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a b s t r a c t

A new Mid-Infrared Laser Heterodyne Instrument (MILAHI) with 4106 resolving power at 7–12 μmwas
developed for continuous monitoring of planetary atmospheres by using dedicated ground-based tele-
scopes for planetary science at Mt. Haleakalā, Hawaii. Room-temperature-type quantum cascade lasers
(QCLs) that cover wavelength ranges of 7.69–7.73, 9.54–9.59, and 10.28–10.33 μm have been newly
installed as local oscillators to allow observation of CO2, CH4, H2O2, H2O, and HDO. Modeling and pre-
dictions by radiative transfer code gave the following scientific capabilities and measurement sensitiv-
ities of the MILAHI. (1) Temperature profiles are achieved at altitudes of 65–90 km on Venus, and the
ground surface to 30 km on Mars. (2) New wind profiles are provided at altitudes of 75–90 km on Venus,
and 5–25 km on Mars. (3) Direct measurements of the mesospheric wind and temperature are obtained
from the Doppler-shifted emission line at altitudes of 110 km on Venus and 75 km on Mars. (4) Detec-
tions of trace gases and isotopic ratios are performed without any ambiguity of the reproducing the
terrestrial atmospheric absorptions in the observed wavelength range. A HDO measurement of twice the
Vienna Standard Mean Ocean Water (VSMOW) can be obtained by 15-min integration, while H2O of
75 ppm is provided by 3.62-h integration. The detectability of the 100 ppb-CH4 on Mars corresponds to
an integration time of 32 h.

& 2016 Elsevier Ltd All rights reserved.
1. General introduction

Recent successful explorations of planetary atmospheres by
numerous spacecraft and ground-based telescopes have revealed
their highly variable phenomena with spatial variations at various
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time scales such as diurnal, seasonal, and following the 11-year
solar cycle. The characteristics of such spatial and temporal var-
iations are essential for studying the atmospheric dynamics and
photochemistry, and for understanding the meteorology, clima-
tology, and the atmospheric evolution. However, many ground-
based telescopes, particularly those with large apertures, are
operated on a public time-sharing basis; therefore, they are not
practical for conducting dedicated, continuous monitoring obser-
vations of planetary atmospheres. Spacecraft missions can be used
for such observation; however, their spatial coverage is often
strongly limited by the instantaneous field-of-view (FOV) of the
instrument and the orbit of the spacecraft. Moreover, the mon-
itoring capability is still limited to the mission lifetime. Com-
plementary ground-based observations can probe regions that are
not accessible remotely by spacecraft and can obtain global maps
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Table 1
Instrumental specifications.

Size W600�D1200�H450 mm for optics
Weight 80 kg
Wavelength 7–12 μm
Operating spectral range 7.71–7.73 μm (1293–1297 cm�1)

9.54–9.59 μm (1043–1048 cm�1)
10.28–10.33 μm (968–973 cm�1)

Detector Mercury–Cadmium–Telluride photo diode
Detector elements 0.1 mm diameter
Detector bandwidth 3000 MHz (�0.10 cm�1) (3 dB cut off)
Backend spectrometer Digital Fast Fourier Transform spectrometer
Backend bandpass 1000 MHz (�0.03 cm�1)
Backend resolution 61 kHz (1.8�10�6 cm�1) or 16,384 channels
Noise level System noise temperature 3000 K
Resolving power more than 1.5�106

Diffraction-limited FOV 4.32″ with 60 cm-telescope (10.3 μm)
1.44″ with 1.8 m-telescope (10.3 μm)

Focal plane operation Coude or Nasmyth mounted
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across the planetary disk. Continuous observation by a dedicated
telescope for planetary science will be helpful for understanding
the variable nature and spatial variations of planetary
atmospheres.

We relocated our Tohoku 60 cm telescope (T60) from Fukush-
ima, Japan, to the summit of Mt. Haleakalā, Hawaii, in September
2014. This telescope is designed to achieve continuous observa-
tions of planetary atmospheres through remote operation. In
addition, we are currently conducting the Polarized Light from
Atmospheres of Nearby Extra-Terrestrial System (PLANETS) pro-
ject, in which a new 1.8 m telescope will be installed at the summit
of Mt. Haleakalā for planetary science, including analysis of exo-
planets, under an international consortium (http://kopiko.ifa.
hawaii.edu/planets/index.html), see Sakanoi et al. (2014). The Mid-
Infrared Laser Heterodyne Instrument (MILAHI) has been devel-
oped as a facility instrument for these planetary science-dedicated
telescopes at the summit of Mt. Haleakalā, which is well suited for
infrared (IR) spectroscopy at an altitude of 3055 m owing to low
humidity and low atmospheric absorptions.

A number of rotational and vibrational transitions of atmo-
spheric molecules in the mid-IR wavelength enable observation of
many of the most important species and their isotopes in plane-
tary atmospheres. IR heterodyne spectroscopy provides the high-
est spectral resolution at 7–12 μm with resolving power R¼λ/
Δλ4106 and sensitivity close to the quantum limit. These features
enable us to fully resolve the line shape of molecular transitions,
which provides unique information of the atmosphere: (i) It allows
to obtain vertical profiles of dynamics and thermal structure
retrieved from single molecular line. (ii) It permits the study of
local winds and temperature in the planetary upper atmosphere
by using direct measurements of non-local thermodynamic equi-
librium (LTE) emission. (iii) High-resolution spectroscopy is sui-
table for directly observing minor constituents in the planetary
atmospheres without any ambiguity for reproducing the terrestrial
atmospheric features. Notable successes on Venus, Mars, Jupiter,
Titan, and Earth have been accomplished by National Aeronautics
and Space Administration (NASA) Goddard Space Flight Center
(GSFC; Kostuik and Mumma, 1983; Livengood et al., 1993; Kostuik,
1994; Kostuik et al., 1996; Fast et al., 2002), the University of
Cologne (Sonnabend et al., 2010; Sornig et al., 2013), and Tohoku
University (Okano et al., 1989; Fukunishi et al., 1990; Taguchi et al.,
1990).

The present study proposes continuous observation of the
atmospheric dynamics, thermal structure, and compositions on
Mars and Venus and investigation of the nature of atmospheric
activity on various time scales. In Section 2, we describe the IR
heterodyne spectrometer technique and instrumentation. Next,
we discuss the scientific objectives on Mars and Venus, which are
focused on the benefit of high-resolution spectroscopy in Section
3. In Section 4, we address the scientific capabilities and mea-
surement sensitivities by using modeling and predictions from the
radiative transfer code. Finally, we summarize our conclusions in
Section 5.
2. Instrument

2.1. Principle

The IR heterodyne detection is analogous to a spectroscopy
technique in the radio frequency range. An IR source from the
planet is combined with a laser local oscillator (LO) and is focused
onto a mercury cadmium telluride (MCT) photodiode mixer. The
resultant intermediate frequency (IF) in the radio region preserves
the intensity and spectral information of the IR spectrum. Het-
erodyne detection is a coherent technique, and the detected
electric field is the sum of the electric fields of the source and LO, E
(t):

EðtÞ ¼ ES expðiωStÞþELO expðiωLOtÞ; ð1Þ
where radiation from the source (frequency ωs, electric field
ESexpðiωStÞ), and the output of an LO (frequency ωLO , electric field
ELOexpðiωLOtÞ). The nonlinear response of the photodiode mixer is

RðtÞpEE� ¼ E2S þE2LOþ2 ESELOj jcos ωS�ωLOð Þt½ �; ð2Þ
where ωs�ωLO is a cross-product term generated at IF.

2.2. Specifications

The instrumental specifications of MILAHI are summarized in
Table 1, and its optical configuration is shown in Figs. 1 and 2.
MILAHI is currently composed of three LOs that cover the wave-
length ranges of 7.71–7.73 μm (1293–1297 cm�1), 9.54–9.59 μm
(1043–1048 cm�1), and 10.28–10.33 μm (968–973 cm�1) and of
one backend spectrometer. Previous systems have used large-sized
CO2 lasers, which allow observations in only a small portion of 9–
12 μm. In contrast, recent applications of the quantum cascade
laser (QCL) to the IR laser heterodyne have opened new spectral
regions to exploration in 7–13 μm (Sonnabend et al., 2005; Stupar
et al., 2008; Stangier et al., 2013). Because the current LOs in the
system are easily exchangeable, observable molecules can be
extended by handling with additional LOs. In our system, a newly
designed room-temperature-type QCL manufactured by Hama-
matsu Photonics is adopted for use as a LO. Temperature sweeping
between �30 °C and 30 °C strongly increases the total tuning
range, which is five times larger than the liquid nitrogen type QCL
at 5 cm�1 for each wavelength region. Fig. 3 shows an example of
the emission spectra of LO obtained using Fourier Transfer Spec-
trometer (FTS) with 0.0035 cm�1 resolution without any apodi-
zation. Due to the discontinuity of the interferogram-edge, the
oscillation occurred around the peak line, which caused negative
excursions and brunch of low-level features. The typical output
power of LO is of 30–100 mW. We also applied a compact CO2 gas
laser manufactured by Access Laser Co. as a LO in MILAHI for
complementary use in 10 μm. The CO2 gas laser covers wavelength
ranges of 9.20–9.34 μm (1071–1087 cm�1), 9.45–9.69 μm (1032–
1058 cm�1), 10.15–10.34 μm (967–985 cm�1), and 10.47–
10.71 μm (934–955 cm�1).

The optical beam from the celestial signal is combined with the
LO on the ZnSe beam splitter and is fed into the MCT photodiode
mixer, manufactured by Raytheon vision systems. We used four
detector elements on a chip in the form of a 2�2 matrix. Each
individual detector is circular with a diameter of 0.1 mm and
0.1 mm edge-to-edge spacing between each element. Each
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Fig. 1. Optical configuration of Mid-Infrared Laser Heterodyne Instrument (MILAHI).

Fig. 2. View of the optics of Mid-Infrared Laser Heterodyne Instrument (MILAHI).
The size of the shown optics is 600 mm in width, 1200 mm in depth, and 450 mm
in height.

Fig. 3. Emission spectra of 9.6 μm quantum cascade laser (QCL) measured by
Fourier Transform Spectrometer (FTS) with a spectral resolution of 0.0035 cm�1

without any apodization. Each single-mode emission spectrum was obtained by a
certain temperature (�30 °C, 0 °C, þ30 °C) and current of LO (600–950 mA, shown
as colored lines with labeled). Intensity is given in arbitrary units. The typical
output power of LO is of 30–100 mW. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).
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detector optimizes the sensitivity at a specific wavelength to cover
the wavelength range from 7–12 μm. The four elements were
tuned to wavelength value of 8.3, 9.0, 9.6, and 10.3 μm. Each
detector element was wired to an SMA output terminal, and
selected outside the dewar. The photodiode mixer generates an IF
signal with a bandwidth of 3 GHz in both the upper and lower
sideband, which is known as double sideband detection. The
mixer is cooled to the Liquid Nitrogen (LN2) temperature in a
dewar vessel which should be replaced by cryocoolers for con-
tinuous operation.



Fig. 4. Terrestrial ozone absorption spectrum at 1043.864 cm�1 (9.6 μm) obtained
by by Mid-Infrared Laser Heterodyne Instrument (MILAHI). The spectrum was
observed by using a 50 cm coelostat at the University of Hawaii, Maui Advanced
Technology Research Center, in March 2014 with 10-min integration for the back-
ground target, Sun. The data were re-sampled with 1 MHz-binning. The unit of the
intensity is S-R/H-C shown in the Eq. (3). The molecular line positions were iden-
tified by using the high-resolution transmission (HITRAN) database.
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As the backend spectrometer, a Digital Fast Fourier Transform
spectrometer (DFT) is first adapted to the IR heterodyne system
based on a commercially available fast digital sampler with an on-
board Field Programmable Gate Array (FPGA; Benz et al., 2008).
Our DFT enables instantaneous coverage of 1 GHz, or 500 MHz in
the high-resolution mode, resolved into 16,384 channels at 61 kHz
corresponding to 0.000002 cm�1, or 31 kHz in the high-resolution
mode. To analyze a range of 0–1 GHz at IF, a signal is sampled
every 0.5 ns. The theoretical limit of an 8-bit analog-to-digital
converter (A/D) yields a dynamic range of 48 dB. DFT offers flex-
ibility, well-controlled stability, inherent frequency calibration and
linearity, and compactness compared with previously used spec-
trometers such as RF filter bank or an acousto–optical (AOS)
spectrometer. The calibration subsystem consists of a calibrated
black body, an absorber at ambient temperature, a reference gas
cell, and a Galvano scanner mirror which can direct the planet, the
sky, and the calibration targets. An offset position is optimized for
each target. The calibrated spectrum is calculated by

J ¼ S�R
H�C

JH� JC
� �

; ð3Þ

where S, R, H, and C denote the photon current from the signal (the
planet), reference (the sky), hot load, and ambient temperature
load, respectively, in a given time interval. The background are
removed by taking the difference between S and R. Non-uniform
gain of the receiver across the IF band is corrected by dividing by
the calibration load differences between H and C. JH and JC
(K) denote the brightness temperature of calibrators using known
physical temperature, hot load (400 °C) and cold load (room
temperature). Since we operate outside the range of the Rayleigh–
Jeans approximation the brightness temperatures of the two loads
at the operating wavelength are determined by Planck's law from
the physical parameters Tphy and the quantum limit Tql using

J ¼ Tql exp
Tql

Tphy
�1

� �� ��1

: ð4Þ

The factor (JH� JC) enables us to perform absolute calibration by
using the known temperatures of the calibration loads. Thus, Eq.
(3) directly determines the brightness temperature difference
between the signal and reference position, as shown by the
detector, including all losses (Sonnabend et al., 2008).

2.3. Spectral resolution

The frequency stability of the LO and its line width determine
the spectral resolution; thus, the optimum stabilization of the LO
frequency is required. A compact thermo–electric air cooler head
stabilizes the operating temperature of the LO with 0.1 °C preci-
sion. A typical example of observed spectra of the terrestrial ozone
absorption at 1043.864 cm�1 is shown in Fig. 4. Spectra were
observed by MILAHI using a 50 cm-coelostat at the University of
Hawaii, Maui Advanced Technology Research Center (UH/ATRC) on
March 11, 2014. The spectrum was obtained with 10-min inte-
gration for the background source, Sun, and the solar zenith angle
was 30°. Data were resampled by 1 MHz-binning, and line posi-
tions were identified by using the high-resolution transmission
(HITRAN) database (Rothman et al., 2013). The observed absorp-
tion spectrum strongly correlated with the synthetic spectrum
including its isotope features. Fig. 5a shows the variation in the
frequency position of the observed terrestrial ozone absorption.
An extended view of the observed terrestrial ozone is shown in
Fig. 5b. Data were taken every 6 s for 30 min. A Gaussian line
profile was fitted to the terrestrial ozone absorption, yielding the
line-center frequency. The observed peak-to-peak variation in the
frequency was 30 MHz with a standard deviation of 20 MHz
(0.0006 cm�1), corresponding to the resolving power R¼1.5�106.
The absorption features of reference C2H4 and CH4 gas cells with a
pressure of 5 mbar was used for additional frequency-locked
feedback to achieve a better frequency stability of 1 MHz
(R¼3.0�107; Sonnabend et al., 2008). In addition, the frequency
drift can be easily corrected owing to the simultaneous detection
of the reference gas cell during observation.

To measure the line width of the LO, we performed direct
heterodyne measurement by using QCL as an input signal to our
CO2 laser-based heterodyne system. Fig. 6 shows the detailed
features of the QCL emission line obtained at 1 s intervals. The
result implies that the line width of our QCL is less than 20 MHz.
Although the result satisfies our requirements for observing tar-
gets, it is noted that the line width of our QCL appears to be larger
than 1 MHz, which is expected for LN2-type QCL (Sonnabend et al.,
2005).

Since the original backend-resolution of DFT, 61 kHz, is much
finer than the frequency stabilization of LOs as mentioned above,
the spectral resolution would be determined by the frequency
stabilization of LOs. The fine channels of the backend are usually
binned in order to reduce the spiky noise due to the surrounding
radio noise source and DFT itself as well. The binning-width would
be determined to balance both its scientific requirement (spectral
resolution) and signal-to-noise ratio.



Fig. 5. Wavelength stability of the local oscillator (LO). (a) Variations in the fitted frequency position of the terrestrial ozone absorption line. Data were taken every 6 s over
30 min. The wavelength position is distributed in the range of 720 MHz, corresponding to 70.0006 cm�1; 1 MHz corresponds to �0.00003 cm�1 (b) Extended view of the
observed terrestrial ozone absorption taken at 6 s intervals. A Gaussian line profile (red line) was fitted to the terrestrial ozone absorption, yielding the line-center frequency.
The unit of the intensity is S-R/H-C shown in the Eq. (3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article).

Fig. 6. Detailed feature of the quantum cascade laser (QCL) emission line obtained
by direct heterodyne measurement with a CO2 laser-based heterodyne system at
10.3 μm at 1 s intervals. The full width at half maximum (FWHM) of the line width
is less than 20 MHz (0.0006 cm�1), as shown as the dotted line.

Fig. 7. System noise temperature Tsys at 10.3 μm (solid) and 7.7 μm (dotted). The
averaged value of 2500 K of Tsys at 10.3 μm is less than a factor of two above the
quantum limit Tql. The spectral binning is 4 MHz. It is noted that Tql equals 1397 K at
10.3 μm and 1869 K at 7.7 μm.
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2.4. Sensitivity

Fig. 7 shows the typical sensitivity over the full 1 GHz band-
width of the DFT. The averaged system noise temperature Tsys
reached 2500 K at 10.3 μm, and 3500 K at 7.7 μm. Neglecting all
additional noise sources, a heterodyne system has a natural limit
known as quantum limit Tql which is the minimum noise con-
tribution of a classical mixer in an ideal system that limits the
sensitivity of any heterodyne receiver:

Tql ¼
hUν
kB

; ð5Þ
where kB is the Boltzmann constant, h is the Planck constant, and ν
is the observed frequency. Tql equals 1397 K at 10.3 μm and 1869 K
at 7.7 μm. The system noise temperature 2500 K obtained by
MILAHI at 10.3 μm is only 70% above the quantum limit. This
corresponds to a minimal detectable brightness temperature dif-
ference:

ΔT ¼ Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bres U tint

p ; ð6Þ

where Bres is the spectral resolution bandwidth 1.5 MHz, and tint
the integration time 10 min for 50 mK (0.4 ergs/s cm2 cm�1 sr) in
a minimum flux difference for extended sources (Sonnabend et al.,
2008). In addition, the characteristics of the bandwidth in Fig. 7
are flat and clean with no standing waves in the IF processing
electronics.

2.5. Observation conditions at Haleakalā

A summary of the beam size (instrumental FOV) with a dif-
fraction limited etendue ADΩ, where AD is the effective aperture



Table 2
Beam size of the instrument and the apparent sizes of the planets.

LO Spectral bands (cm�1) Beam size (60 cm) Beam size (1.8 m)

1 968–973 4.32″ 1.44″
2 1043–1048 4.03″ 1.34″
3 1293–1297 3.23″ 1.08″

c.f. Apparent size of Venus �10–60″, Mars �3–25″.
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and Ω is the beam solid angle, depending on the wavelength λ, is
shown in Table 2. In contrast to existing single-dish millimeter–
submillimeter observations, MILAHI offers a significantly higher
spatial resolution, allowing detailed studies of variations with
latitude and local time across the planetary disk. This instrument
will provide 4.2 arcsec resolution with the T60 telescope and
1.4 arcsec resolution with the 1.8 m telescope at 10.3 μm. For
example, the angular diameter of the apparent disk of Venus
varied from 10 arcsesc to 58 arcsec. In contrast, that of Mars varied
from 3 arcsec to 25 arcsec. It is remarkable that T60 still has sig-
nificantly better spatial resolution than a larger submillimeter
telescope such as the JCMT 15 m diameter telescope with a dif-
fraction limited beam size of 14 arcsec. The PLANETS 1.8 m tele-
scope can achieve spatial resolutions of about 400 km on Mars and
200 km on Venus at their maximum angular diameters. In con-
trast, a limitation of IR heterodyne technique, comparing with
long-slit mapping spectrometers, is that different FOVs are regis-
tered sequentially and not simultaneously. Mapping requires the
adequate time, which depends on the number of positions and the
integration time for each position. Note that the seasonal and
annual variations of maps can be investigated by weekly/monthly
survey. For fast-changing phenomena, FOV should be fixed in the
specific location on planetary disk.

To ensure accurate orientation on the target source, a dichroic
mirror splits the emissions from the target and reflects the IR
emission. In contrast, visible emission is transmitted into an
optical guide system. The full FOV of the guide camera is about
100�100 arcsec. The detected image of the Complementary Metal
Oxide Semiconductor (CMOS) camera can be used for feedback to
stabilize the orientation.

Bradley et al. (2006) reported information on the summit
conditions of observation at Haleakalā. The averaged cloud-free
line of sight percentage in the nighttime (daytime) was about 70%
(62%). When we simply assume 70% in total operation (12 h per
night) and time-sharing with three facility instruments onboard
T60, about 1022 h per year are provided for MILAHI operations.
Since the MILAHI can also operate during the daytime without any
competitions with other instruments, the operation time basically
increases more. Such a huge amount of observation time enables
the investigation of physical parameters for various time-scales
including the 11-year solar cycle and detection of minor con-
stituents with long-term integration. The operation will be utilized
under remote control to achieve continuous measurement of the
planetary atmospheres.
3. Scientific objectives on Mars and Venus by high-resolution
spectroscopy

3.1. Temperature profiles in the upper atmosphere on Venus

Spectrally resolved molecular line shapes enables us to retrieve
vertical profile of atmospheric temperature and molecular abun-
dance by taking information from pressure-broadened line widths.
In addition, the IR technique is highly sensitive to detection of
narrow nearly Doppler-broadened features, which would reach
the upper atmosphere. Millimeter and submillimeter observations
of CO rotational lines have been used to retrieve the temperature
profile over the �80–115 km altitude region on Venus (e.g., Lel-
louch et al., 1994; Clancy et al., 2012). These studies illustrate the
presence of strong diurnal and spatial variabilities, which are still
poorly understood. Stangier et al. (2015) demonstrated the tem-
perature sensitivity of IR heterodyne spectroscopy between 60–
90 km, based on the observed nightside spectra of Venus. Since IR
heterodyne spectroscopy offers a higher spatial resolution com-
pared to those millimeter and submillimeter observations, mea-
surements with IR heterodyne spectroscopy across the global disk
will improve our understanding of the variability to distinguish
temporal and spatial variations. From spaceborne measurements,
the Venus Express (VEX) mission addressed in detail the upper
atmosphere on Venus by using the Spectroscopy for Investigation
of Characteristics of the Atmosphere of Venus/Solar Occultation at
Infrared (SPICAV/SOIR) instrument (e.g., Bertaux et al., 2007;
Mahieux et al., 2012) and Radio Science experiment (VeRa) (e.g.,
Pätzold et al., 2007; Tellman et al., 2009). However, VEX no longer
exists so that there is no immediate prospect for new measure-
ments to characterize the Venus upper atmosphere. Instead, the
Japanese Akatsuki spacecraft has entered orbit around Venus on
December 2015. The cameras in the wavelength range from
ultraviolet to IR onboard spacecraft study different atmospheric
features in and beneath the cloud layer. Ground-based measure-
ment of IR heterodyne spectroscopy will extend and complement
the Akatsuki data into the upper atmosphere.

3.2. Temperature profiles in the lower atmosphere on Mars

Regarding the Martian atmosphere, abundant data observed by
the Thermal Emission Spectrometer (TES) onboard the Mars Glo-
bal Surveyor (MGS) are available for the thermal structure in the
lower atmosphere, up to 40–50 km, including horizontal dis-
tributions and seasonal changes through several Martian years
(Smith, 2001). A global map of thermal structure is one of the key
but missing parameters needed for studying unique climate events
on Mars such as a dust storm. Atmospheric dust is a striking
characteristic of the Martian environment, and dust storms are
very frequently observed. Those at the planet-encircling scale are
known as global dust storms, which are maintained for months
and lift a large amount of dust into the atmosphere. These floating
dust particles block sunlight from reaching the surface and absorb
solar radiation, which directly heats the atmosphere (Smith et al.,
2002). Such a dramatic change in the thermal structure induces
significant modulation in the dynamics and the compositions as
well in a global scale. However, a full disk map of the thermal
structure during a dust storm event is not well understood.
Ground-based telescopes are unique tools used to measure such a
global map of thermal structure. Thus far, single-dish millimeter
observations of CO have been performed to obtain temperatures of
0–70 km and wind speed near 50 km in altitude (Clancy et al.,
1990). Such observations, however, lack spatial resolution owing
to the large FOV of the telescope at such wavelengths and are
incapable of resolving the Martian disk. A few millimeter inter-
ferometry measurements have resolved this problem (Moreno
et al., 2009), although the synthesized beam, about 0.5�0.25
times smaller than the Martian angular diameter, is still insuffi-
cient for explaining the physical processes behind the observed
thermal and wind structures. For instance, several 100-km reso-
lution maps could be helpful to understand the evolution of dust
storm and its effect on the background fields. The MILAHI obser-
vation will allow us to monitor the thermal structure global map.



Fig. 8. Example of the Venusian CO2 non-LTE emission spectrum at 10.5 μm
obtained on September 2nd, 2015, by single measurement with a total integration
time of 40 min by Mid-Infrared Laser Heterodyne Instrument (MILAHI) on the
Tohoku 60 cm telescope (T60). The red line shows the Gaussian curve fit to the
data. The unit of the intensity is S-R/H-C shown in the Eq. (3). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article).
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3.3. Wind profiles in the upper atmosphere on Venus

Ultra-high-resolution spectroscopy can provide wind velocity
retrievals in the upper atmosphere on Venus. Thus far, sub-
millimeter observations have allowed direct measurement of the
wind velocity projected to the line-of-sight direction by measuring
the Doppler shift of molecular lines. This method is sensitive to
wind at altitudes of 95–110 km (e.g., Clancy et al., 2012). The dis-
tributions of NO and O2 nightglow are also used to indicate wind
velocities at altitudes of 95–115 km (Hueso et al., 2008). Visible
spectroscopy from ground-based measurement has also estab-
lished winds near 68 km (around the cloud top layer) from the
Doppler shift of solar radiation reflected by clouds (e.g., Wide-
mann et al., 2007). In addition, a cloud tracking method from
successive images can determine wind velocities in the cloud top
layer at 60 km (Peralta et al., 2012; Kouyama et al., 2012). How-
ever, this method cannot be applied for other altitudes in the
mesosphere in which no tracing features are available. New direct
wind measurement of the missing layer between 70 km and
90 km by IR heterodyne spectroscopy will comprehensively
enhance our understanding of the manner on which the retro-
grade zonal flow at the cloud layer couples with subsolar-to-
antisolar flow in the thermosphere.

3.4. Wind profiles in the lower atmosphere on Mars

Wind measurements in the Martian lower atmosphere are still
limited. Single-dish millimeter observations of CO have provided
us with the first wind measurements near the altitude of 50 km
(e.g., Clancy et al., 2006). Moreno et al. (2009) mapped the
retrieved wind velocities near 50 km by using the Institut de
Radioastronomie Millémétrique (IRAM) Plateau de Bure Inter-
ferometer. Although they reported strong variabilities of meso-
spheric zonal wind in the range of 70–170 m/s, the models do not
show such spatial structure and diurnal variations. A new direct
wind measurement from near-surface to the lower atmosphere by
IR heterodyne spectroscopy will restrict the global circulation
related to dust activity and water cycle. It will also reveal the
generation and propagation of small-scale gravity waves (GW)
caused by mountainous regions and the meandering winter polar
jet (Kuroda et al., 2015).

3.5. Direct measurements of wind and temperatures in the middle
atmosphere

Direct measurements of wind and temperature can be accom-
plished with CO2 non-LTE emission line measurements (e.g., Betz
et al., 1976; Deming et al., 1983; Goldstein et al., 1991; Sornig et al.,
2008; Sonnabend et al., 2010). The predicted narrow altitude range
of this emission enables estimation of the wind velocity at alti-
tudes of approximately 110710 km on Venus and 75710 km on
Mars (L ópez-Valverde et al., 2011). The local wind velocity and
temperature can be determined without using radiative transfer
model calculations. IR heterodyne spectroscopy is highly sensitive
to detecting such narrow Doppler features. Fig. 8 shows a typical
example of the Venusian atmospheric CO2 non-LTE emission
spectrum observed by single measurement of MILAHI with T60 on
September 2nd, 2015, with a total integration time of 40 min.
About 44% of the total integration time is spent on the source,
Venus. For the tunable QCLs, we used the absorption line of C2H4

as a reference frequency to determine the LO frequency. The rest
frequency of the targeted line was shifted to correspond to the
known topocentric radial velocities between Earth and Venus in
addition to the Doppler shift owing to the atmospheric wind
on Venus.
On Venus, many atmospheric wave features in the cloud layer
(Markiwicz et al., 2007; Peralta et al., 2008, Titov et al., 2012)
potentially play a major role for atmospheric coupling through the
effects of momentum transport and eddy mixing. The VeRa
onboard VEX obtained temperature profiles covering an altitude
range of 40–90 km (Tellman et al., 2013) and revealed many small-
scale wave structures possibly caused by gravity waves above the
cloud layer over a wide range of spatial scales and local times.
Nakagawa et al. (2013) implied that such small-scale gravity waves
could cause strong wind perturbations in the lower thermosphere.
Long-term monitoring of the lower thermosphere wind oscilla-
tions will clarify the characteristics of upward propagating gravity
waves and their breaking.

In the case of the middle atmosphere on Mars, the Mars
Climate Sounder (MCS) onboard the Mars Reconnaissance Orbiter
(MRO) has greatly extended our knowledge of the 70–80 km
altitude range by using limb-geometry observations (McCleese
et al., 2008) to reveal strong variabilities in the middle atmosphere
owing to tidal and gravity waves. In particular, gravity waves are
important in defining large-scale winds and eddy diffusion in the
mesosphere and thermosphere. Medvedev et al. (2011) discussed
the manner in which large-scale winds are modified by drag
owing to gravity wave from the lower atmosphere. In contrast,
gravity waves in the Martian thermosphere are highly variable in
space and time (Creasey et al., 2006; Fritts et al., 2006). To deter-
mine the variability of gravity waves and investigate their effects
on the vertical transport of atmospheric composition and its
momentum energy, temperature and wind in the transition layer,
the mesosphere, should be investigated under the different
atmospheric conditions in the lower atmosphere. Further investi-
gations of the three-dimensional thermal structure and wind
velocity for local time, latitude, longitude, and solar longitude (Ls)
should also lead to improvement in our ability to simulate the
Martian climate system.



Table 3
Summary of the sensitivity obtained in this study.

Physical parameter Target Alt.
range
[km]

Ver.
res.
[km]

Precision (assumed mea-
surement noise, or inte-
gration time)

Temperature
(retrieval)

Mars 0–30 10 4–10 K (1.0 [erg/s/cm2/sr/
cm–1])

Venus 65–90 5 3–12 K (1.0 [erg/s/cm2/sr/
cm–1])

LOS wind (retrieval) Mars 10–25 10 20–30 m/s (1.0 [erg/s/cm2/
sr/cm–1])

Venus 80 10 20 m/s (1.0 [erg/s/cm2/sr/
cm–1])

LOS wind
(mesosphere)

Mars 75 10 20 m/s

Venus 110 10 o10 m/s
Temperature
(mesosphere)

Mars 75 10 o10 K

Venus 110 10 o10 K
H2O Mars – – 75 ppm (3.62 h)
HDO Mars – – 96 ppb (2 SMOW) (15 min)
H2O2 Mars – – 10 ppb (1.3 h)
CH4 Mars – – 10 ppb (32 h)
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3.6. Methane on Mars

The detection of CH4 in the Martian atmosphere as a signature
of biological/geological activities continues to be debated (Kras-
nopolsky et al., 2004; Formisano et al., 2004; Encrenaz et al., 2005;
Encrenaz, 2008; Mumma et al., 2009; Fonti and Marzo, 2010;
Geminale et al., 2011; Zahnle et al., 2011; Krasnopolsky, 2012;
Villanueva et al., 2013; Sonnabend et al., 2013; Webster et al.,
2013). Encrenaz et al. (2005) using thermal imaging spectroscopy
around 8 μm, derived for CH4 an upper limit 20 ppb in the
morning side and 70 ppb in the evening side. Mumma et al. (2009)
reported that CH4 concentrations appear to be locally enhanced at
mixing ratios of up to 40 ppb in northern summer and change
with the season; these results were not predicted by the current
Mars global climate model (Lefèvre, and Forget, 2009). Geminale
et al. (2011) suggested that CH4 has increased over the north polar
cap during northern summer. However, its reservoirs, release
mechanisms, sinks, and circulation in the atmosphere remain
unknown. In addition, the validity of these detections has been
doubted by Zahnle et al. (2011). Due to the numerous other
molecular features of the terrestrial atmosphere and Martian
atmosphere in the same wavelength region, there is an ambiguity
for reproducing the other spectral features surrounding the target
line. The Tunable Laser Spectrometer (TLS) onboard the Curiosity
rover has enabled sensitive detection of CH4 (0–10 ppb) on Gale
crater (Webster et al., 2014). However, a detection of CH4 is valid
only for the specific landing site of the rover. Sonnabend et al.
(2013) reported the first attempt to search for CH4 using by high-
resolution IR heterodyne spectroscopy in the 7.8 μm wavelength
region with resolving power and frequency precision of more than
106. However, a lack of observation time owing to bad weather
conditions and a telluric opacity greater than anticipated has led to
reduced signal-to-noise ratios; thus, no absorption was detected
and upper limits of only 100 ppb were retrieved for the CH4 con-
centration. Long-term operation of a dedicated telescope with
such an ultra-high spectral resolution instrument will resolve this
problem and contribute to understanding the potential seasonal/
spatial variations of CH4 across the Martian disk.

3.7. Water vapor isotopes HDO/H2O on Mars

The D/H isotopic ratio present in the Martian atmosphere is a
powerful tracer for understanding the atmospheric escape and
water cycle by sublimation–condensation process (Yung et al.,
1988; Owen et al., 1988; Montmessin et al., 2005; Novak et al.,
2011; Villanueva et al., 2015; Aoki et al., 2015b). Villanueva et al.
(2015) reported strong isotopic anomalies and seasonal variations
of HDO/H2O in the current Martian atmosphere by using high-
spectral spectroscopy. They indicated a low HDO/H2O of 1–3 with
respect to (wrt) Vienna Standard Mean Ocean Water (VSMOW):
HDO/H2O¼3.11�104 (Owen et al., 1988) at the winter hemisphere
and very high HDO/H2O of 9–10 wrt VSMOW at orographic
depressions. A current general circulation model including the
sublimation–condensation process (Montmessin et al., 2005)
could not explain such strong anomalies; therefore, the existence
of multiple ice reservoirs having different HDO/H2O values is
possible (Fisher, 2007). Usui et al. (2015) reported a low value of
2–3 wrt VSMOW for HDO/H2O in quenched and impact glasses in
Martian meteorites, which suggests the current existence of
additional underground water/ice reservoirs on Mars. Mapping of
HDO/H2O with high accuracy enables identification of subsurface–
atmosphere interaction and its reservoir.

Since the width of the Martian H2O and HDO lines in the near-
IR range is very narrow (0.01 cm�1), an insufficient spectral
resolution would cause large uncertainty for HDO/H2O ratio. The
best spectral resolution among existing near-IR spectrometers is
0.03 cm�1 at 3000 cm�1. This value corresponds to R¼105

obtained by the cryogenic high-resolution infrared echelle spec-
trograph (CRIRES) onboard Very large telescope (VLT), which still
cannot resolve the narrow Martian H2O and HDO lines. Measure-
ments of fully resolved molecular lines will be most appropriate
for precise determination of such isotopic diagnostics.

In addition, the Mars Atmosphere and Volatile Evolution
(MAVEN) spacecraft has been gathering information of D/H in the
Martian upper atmosphere since its orbit insertion in September
2014 (Jakosky et al., 2015). By comparing the D/H in the upper
atmosphere with HDO/H2O in the lower atmosphere simulta-
neously, the vertical transport of water from the surface to space
can be constrained. From this aspect, vertical information of HDO/
H2O is also urgently needed.

It is noted that measuring isotopes of carbon and oxygen in the
carbon dioxide is also accessible by the current LOs of MILAHI,
which will be addressed in the future works.
3.8. SO in the Venusian mesosphere

Several ground-based measurements in IR-submillimetre
regime reported the SO2 in the venusian atmosphere (Encrenaz
et al., 2012, 2013; Sandor et al., 2010, 2012). The VEX mission
results clarified long-term variations of the SO2 mixing ratio in the
Venusian atmosphere by comparison with the Pioneer Venus
measurement in the 1980s (Marcq et al., 2013). Although the
current LOs of MILAHI are not accessible for 8.0 μm for SO2,
MILAHI has the capability of extending its applications by handling
additional LOs in the current framework. Thus, it is noted that the
measurement of mesospheric SO2 and its long-term monitoring
would be an excellent science case for IR heterodyne spectroscopy
in the future.
4. Scientific capabilities and measurement sensitivities

In this section, we address the scientific capabilities and mea-
surement sensitivities for the targets as mentioned in the last
section by numerically simulating the observations with the
radiative transfer and inversion models. Table 3 shows a summary
of the physical parameters with the expected sensitivities derived
from this study.
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4.1. Simulation of observations

The measurement sensitivity of MILAHI was investigated by
simulating the retrieval of the applicable physical parameters. We
used the Advanced Model for Atmospheric Terahertz Radiation
Analysis and Simulation (AMATERASU), which performs line-by-
line radiative transfer and numerical modeling of instrumental
characteristics and inversion calculations. A detailed description of
this model can be found in Baron et al. (2008). To solve the ill-
posed inversion problem, we used the least squares method with a
priori constrains. It is noted that the a priori constraint (i.e., a
priori error) employed here works as tuning parameters to change
the weight between the covariance matrices of measurement and
null-space errors. To synthesize the observation data (MILAHI
measurement spectra), we calculated the forward model assuming
a certain state vector of the applicable atmospheric physical
parameters such as temperature profile and line-of-sight wind
velocity, which we refer to as the “true state”. Random noise is
added on the calculated spectrum to obtain a synthetic measure-
ment spectrum. The amplitude of random noise was set as
1.0 [erg/s/cm2/sr/cm�1 ] for 1 MHz spectral resolution, which is a
typical value for an observation with a few hours of data inte-
gration. This synthesized measurement spectrum is used for
inversion calculation, which yields as output the retrieved state
vector. The a priori profile is set independent of the true state. The
difference between the true and retrieved states gives the accuracy
of the retrieval, and the 1�σ uncertainty of the retrieved state
gives the precision of the retrieval. The sum of the accuracy and
precision can be used to evaluate the quality of the retrieval. It is
noted that the obtained retrieval quality depends on the true state
used in the simulation. Therefore, the simulation was repeated 200
times for each science target by randomly selecting a different true
state for each run. The mean of the quality of the retrieval from
these 200 repetitions was finally regarded as the sensitivity of the
measurements. By using this procedure, the vertical resolution of
the measurement is also inferred by examining the averaging
kernel matrix (a matrix describing the sensitivity of the retrieved
state on the true state). More detail theoretical description about
the retrieval methodology, including the derivation of the aver-
aging kernel matrix, is found in Rodgers (2000).
Fig. 9. Simulation of temperature profile retrieval on Venus. (a) Synthetic spectrum (bla
noise is assumed to be 1.0 erg/s/cm2/sr/cm�1. The spectral binning-width is 10 MHz for
with the retrieval simulation, while the blue denotes the spectrum obtained with the a p
the retrieved temperature profile (red line), a-priori profile (blue line), and the assumed
bar, while the vertical resolution is shownwith a vertical bar. (c) Expected uncertainty of
shown as a solid line. (For interpretation of the references to color in this figure legend
4.2. Temperature profiles on Venus

The atmospheric temperature profile is retrieved from atmo-
spheric spectra of optically thick lines. A single CO2 absorption line
is used to probe the thermal structure on Mars and Venus. We
simulated the temperature retrieval from nadir geometry using
CO2 absorption line at R14 (971.930 cm�1) for both Mars and
Venus cases.

Fig. 9a shows the Venusian synthetic spectrum of a CO2

absorption line with nadir geometry. In the case of Venus, the
background radiation at this wavelength region originated from
the cloud top. Here, we assumed the background temperature at
the cloud tops to be 262.8 K at an altitude of 60 km based on the
Venus reference atmosphere model VIRA (Seiff, 1985). We
smoothed the spectrum to 10 MHz resolution; thus, the noise
root–mean–square (RMS) error is reduced by a factor of the square
root of 10. Fig. 9b shows an example of the retrieval simulation for
Venus temperature profile using the synthetic measurement
spectrum shown in Fig. 9a. The assumed true profile, a priori
profile, and the retrieved profile with bars indicating the vertical
resolution and retrieval error are shown. The 1�σ uncertainty of
the retrieval (the mean of the retrieval accuracy over 200 tests of
the retrieval simulation) are shown in Fig. 9c. Our results indicate
that temperature retrieval can be obtained from altitudes of 65–
90 km. The 1�σ uncertainty of the temperature retrieval is esti-
mated to be 3–12 K, and a vertical resolution of 5 km is achieved.
The sensitive altitude range complements the measurements by
the submillimeter/millimeter regime at altitudes of 80–115 km,
extending the vertical information of thermal structure above the
cloud layer. In contrast, radio occultation measurements onboard
spacecraft such as Venus Express, and Akatsuki address similar
altitude regions of 40–90 km. Because their global coverage
requires year-time integration, global mapping by IR heterodyne
spectroscopy complements their limited spatial coverage and
provides a three-dimensional structure of the mesospheric
temperature.

4.3. Temperature profiles on Mars

Fig. 10a shows the Martian synthetic spectrum of the CO2

absorption line from nadir geometry. Similar to that performed for
Venus, we smoothed the spectrum into 10 MHz resolution in order
ck) of the CO2 absorption line at R14 (971.930 cm�1). The root–mean–square (RMS)
the temperature retrievals. The red line represents the best-fit spectrum obtained

riori temperature profile. Nadir geometry is assumed for simulations. (b) Example of
true profile (black). 1�σ precision of the retrieval error is shown with a horizontal
temperature retrieval. See the text for the detail explanation. The sensitive region is
, the reader is referred to the web version of this article).
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to increase signal-to-noise ratio. Fig. 10b shows the retrieval
simulation for the Martian temperature profile from the synthetic
spectrum for Mars shown in Fig. 10a. The 1�σ retrieval uncer-
tainty is shown in Fig. 10c. Temperature retrieval can be obtained
from the surface to an altitude of 30 km; the 1�σ uncertainty of
temperature retrieval is estimated to be 4–10 K. A vertical reso-
lution of �10 km is achieved. By investigating the sensitivity at
the equator for various Martian seasons (Ls), our simulations
showed that temperature sensitivity could be reached for 40 km
altitude during warm temperature conditions (not shown). IR
heterodyne spectroscopy has the sensitivity for probing the lower
atmospheric region, which is comparable to existing IR spaceborne
observation. IR heterodyne with ground-based telescopes com-
plements the global-map measurement of the thermal structure at
the lower atmosphere. Regarding the altitude range of the mea-
surement response for both Venus and Mars, the upper limit of the
temperature retrieval was determined to be around the 0.1 hPa
pressure level, corresponding to altitudes of 90 km for Venus and
Fig. 10. Simulation of the temperature profile retrieval on Mars. The figure format is as sa
(971.930 cm�1). The root–mean–square (RMS) noise is assumed to be 1.0 erg/s/cm2/sr/c
line represents the best-fit spectrum, while the blue denotes spectrum obtained with a p
the retrieved temperature profile (red line) with 1�σ retrieval error and vertical resolu
uncertainty of temperature retrieval. The sensitive region is shown as a solid line. (For in
the web version of this article).

Fig. 11. Simulated wind profile retrieval for Venus. (a) Synthetic spectrum (black) of the
assumed to be 1.0 erg/s/cm2/sr/cm�1. The spectral binning-width is 1 MHz for wind re
lation, while the blue denotes spectrum obtained with a priori profile. Limb geometry is a
profile (blue line), and assumed true profile (black). (c) Expected uncertainty of wind
references to color in this figure legend, the reader is referred to the web version of th
40 km for Mars. Our sensitivity estimation shows good agreement
with the previous study (Stangier et al, 2015).

4.4. Wind profiles on Venus

We propose new retrievals of winds by using IR heterodyne
spectroscopy. The predominant wind velocity as well as tem-
perature at different altitude layers can be also deduced from a
CO2 absorption line. For wind retrievals, we smoothed the spec-
trum into 1 MHz resolution.

Fig. 11a shows the synthetic spectrum of CO2 absorption at R14
(971.930 cm�1) from limb geometry on Venus. As shown in
Fig. 11b, the measurement has a sensitivity to wind at the altitudes
of 80 km with 10 km vertical resolution. The expected uncertainty
of the wind retrieval is limited as �20 m/s as seen in Fig. 11c due
to the relatively low signal-to-noise of the measurement. Despite
of the limited sensitivity, our simulation indicates that IR hetero-
dyne spectroscopy measurements open the sensitivity at an
me as that for Fig. 9. (a) Synthetic spectrum (black) of the CO2 absorption line at R14
m�1. The spectral binning-width is 10 MHz for the temperature retrievals. The red
riori temperature profile. Nadir geometry is assumed for simulations. (b) Example of
tion, a-priori profile (blue line), and the assumed true profile (black). (c) Expected
terpretation of the references to color in this figure legend, the reader is referred to

CO2 absorption line at R14 (971.930 cm�1). The root–mean–square (RMS) noise is
trievals. The red line represents the best-fit spectrum derived after retrieval simu-
ssumed for simulations. (b) Example of the retrieved wind profile (red line), a-priori
retrieval. The sensitive region is shown as a solid line. (For interpretation of the
is article).



Fig. 12. Simulated wind profile retrieval for Mars. Figure format is as same as Fig. 11. (a) Synthetic spectrum (black) of the CO2 absorption line at R14 (971.930 cm�1). The
root–mean–square (RMS) noise is assumed to be 1.0 erg/s/cm2/sr/cm�1. The spectral binning-width is 1 MHz for wind retrievals. The red line represents the best-fit
spectrum, while the blue denotes spectrum obtained using a priori profile. Limb geometry is assumed for simulations. (b) Example of the retrieved wind profile (red line),
a-priori profile (blue line), and assumed true profile (black). (c) Expected uncertainty of wind retrieval. The sensitive region is shown as a solid line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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altitude different from the submillimeter/millimeter observations
(95–115 km in altitude). The sensitive altitude range of IR het-
erodyne, �80 km, is of great interest as the transient region
between the retrograde zonal flow in the lower atmosphere and
the subsolar-to-antisolar flow in the upper atmosphere. The sen-
sitivity can be improved with increasing the signal-to-noise ratio
of the measurements.

4.5. Wind profiles on Mars

The same wind retrieval simulation is applied for Mars in
Fig. 12. Fig. 12a shows the synthetic spectrum of CO2 absorption at
R14 (971.930 cm�1) from limb geometry on Mars. Fig. 12b shows
that the wind velocities between altitudes of 10–25 km can be
resolved with 10 km vertical resolution. The derived uncertainty of
the wind retrieval is 20–30 m/s, as seen in Fig. 12c. Since previous
spaceborne IR measurements were unable to directly retrieve
wind velocity in the lower atmosphere, IR heterodyne observa-
tions will provide instantaneous dynamic views of the Martian
lower atmosphere.

4.6. Direct measurements of wind and temperature in the
mesosphere

Mesospheric winds and temperature can be directly derived
from the observed CO2 non-LTE emission, as shown in Fig. 8. Line-
of-sight velocity is directly obtained from the Doppler-shift of the
emission line, and the temperature from Doppler width (FWHM).
In contrast, the temperature is obtained by the Doppler FWHM by
using the following Doppler equation (Bernath, 2005):

ΔvD ¼ v0
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT ln 2ð Þ

m

r
; ð7Þ

where ΔvD denotes the FWHM at the temperature T for a mole-
cule with mass m at the observed frequency v0 (see Bernath,
2005). The line width of 44 MHz yields a temperature of 214 K. A
Gaussian line profile was fitted to provide the line-center fre-
quency and FWHM of the emission. The accuracies of the derived
wind velocity are expected to be down to 10 m/s with 1 MHz
resolution depending on fit uncertainties, uncertainties for the
absolute position, uncertainties caused by the relative Doppler-
shift between Earth and the target, and instrumental uncertainties
(Sornig et al., 2013; Nakagawa et al., 2013). The fitting errors for
the line correspond to the uncertainties of 10 m/s and 3–20 K
(Sornig et al., 2013; Sonnabend et al., 2010). In contrast, previous
research suggested that observed short-term variations in the
Venusian mesospheric wind velocity are 60–190 m/s in time scales
of hours and days (Nakagawa et al., 2013). Clancy et al. (2012) also
reported significant wind deviations in the range of 20–50 m/s.
Temperature in the Venusian mesosphere also have strong varia-
bility of 190–250 K, as reported by Sonnabend et al. (2012). The
accuracies of wind and temperature of IR heterodyne spectroscopy
are sufficient for investigating these variations in the middle
atmosphere. For instance, by monitoring the wind perturbations
and local heating in the middle atmosphere on Mars and Venus,
the effect of gravity waves from the lower atmosphere on those of
the middle atmosphere will be investigated.

4.7. Methane on Mars

We estimated the minimum detectable intensity and required
integration time for detection of CH4, H2O2, and the water vapor
isotopic HDO/H2O on Mars by using the well-established radio-
meter function shown in Eq. (5). We applied the system noise
temperature Tsys of 4000 K at 7 μm shown in Fig. 7. It is noted,
however, that the radiometer equation considers only white noise.
Non-radiometric contributions such as standing waves or artifacts
or the optical losses in the telescope were neglected in the present
study. At 9–12 μm, the thermal radiation from Mars and Venus is
observable with the IR heterodyne sensitivity. In contrast, at 7–
8 μm, the lower background continuum due to the Planck curve is
noted; moreover, the terrestrial atmosphere absorptions can sub-
stantially reduce the signal-to-noise ratio of the sources.

MILAHI will enable long-term integration for deep search for
the Martian CH4. Fig. 13a shows the expected absorption profiles of
various mixing ratios of CH4 at 1294.379 cm�1. As seen in Fig. 13,
high-spectral resolution spectra enable to remove the terrestrial
atmospheric features in the spectral range by using a simple curve
fit, without any radiative transfer model. This is the noteworthy
advantage of IR heterodyne spectroscopy. To detect 10 ppb of CH4,
32-h integration should be required at 15 km/s of Doppler velocity
vD (corresponding to 0.068 cm�1 shifted) with 33 MHz-binning in
order to increase signal-to-noise ratio (R¼1.2�106) . The
absorption depth of 10 ppb corresponds to 0.07 % of the



Fig. 13. Synthetic spectra of CH4, H2O2, HDO, and H2O under the assumption of Doppler velocity 15 km/s. (a) CH4 absorption (1294.379 cm�1 line) by individual mixing ratios
of 10, 30, and 50 ppb at the LO-frequency of 1294.337 cm�1. (b) H2O2 absorption (1296.009 cm�1 line) by individual mixing ratios of 10, 30, and 50 ppb at the LO frequency
of 1295.960 cm�1. (c) HDO absorption (1293.289 cm�1 line) by individual mixing ratios of 94 (twice with respect to (wrt) Vienna Standard Mean Ocean Water (VSMOW)),
187 (four-times wrt VSMOW), and 280 ppb (six-times wrt VSMOW) at the LO position of 1293.200 cm�1. (d) H2O absorption (1296.490 cm�1 line) by individual mixing
ratios of 75, 150, and 225 ppm at the LO-frequency of 1296.400 cm�1. The spectral binning-width of these synthetic spectra is 33 MHz in order to increase signal-to-noise
ratio. The black lines denote the continuum curve without absorptions.
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continuum level with a Rayleigh–Jeans brightness temperature of
Mars of 2.89 K at 1294.379 cm�1; the physical temperature of
Mars is assumed to be 288 K. We can achieve such long-term
integration by using our dedicated telescope. For spatial resolu-
tion, T60 telescope (3.23 arcsec at 7.7 μm) is insufficient for
resolving the source of the CH4. We focus on the global variations
at the north polar region (Geminale et al., 2011) and at the mid-
latitude region in the northern hemisphere (Mumma et al., 2009).
We are able to verify the previous detections by using ultra-high
resolution. The time variations at various time scales are clarified
to understand its source, production mechanisms, and sink.
MILAHI potentially obtains vertical information of CH4 owing to its
ultra-high resolution, which could not be retrieved from previous
measurements, and restricts the source and the circulation. Next,
MILAHI could try to measure the resolved area with moderate
resolution of 1.08 arcsec at 7.7 μm of the PLANETS 1.8 m telescope
to identify the localized source.

Since the MILAHI has a capability to detect H2O2, comprehen-
sive measurements of H2O2 and CH4 will restrict the sink of CH4

(Aoki et al., 2015a, 2015b). So far, H2O2 measurements have been
performed by IRTF/TEXES (Encrenaz et al., 2004, 2008, 2012,
2015). The maps of H2O2 at different seasons have been investi-
gated with an accuracy of several ppb. Fig. 13b shows the synthetic
spectra for H2O2 with 33 MHz-binning at 1296.009 cm�1. Based
on our simulations, the required integration time for the detection
of 10 ppb of H2O2 is 1.3 h when we assume the Tsys at 4000 K and
the Doppler velocity of Mars vD at 15 km/s. The absorption depth
of 10 ppb for H2O2 corresponds to 0.35% of the continuum level
with a Rayleigh–Jeans brightness temperature of Mars of 2.89 K at
1296.009 cm�1

4.8. Water vapor isotopes HDO/H2O on Mars

Based on our simulations, the required integration time for the
detections of 93 ppb of HDO, corresponding to twice the con-
centration of VSMOW at 150 ppm of H2O, is 15 min when we
assume Tsys to be 4000 K and the Doppler velocity of Mars vD to be
15 km/s with 33 MHz-binning at 1293.289 cm�1. The absorption
depth of 93 ppb for HDO corresponds to 0.79% of the continuum
level with a Rayleigh–Jeans brightness temperature of 2.89 K.
Fig. 13c shows the synthetic spectra of the HDO absorption in the
Martian atmosphere.

The observability of Martian water vapor H2O strongly depends
on its transmittance surrounding the line, i.e., the highly variable
terrestrial atmospheric water vapor at the weather condition at
3000 m-altitude. The same technique was applied to address the
detectability of H2O. Fig. 13d shows the synthetic spectra of H2O
absorption in the Martian atmosphere at 1296.490 cm�1. When
we assume a sufficient Doppler shift, vD¼15 km/s, the transmit-
tance of the target is 0.21% with the US standard atmospheric
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condition. Our result predicts that 3.62-h integration time is
required to obtain the detectability for water vapor with 75 ppm.
The measurements of H2O and HDO are not exactly simultaneous.
It is suggested that two-days operation time in total could provide
HDO/H2O ratio for single FOV.

With the spatial resolution of T60, we focus on the variations of
HDO/H2O at polar region with seasonal and annual scales to
address the global water cycle, which is related to the sublima-
tion–condensation process between polar caps and atmosphere.
The variations of HDO/H2O at lower and middle atmosphere is also
of interest to investigate the surface-clouds-atmosphere interac-
tion of water. Next, we perform moderate resolution mapping
with the PLANETS 1.8 m telescope to investigate the localized
water cycle and its evolution.
5. Conclusion

The newly developed IR heterodyne instrument, MILAHI, will
explore the terrestrial atmospheres with R4106 at 7–12 μm. The
capabilities and sensitivities of IR heterodyne spectroscopy have
been addressed by using modeling and prediction of radiative
transfer code. Temperature profiles on Venus are obtained from
65–90 km with 3–12 K uncertainty and 5 km vertical resolution.
Temperature profiles on Mars are obtained from the surface to
30 km with 4–10 K uncertainty and 10 km vertical resolution.
Wind profiles on Venus are newly provided in the 80 km altitude
range with 20 m/s uncertainty and 10 km vertical resolution. We
also suggest that wind profiles by the IR heterodyne spectroscopy
on Mars can be obtained at altitudes of 10–25 km altitude with
20–30 m/s uncertainty and 10 km vertical resolution. The local
wind and temperature in the middle atmosphere can be directly
derived from CO2 non-LTE emission with 10 m/s and 3–20 K pre-
cision on both Mars and Venus mesosphere. Owing to a wide
range of room-temperature-type QCLs, detections for trace gases
and isotopologues can be achieved without any ambiguity for
reproducing the terrestrial absorptions in the observed wave-
length range. Twice the concentration of VSMOW detection of the
HDO water vapor isotope on Mars can be obtained through 15-min
integration, while a detectability limit of H2O of 75 ppm is pro-
vided by 3.62-h integration time. In the case of CH4, a detectability
limit of 100 ppb can be obtained through an integration time of
32 h. Our dedicated telescopes for planetary science at Mt.
Haleakalā enable long-term integration and nearly-continuous
monitoring of these physical parameters. In addition, the com-
plementary support campaign for orbiter missions such as Akat-
suki around Venus, Mars Express, and MAVEN around Mars, will
enhance our knowledge of planetary atmospheres.
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