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Abstract 

We present distributions of D/H ratio in water vapor at the northern spring by ground-based 

observations. Although it is suggested that Mars has a drastic water cycle with 

sublimation-condensation process, previous observations of water vapor could not discriminate 

between the sublimation-condensation process and the atmospheric dynamics. Monitoring of D/H 

ratio in water vapor is a powerful tool to distinguish the processes because the lighter H2O vapor 

preferentially sublimate whereas the heavier HDO vapor preferentially condense due to the 

difference in their vapor pressures. Previous observations by the IRTF/CSHELL found that the 

HDO/H2O ratio varied between about 2 to 8 (relatively to Standard Mean Ocean Water (SMOW)) 

depending on location and local time at the northern spring (Villanueva et al., 2008; Novak et al., 

2011). However, they could not perform simultaneous observations of H2O and HDO due to the 

narrow spectral coverage of the CSHELL. The SUBARU/IRCS can observe H2O and HDO features 

simultaneously owing to the wide spectral coverage. We investigated D/H ratio in water vapor 

depending on latitude and longitude using the IRCS. The observations were performed during the 

northern spring in the Mars Year 31 (Ls=52.4° and Ls=52.9°). The retrieved values of H2O/HDO 

ratio are generally consistent with the previous reports. The latitudinal distribution of HDO/H2O 

ratio exhibits maximum at sub-solar latitudes (~20 N). This gradient has an agreement with the 

previous result reported by Novak et al. (2011), and suggests that rich condensation of HDO vapor at 

high latitude and equatorial region. Meanwhile, the longitudinal distributions of HDO and H2O 

abundances show the local enhancement over Arabia (~330W). However, the HDO/H2O ratio is not 

appeared clear variation over the region. It suggests that the local enhancement is controlled by 

atmospheric dynamics. In addition, we performed similar observation during the northern summer 

(Ls=96.2°). From the preliminary analysis of the measurement, we find enhancement of HDO 

abundances around the north polar cap for the first time. 
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Introduction : Is Mars water-rich planet ?  
* Recent observations suggest rich water at the polar caps and underground. 

(火星気象オービター提案書より抜粋)
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Introduction : Water cycle on Mars
* Recent observations show the water cycle in the atmosphere.

Fig. Seasonal cycle of water vapor (Appere et al., 2012) 

Motivation : With HDO/H2O 
observations, sublimation-condensation 

process in water (including surface-
atmosphere interaction) is investigated    

! HDO/H2O ~ 6 x VSMOW (Owen et al., 1988)

reflects H and D differential escape to space

but Condensation-induced HDO Fractionation 

(cloud formation)
-1D study in Fouchet and Lellouch (2000) / Bertaux and Montmessin (2001)-

! At thermodynamic equilibrium : ps(H2O) > ps(HDO)

! D/H ratio in ice higher than D/H in vapour, as given by:

@ 200K

 (Montmessin et al., 2005) 

(pr-um)

( The saturated vapor pressure of HDO is less 
than that of H2O ).
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Introduction : HDO/H2O GCM simulation
GCMÄÎÑs^7k�HDOÛ×Ùì

JGR$110,$(2005)

(other not-included process :Regolith adsorption)
(1st HDO/H2O simulation with GCM)

crystals) of the order of 100 seconds. This value intersects
atmospheric condensation and sedimentation timescales on
Mars, which range from seconds to days depending on
altitude and crystal size [Michelangeli et al., 1993].
Representing the competition between condensation/sedi-
mentation and HDO diffusion in ice is, however, beyond the
capability of our model as it supposes to store the isotopic
gradient of ice particle individually, a quantity that depends
on the history of each particle.
[14] For this reason, we have followed the approach

employed by Fouchet and Lellouch [2000] who separately
explored two methods of fractionation in their modeling of
HDO in the Martian atmosphere. We will therefore concen-
trate on two idealized cases: a Rayleigh Distillation case
(hereafter referred to as RD) where isotopic exchange is
represented by equation (2), and a Rapid isotopic Homog-
enization case (hereafter referred to as RH) where isotopic
exchange is computed following equation (1).
[15] Nevertheless, in the case of direct condensation of

water onto the Martian surface, HDO fractionation is
supposed to follow equation (2), regardless of the type of
fractionation chosen to prevail in the atmosphere. This
assumption is motivated by the fact that seasonal frost
deposits are generally thick enough (on the order of
100 mm) so that HDO diffusion in the icy layer can be
neglected.

2.2. Simulation Setup

[16] In our model, the north residual cap is represented by
an infinite source of water ice at the north pole with a
southern boundary located at 80!N. At the south pole itself,
temperature is set to follow carbon dioxide dew-point so as
to mimic the residual CO2 cap. Simulations are started with
an initially dry atmosphere, and are run until a water cycle
in steady state is obtained. As done by Montmessin et al.
[2004], the water cycle is considered being in steady state if
the interannual changes in the global water vapor inventory

are less than 1%; a value obtained after 15 years of
simulation. As it is for water, the north residual cap is
assumed to constitute the unique source of HDO on the
Martian surface. However, in the absence of measurements
of the concentration of deuterium residing in the cap, we
prescribed the (HDO/H2O) ratio in the permanent cap at
1.7 ! 10"3; i.e., the observed global concentration of HDO
in the Martian atmosphere [Krasnopolsky et al., 1997].

3. Predicted Cycle of HDO: The Rayleigh
Distillation Case

[17] We now discuss the results obtained by the model in
the specific case of fractionation where only the condensa-
tion flux can be at isotopic equilibrium with the surrounding
vapor; i.e., the Rayleigh Distillation case. As explained
previously, this type of fractionation should lead to the
largest removal of HDO molecules in the vapor phase when
clouds are forming.

3.1. Seasonal Cycle of HDO

[18] It can be expected that the HDO seasonal cycle
qualitatively matches that of water as the two species only
differ from each other by a slight shift in their respective
vapor pressure curve. The HDO cycle is displayed in

Figure 1. Evolution of the water isotopic ratio in a
gaseous sample brought to condensation at a temperature of
180 K. Two different fractionation processes are plotted
here. The dashed line represents the case where only the
instantaneous flux of condensation is at isotopic equilibrium
with the gaseous phase. The solid line is for the case of an
isotopic equilibrium between the whole condensed phase
and the surrounding gas.

Figure 2. (top) Latitudinal and seasonal distribution of the
zonally averaged abundances of HDO vapor in the Martian
atmosphere as predicted by the model. (bottom) Corre-
sponding values of the D/H ratio in the vapor phase.
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Fig. Latitudinal and seasonal distribution of the zonally averaged abundances of the D/H ratio in the vapor phase 
(Montmessin et al., 2005)

decrease of HDO due to the 
polar hood water ice cloud

decrease of HDO due to 
equatorial cloud belt

* A GCM simulation suggests that HDO/H2O ratios rage between 2 to 5 due to condensation

4

Introduction : HDO/H2O Observations
✓ Previous reports of HDO/H2O distribution is very limited (Only 1 paper in literature):
• Owen et al. (1980) : (HDO/H2O)Mars  = (6±3)xVSMOW [global-mean]
• Krasnopolsky et al. (1997) : (HDO/H2O)Mars  = (5.5±2)xVSMOW [global-mean]
• Villanueva et al. (2008) : Significant Local-time dependence                                           
• Novak et al. (2011) : Significant Latitudinal distribution                                            

Fig. Map of HDO/H2O observed by IRTF/CHESLL at 
Ls=50 (Villanueva et al., 2008). 

Further investigation of HDO/H2O is indispensable
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Fig.  Latitudinal distribution of HDO/H2O observed by IRTF/
CHESLL at Ls=50 (Novak et al., 2011). 
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The observed Day-to-Night D/H gradient is not reproduced.
Problem with model? 

Morning
side

evening
side

Observation GCM
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Key questions

• Latitudinal distribution of HDO/H2O at different season ?

• Longitudinal distribution of HDO/H2O ?

• Local-time dependence of HDO/H2O ? 

 Remote-sensing by high-resolution NIR spectrometer from space-craft is the best way to 
investigate those. However, there are no such instruments. NOMAD/TGO will be able to do 
that (It will be able to obtain 3-D HDO/H2O map by Nadir & Solar-occultation 
observation mode). Ground-based observation with high-resolution NIR spectrometer is 
only way at the moment.  We investigated HDO/H2O on Mars using SUBARU/IRCS. It can 
obtain longitudinal or latitudinal distribution over the planet at the same time. 

Goal : Understanding of sublimation-condensation process in water 
(including surface-atmosphere interaction)

6

Fig. An example of measured spectrum by IRCS (5-min integration).
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(a) Order-19

(b) Order-18

(c) Order-17

(d) Order-16

(e) Order-15

○ ○
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○:CH
4

○:HDO
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○○
○○

○○○

○

○
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○

(1) 2.94-3.01 μm
telluric H2O lines

(2) 3.10-3.18 μm
telluric H2O lines

Owing to the wide spectral coverage, we could performed absolute simultaneous 
observations of multiple CH4,  H2O, HDO, and CO2 lines.

(5) 3.72-3.81 μm
telluric HDO lines

Martian CO2 
isotope lines

(3) 3.28-3.36 μm
telluric H2O lines
telluric CH4 lines

(4) 3.49-3.57 μm
telluric CH4 lines

Instruments: SUBARU / IRCS  

Table. IRCS Instrument 
parameters (L-band echelle)

* IRCS has been designed to deliver 
diffraction limited images from 2 to 5 
μm, as well as providing spectroscopy 
with grisms and a cross-dispersed 
echelle. The camera can also be used 
as a slit viewer for the echelle 
spectroscopy. 

IRCS CSHELL
Spectral 
coverage

~80cm-1

 x 5 bands ~10cm-1

Spectral 
resolution ~20,000 ~40,000

Slit 0.14”x6.69” 0.47”x30”
Pixel 
Scale 0.06” 0.2”

HDO/H2O analysis
We use H2O line at 3035 cm-1 and HDO line 
at 2677 cm-1 because these lines are enough 
strong, not saturated, and does not have 
any contaminations: the other terrestrial 
lines (O3, N2O, CH4, and H2O isotopes etc), 
Martian CO2 lines, and solar lines.
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Table. Summary of SUBARU/IRCS 
observation during 2011-2012 periods

2011-2012 Observing campaign by SUBARU/IRCS

Date

(a) 2011/12/1 4:00-5:30 (1h)
(b) 2012/1/4 1:00-6:00 (5h)
(c) 2012/1/5 1:00-6:00 (5h)

(d) 2012/4/12 20:00-2:30 (4h)
[(d)Joint observation with PFS]

Ls (a) 37° (b,c) 52° (d) 96°
Slit 

position
(a,c,d) N-S direction 

(b) E-W direction 
Target CH4, HDO, H2O, CO2 isotope

Points of our observations
✓ First simultaneous observation between H2O, HDO, CH4 and CO2 isotopes
✓ Investigation of HDO/H2O latitudinal distribution at different seasons 
✓ Investigation of HDO/H2O local-time dependence 
✓ First investigation of HDO/H2O ratio at local summer (during sublimation of the northern polar cap).
✓ Detail observation of the potential CH4 source areas.
✓ Simultaneous observation between SUBARU and PFS.
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 (b,c) (a)  (d)

✓ We observed Mars using IRCS (a near-infrared 
echelle spectrometer) on 4 nights during 2011-2012 
periods. The observations aim to investigation of 
HDO/H2O, CO2 isotopes, and CH4 distributions.  
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Fig . An example of fitting to the spectra taken by IRCS in HDO 
and H2O spectral ranges at latitude 35 degrees north.

Observations and Method of analysis

Average/binning : For HDO/H2O analysis, the all data are 5 minutes integration and 10-pixel binning (which is 
corresponding to observing seeing).

Separation between telluric and Martian contributions & determination of column density :

 * In order to detect tiny Martian line (which is shifted due to doppler-shift), we should separate between Martian 
and Terrestrial contributions. For that, we developed a RT model for each line (± 0.5 cm-1 from line center), and 
derive the best-fitted one with Levenberg-Marquardt algorithm.

* The model considers terrestrial H2O, HDO, and O3 lines, Martian H2O and HDO lines, solar lines, and the 
instrumental line shape (ILS) of IRCS. The Lorenz width is considered as line-width for terrestrial molecules, while 
the doppler width is considered as line-width for martian molecules. The gaussian function is assumed as the 
instrumental line shape of IRCS.  The solar spectrum is obtained from ACE-FTS observation (Hase et al., 2010). 
The continuum is assumed to be liner function in the narrow spectral range. The free parameters are line center 
position, column density of terrestrial H2O, Martian H2O, the factor of continuum (ax+b), and width of ILS. 
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Average/binning : For HDO/H2O analysis, the all data are 5 minutes integration and 10-pixel binning (which is 
corresponding to observing seeing).

Separation between telluric and Martian contributions & determination of column density :

 * In order to detect tiny Martian line (which is shifted due to doppler-shift), we should separate between Martian 
and Terrestrial contributions. For that, we developed a RT model for each line (± 0.5 cm-1 from line center), and 
derive the best-fitted one with Levenberg-Marquardt algorithm.

* The model considers terrestrial H2O, HDO, and O3 lines, Martian H2O and HDO lines, solar lines, and the 
instrumental line shape (ILS) of IRCS. The Lorenz width is considered as line-width for terrestrial molecules, while 
the doppler width is considered as line-width for martian molecules. The gaussian function is assumed as the 
instrumental line shape of IRCS.  The solar spectrum is obtained from ACE-FTS observation (Hase et al., 2010). 
The continuum is assumed to be liner function in the narrow spectral range. The free parameters are line center 
position, column density of terrestrial H2O, Martian H2O, the factor of continuum (ax+b), and width of ILS. 
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Fig . An example of fitting to the spectra taken by IRCS in HDO 
and H2O spectral ranges at latitude 35 degrees north.

Observations and Method of analysis
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Fig . An example of fitting to the spectra taken by IRCS in HDO 
and H2O spectral ranges at latitude 35 degrees north.

Observations and Method of analysis

Average/binning : For HDO/H2O analysis, the all data are 5 minutes integration and 10-pixel binning (which is 
corresponding to observing seeing).

Separation between telluric and Martian contributions & determination of column density :

 * In order to detect tiny Martian line (which is shifted due to doppler-shift), we should separate between Martian 
and Terrestrial contributions. For that, we developed a RT model for each line (± 0.5 cm-1 from line center), and 
derive the best-fitted one with Levenberg-Marquardt algorithm.

* The model considers terrestrial H2O, HDO, and O3 lines, Martian H2O and HDO lines, solar lines, and the 
instrumental line shape (ILS) of IRCS. The Lorenz width is considered as line-width for terrestrial molecules, while 
the doppler width is considered as line-width for martian molecules. The gaussian function is assumed as the 
instrumental line shape of IRCS.  The solar spectrum is obtained from ACE-FTS observation (Hase et al., 2010). 
The continuum is assumed to be liner function in the narrow spectral range. The free parameters are line center 
position, column density of terrestrial H2O, Martian H2O, the factor of continuum (ax+b), and width of ILS. 
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Latitudinal distribution at Ls = 52° (LT = 13-15)    
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Fig . Latitudinal distributions of H2O, HDO, and HDO/H2O wrt 
SMOW observed by IRCS. Differences in colors show the observing 

longitudes. The values in HDO/H2O are the averaged over the 
longitudes and error bars show their standard deviations

• The H2O amounts have a good agreement with 
the values derived from Mars Climate Database 
(GCM). 

• The values of HDO/H2O ratios are maximum 
at middle latitudes (20-40° N). The distribution 
would be explained by condensation in the 
atmosphere.
• The mean value of HDO/H2O is 3.3 ± 1.0. It is 
slightly smaller than the values by previous 
reports (→ future work : Update of RT model). 　
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Latitudinal distribution at Ls = 37°    !"##$%&'()*'+,+-$'.%'/0#1'
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Ls=37

• Since it was high-humidity during 
observations on 12/1 and 4/12, Martian H2O 
amounts could be derived by SUBARU. Here, I 
use MCD model for HDO/H2O analysis.

• The values of HDO/H2O ratios are 
maximum at middle latitudes (20-40° N) and 
around 10° S. The distribution would be 
explained by condensation in the atmosphere.

Fig . Latitudinal distributions of H2O derived from GCM, and HDO, 
and HDO/H2O wrt SMOW by IRCS at Ls = 37°.
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Latitudinal distribution at Ls = 96°    !"##$%&'()*'+,+-$'.%'/0#1'
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Fig . Latitudinal distributions of H2O derived from GCM, and HDO, 
and HDO/H2O wrt SMOW by IRCS at Ls = 96°.

✓ We detect HDO sublimation of the 
northern polar cap for the first time. 

✓ The H2O/HDO ratio is increased from low 
latitudes to high latitudes. The mean value of 
H2O/HDO ratio is quite small. It is suggested 
that the quantity of H2O sublimation has an 
annual-variation (Montmessin et al., 2012, 
MEX-SWT). Retrieval of H2O amounts will be 
performed using MEX/PFS data during the 
same period.
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Local time dependence at Ls = 52°    
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← Fig. Local times distributions of H2O, 
HDO, and HDO/H2O wrt SMOW at Ls = 

52°. Differences in colors show the 
observing latitudes (Red: 30-40N, Green:
20-30N, Blue:10-20N, and Black:0-10N). 

The values in HDO/H2O are the averaged 
over the longitudes and error bars show 

their standard deviations.

• A clear local-time dependences of H2O 
and HDO amounts do not appear.  

• A strong local-time (or longitudinal) 
distribution of HDO/H2O ratios appears 
at 16-18 h. It is basically consistent with 
the result by Villanueva et al. (2008).
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Longitudinal distribution at Ls = 52°    
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← Fig. Longitudinal distributions of H2O, 
HDO, and HDO/H2O wrt SMOW at Ls = 

52°. Differences in colors show the 
observing latitudes (Red: 30-40N, Green:
20-30N, Blue:10-20N, and Black:0-10N). 

The values in HDO/H2O are the averaged 
over the longitudes and error bars show 

their standard deviations.
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• A clear longitudinal distributions of 
H2O and HDO amounts appear (Wave-3 
structure @270W...? [Future Work] ).  

• Although it is not distinguished from 
local-time dependence, a strong 
longitudinal distribution of HDO/H2O 
ratios appears around 240 degrees.
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Summary

• Motivation : Investigation of sublimation-condensation process in water on Mars with 
HDO/H2O observations. We performed observation of its latitudinal distribution and local 
time dependence using SUBARU/IRCS.
• Latitudinal distribution : Our observations at Ls=52 and Ls=37 show that the values of 
HDO/H2O ratios decrease from the sub-solar latitude (~20N) to north-pole and low-latitude 
together with HDO and H2O amounts.It would be basically explained by condensation in the 
atmosphere.  
• Local-time / Longitudinal distribution : A strong longitudinal distribution of HDO/H2O 
ratios appears around 240 degrees or 16-18 h. A clear longitudinal distributions of H2O and 
HDO amounts appear. The further investigation of the distributions are one of the important 
future works.
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