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Summary: Studying the climatology of 

terrestrial planets, in many cases, depends on 

measurement of fine spectral features over relatively 

large angular scales. For that reason there is a critical 

need to study extended astronomical sources (wide 

FOV) at high resolving powers in terrestrial 

climatology. An emerging technique that promises to 

fulfill this need is Special Heterodyne Spectrometers 

(SHS). In the attempt of building the first field version 

of SHS instruments we have constructed a tunable all 

reflective SHS instrument at Mt. Hamilton: Khayyam. 
Khayyam (shown in figure 1) provides high Resolving 

Power (R~105) spectra over a wide Field of View 

(FOV~0.5 degree) over a tunable range throughout 

Visible and VUV. In addition, the small and compact 

size of the instrument and its high tolerances would 

make it a suitable candidate for space applications. We 

believe this technology would open a new ground for a 

variety of experiments to studying the climatology of 

terrestrial planets. 

Introduction: Climate is a result of the 

interaction of atmospheric, solar and geological 
processes which can form in bound or unbounded 

environments [1]. For unbound atmospheres, total 

atmospheric composition is equal to evaporative loss 

from the surface (e.g. comets, crater bound ice on 

Mercury) or sputtering (e.g. Mercury). For bound 

atmospheres, variations in pressure can reflect seasonal 

effects (e.g. Pluto or Mars) or eclipse processes (Io). 

Although climates evolve dramatically over the 

lifetime of the planet, the atmosphere and exosphere of 

a solid body (rock or ice) contain important signatures 

of current and past climate. Important information can 

be revealed by tracing compositions (e.g., Methane on 
Mars, CO2 on Earth), since they can indicate changes 

of surface processes, including biological signatures 

[2]. Isotopic ratios can indicate initial conditions (e.g., 

comets), evolutionary processes (e.g., D:H on Venus 

reveals loss of ocean), or current conditions (O18/O16 

ratio in water vapor). Defining fine Doppler shifts 

allows us to study small traces of turbulence, winds, 

pressure changes, etc. as well as isolating these 

markers from telluric lines. 

In all of the mentioned studies, it is highly 

desired to obtain high R data to detect small Doppler 
shifts, fine signatures of spectra shifts and shapes, and 

atomic and molecular bands. Moreover because 

climate is inherently an active process; it can manifest 

a great variation across its body both temporally and 

spatially. As a result it is of a great importance to study 

the plant’s global climate evolution parallel to studying 

the small regions across the planet. Nevertheless the 

combination of small spectrum features and variations 

across the climate presents a challenge towards the 

techniques that are used to study the climatology of 

terrestrial planets, because the modern instrumental 

approaches are limited in their ability to track these 

changes. 

Current techniques vs. SHS: The current 

instruments that have been commonly used to study 
the climatology of terrestrial planets at high resolving 

powers are mostly grating spectrometers bounded to 

large telescopes with limited access time. Most of 

these instruments have relatively small FOVs. 

Correspondingly they have a low tradeoff stage 

between their R and FOV levels, for instance the FOV 

of Keck-HIRES reduces to an aperture of less than 

1arcsec while reaching to R~50,000. One way around 

the small FOV problem is to map the atmosphere but 

this technique is limited by the time scales of the 

deviations in the target such as airglow, aurora, etc. All 
together the FOV and obtainable time limitations on 

these instruments have required planetary science 

scientists to compromise their observations by 

choosing a handful of regions on their target. 

Furthermore the large size of the high resolving power 

instruments has been the main reason why we never 

were able to use them on space missions, such as 

remote probes and Earth orbiting bases.  

SHS instruments were introduced within their 

current basic capabilities at 1990s [3]. One of the main 

advantages of SHS instruments is that they have a 

higher tradeoff stage between their R and FOV levels 

[4]. For instance Khayyam’s FOV at the R~50,000 is 

about 0.5 degree without using any telescope [5]. SHS 

instruments have historically been narrow bandpass, 

which has limited them to studies of single lines or 

bands [3]. To address this limitation, we are working 

on a tunable SHS design that enables us to scan a wide 

wavelength range with only two moving parts in a 

short amount of time [4].  

SHS’s raw throughput tracks telescope aperture 

with FOV linearly which is consistent with telescope 

size for extended targets. Therefore, although SHS 

don’t necessarily need to couple to a telescope but they 

can be used with a telescope to reduce their FOV. For 

example, Khayyam’s FOV at R~50,000 can be reduced 

from 0.5 degree to ~90 arcsec using a 60cm telescope 

8059.pdfComparative Climatology of Terrestrial Planets (2012)



and to ~16 arcsec using a 3m telescope [5]. This means 

for extended targets, small (<1 m) telescopes are as 

good as large telescopes with the advantage of 

temporal studies due to the reduced user pressure. In 

addition because of their small size, SHS instruments 

can provide high resolving power capabilities within a 

format that is suitable with space mission 

requirements, such as remote probes and Earth orbiting 

bases, for the first time.  
Climate related topics SHS can contribute to 

include but are not limited to fine line shape studies, 

winds, currents, turbulence, corona, airglow, detecting 

aurora, recombination lines, photochemistry by 

products (e.g., metastable O in our atmosphere), 

separating telluric from extra-telluric molecular bands 
(i.e., CO2 or H2O) in ground based remote sensing and 

photochemical signatures in visible, UV and IR 

wavelengths. Because SHS can be used in small 

telescopes it would be possible to have collaborative 

simultaneous observations within a network of small 

telescopes looking at the entire planet as well as the 

small regions on the planet to monitor the variations 

across the climate.  

The mentioned capabilities open a fresh ground 

for new techniques and studies that were not possible 

before. Most interestingly these studies can be 

achieved using small telescopes that are more available 
and suitable for temporal studies.  

Basic concepts of Tunable SHS: Tunable 

Spatial Heterodyne Spectrometer (TSHS) is a form of 

self-scanning interferometer [3, 4]. The primary 

advantage of TSHS comes from three factors. First, it 

is able to simultaneously provide high resolving power 

(R) and a wide field of view (FOV), giving the 

instrument exceptional sensitivity to extended targets. 

Second, the FOV is linearly scalable with the aperture 

of a telescope without losing sensitivity. Third, while 

the intrinsic sampled bandpass (defined by the number 
of fringes that can be imaged at a detector) is limited, a 

simple rotation of the pilot mirrors can be used to look 

at narrow to intermediate bandpasses over a range 

from 300 to 700 nm. The TSHS for this project is 

located at the fixed focal plane of the 0.6m Coudé 

Auxiliary Telescope (CAT) on Mt. Hamilton. It has 

been configured to simultaneously sample ~10 nm 

bandpass at R=48000 over a 39arcsec × 39arcsec FOV 

that is well matched to observations of extended 

targets, i.e., comets, and planet atmospheres. With this 

configuration, the TSHS can provide throughput 

comparable to that obtained with the Keck-HIRES 
instrument, with the additional opportunity to obtain 

far larger amounts of observing time. 

Current status of Khayyam: The optical design 

of Khayyam and the coupling system to the telescopes 

have been finalized [5]. The internal alignment has 

been completed since May 2011 in order to take 

calibration lamp data. The first light was taken from 

Jupiter and Mars during Feb. In order to move forward 

to improve the data and finalize the vibration and 

environmental tests, the data reduction pipeline in 

under development. 
 

 
Figure 1. Most of the optics seen on Khayyam at the 

coudé of CAT at Mt. Hamilton are imaging optics.  

 

 
Figure 2. The optical path of TSHS illustrates the small 

size of the instrument. 
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