a

constant value along the slit. The retrieval was performedgeltyng a parameter domain for the

column density of Martian water vapor from Oym to 25 prum with intervals of 1 pgm for

H,O and O pr-nm to 100 pr-nm with intervals of 1 pr-nm for HDO. Thengémh condition of

Martian HO and HDO abundances, we retrieved the other 5 parameters using

Levenberg—Marquardt non-linear minimization algorithm. Finally, deeved the Martian pO

and HDO column densities that provide the minimum values for chi-sju&ce check our

retrieval scheme, we applied the retrieval algorithm to standard data as well as Mars

observationsFigures 3and4 show examples of the fitting analysis in thgOHand HDO spectral

ranges, respectively. No residual signal is present fromténelard star observation, as expected.

This indicates that the signal derived from Mars data represents the raahMaritribution.

There are two sources of error in the retrieved Martigh Binhd HDO abundances: instrumental

noise and uncertainty in the forward (radiative transfer and IRG8umental) model. The

instrumental noise was estimated from standard deviation (Jasiginthe residuals between IRCS

data and best-fit synthetic spectrum. Regarding the forward mode] the dominant factor is
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uncertainty in the temperature profile obtained from the Mars ClimatbBse, whose uncertainty
is expected to be ~5% (Sindoni et al., 2011). This uncertainty propagatesdrrors of ~7% and
~1% in the retrieved ¥D abundances from 3035 ¢nand 3216 ci and ~5% and ~4% in the
retrieved HDO abundances, respectively. Finally, the uncedsiirti the retrieved # or HDO
abundances were given by

o=+a’+a?,
whereay is error due to instrumental noise, angdepresents error due to the model.
After the errors were evaluated, theQHabundances retrieved from the absorption lines at 3035
cm* and 3216 cim and the HDO abundances from the lines at 2672 and 2677 crm were
compared, respectively. We excluded results of the two retriesaddes (HO or HDO
abundances) that were inconsistent beyowd a2 “low confidence” results. Note that the
inconsistent results were less than 15% of the whole data s#i, lthe derived kD abundances,

HDO abundances, and their errors were calculated from the weightedesrerag

Waya + Wbyb
W, + W,
1

T

wherey represents the derived,® or HDO abundancsj, andy, are the values retrieved from

y:

each of the lines, ana, andw, are given by
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wheres, andoy, are the errors retrieved from each of the lines.

3.2. Retrieval of HO abundances from MEX/PFES data

We retrieved HO abundances from PFS observations listethisle 2 For the HO retrievals, the
absorption band from 3780 to 3950 trat the Short Wavelength Channel (SWC) was used
(Tschimmel et al., 2008; Sindoni et al., 2011). We averaged 9 consecuittea spgh a sampling
rate of every two spectra in order to improve the SNR and th&amcof the retrieved 4D
abundancesFigure 5 shows an example of averaged PFS spectrum in the considedalsp
range, and the best-fit synthetic spectrum. We retrievgd &bundances using a fast radiative
transfer model developed for PFS data processing (Ignatiev 20@%) and least-squares method.
The details of the retrieval algorithm can be found in Sindoal.€2011). The uncertainty in the

retrieved HO mixing ratio is about 19% total (Sindoni et al., 2011).

4. Latitudinal distribution at Ls=52° (northern spring)

Figure 6 shows latitudinal distribution of column-integrateegCHand HDO abundances retrieved
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from Subaru/IRCS observations carried on January 5, 2042 62°) and the KD abundances

taken from Mars Climate Database (MCD) ver-5.0

(http://www-mars.Imd.jussieu.fr/mars/access.htiidr comparison. Different colors indicate the

observed longitudes. These values have been normalized by sudasarerin order to remove
the effect of topography. The retrieveg@Habundances range from 4pn to 15 pram (1 pram

= 3.34 x 16® cm®), and exhibit maximum values around 60—-70°N. On the other hand e H
abundances predicted by MCD range from uprto 15 pram, and show a maximum value
around 60°N. Our observed® abundances show general agreement with those from the MCD in
terms of absolute values and latitudinal distribution. In addition, thetlwiigal trend at the edge

of Arabia Terra (over 302°W and 298°W at middle latitudes) appeansifhbdihe observation and
model.

In the northern spring seasobs(= 52°), the edge of the northern polar cap is expected to be
around 70°N, according to the observations by near-infrared spectro@zgpyAppéré et al.,
2011). Since surface temperature exceeds water condensation taneparahe edge of the polar
cap, sublimation of the water ice cap would occur there. Indeed, tieys@bservations of water
vapor during this season exhibit its enhancement at the edge ofcpplde.g., Fouchet et al.,

2007; Pankine et al., 2010). Thus, the enhancemerg@fsHown in our observations is likely due
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to sublimation of water ice.

The latitudinal distribution of HDO appears slightly different tat thaH,O. The retrieved HDO
abundances range from 3 pr-nm to 17 pr-nm (1 pr-nm = 3.34%cff) and have a maximum
value around 30—-40°N. The difference betweeg® ldnd HDO produces latitudinal gradients in the
HDO/H,0 ratio.Fig. 7 shows the latitudinal distribution of the HDQ®ratio retrieved from the
Subaru/IRCS observation (left panel), their mean values averagedtl®/daced longitude
(256-302°W), and values predicted by the GCM model of Montmessin et al. (2@05)panel).
The derived mean HDOA® ratio ranges between 5.0 + 0.9 wrt VSMOW (at 30°N) and 2.4 £ 0.6
wrt VSMOW (at 80°N). The global mean value of the HD@Hatio and its standard deviation
are 4.1 + 1.4 wrt VSMOW. The distribution exhibits a maximum aroundseldy latitudes
(20-40°N) and decreases at high latitudes (>60°N). As shoWwigiry, such a latitudinal gradient
was also predicted by the GCM model based on condensation-indacgdnfation (Montmessin
et al., 2005). The model predicted that the HDfHatio would decrease from 5 wrt VSMOW to
2 wrt VSMOW owing to preferential condensation of HDO vapor at higtutkes. We consider
this depletion of HDO around 50-80°N is mainly due to the condensationtef wapor on the
polar cap. In fact, the previous observation of surface composition etbtdnet formation of a

water ice cap over the polar cap at 70—90°N (e.g., Appéré et al), &id the GCM suggested the
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formation of polar hood clouds at 50—-90°N (Montmessin et al., 2004).

5. Latitudinal distribution at Ls= 96° (northern summer)

We retrieved the latitudinal distribution of the HDQ@Hratio during the northern summéss(=

96°) using HDO abundance obtained by Subaru/IRCS data gdablundances retrieved from

MEX/PFS data in order to investigate seasonal variation. H@ mot be detected from IRCS

data with enough accuracy below 40°N owing to the high terredidalidity during the

ground-based observatioRig. 8 shows the latitudinal distribution of the,® column density

retrieved from PFS/SWC data (left panel) and the HDO column tgemstrieved from

Subaru/IRCS data (right panel). These values have been normalizaddne pressure to remove

the effect of topography. We found that botfOHand HDO column densities have a large value in

the polar region during the northern summes< 96°).

In order to derive the HDOA® ratio from these data, we calculated the mean profile,6f H

column density retrieved by PFS with the latitudinal gridhef SUBARU observation. For that,

the HO column densities within the latitudinal footprint of SUBARU obseovat(i.e.,

atmospheric seeing during the observation) were averagededloemve in the left panel &ig. 8

shows the mean profile of ;B column density. The black points shownFig. 9 represent the
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HDO/H,O ratio calculated by the profiles, and the red curve showihign9 is the averaged

HDO/H,0O ratio in order to compare with that b§=52° (the blue curve shown fg. 9). The

mean value (averaged over all observed longitudes and latitudes)HID@#1,0 ratio atLs = 96°

and its standard deviation are 4.4 + 1.0 wrt VSMOW. Although the erroevalre relatively large

(mainly owing to the standard deviation of thgdHolumn density from PFS data and longitudinal

variability), the latitudinal distribution of HDOA® ratio atLs=96° is more uniform profile than

the one observed B5=52°. An interesting result frofaig. 9 is the seasonal variation of HDOQ®I

ratio over the latitude range between 70°N and 80°N. We found that théHAD@atio increased

from 2.4 + 0.6 wrt VSMOW I(s = 52°) to 5.5 = 1.1 wrt VSMOWL( = 96°) at the high latitude.

As described in Section 4, the relatively low value of the HDO ratio atLs = 52° can be

explained by condensation of water vapor. Since the water vapor abesdartbe polar region

exhibit a drastic increase frohs = 52° toLs = 96°, the seasonal increase of the HDfHatio

from Ls = 52° toLs = 96° can be considered to be due to sublimation of the polar wateajc

Moreover, this relatively uniform latitudinal distribution of HDQ@®iratioLs = 96° implies that

the isotopic fractionation during sublimation is small and is beyondehsitivity of this analysis.

The observed seasonal variation suggests that the sublimation—condensa#ss pan induce a

change in the isotopic fractionation by a factor of 2.
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Note that the IRCS and PFS measurements were taken atrdifiecal times on Mars (IRCS:

9-10h, PFS: 16h). This may cause systematic error in the retri¢D€IH,O ratio. However,

Phoenix measurements showed no significant difference@ dbundance between 9h and 16h

(Smith et al., 2009b). Moreover, recent remote-sensing studies by 3FEXAM and MGS/TES

show that local time variation of total,@ column is small at this season (e.g., Pankine and

Tamppari, 2015; Trokhimovskiy et al., 2015). The systematic error in tH@/HID ratio can be

estimated to be less than ~10%. Therefore, we assume thastématyc error in the HDOAD

ratio due to using the different local time observations by IR@ESRES can be less than ~10%.

The seasonal increase of HDQ@Hratio over the latitude range between 70°N and 80°N is still

significant even if the systematic error is taken into account.

6. Geographical distribution over low latitudes atLs = 52° (northern spring)

We investigated the geographical distribution of the HDQOYHatio over low latitudes at the

northern springl(s = 52°) in the longitudinal range between 220°W and 360°W, including various

local times from 10 h to 17 Hrig. 10 shows the longitudinal distribution of column-integrated

H,O and HDO abundances retrieved from the Subaru/IRCS observatioesl carrion January 4,

2012. These values have been normalized by surface pressure in orel@ot@ the effect of
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topography. The retrieved,B abundances are distributed in the range fromdrpte 18 prum,

and the HDO abundances range from 5 pr-nm to 19 pr-nm. The retrie@dbdindances are

consistent with the typical abundance during this season reportbd bgace-borne observations.

For example, MGS/TES and Viking/MAWD results determined that ldmgitudinal mean

abundances at this season are between thpand 15 pirm (e.g., Smith, 2002). The retrieved

longitudinal distribution of water vapor exhibits a local maximum ovebia Terra (~330°W),

according to both p© and HDO abundancesig. 11 illustrates the longitudinal distribution of the

HDO/H,0 ratio retrieved from the Subaru/IRCS observations (top panel)handatue averaged

over all latitudes (bottom panel). The global mean value of the deHBd/H,O ratio and its

standard deviation are 5.1 + 1.2 wrt VSMOW. The local enhancemerdtef wapor abundances

over Arabia Terra has been depicted in a seasonal-averaged muaatesf vapor using

spacecraft-borne measurements with MGS/TES (Smith, 2002) and MEX{Pouchet et al.,

2007; Tschimmel et al., 2008; Sindoni et al., 2011). On the other hand, as shHownlil) there is

no significant longitudinal variation in the HDO/ ratio. Although the results cannot constrain

the sources of local enhancement, i.e., atmospheric dynamics ionagudsl from subsurface ice,

we have demonstrated that there is no significant longitudinal distribution ousaArerra.

These observations also covered different local times ranginglffomto 17 h, although not for
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the same longitudegsig. 12 shows the local time distribution of,@ and HDO abundances

normalized by surface pressure. The retrieved water vapor exailital maximum around 12—-13

h that corresponds to Arabia Terra (~330° WiY. 13 represents the local time dependence of the

HDO/H,O ratio retrieved from the Subaru/IRCS observation. It shows thatlighebution of

HDO/H,0 is no significant variation (5.1 £ 1.2 with respect to VSMOW)hia fiocal time range

between 10 h and 17 h. Note that recent observations reveal acaigndepletion of HDO at

dawn that may be explained by condensation-induced fractionation dokud formation

(Villanueva et al., 2008; Villanueva et al., 2013; Novak et al., 2014). Furthenalti®n is needed

to address this issue, because the dawn side was not covered by our observations.

7. Comparison with the previous observations

The latitudinal mean HDO/A® ratios retrieved from our observations are 4.1 +11s4(52°) and

4.4 + 1.0 [s=96°) wrt VSMOW, which agreewith the global mean values reported by previous

ground-based observations by Owen et al. (1988) [6 + 3 wrt VSMaw]Krasnopolsky et al.

(21997) [5.5 = 2.0 wrt VSMOW)] but smaller than the value reported bardieva et al. (2015) [~

7 wrt VSMOW]. One possible explanation for this discrepancy mspteal variation of the

HDO/H,0 ratio (seasonal, localtime, or inter-annual variation). The qibssible explanation is
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due to systematic error in the analysis. For instance, in thigsis) the effect of dust and water

ice was not taken into account. This may give an impact thewetr HDO abundance (see SOM

of Villanuevaet al., 2015). The implementation of the aerosol effect in ourvetng one of the

future works.

As shown inFig. 7, we found that the retrieved latitudinal distributionLat= 52° exhibits a

maximum around sub-solar latitudes (20—40°N) and decreases at higtest({t60°N), which

was also found by Novak et al. (2011). The observation by Novak et al. (@a&I)erformed in

the same seasohs=50°) as our observation but for a different Martian year (MY 29)itade

(153°W), and local time (9:40) by the IRTF/CSHELL. The HDgi)Hatio retrieved by Novak et

al. (2011) peaks at 6.9 £ 0.2 wrt VSMOW in the sub-solar region anéa$ss to 3.8 £ 0.3

towards the pole. Although our values are smaller than those obtairidalvbit et al. (2011), the

two observations have a similar distribution that peaks near thsotablatitude and decreases

toward the pole. Moreover, Villanueva et al. (2015) reported the mBDGIH,O ratio taken by

the IRTF/CSHELL in the same seasdrs{50°), the same Martian year (MY 29), and including

same longitude (153°W) of the observation by Novak et al. (2011). Howédwermap by

Villanueva et al. (2015) does not show the depletion of HDO at thie laitifudes region.

Villanueva et al. (2015) also revealed correlation between HPO/Hitio and HO column
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abundance. The positive correlation is agreed with the concept of ahieigh distillation

considered in the GCM model (Montmessin et al., 2005). On the other Hahel; €t al. (2008)

reported that the HDOA® ratio is very large when the atmosphere’s water vapor colusmas

from the data by Mumma et al. (2003). The anti-correlation é&twHO column density and

HDO/H,0 ratio was interpreted as the possible effect of existehmultiple ice reservoirs having

different HDO/HO ratios depending on their size, accessibility, and locafimn.14 shows the

relationship between @ column density and HDOMA@ ratio from our results. Our result at

Ls=52° also suggests the anti-correlation. Further observations aresagcéo constrain these

issues. Furthermore, Villanueva et al. (2015) reported possiblecarglation between HDOA®D

ratio and surface altitude. Although possible regionalism could beisarn results, we cannot

make sure if it is real variation since the error valueslamge. Regionalism of HDOAD is

beyond the scope of this paper.

As shown inFig. 11, we found that the HDOA® ratio was no significant variation (5.1 + 1.2 wrt

VSMOW) in the longitudinal range between 220°W and 360°Wsab2.4°. Novak et al. (2014,

conference proceeding) reported the longitudinal distribution of HR@A#Atio over the same area

but at different seasorL$=72.5°). The HDO/HO ratio at Ls=72.5° reported by Novak et al.

(2014) is distributed between 2 to 5 wrt VSMOW (seeRlte 3B of Novak et al. (2014)). The
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HDO/H,0 values are lower than those of our resultissab2.4°. Although the reason is not clear

at the moment, the seasonal variation of HDQYHatio at low latitudes could be related with the

fact that Villanueva et al. (2015) found very low HD@ZHratio (1-3 wrt VSMOW) at the winter

hemisphere. Similar seasonal decrease of the HEDTrHttio at the low-latitude region also can be

seen in the maps (Bs=50° and 80°) reported by Villanueva et al. (2015).

8. Summary

In this study, seasonal variation of HDQ@Hdistributions by latitude during the northern spring

(Ls = 52°) and summerLé = 96°) was investigated. The derived seasonal variation of the

HDO/H,O ratio and global view of the water cycle on Mars inferred fimm observations is

summarized irFig. 15 We found seasonal increase of the HD{WHatio at the polar region

(70-80°N), from 2.4 £ 0.6 wrt VSMOWLE§ = 52°) to 5.1 = 0.7 wrt VSMOWLS = 96°). The

seasonal increase can be explained by the interaction betweeatntosphere and the north polar

cap: condensation of water vapor occurs as polar hood clouds and/or the seasonal fuslarinap

the northern springLé = 52°), and sublimation of the polar water ice cap occurs in the norther

summer s = 96°). On the other hand, the latitudinal mean HDQY/Hatios do not show a

significant seasonal variation, with values of 4.1 + 1.4< 52°) and 4.6 + 0.7L6 = 96°). We



10

11

12

13

14

15

16

17

found the HDO/HO ratio has no significant variation (5.1 + 1.2 wrt VSMOW) over latitudes

during the northern spring in the longitudinal range between 220°W and 360 WNferent local

times from 10 h to 17 h. As shown Kig. 15 we did not take into account the effects of

subsurface-atmosphere interaction in the interpretation of thesrasude it is still unknown that

how much the ground ice interacts with atmospheric water vapor andriumlv they induce

isotopic fractionations. However, our results suggest that HR@Mstribution in the atmosphere

is mainly controlled by condensation-induced fractionation between ttieenoipolar cap and the

atmosphere.

Still, further observations are necessary to conduct open issuesxdmple, relationship between

H,O column density and HDOM ratio and its interpretation are not fully understood. Very low

HDO/H,0 ratio (1-3 wrt VSMOW) at the winter hemisphere reported liaivieva et al. (2015)

might be related to subsurface-atmosphere interaction. In ordecrease data set, we plan to

investigate the HDO/FD ratio by comparing between the HDO map observed by IRTREEEX

(e.g., Encrenaz et al., 2010) and thgOHmap retrieved from MEX/PFS. In addition, Nadir and

Occulation for Mars Discovery (NOMAD) onboard ExoMars Trace Gabiter (Vandaele et al.,

2011) will perform to measure maps of HDQ@Hratio and its vertical profile are obtained from

the Mars Orbiter. It will allow us to obtain a complete pictafats geographical and seasonal
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distributions.
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Appendices

Appendix A. Retrieval of Instrumental line shape of IRCS

Since line widths of the Martian.® and HDO lines are ~10 times smaller than the spectral
resolution of IRCS, the observed line shapes reflect the instruntietashape (ILS) of IRCS.
Therefore, characterization of the ILS is important to perfoetnieval accurately. Here, we
retrieved the ILS using Ar lamp measurements carried outsimiar configuration to the Mars
observation. The lamp measurements were performed for 2.5 h interetain sufficient signal

to noise ratio. Line widths of Ar lamps are so narrow (~0.02,dBmgleman et al., 2003) that the
observed line shapes represent the ILS of IRCS. There aredigpandent lines in the measured

spectral ranges (3016.7336 ¢n8023.0817 c, 3040.5647 cim, 3191.5201 ci, and 3272.9622

41
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cm™), and we used lines at 3040.5647%r8191.5201 ¢, and 3272.9622 cinfor retrieval of
the ILS. Figure A-1 shows all the measurements for the three lines. We found thatiditih at
half maximum (FWHM) of the ILS is not constant but depends on pixel position on the detector.
We attempted to retrieve the ILS as a function of FWHM. les first attempt, Gaussian and
sinc-squared functions were applied to fit these data since theteohs are well known as a line
shape of eschelle spectroscopy. However, as shoig.i\-2, both functions could not reproduce
the observed line shape, especially in the wings. Thereforeassemed that the ILS is a
combination of two functions, one for line center and the other for willgsested the six cases
listed inTable A-1 and determined the most accurate one by using the least sqathesl. We
derived the switching spectral point of the two functions and traiaeship between their
FWHMSs in the retrieval process.

As shown inTable A-1, the combination of two Gaussian functions is most accurate fol $hef

IRCS. The retrieved ILS of IRCS is given by

F(X)  (x—x|<1.9pixely

ILS(X) :{F ] e
LX) (x—x| >1.9pixely

where

2=%0Y212), F,(X) = Bx exp(-(———2)?[2),

ILS ILS

F.(x) =exp((
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W, =W, x1.72, S=F(1.9)/expCL.9Mw, ) /2).

wiLs andw’, s are FWHM of the Gaussian functions. The FWHM of the second fun@botine
wing) is 1.72 times larger than that of the first function (for loemter). The two functions are
switched at the 1.9 pixel far from the observed wavelerngture A-3 shows the Ar lamp
measurements and the retrieved ILS. The IRCS could reproduceirte @f the lamp spectra

much better than simple Gaussian or sinc-squared fun&ignA-2).

Figure captions

Figure 1. Example of a spectrum obtained by IRCS. Five spectral bands cabdeeved
simultaneously: 2.94-3.0um (order-19), 3.01-3.1&m (order-18), 3.28-3.3Gm (order-17),
3.49-3.57um (order-16), and 3.72-3.8dm (order-15). The spectrum was observed on January 5
with 5-min integration and without binning. Circular symbols in (c) @spnt CH lines and the
other features in Order-17 are®lines. Triangle symbols in (e) represent the HDO linée T

gray boxes represent the spectral ranges used in this analysis.

Figure 2. Rate of surface radiation in the observed IRCS signals at l4pé€ztral range.

Differences in colors show the observing latitudes or longitudes.
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Figure 3. Examples of the fitting analysis with Mars (top) and standtd(bottom) HO lines. In
the upper spectra at each panel, the IRCS data are shown imbthttle best-fit synthetic spectra
with and without Martian contributions are in red and blue, respectiVieé/bottom spectra show
residual spectra after removing the terrestrial contributiofesckB IRCS data, Red: the best-fit
spectra). The Martian spectra were measured on January 5, 201Beolaitude 35°N. Retrieved
column densities of Martian4@ are 8 (+2) pim from 3035 crit ranges and 11 (+1) pm from

3216 cnt* ranges (1 ppm equals 3.34 x ®molecules/cr.

Figure 4. Same as Fig. 3, but for HDO lines. Retrieved column densities dfadddDO are 16

(+4) pr-nm from 2677 cfranges and 12 (+3) pr-nm from 2672 tranges.

Figure 5. An example of retrieval of #0 abundance from PFS/SWC data at 13.3°N. The black
curve shows the averaged PFS spectrum and the red one represkess-thhesynthetic spectrum.
The retrieved KO mixing ratio is 150 + 28 ppm. The uncertainty in the retrievgd mixing ratio

is about 19% total (Sindoni et al., 2011).
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Figure 6. (Left) Latitudinal distribution of HO abundances measured by Subaru/IRCS. (Middle)

Latitudinal distribution of HO abundances predicted by the Mars Climate Database (ver5.0).

(Right) Latitudinal distribution of HDO abundances measured by SuBR#&8/l Differences in

colors show the observing longitudes. The values are divideBspy6(1) to remove the effect of

topography, wher®s, is surface pressure in mbar. The horizontal bars show the estim@br

values and the vertical bars represent the latitudinal footprints of the binned 10 pixels.

Figure 7. (Left) Latitudinal distribution of the HDO/KD ratio (relative value to VSMOW)

measured by Subaru/IRCS. Differences in color represent the etddengitudes. The horizontal

bars show the estimated error values and the vertical baeseapthe latitudinal footprints of the

binned 10 pixels. (Right) Latitudinal mean values of the HDO/Hatios are shown in the top

panel. The error bars correspond to standard deviations. The triandlelsyshow the predicted

values by GCM of Montmessin et al. (2005). The values are exdrdicim the zonal averaged

map of the HDO/KO ratio shown irFFig. 2 of Montmessin et al. (2005).

Figure 8: (Left) Latitudinal distribution of the KD column density retrieved from

MEX/PFS—-SWC observations. The light blue, blue, yellow, and green awpessent orbit10542
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(16°W, 10/April), orbit10547 (167°W, 12/April), orbit10542 (162°W, 14/April), and orbit10542

(109°W, 14/April), respectively. The red curve corresponds to the longitudinal meae prafithe

error bars represent standard deviation. The black points show@heotimn density dts = 52°

(northern spring) retrieved by Subaru/IRCS. (Right) Latitudinatibigion of the HDO column

density retrieved from Subaru/IRCS observations. The red and black gprésent the values at

Ls = 96° (northern summer) ang = 52° (northern spring), respectively. The blue curve denotes

the longitudinal mean profile of the retrieved HDO column densitysat 96° and the error bars

represent standard deviation. These values have been normalized bg poefssure in order to

remove the effect of topography.

Figure 9. Seasonal variation othe HDO/H,O ratio (relative to VSMOW). The red curve

represents the distribution observed.sit 96° and the black curve indicates the distributiobsat

= 52° (similar to the right panel &fig. 7). The error values of the HDO/B ratio atLs = 96° are

estimated from standard deviations of botf©Othnd HDO mixing ratiosFhe-values-are-extracted

005).

Figure 10. (Top) Longitudinal distribution of kO column abundances. (Bottom) Longitudinal
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distribution of HDO column abundances. Differences in colors reprasenihbiserving latitudes.
The values are divided by{,#6.1) to remove the effect of topography, whéxg is surface
pressure in mbar. The vertical bars denote the estimated vaigrs and the horizontal bars

represent the longitudinal footprints of the binned 10 pixels.

Figure 11. (Top) Longitudinal distribution of the HDOA® ratio (relative value to VSMOW,
HDO/H,0 = 3.11 x 10". Differences in colors signify the observing latitudes. Théioadrbars

show the estimated error values and the horizontal bars reptiesdongitudinal footprints of the
binned 10 pixels. (Bottom) Latitudinal-mean values of the HQXO/katios shown in the top panel.

The error bars correspond to their standard deviations.

Figure 12. (Top) Local time distribution of O column abundances. (Bottom) Local time

distribution of HDO column abundances. Differences in colors represent the obsativimigs.

Figure 13. (Top) Local time distribution of the HDOM® ratio. Differences in colors denote the
observing latitudes. (Bottom) Latitudinal mean values of the HRO/katios shown in the top

panel. The error bars correspond to their standard deviations.
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Figure 14. HDO/H,0 ratio with HO column density from our measurementt &t96° (left) and

Ls=52° (right).

Figure 15. Sublimation—condensation process in the Martian water cycle and t&¢HHD ratio
in water vapor during the northern spririgs € 52°) and summerLé = 96°), inferred from our

observations

Figure A-1. Ar lamp spectra measured by IRCS at 3049.5647 (@eft), 3191.5201 ci (center),

and 3272.9622 cih(right). All observed data (all pixels in the slit) are shown together.

Figure A-2. Ar lamp spectra shown in Figure A-1 and their best-fit spagith Gaussian function

(red curves) and Sinc-squared function (blue curves).

Figure A-3. Ar lamp spectra shown in Figure A-1 and the retrieved ILSdipbination of two

Gaussian functions (red curves).



Table

Tables

Table 1 Parameters of Mars observations with Subaru/IRCS
Dateandtime Ls MY Doppler Diameter Airmass Slit Observing Local
(UT) ® shift (@) direction areas (°) Time

(km/s)

4/January/2012 52.4 31 -15 9.3 1.14-1.09 E-W ON—40N 10-17
13:12-16:26
5/January/2012 529 31 -15 9.4 1.25-1.10 N-S 256W-302W 13-15
12:34-16:28
13/April/2012 96.2 31  +11 11.5 1.05-1.56 N-S 34W-60W  9-10
8:24-10:49

Table 2 PFS orbits used for the joint observation with Subaru/IRCS

Orbit Date (UT) Longitude Local

number time

#10542 10/April/2012  16°W 16 h
12:21-13:20

#10547 11/Aprli/2012  167°W 16 h
23:08-24:06

#10554 13/April/l2012  162°W 16 h
23:47-25:14

#10557 14/April/2012  109°W 16 h
20:45-22:12

Table 3 Parameters of HDO and H,O lines used in this study. The values are taken from
the HITRAN 2008 spectroscopic database (Rothman et al., 2009).

Molecular H.0 H.0 HDO HDO
Wavenumber [cm™] 3035.78356 3216.52218 2672.59294 2677.71967
Intensity [cm] (for 296 K) 3.219x10% 2.848x10%* 7.463x10%** 9.117x10%
Lower state Energy [cm™] 446.6966 222.0528 116.4613 91.3302




Air-broadened  half-width | 0.0702 0.1080 0.0969 0.0975
[cm™ atm™] (for modeling of
terrestrial lines)
Temperature-dependence 0.32 0.76 0.77 0.77
exponent for the half-width
Table Al. List of combinations tested in retrieval of the ILS
1* function 2" function Chi-square
(for line center)  (for line wing)  (relative values)
Case-1 | Gauss Gauss 1.00
Case-2 | Lorenz Lorenz 5.19
Case-3 | Gauss Lorenz 1.38
Case-4 | Lorenz Gauss 5.17
Case-5 | Sinc Gauss 2.31
Case-6 | Sinc Lorenz 2.43
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Figure4 HDO at 2677 cm-! HDO at 2672 cm™’
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Figureb5
Click here to download high resolution image
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Figurel0Column-integral abundances (divided by Ps/6.1)
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Figurel2  Column-integral abundances (divided by Ps/6.1)
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Figurel4d

H,0 vs HDO/H,O (Ls=96°)

H,0 vs HDO/H,O (Ls=52°)
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Figurelb

Northern spring (Ls=52°)
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FigureAA r: 3040.5647 cm-! Ar: 3191.5201 cm! Ar: 3272.9622 cm™
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Floure’Ar: 3040.5647 cm Ar: 3191.5201 cm' Ar: 3272.9622 cm'
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