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Figure 1: The launch of Cassini/Huygens aboard a Titan IV rocket from Cape CanaveralAir Station at 4:43 EDT on 15th October 1997.
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AbstractThe Composite Infrared Spectrometer (CIRS) instrument onboard the Cassini space-craft will be used to probe the atmosphere and surface of Saturn's giant moon Titan.This thesis describes an investigation of the capabilities of CIRS as a remote soundinginstrument.To enable infrared spectra to be computed, a radiative transfer code has been adaptedfor Titan's atmosphere. The atmospheric model, including gases and aerosol particles,was re�ned by comparison of synthetic spectra with results from the IRIS instrument ofthe Voyager 1 spacecraft.Characteristics of the instrument have been deduced from laboratory measurements.The size and shape of the �eld of view was found for the mid-infrared detectors. AFourier code was developed to transform the raw data (interferograms). Blackbodyspectra taken with the 
ight instrument were analysed to calculate the noise equivalentradiance for the detectors of all three focal planes.Finally, the data regarding instrument performance was used in combination with thepredictive radiative transfer code to consider in detail the extent to which gaseous bandsand other spectral features will be observable for a variety of limb and nadir viewingmodes. Current observing strategies are reviewed and recommendations for scienti�cemphasis in the light of the actual instrument performance are made.iii
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Chapter 1
The Atmosphere of Titan
1.1 IntroductionTitan, the largest moon of the planet Saturn, was discovered in 1655 by the Dutchastronomer Christiaan Huygens. It was the sixth planetary moon to be observed; afterthe Earth's Moon and the four Gallilean satellites of Jupiter.Since then, terrestrial observers of Titan in visible light have seen it as a very home-geneous orange-yellow orb. The lack of visible surface features is now known to be dueto a haze of organic particles which obscures the surface: Titan has an atmosphere.In fact, Titan's true size was not �nally con�rmed until the Voyager 1 encounterof 1980, which sent radio waves back to the Earth from behind Titan, penetrating theatmosphere and revealing the level of the surface. Its solid diameter of 5150 km makesit the second largest moon in the solar system. Only Jupiter's Ganymede is larger, by120 km. In contrast, the planet Mercury is 272 km smaller, although neither of theseworlds has a signi�cant atmosphere.The mean density of Titan is comparable to that of Callisto and Ganymede, and itis probable that Titan is similarly composed of a rocky core (52% by mass) surroundedby a water ice envelope (48%) (Tyler et al., 1981).Titan's orbit around Saturn takes almost sixteen days (table 1.1), however the length1



1.2. ATMOSPHERIC COMPOSITIONPhysical:Mean Diameter (RT ) 5150�1 kmMass (MT ) 1.346 �1026 gMean Density 1.881�0.002 g cm�3Surface Temperaturea 93.0�0.5 KE�ective Temperature 86 KSolar Flux 1.1% earth'sSurface Pressure 1496 � 20 mbarOrbital:Mean distance from Saturn 1.226 �106 kmMean distance from Sun 9.546 AUOrbital period around Saturn 15.95 daysOrbital period around Sun 29.5 yearsTable 1.1: Titan's physical statistics. All data taken from Hunten et al. (1984) except where otherwiseindicated. a Equatorial range of probable temperatures, including argon uncertainty, from Courtin et al.(1995).of its `day' or rotational period has proved elusive, due to the lack of features with whichto track rotation. Observations of the surface in infrared `window' regions in the last fewyears (Lemmon et al., 1995) have been able to demonstrate that synchronous rotationis very likely: i.e. its `day' and `year' of its orbit of Saturn are the same.1.2 Atmospheric CompositionThe presence of an atmosphere was �rst suggested by Comas-Sol�a (1908) on the basis ofdubious sightings of limb-darkening. However, the �rst �rm evidence came when Kuiper(1944) spectroscopically detected gaseous methane at 726 nm. Subsequent spectroscopywith ground-based telescopes revealed the presence of several other organic molecules.The widths of the methane absorption features implied that there was a major, unseenatmospheric constituent which was hypothesised to be nitrogen from slow photolysis ofoutgased NH3 over geological timescales (Lewis, 1971; Hunten, 1973; Atreya et al., 1978).Voyager 1 con�rmed this suspicion in two ways: (i) by �nding that the mean molecular2



1.3. STRATOSPHERIC HAZEweight of the atmosphere is close to 28 (Tyler et al., 1981; Lindal et al., 1983) and (ii)by the direct observation of signi�cant UV emission from N and N+ (Broadfoot et al.,1981; Smith et al., 1982b). Although the composition varies from the troposphere to thestratosphere and beyond, the atmosphere is known to be mainly composed of N2, withCH4 at 2{6% being the next largest detected constituent.Argon is probably also present at some level, due to it being cosmically abundantand would not condense under Titan's atmospheric conditions. A 3� upper limit, equalto �6% was placed on its abundance by Courtin et al. (1995).Infrared spectroscopy of the atmosphere, by Voyager and ground based telescopes,has also revealed a rich cocktail of lesser constituents of which molecular hydrogen andethane are the most signi�cant, but many other hydrocarbons and nitriles have also beendetected (see table 1.2).Oxygen-bearing species are quite rare: most atmospheric oxygen is in the form of car-bon monoxide which has been detected by ground-based observations in the near-infraredand millimeter/sub-millimeter wavelength ranges. Estimates of its abundance vary from2 ppm to 75 ppm (see x3.1.2 for discussion). The other oxygen-bearing molecules de-tected to date are CO2, which at �10 ppb is much rarer than CO, and even less abundantis the recently-detected H2O at �0.4 ppb (Coustenis et al., 1998b).1.3 Stratospheric HazeSagan (1974) �rst suggested that solid organic aerosols were being produced in Titan'supper atmosphere, in order to explain the visible extinction and reddish-orange colour ofthe satellite. The Voyager 1 and Voyager 2 images (Smith et al., 1981, 1982a) con�rmedthat Titan's atmosphere is opaque at visible wavelengths (� > 5), obscuring the sur-face. This also causes its apparent optical radius, de�ned as the altitude of photometricin
ection, to be some �240 km greater than its actual surface radius (Smith et al., 1981).The haze layer at �rst glance appears to be very homogeneous, and indeed no small-3



1.3. STRATOSPHERIC HAZE
Molecule Equator (7�N) N. Pole (70�N)H2 a 1.0 � 10�3 n/aCH4 � 2:0� 10�2 � 2:0� 10�2CH3D b 1.1 � 10�5 n/aC2H2 3.0 � 10�6 6.5 � 10�6C2H4 1.5 � 10�7 1.5 � 10�6C2H6 1.3 � 10�5 1.7 � 10�5C3H4 5.0 � 10�9 3.7 � 10�8C3H8 5.0 � 10�7 1.2 � 10�6C4H2 1.4 � 10�9 2.7 � 10�8HCN 1.7 � 10�7 1.5 � 10�6C2N2 c < 1:5� 10�9 2.2 � 10�8HC3N c < 1:5� 10�9 4.5 � 10�8CO d 2{75 � 10�6 n/aCO2 1.4 � 10�8 1.3 � 10�8H2O e 4.0 � 10�10 n/aTable 1.2: Equatorial and North Polar mole fractions of minor atmospheric constituents in the strato-sphere at the time of the Voyager 1 encounter. All values are taken from Coustenis and B�ezard (1995)except where otherwise indicated. Molecular nitrogen is assumed to constitute the remaining � 98% ofthe atmosphere, although some argon may also be present. Notes: a Hydrogen mole fraction determinedfor -60�< l < +60� by Courtin et al. (1995). b Mono-deuterated methane mole fraction determined forequator only (Coustenis et al. 1989). c Not detected in equatorial spectra. d Carbon monoxide molefraction is a disk-average value from unresolved ground-based observations. Estimates vary widely: seetext. e Water mole fraction determined from unresolved ISO SWS spectra (Coustenis et al. 1998b).
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1.3. STRATOSPHERIC HAZEscale clouds or storms, or breaks in the cloud layer have ever been observed. However,closer examination of the images, and in particular contrast-stretching, has revealed atleast four large-scale features of the global haze which require explanation.Firstly, the northern hemisphere was visibly darker and redder than the southernhemisphere. This was a surprising discovery, in view of the fact that Voyager passedTitan close to the time of the northern vernal equinox, when both hemispheres wouldbe equally illuminated by the sun. This asymmetry was also present in the derivedtemperature pro�les, with the northern latitudes appearing colder than their southerncounterparts (Coustenis and B�ezard, 1995).This asymmetry may be due, at least in part, to the large radiative time constantfor Titan's massive atmosphere,1 estimated at 138 years, which would cause the e�ectiveatmospheric season to lag behind the season of insolation by a phase angle of �90�(Smith et al., 1981). Therefore, Titan's northern hemisphere would be close to wintersolstice rather than vernal equinox.This seasonal temperature lag is likely to have an in
uence on the distribution ofaerosol particles which could then cause the observed colour and brightness asymmetrybetween hemispheres. Atmospheric transport of haze particles is therefore probably amore important e�ect than a seasonal variation in their production rates (Toon et al.,1992; Hutzell et al., 1993, 1996; Lorenz et al., 1997). A similar type of explanation mayhold for the second feature, the `North Polar Hood', seen as a distinct darker crown tothe northern hemisphere.Also seen was mid-latitude banding (Voyager 1) and the North Polar Collar (Voyager2, and see �gure 1.1). These zonal colour e�ects are not yet understood, but they arelikely to be related to planetary rotation, similar to the banding of the giant planets.Finally, there is the detached haze layer, seen on the limb of high-phase angle imagesof the Voyager cameras. This is separated from and above the main haze layer by asmuch as 100 km at equatorial and southern latitudes, but merged with the main haze1De�ned as the ratio of atmospheric thermal energy content to the mean solar heating rate for theatmosphere. 5



1.3. STRATOSPHERIC HAZE

Figure 1.1: Voyager 2 image of Titan taken August 23rd 1981 from a range of 2.3 million km. Thisimage is composed of blue, green and violet frames. The southern hemisphere is lighter in contrast, andthe N. Polar collar is evident. The atmosphere can be discerned around the limb.
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1.4. CLOUDSlayer at high northern latitudes.The detached layer is probably caused by dynamical e�ects. Toon et al. (1992) havesuggested that Hadley-type motions above 300 km with velocities of order 1 cms�1 couldreproduce the observations. In this scenario, rising motions in the warmer hemisphere(the southern hemisphere at the time of the Voyager encounters) lift the haze particles,which then sink again in the winter hemisphere where the detached layer merges withthe main haze layer.1.4 CloudsThe question of condensed methane or other hydrocarbons in the atmosphere of Titanhas been especially controversial since the Voyager probes, which returned ambiguousand even contradictory signs of clouds. The `traditional' arguments for and againstclouds are reviewed in Toon et al. (1988). The main lines of evidence are examined inthe following paragraphs.Circumstantial evidence for tropospheric clouds is due to the idea of surface hydro-carbon oceans (see x1.9). If there are hydrocarbon oceans on Titan, there would be ahigh relative humidity of methane near the surface (Flasar, 1983). In any case, the mix-ing ratio of methane in the troposphere is almost certainly high enough that its partialpressure exceeds the SVP, at least for part of the ascent. For a probable humidity of60% at the surface (McKay et al., 1997), the saturation region is between about 5 and30 km in the troposphere.The strongest evidence so far for clouds is a broad absorption feature seen in the IRISspectra between 200 and 600 cm�1, which has two likely explanations. The �rst is thepressure induced opacity of the various N2 and CH4 collisional combinations, however atthe time of the �rst analysis of the data this was thought to be insu�cient to fully accountfor the absorption (Samuelson et al., 1981). Instead, the extinction was attributed tothe opacity of liquid or solid methane (Samuelson et al., 1981; Courtin, 1982; Samuelson,7



1.5. PHOTOCHEMISTRY1983; Thompson and Sagan, 1984; Toon et al., 1988), which was thought plausible as itis consistent with the proposed `ocean' scenario.More recently however, models in which methane reaches super-saturation in thetroposphere have been favoured (Courtin et al., 1995; McKay et al., 1997; Samuelsonet al., 1997b). If methane is up to a factor of two above the condensation mixing rationear the cold trap, then su�cient collisionally-induced absorption (CIA) occurs to matchthe IRIS spectrum extremely well. Indeed, Courtin et al. (1995) argue that a condensedcloud is only admissible if it is at 40 km, much higher than expected.Several other condensed organics are likely to exist in Titan's polar atmosphere.Emission features at 503 and 478 cm�1 have been attributed to condensed HC3N (Samuel-son, 1985) and solid C4N2 (Khanna et al., 1987; Samuelson et al., 1997a).1.5 PhotochemistryThe observed composition of the atmosphere can be attributed to a complex photochem-istry, by which most species are derived from a few parent molecules; namely, the majoratmospheric gases CH4 and N2, and presumably H2O and CO as sources of oxygen. Themany di�erent reaction pathways have been described in literature, and used to con-struct 1-dimensional (vertical) models of chemical composition (Sagan and Thompson,1984; Yung et al., 1984; Yung, 1987; Toublanc et al., 1995; Lara et al., 1996).The chain of reactions starts in the exosphere (z � 1000 km and above) with thedissociation of N2 into N and N+ by bombardment with high-energy electrons fromSaturn's magnetosphere and, to a lesser extent, cosmic rays (Broadfoot et al., 1981;Strobel and Shemansky, 1982). About 40% of these fragments escape and the majorityof the remainder react with hydrocarbons to form HCN.Lower down, in the thermosphere and mesosphere, CH4 is dissociated by ultravioletlight at � < 145 nm and the reactive radicals CHn (n=1,2,3) form. Hydrogen atoms andmolecules are produced, which can easily escape to space to form the `hydrogen torus' of8



1.6. THERMAL PROFILESaturn (Broadfoot et al., 1981). The low hydrogen abundance limits re-cycling to CH4,and because the radicals do not react with N2, they di�use downwards and inter-react,forming increasingly longer-chain hydrocarbons.Ethylene (C2H4) is formed by addition of the CH radical to CH4, and can undergosubsequent photolysis to acetylene (C2H2). Ethane also forms at z < 800 km through thecombination of two CH3 radicals, and becomes the second most plentiful hydrocarbon.Methyl acetylene (C3H4) is created through production of the 1CH2 radical (Lara et al.,1996), and propane (C3H8) is produced in the stratosphere by addition of CH4 to C2H6.Acetylene di�uses downwards, and may eventually be dissociated to C2H and thenceto C4H2. Both acetylene and diacetylene undergo polymerisation in the mesosphere,leading the the polyynes C6H2, C8H2 and higher, catalysed by C2H and C4H. HCN isalso a likely candidate for polymerisation. Finally, these polymers may stick togetherand coagulate, forming the ubiquitous stratospheric haze particles. The net e�ect of allthe hydrocarbon reaction pathways is a signi�cant consumption of methane, and a lossof hydrogen.Sources of oxygen in the atmosphere may include H2O, continually supplied at a lowlevel from meteoric debris (Samuelson et al., 1983; Ip, 1990) or CO from the surfaceand/or interior of the planet. Water is dissociated by � < 198 nm forming the OHradical, which reacts with atmospheric CO to form CO2, some of which is recycled toCO by reaction with C2H2.1.6 Thermal Pro�leThe close encounter of Voyager 1 with Titan in November 1980 used the technique ofradio occultation to measure equatorial vertical pro�les of atmospheric refractivity from0{200 km. These measurements have been inverted to yield temperature pro�les, byassuming a mean molecular weight and atmospheric composition (Tyler et al., 1981;Lindal et al., 1983; Lellouch et al., 1989). 9



1.6. THERMAL PROFILEThese calculations led to surface temperatures in the range 94{100 K, largely depen-dent on the uncertainty in the amount of argon. However more recent modelling of thetroposphere points towards the lower end of the range at 93{95 K (Courtin et al., 1995;McKay et al., 1997).The �4 band of methane at 7.7 �m has been used, as for Jupiter and Saturn previously,to sound the atmospheric temperature in Titan's stratosphere. The wavelength of thecentre and sides of the band are sensitive to di�erent heights (this is the same as sayingthat the peak of the weighting function moves up and down in altitude, with changingwavelength), and so the temperature may be retrieved by an iterative technique for110 < z < 450 km.Coustenis and B�ezard (1995) have re-analysed spectra from the Voyager IRIS in-strument using this method to retrieve temperature pro�les from latitudes of 53�S to70�N.Finally, Yelle (1991) has modelled the upper atmosphere of Titan, from the strato-sphere through the mesosphere and thermosphere to the exobase at �1250 km. Hederives a range of models, depending on uncertain parameters, such as the abundancesof C2H2, C2H6 and HCN which are important to the thermal structure, and the amountof heating by haze. Many of these models agree well with the limited data availableto constrain the pro�les; in particular the temperature measurement of the exobase180� 20 K by the Voyager UVS instrument, and the retrieved IRIS pro�les at the lowerend.Figure 1.2 shows a typical equatorial temperature pro�le which has been synthesisedfrom the three data sources.The atmosphere is probably divided into four distinct physical regions (which areanalogous to similar regions in the Earth's atmosphere):1. The Troposphere. The temperature at ground level is �94 K, which falls throughthe troposphere, as heat is transported upwards by convection and adiabatic gaseousexpansion. A minimum of �71 K is reached at the tropopause, which occurs at10



1.6. THERMAL PROFILE

Figure 1.2: Equatorial temperature pro�le of Titan. Three data sets have been combined to producethe pro�le: (i) a radio occultation retrieval for heights less than 100 km (Lellouch et al. 1989) (ii)A methane band retrieval for 100{300 km (Coustenis and B�ezard 1995) (iii) A model prediction forz > 300 km (Yelle 1991).(�45 km, �130 mbar).2. The Stratosphere. The temperature rises again above 45 km due to strong absorp-tion of solar UV, primarily by the opacity of haze particles and collisional opacityof gases (a role played by ozone above the Earth). At (�250 km, 1 mbar) theheating becomes balanced by cooling to space and a second temperature inversionis reached (the stratopause).3. The Mesosphere. Modelling of the mesosphere by Yelle shows that it is expectedto have a negative temperature gradient, due to cooling to space in the rotational-vibrational bands of certain molecules (primarily HCN, C2H2 and C2H6). A well-developed mesopause is predicted at (�600 km, 10�7 bar).4. The Thermosphere. The thermosphere extends from the mesopause to the exobaseat (� 10�11 bar, 1250 km) de�ned as the level where the mean free path of moleculesescaping to space becomes �1. Solar EUV heating, primarily of CH4 and C2H2below 1000 km and N2 above, causes a moderate temperature rise in this region(Lellouch et al., 1990). 11



1.7. GLOBAL HEAT BALANCE AND GREENHOUSE EFFECTNote that the low surface gravity of Titan means that the atmosphere is greatly ex-tended compared to that of the Earth, the pressure scale height at the surface (RgT=Mrg)is �21 km,2 compared to �8.5 km on the Earth, and the tropopause and exopause areboth signi�cantly higher in proportion on Titan (45 km, �1600 km) than on the Earth(16 km, 400 km).At the time of the Voyager encounter, the temperatures in the northern hemispherewere signi�cantly cooler than at equatorial and southern latitudes, by as much as 17 Kat 0.4 mbar (Coustenis and B�ezard, 1995). Two explanations have been proposed for theasymmetry: (i) a radiative origin, due to radiative equilibrium in the presence of season-ally varying aerosol production (B�ezard et al., 1995), (ii) a dynamical origin where theatmospheric state lags behind the solar radiative forcing by 1 season, due to dynamicalinertia (Flasar and Conrath, 1990).1.7 Global Heat Balance and Greenhouse E�ectThe global heat balance is determined by the amounts of solar heating and radiativecooling of the atmosphere, since there is not likely to be a signi�cant internal heatsource (Ne� et al., 1985). The absorption of solar energy can be characterised by thee�ective temperature Te� , and the emission of energy by the bolometric temperatureTbol, which should be equal if there is no net heating or cooling of the planet. A planetwith an internal energy source for example would have Tbol> Te� , and radiate in excessof what it absorbs from the sun.The e�ective temperature of a planet is the temperature of blackbody emission re-quired for it to remain in equilibrium with solar radiation:
4�a2 � �SBTe�4 = �a2(1� Ab)Fsd2 (1.1)2From integration of the hydrostatic equilibrium formula.12



1.7. GLOBAL HEAT BALANCE AND GREENHOUSE EFFECT% of radiation % of radiationon Titan on EarthRe
ected to space 30 35Absorbed in atmosphere 60 18Absorbed at surface 10 47Table 1.3: Atmospheric all wavelength radiation budget comparison for the Earth and Titan. Titansources McKay et al. (1989) and McKay et al. (1991); Earth source is Emiliani (1992) p257.where a is the radius of the planet, �SB is the Stefan-Boltzmann constant, Ab is theBond albedo, Fs is the solar 
ux and d is the distance to the planet. The main problemin determining a value for Te� is to obtain a value for the Bond albedo: an extensivediscussion is given by Ne� et al. (1985). I adopt their value of Ab' 0:27, which leads toa Te�' 83� 2 K for Titan.The fact that the surface temperature on Titan is warmer than Te� indicates a green-house e�ect, which has been examined by McKay et al. (1989) and McKay et al. (1991).The �10% of incident solar radiation reaching the ground on Titan is absorbed inroughly equal amounts from photons of � < 0:7 �m and � > 1:0 �m (see table 1.3) inthe model of McKay et al. (1989). Although a higher fraction of the longer wavelengthradiation is passed by the atmosphere, the higher energy photons are more e�cient atheating the surface.The greenhouse e�ect is caused by blocking of surface re-radiation of this heat tospace in the thermal IR. The absorption is dominated by the collision-induced opacity oftropospheric N2{N2, CH4{N2 and H2{N2, particularly longward of 400 cm�1. This e�ecttends to raise the surface temperature of Titan by 21 K.On the other hand the greenhouse e�ect is limited by the stratospheric haze, whichis strongly absorbing at short wavelengths, blocking incoming solar radiation, but is alsotransparent in the thermal IR. This so-called `anti-greenhouse' e�ect allows a cooling ofthe surface by �9 K. Taken together, the present balance of the greenhouse and anti-greenhouse e�ects cause a net increase of 12 K in surface temperature over the e�ective13



1.8. DYNAMICStemperature.The heat balance is stable with respect to a change in either e�ect. If the temperaturedecreases, the peak of the thermal Planck function (at �200 cm�1) would move intoa spectral region of even greater opacity at �100{200 cm�1, limiting the decrease intemperature. On the other hand, if the peak moves to higher wavenumbers, the relativelytransparent `window' at 400{600 cm�1 allows more radiation to escape and the surfaceis cooled. Hence these competing e�ects tend to reduce the impact of any change.H2 and CH4 on Titan play a similar role to CO2 and H2O respectively on the Earth.For comparison, the temperature increase due to the greenhouse e�ect of H2O and CO2in the Earth's atmosphere is �30 K, 523 K on Venus with its thick CO2 blanket, and7 K on Mars with its thin CO2 atmosphere.Note that on Titan, the stratosphere is signi�cantly hotter (by 80 K) than the surface,whereas on the Earth the stratopause (temperature maximum) is somewhat cooler (15 K)than the surface. Titan's stratosphere is unable to heat the lower atmosphere at thermalwavelengths due to the low opacity of its gases and haze particles at these wavelengths.Finally, McKay et al. (1989) argue that the thermal structure of Titan's atmospherecan be modelled fairly well without CH4/C2H6 condensate clouds. This is not to say thatsuch clouds are not present, merely that their e�ect on the overall temperature pro�lemay be small.1.8 DynamicsAt the time of the Voyager 1 encounter, Titan exhibited a substantial meridional tem-perature gradient, with the northern hemisphere being substantially cooler than thesouthern. In the stratosphere, the di�erence was up to 20 K at �1 mbar, although lessat lower altitudes (Coustenis and B�ezard, 1995).Due to Saturn's obliquity of 26.7�, Titan experiences seasonal changes over the Satur-nian year of ' 30 terrestial years (Hunten et al., 1984). In November 1980 the northern14



1.9. SURFACEvernal equinox had just passed, and so Titan was moving into northern spring. The facttherefore that the northern hemisphere was cooler implies that the atmospheric temper-ature lags the cycle of insolation by as much as one season, despite the expectation thatradiative time constants should be much shorter than 7.5 years (Flasar et al., 1981).The two possible explanations for this are: (i) a radiative origin due to photochemicalprocesses; i.e. a seasonal cycle of aerosol production, or; (ii) a dynamical origin, relatedto a high thermal heat capacity. In any event, the thermal gradient at 1 mbar impliesa meridional gradient in geopotential, which must be dynamically balanced. For exam-ple, the formation of an equator-to-pole Hadley cell would e�ectively transport angularmomentum northwards. However, this is very e�cient at transporting heat and wouldproduce a much smaller temperature contrast than observed (Hanel et al., 1981).It has previously been suggested that Titan, which is a slowly rotating planet likeVenus, may similarly exhibit super-rotation in the upper atmosphere (Golitsyn, 1975).Also, evidence from the stellar occultation of the star 28 Sagittarii by Titan (Sicardyet al., 1990; Hubbard et al., 1993) suggests winds of the order 100 m s�1 in the highstratosphere.Hourdin et al. (1995) have adapted a terrestial GCM and applied it to the Titanianatmosphere. As expected for a planet with signi�cant obliquity, their model predicts apair of equator-to-pole Hadley cells near equinox, and a global pole-to-pole Hadley cellnear the solstices (�gure 1.3). Their simulations also support the idea of a cyclostrophiczonal 
ow, with prograde stratospheric winds of order �80{100 m s�1 (a super-rotationfactor of �6{8). However, the temperature contast predicted by the model is 5{10 Kless than the Voyager observations.1.9 SurfaceThe surface of any planet necessarily interacts with the atmosphere; thermodynamically,physically, chemically, radiatively etc. so it is appropriate to add a brief discussion here.15



1.9. SURFACE
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Figure 1.3: Schematic diagram showing a simpli�ed version of the zonally averaged meridional circu-lation: (a) for northern winter solstice, and (b) at northern equinox. In fact the equinoxal circulationis not quite symmetric (see �gure 6 of Hourdin et al. 1995).The surface of Titan remains almost completely unknown. Until recently, no directimages of the surface were available, and only indirect evidence from the Voyager missionscoupled with theoretical considerations gave any clues as to its nature. At present, manyuncertainties remain unresolved.Tyler et al. (1981) proposed a surface ocean or ice layer of methane to explain theunder-representation of carbon with respect to nitrogen in the atmosphere, by a factorof �100, compared to the solar ratio. Methane is close to its triple point (90.7 K,117 mbar) in the lower atmosphere of Titan and hence might be expected to form cloudsand precipitate to the surface. Some sort of vast surface or sub-surface reservoir ofmethane would also appear to be required to continuously resupply the atmosphere-the present content of CH4 would be destroyed by photolytic and catalytic processes inthe mesosphere in a relatively short time compared to the satellite's presumed age of�4.3 Gyr (Strobel, 1982).Constraints were already being imposed on this possibility by the Voyager radio oc-cultation measurements. Flasar (1983) pointed out that the relative humidity of methaneabove an ocean of liquid methane must be at least 98%, corresponding to a `wet' CH416



1.9. SURFACElapse rate of 0.6 K/km (Lunine et al., 1983). This would appear to be incompatible withthe experimental lapse rate of 1:38� 0:10 K/km in the lowest 3.5 km of the atmosphere,derived from the radio pro�le. The experimental lapse rate however is in good agreementwith the dry lapse rate of 1.40 K/km predicted from non-ideal gas calculations for a purenitrogen composition (Lindal et al., 1983).Therefore surface oceans of pure CH4 are ruled out, at least at the locations of theingress and egress radio occultations, although Lunine et al. (1983) proposed that apredominantly ethane ocean of depth up to 1 km with lesser amounts of CH4 and C3H8could have the required lapse rate.Tidal e�ects have also been used to constrain surface ocean models. Dermott andSagan (1995) have studied the relation of ocean coverage to tidal e�ects on Titan. Titanhas a signi�cant (�3%) eccentricity in its orbit about Saturn which implies that tidaldissipation, which tends to circularise the orbit, is small. They �nd that either a deep,global ocean or an intermittent, insigni�cant coverage would produce the low dissipationrate. A recent review of surface models is by Lunine (1993).The �rst observational refutation of the `ocean' hypothesis was due to radar re
ec-tivity measurements made by Muhleman et al. (1990). The experiment demonstratedthat Titan is much too re
ective, by an order of magnitude, to be largely covered inhydrocarbon seas, and is more comparable in this respect to the icy Gallilean satellites.More recently, observations of Titan through methane `windows' of low opacity inthe near-IR (0.94, 1.08, 1.28, 1.6, 2.0 �m) using ground-based telescopes have beenused to sense the surface (Gri�th et al., 1991). Repeated observations over a completeorbital period have revealed a cyclical modulation in albedo, with the leading hemisphereappearing more re
ective than the trailing one (Gri�th, 1993; Lemmon et al., 1993, 1995;Coustenis et al., 1995). This not only constrains Titan to be in synchronously lockedorbit about its parent, but provides the �rst evidence for surface heterogeneity.In addition, the �rst surface images have now been produced using the HST (Smithet al., 1996) and ground based adaptive optics (Combes et al., 1997) which have con�rmed17



1.10. CURRENT UNANSWERED QUESTIONSthat the leading hemisphere contains a large bright feature centred at a latitude of 114�.The surrounding terrain is less re
ective, but still bright compared to other icy satellitessuch as Hyperion (Coustenis et al., 1995).These albedos are much too high to reasonably allow a global liquid hydrocarbonsurface, although smaller expanses: such as `lakes', or underground `aquifers' are stillpossible, in agreement with the second option of Dermott and Sagan. The high over-all albedo is more compatible with a water-ice coverage, possibly mixed with smalleramounts of tholin (Coustenis et al., 1995).1.10 Current Unanswered QuestionsThere are currently signi�cant uncertainties surrounding all aspects of Titan's nature:� Temperature Pro�le: how does the temperature vary away from the equator,particularly in the lower atmosphere at z < 100 km?� Gas pro�les: what is the vertical variation of mixing ratios of methane and ethanein the lower atmosphere; do they reach super-saturation and by how much?� Condensates: which species condense in the atmosphere; at what levels do thedroplets form and what is their composition and size; how are they removed (rain-out, re-evaporation)?� Aerosols: what is the nature of the stratospheric haze particles; at what levels andfrom what do they form; how does their size and composition vary with latitude,and relate to the hemispheric brightness di�erence and detached layer; how are theparticles removed?� Upper atmosphere: what is the vertical temperature variation of the atmosphereabove 450 km; what are the pro�les of minor species in the mesosphere; what arethe photo-sensitised and catalytic reactions taking place; what are the timescalesfor return to chemical equilibrium after, e.g. meteoric disruption?18



1.10. CURRENT UNANSWERED QUESTIONS� Dynamics: what is the global circulation; what are the timescales for verticaland horizontal transport of haze and gaseous species; what is the interaction ofthe troposphere with the stratosphere; what is the dynamical response to seasonalforcing?� Evolution: how did the original atmosphere come into being; how did it thenevolve to its present composition over geologic time?� Surface: what is the state of Titan's surface; in particular is there a mixture ofsubstances and phases; and what is the interaction of the atmosphere with thesurface, especially regarding re-supply of methane to the atmosphere?The major new scienti�c endeavour to answer these queries is the Cassini-Huygensspace mission to the Saturnian system. Amongst other instruments, Cassini carries theComposite Infrared Spectrometer (CIRS), the capabilities of which are the subject ofthis thesis. Both Cassini and CIRS are discussed in the next chapter.
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Chapter 2
The Cassini-Huygens Mission andCIRS
In 1982, a working group of planetary scientists drawn from the European Space SciencesCommittee and the US National Academy of Sciences Space Sciences Board proposed anew co-operative mission to the Saturnian system, which was to include both an orbiterand a Titan probe. At this time, the Voyager 1 and 2 missions had just passed Saturnand, although answering some questions, had raised many more, and so scienti�c interestwas high. Funding was allocated for the mission in 1988 by ESA and 1989 by NASA,and the instrument payloads were simultaneously selected in 1990. Design, constructionand testing continued for the next seven years.The �rst part of this chapter gives an overview of this new mission to the Saturniansystem, which is composed of the Cassini orbiter and the Huygens atmospheric descentprobe and lander for Titan.The second part of the chapter concerns the Composite Infrared Spectrometer (CIRS)which is carried on-board Cassini. The main aim of this thesis is to calibrate andunderstand the capibilities of CIRS, with particular emphasis on the study of Titan'satmosphere. Before discussing CIRS however, there is a brief description of the IRISinstrument which 
ew on both Voyager spacecraft. This is instructive, both because20



2.1. THE CASSINI-HUYGENS MISSIONdata from the IRIS mission have been the main source of information concerning Titan'sinfrared spectrum to date, but also because CIRS has evolved technically from the IRISdesign.The speci�cation of IRIS is summarised, and it is shown how this technical back-ground, in parallel with the scienti�c background detailed in chapter 1, has given riseto the desired capabilities for the Cassini infrared spectrometer. Lastly the design andoperation of CIRS is discussed.2.1 The Cassini-Huygens MissionThe Cassini-Huygens mission is a joint NASA-ESA project, with NASA assuming thelead role in designing and building the orbiter, and ESA the probe. In all, seventeencountries contributed to the spacecraft and instruments. An overview of the mission hasappeared in the literature (Lebreton and Matson, 1992).Cassini is the sister spacecraft of the Gallileo mission to Jupiter, currently in Jovianorbit and still sending back data. Like Gallileo, Cassini has a descent probe, Huygens.Unlike Gallileo however, the target for the probe is not the main planetary body of thesystem. Instead, Huygens will be dropped into the atmosphere of Titan to make insitu measurements, and will hopefully also be functional for a short time on the surface.Figure 2.1 shows the con�guration of the spacecraft.Cassini was launched on October 15, 1997, at 4:43 a.m. Eastern USA Time fromCape Canaveral Air Force Station, aboard a Titan IVB/ Centaur launch vehicle (seefrontispiece).Figure 2.2 illustrates the trajectory of the spacecraft. The seven-year cruise phaseof the mission includes four gravity-assist manoeuvers, in which the spacecraft makes aclose pass to a planet and is accelerated. The �rst three passes are in the inner solarsystem: twice close to Venus, and then the Earth, after which Cassini heads for the outersolar system and a swing past Jupiter. Until Jupiter is passed, none of the instruments21



2.1. THE CASSINI-HUYGENS MISSIONare intended to be fully powered up in operational mode.Unlike earlier `
y-by' missions Cassini will go into orbit around Saturn upon arrivalin July 2004, and then spend four years sending back vastly greater quantities of datathan all the earlier missions combined.2.1.1 The Cassini OrbiterThe science objectives for Cassini can be divided into �ve main groups: Saturn, Rings,Magnetosphere, Icy Satellites and Titan. The speci�c objectives for Titan science areto: � Determine the abundances of gases in the atmosphere, establish isotope ratios forthe most abundant elements, provide information that might help to constrainformation and evolution models.� Observe vertical and horizontal distributions of trace gases, search for more com-plex organic molecules, investigate energy sources for atmospheric chemistry, studythe formation and composition of aerosols.� Measure winds and global temperatures, investigate cloud properties, investigatecirculation and seasonal e�ects in the atmosphere, search for evidence of lightning.� Determine the phase of the surface (liquid or solid), determine the topology andcomposition of the surface, collect data that will help determine the internal struc-ture.� Investigate the upper atmosphere and ionosphere of Titan and their roles as sourcesof neutral and ionized material in the magnetosphere of Saturn, such as the hydro-gen torus.To achieve these goals, Cassini carries onboard 12 scienti�c experiments, which canbe divided into three broad categories (which also relates to their mounting position onthe spacecraft). 22



2.1. THE CASSINI-HUYGENS MISSION

Figure 2.1: The Cassini spacecraft (NASA).

Figure 2.2: The cruise trajectory of Cassini spacecraft (NASA). Note that the dates of the manoeuverswill be somewhat later than indicated on this plot, due to the nine-day delay in the launch.23



2.1. THE CASSINI-HUYGENS MISSION

Figure 2.3: Optical Remote Sensing Pallette of Cassini (NASA).The Optical Remote Sensing Palette (�gure 2.3), which is �xed to the spacecraftcarries four instruments: the Composite Infrared Spectrometer (CIRS), the Imaging Sci-ence Subsystems (ISS), the Ultraviolet Imaging Spectrograph (UVIS) and the Visual andInfrared Mapping Spectrometer (VIMS). Two further experiments, sometimes groupedtogether as Microwave Remote Sensing investigations, are attached to the spacecraftdirectly: the Cassini Radar (RADAR), and the Radio Science Subsystem (RSS).Finally, the Fields, Particles, and Waves experiments are mounted on the �elds &particles palette which is attached to the main spacecraft (�gure 2.1). They are theCassini Plasma Spectrometer (CAPS), the Cosmic Dust Analyzer (CDA), the Ion andNeutral Mass Spectrometer (INMS), the Dual Technique Magnetometer (MAG), theMagnetospheric Imaging Instrument (MIMI) and the Radio & Plasma Wave Scienceexperiment (RPWS).2.1.2 The Huygens ProbeThe Huygens probe was built by the European Space Agency, and is designed to enter anddecelerate in Titan's atmosphere and parachute a fully instrumented robotic laboratorydown to the surface. The probe will separate from the orbiter four months after Saturn24



2.2. VOYAGER IRISorbit insertion, in November 2004. Twenty-two days later the probe reaches Titan, andthe instruments will be switched on 15 minutes before encountering the atmosphere, ata distance of �4500 km.After the initial entry phase, the front heat shield will be ejected. The probe will thenuse three di�erent parachutes to descend over a period of about 2.5 hrs to the surface,during which atmospheric data will be collected. When the probe reaches the surface, ifit survives impact, it will function and relay data back to the orbiter for up to half anhour, depending on battery life, at which point Cassini goes over the horizon.The six experiments carried onboard Huygens cover a full range of investigations intoatmospheric composition, dynamics and surface nature. They are the Aerosol CollectorPyrolyser (ACP), the Descent Imager and Spectral Radiometer (DISR), the DopplerWind Experiment (DWE), the Gas Chromatograph and Mass Spectrometer (GCMS),the Huygens Atmospheric Structure Instrument (HASI) and the Surface Science Package(SSP).2.2 Voyager IRISMuch of the information we possess about Titan has come from the Voyager 1 mission,which made a close pass to Titan on 12 November 1980. During this time the InfraredInterferometer Spectrometer (IRIS) recorded �3000 spectra in 11 hours, including on-disk and limb spectra of the equator and poles.The instrument consisted of a 20 in. Cassegrain telescope, a single Michelson inter-ferometer, and a single thermopile detector with a �eld of view (FOV) of 4.3 mrad. Thedetector was sensitive from 200{1400 cm�1, with a spectral resolution of 4.3 cm�1 (see�gure 2.4).IRIS operated in a continuously scanning mode rather than sampling at discrete pathdi�erences. In this method the signal is sampled at small, equal intervals, which must25



2.2. VOYAGER IRIS

Figure 2.4: IRIS optical layout (after Hanel et al. 1992).be less than one half of the shortest wavelength to be measured, to avoid aliasing.1 Thecontinuous scan mode is usually prefered for space instruments due to simplicity, andslightly greater e�ciency than the alternative, mirror-stepping method. The maximumpath di�erence determines the maximum resolution obtainable from the interferogrambefore apodisation (see x5.1.6). IRIS had no chopping mechanism, and was periodicallyaimed at deep space to subtract out the instrumental background radiation.The IRIS dataset has played a pivotal role in increasing our understanding of Titan.Its analysis has provided a wealth of information (see chapter 1), including the abun-dances of minor molecular species in the stratosphere, the stratospheric temperaturepro�le, variation of both temperatures and abundances with latitude, the D/H ratio,and constraints on the size and optical nature of haze and cloud particles. It has alsobeen an important guide when interpreting the results of other datasets (e.g. the radiooccultation data).Figure 2.5 shows a typical IRIS equatorial spectrum. The emission signatures of1This is essential if the spectrometer is operating in the �rst order. For the second and higher orders,the sampling rate may be reduced if longer wavelengths are not required to be measured, and are �lteredout. 26



2.2. VOYAGER IRIS

Figure 2.5: Voyager 1 IRIS equatorial spectrum at a nominal resolution of 4.3 cm�1. Obtained by co-adding 31 nadir spectra at a mean airmass of 1.03 (Coustenis et al. 1989). Some of the more prominentmolecular bands are marked.methane and many other minor species are evident, as is the continuum absorptionbelow 600 cm�1.However, the IRIS dataset is limited in many respects. Titan experiences seasonalchanges over the course of 30 terrestial years, and since Voyager passed by the Saturniansystem in a matter of days, we only have one close-up `snapshot' in time of the state ofthe atmosphere, which is constantly evolving.IRIS was also limited in technical respects, partly due to the limits imposed onits mass, cost and development time. Its wavelength coverage did not reach to thefar-infrared region, in which there are many potentially important molecular bands,including H2O, CO and also the collision-induced bands of N2 and H2, which allowtropospheric sounding on Titan and Saturn respectively. Finally, the spectral resolution(4.3 cm�1), spatial resolution (4.3 mrad) and sensitivity were all moderate by present-daystandards.
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2.3. THE COMPOSITE INFRARED SPECTROMETER2.3 The Composite Infrared Spectrometer2.3.1 Scienti�c ObjectivesWhen a new infrared spectrometer instrument was proposed for Cassini, its broad missionobjectives for Titan science were:� To continue and extend the investigation begun by Voyager IRIS of Titan's infraredspectrum, especially into the far-IR region.� To provide spatially resolved infrared mapping over a substantial fraction of oneTitanian year, which will permit investigation of seasonal changes in temperature,gaseous composition and haze.� To provide an independent, contemporaneous dataset to help interpret observationsby other Cassini instruments.� To help extend in situ results from the Huygens probe to the whole globe, and atlater times.The far-IR coverage was important for a number of reasons. Firstly, importantmolecular species such as H2O and CO have rotational bands in this region. Secondly,the wide collision-induced absorption band due to N2{N2 interactions, and also rotationallines of methane at �100 cm�1 can both be used for temperature sounding of the lowerstratosphere and troposphere.A detailed set of objectives at Titan for the new spectrometer was then drawn up.This was based on the current scienti�c uncertainties about Titan (see x1.10) and werechosen to increase our understanding of its nature in every possible area, whilst remainingwithin the realms of practicality. The key scienti�c observations required to be made areas follows (adapted from Kunde et al., 1990):� Temperature pro�les: To make global maps of the atmospheric thermal struc-ture from 0.01 mbar (stratosphere) to �100 mbar (upper troposphere). This will28



2.3. THE COMPOSITE INFRARED SPECTROMETERaid understanding of atmospheric dynamics, energetics and transport processes,and their seasonal variations.� Methane: To measure the latitudinal variation in methane abundance, using the1304 cm�1 band to sound the 1-5 mbar region, in order to more fully understandthe greenhouse e�ect and global heat balance.� Vertical Mixing Ratios of minor species: To globally map the vertical dis-tributions of trace gases including hydrocarbons, nitriles and oxygen-bearing com-pounds, to constrain photochemical models of the stratosphere.� Oxygen chemistry: Measure the latitudinal change in the mean abundance ofcarbon monoxide in the stratosphere, to help understand sources and sinks ofoxygen in the atmosphere.� New species: To search for new atmospheric constituents, in particular higherorder hydrocarbons which have been predicted by photochemical models such asallene (CH2CCH2) and benzene (C6H6). These will help to constrain evolutionaryand equilibrium models of Titan and its atmosphere.� Isotopic ratios: To measure isotopic ratios, such as D/H , 12C/13C and 14N/15N,which will aid understanding of Titan's origin.� Particles and droplets: To globally map tropospheric and stratospheric cloudand aerosol distribution and properties. From these data inferences can be madeabout the aerosol composition, size and production/loss mechanisms. The aerosolsplay a major role in atmospheric thermodynamics.� Upper atmosphere: To map non-LTE emissions in the upper atmosphere (10�6and 10�7 bar). These will contribute to the understanding of the mesosphere andthermosphere, in association with data from other instruments such as UVIS.29



2.3. THE COMPOSITE INFRARED SPECTROMETER� Surface: To make global maps of the surface temperature through the infraredwindow at 400{600 cm�1, to more fully understand the nature of the surface andthe interaction of the surface with the atmosphere through dynamical, thermody-namical and chemical processes.2.3.2 Design ConsiderationsA design for the new instrument which would be able to carry out the observations listedwas proposed by a GSFC-led team (Kunde et al., 1990). The design was partly basedon the older Voyager IRIS instruments, but is more advanced in almost every respect.It was obvious from early on that two separate interferometers would be required(IRIS had one) one for the mid and one for the far infrared. This layout would allow theengineers to take the maximum advantage of technological advances for the optics anddetectors in the di�erent wavelength regimes. Therefore the instrument was named theComposite Infrared Spectrometer (CIRS).There were other important constraints on the design. Cassini will approach Titanclosely, to within an altitude of 1000 km or 40% of its radius. On the contrary, thespacecraft will only be able to approach Saturn to a distance of 5 RS due to the rings.Nevertheless, it is important that the infrared spectrometer is able to resolve distanceson the limb comparable to the scale height. This necessitated a much smaller �eld ofview, over at least part of the spectrum, than that of IRIS. This was achieved by usinghigh-e�ciency photo-electronic detectors.Higher spectral resolution than IRIS was a further requirement, to enable the sepa-ration of bands which are blended together on the IRIS spectra (e.g. C4H2 and C3H4 at�630 cm�1), and also to increase the accuracy of the temperature pro�le and abundanceretrievals.Finally, the small �eld of view in the mid-IR and the high spectral resolution bothcombined to reduce the signal to noise ratio. In order to reduce any instrumental noisetherefore cooled detectors were required, which was achieved by means of a passive30



2.3. THE COMPOSITE INFRARED SPECTROMETERTelescopes: Primary SecondaryDiameter (cm): 50.8 7.6F-number: F/6Interferometers: Mid-IR Far-IRType: Michelson PolarisingSpectral Range (cm�1): 10{600 600{1400Spectral Resolution (cm�1): 0.5{20 0.5{20Integration time (s): 50{2 50{2Focal Planes:y FP1 FP3 FP4Spectral Range: 10{600 600{1100 1100-1400Detectors: Thermopile Photoconductive Photovoltaic(dual) (1� 10 array) (1� 10 array)Pixel FOV (mrad): 4.3 0.27 0.27Pixel A
 (cm2): 2:4� 10�2 1:5� 10�4 1:5� 10�4Peak D� (cm Hz 12 W�1): 4� 109 2� 1010 7� 1011Temperature (K): 170 70, 75, 80, 85 70, 75, 80, 85Table 2.1: CIRS Instrument Technical Speci�cation. y In the original proposal, the far-IR was coveredby two focal planes, with FP1 covering 10{300 cm�1 and FP2 covering 300{600 cm�1. These were latercombined into a single focal plane 1, covering the full range 10{600 cm�1.radiative cooler.2.3.3 Description of Flight InstrumentThe instrument was designed, built and tested by an international partnership, led byNASA Goddard Space Flight Center (GSFC) and including the CEN/Saclay and Obser-vatoire de Paris-Meudon in France, Queen Mary and West�eld College of the Universityof London, the University of Oxford, and the Universit�at Karlsruhe, Germany. Theprincipal investigator is V. Kunde (GSFC).The �nal design has evolved considerably since the original conception (Kunde et al.,1990). A description of the 
ight model of the instrument is given here; the reader isreferred to technical publications in the literature (Calcutt et al., 1992; Kunde et al.,1996, and references therein) for further technical details.Table 2.1 summarises the principal instrument parameters. The optics assembly is31



2.3. THE COMPOSITE INFRARED SPECTROMETER

Figure 2.6: CIRS optical schematic (NASA).comprised of a telescope, relay optics, and a pair of interferometers, covering the midand far-IR spectral regions. Both interferometers share a common scan mechanism, asdoes a reference interferometer which controls the sampling rate and mirror movement.The other main components of CIRS are the detectors, the electronics assembly, and thepassive radiative cooler. The entire instrument is maintained at 170 K, except for themid-IR detectors which are at �80 K.The berylium telescope is a Cassegrain type, consisting of a 50.8 cm F/6 parboloidalprimary and a 7.6 cm hyperboloidal secondary, the same sizes as used by IRIS. Theprimary mirror has a gold-enhanced surface for low-scattering. The beam then passesto two �eld stops, where one part of the �eld is relayed to the far-IR interferometer andthe other to the mid-IR interferometer, via collimators and folding mirrors (see �gures2.6 and 2.7). A shutter may be commanded into the light path of the mid-IR fore-opticsfor internal calibration.The far-infrared interferometer (FIR) is of the Martin-Puplett type (Martin and Pu-32



2.3. THE COMPOSITE INFRARED SPECTROMETER

Figure 2.7: CIRS mechanical con�guration (NASA).
33



2.3. THE COMPOSITE INFRARED SPECTROMETERplett, 1969), which uses wire-grid polarisers to split, recombine and analyse the radiation.This technique takes advantage of nearly ideal-response wire-grid polarisers, which havere
ection and transmission co-e�cients approaching 100% for both linear planes of po-larisation, and over a wide spectral range. The 2 �m centre to centre wire spacing usedin CIRS gives good response from 0{300 cm�1 and then decreasing response to 600 cm�1.The far-infrared focal plane assembly (FP1) uses two thermopile detectors to measurethe �nal transmitted and re
ected beams at the polariser-analyser, however if one failsthe interferometer can still operate, albeit with a lower e�ciency.The 4.3 mrad diameter �eld of view (FOV) of the FIR detector is the same as theIRIS detector. CIRS represents an improvement however in terms of spectral range (10{200 cm�1 now being accessible) and also in throughput, due to the greater e�ciency ofthe polarising grids over conventional mirrors in the far-IR.The mid-infrared interferometer (MIR) is a conventional Michelson design which has aKBr beamsplitter and cube-corner retrore
ectors. A germanium lens focuses the recom-bined beams onto the mid-IR focal plane, which covers the range 600{1400 cm�1 usingtwo photodetector arrays. The FP3 array of 1�10 photoconductive detectors measuresfrom 600{1100 cm�1, which includes prominent bands of acetylene, ethane, propane andnitriles. The FP4 array of 1�10 photovoltaic detectors covers 1100{1400 cm�1. Thisrange includes the important 1304 cm�1 band of methane.CIRS sensitivity is improved substantially over the IRIS instrument in the MIR dueto the use of cooled HgCdTe detectors rather than a thermopile. The mid-infrared focalplane is thermally isolated from the rest of the instrument by a tripod of low-conductancetitanium alloy supports. At the rear of the focal plane, a 
exible copper link connects toa cold �nger, which extends from the passive radiative cooler. This patch is of aluminiumhoneycomb painted with conductive black paint, which radiates to a 2� �eld of view ofdeep space.The temperature of the mid-IR focal plane can be set via ground control to tem-peratures between 70 and 90 K, by balancing the cooling e�ect of the patch with the34



2.3. THE COMPOSITE INFRARED SPECTROMETER

Figure 2.8: CIRS �eld of view (NASA).application of a small heater, to an accuracy of 0.1 K. The noise performance of the �nal
ight instrument is determined from experimental data in chapter 5.This improved sensitivity allows for a much smaller FOV: each pixel has a 0.273 mradsquare �eld of view, (c.f. IRIS 4.3 mrad) although the response across this �eld is not
at. The spatial response function of the MIR detectors is determined in chapter 4. Thismuch smaller FOV allows for much higher spatial resolution on the limb than IRIS, witha resolution of less than one scale height in the stratospheres of both Saturn and Titan.The relative sizes and alignment of the FIR and MIR �elds of view is depicted in�gure 2.8. Due to constraints on the available mass for electronics, the ten detectors oneach of the mid-IR focal planes may not be used at once. Instead, �ve from each arraycan be used simultaneously, in one of four modes (see �gure 2.9): odd detectors, evendetectors, reduced �eld of view (centre detectors only), or reduced resolution mode. Thisallows considerable versatility in operation.Both the FIR and the MIR interferometers share a common scan mechanism andReference Interferometer (RI), which is a red light laser (785 nm) diode source. Thisprovides the reference fringes used to create timing signals for data logging, and for35



2.3. THE COMPOSITE INFRARED SPECTROMETER
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Unused pixelFigure 2.9: CIRS mid-infrared pixel switching modes.feedback control of the mirror speed (see x5.1.5). The scan time is set in units of 1/8second (=1 RTI) from 2{52 s, which takes the mechanism to the maximum mirror traveldistance of 1.04 cm. The scan time controls the spectral resolution (see x5.1.6), from20{0.5 cm�1.CIRS also provides an option for co-adding two consequtive spectra in an on-boardbu�er before downlink, which halves the data rate. To enable this, the zero path dif-ference (ZPD) of each interferogram must be determined on board, which requires anadditional white light interferogram to be produced for reference. A white light sourceis provided in the RI for this purpose, which is an LED of centre wavelength 870 nm andFWHM 70 nm, and shares the optics with the laser.Decontamination heaters are also provided which can increase the instrument tem-perature to �270 K to drive o� contaminants which may have condensed on the opticsor detectors.
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2.3. THE COMPOSITE INFRARED SPECTROMETER2.3.4 Flight Model PerformanceThe purpose of this thesis is to investigate the capability of CIRS for scienti�c investi-gation. The �nal performance of the 
ight instrument was expected to di�er somewhatfrom the speci�cation. Therefore it is very important not only to measure the perfor-mance parameters, but to see how these may a�ect the measurements which will bemade.One previous study of the capabilities of CIRS for Titan science has been publishedin the literature. Coustenis et al. (1993) predicted synthetic spectra at the resolutionof CIRS, including the long wavelength region 10{200 cm�1 which CIRS will investigatefor the �rst time. Their study includes rotational lines of H2O, CO, HCN and CH4which may be detectable on CIRS FIR spectra, as well as lines of benzene (C6H6) andallene (CH2=C=CH2, an isomer of methylacetylene C3H4), which are predicted to existon Titan from photochemical models (Raulin et al., 1990; Thompson et al., 1991).It is now possible to extend this study in a number of ways. In particular, keyperformance characteristics of the instrument: the spatial response function and the noiseequivalent spectral radiance, can be deduced from laboratory measurements. Knowledgeof these parameters can be used to put limits on the spectral signal-to-noise which canbe attained for a given wavelength (or molecular band), in a given observing time andfor a given spectral resolution.Also, since the work of Coustenis et al. (1993), new determinations for the molefractions of CO and H2O, and also new co-e�cients for collision-induced absorptionbands have been published, which means that the spectral predictions must be revised.The radiative transfer code and atmospheric model used in this work are describedin chapter 3 which follows here. In chapters 4 & 5, the determination of the instrumentcharacteristics from lab data is discussed. Then, in chapter 6, the implications of themeasured performance for CIRS science at Titan are evaluated. Chapter 7 gives theconcluding remarks and comments on mission planning.37



Chapter 3
Titan Atmospheric Model andRadiative Transfer Code
In order to be able to make predictions of CIRS scienti�c capability at Titan, it was �rstnecessary to develop a mathematical model of Titan's atmosphere (x3.1). A radiativetransfer code was then used to calculate synthetic radiances which were compared toexisting observations, i.e. IRIS spectra, in order to re�ne the atmospheric model (x3.2).Synthetic spectra for CIRS will be discussed in chapter 6.3.1 Titan Model AtmosphereThe atmosphere of Titan has been qualitatively described in chapter 1. In this section,the creation of a quantitative description of the atmosphere is discussed. The basis of amodel atmosphere is the physical pro�le, which describes the temperature and pressurevariation with height at a particular latitude.1 In addition, two other types of verticalpro�le must be included; the volume mixing ratios (VMRs) for each radiatively activegaseous species, and the pro�les for particulate absorbers: aerosols or condensed vapourdroplets, or both. Collectively, this set of pro�les forms a one-dimensional description of1In this work, the atmosphere is considered to be zonally symmetric, i.e. the same at all longitudes.38



3.1. TITAN MODEL ATMOSPHEREthe atmosphere at a given latitude.3.1.1 Physical Pro�leThe temperature-pressure pro�le of Titan has necessarily been deduced from a relativelylimited amount of data (see x1.6). For the troposphere, the only data are the two refrac-tivity pro�les (ingress and egress) from radio occultation of the Voyager 1 spacecraft,which pertain to near-equatorial latitudes, and below 200 km. The derivation of temper-ature is dependent on the value used for the mean molecular weight of the atmosphere,which ranges from 27.8 to 29.4 depending on assumptions about composition. Lellouchet al. (1989) recommend a `nominal pro�le' for Titan's equator, which falls midwaybetween the extreme possible pro�les.Higher in the atmosphere, the IRIS dataset has been analysed to deduce the temper-ature pro�le from the �4 band of methane at �7.7 �m, at seven di�erent northern andsouthern latitudes (Coustenis and B�ezard, 1995).These two datasets have been combined to form a basic equatorial pro�le. TheLellouch et al. (1989) pro�le was used for the troposphere, and the sample A (5�N)pro�le of Coustenis and B�ezard (1995) was used for the stratosphere, up to z=300 km.The two pro�les were grafted together at 55 km, where they are equal.The pro�le was extended to 500 km (approximately 10�3 mbar) using vertical lapserates of 0.08 K/km (from 300{400 km)and 0.09 K/km (from 400{500 km) from Model Jof Yelle (1991). This model was chosen because it most closely agrees with the IRISsample A temperature near 300 km, while remaining consistent with the Voyager UVSmeasurements (Smith et al., 1982a) and stellar occultation data (Hubbard et al., 1990).The �nal pro�le which was derived is shown in �gure 3.1.
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3.1. TITAN MODEL ATMOSPHERE

Figure 3.1: Equatorial temperature-pressure pro�le from combination of radio-occultation data, IRISdata and theoretical predictions for the upper atmosphere (see text). Also plotted is the variation inscale height with altitude.3.1.2 Gas Pro�lesMinor SpeciesThere are no gases on Titan for which the abundance pro�les are well-determined,because the data are too sparse. In principle, the best method for determining concen-trations at di�erent heights in the atmosphere is to make spectral observations of thelimb at multiple altitudes, preferably with a spatial resolution of one scale height or less.This is one of the tasks for which CIRS has been designed.To date however, the only limb observations of Titan have come from Voyager 1IRIS, which took a sequence of 9 spectra near Titan's north pole, with a FOV widthof �200 km (4{8 scale heights). These have been analysed by Coustenis et al. (1991),who derived crude vertical pro�les (based on the only available data at two altitudes)for seven minor gases, at high northern latitudes.IRIS also made many more observations of Titan over a wide range of latitudes innadir-view. From these spectra, the mean stratospheric gas abundances for the hydro-40



3.1. TITAN MODEL ATMOSPHEREcarbons C2H2, C2H4, C2H6, C3H4, C3H8, and C4H2, plus CO2 and HCN, have beendeduced by Coustenis and B�ezard (1995). Strictly, these abundances apply only to thetime of the encounter. For the nitriles C2N2 and HC3N, abundances were found by thesame authors for latitudes greater than 50�N, and upper limits thereof at other latitudes.More recently, an analysis of Titan observations by the ISO Short Wavelength Spec-trometer (SWS) over the same spectral range has yielded estimates of the disk-averagedabundances of these gases approximately half a Titan year later. These new �gures,which largely re
ect the present equatorial amounts, are not signi�cantly di�erent fromthe Voyager equatorial ones (Coustenis et al., 1998a). There has also been a detectionof water vapour at a mole fraction of a 4�10�10 (Coustenis et al., 1998b), which has ledto a preliminary equatorial pro�le. This band is too weak to be seen on the IRIS spectraand is discussed in the context of CIRS observations in chapter 6.A vertical pro�le for HCN has recently been derived from millimeter and submillime-ter spectra of the unresolved disk (Hidayat et al., 1997). This pro�le is in agreement withthe stratospheric average of Coustenis et al. (1989) to within the level of uncertainty.CO has been detected only from ground-based observations in the infrared (Lutzet al., 1983; Noll et al., 1996) and millimeter and submillimeter spectral regions (Paubertet al., 1988; Marten et al., 1988; Gurwell and Muhleman, 1995; Hidayat et al., 1998).These have resulted in a wide variety of estimates of the CO abundance, ranging from 2{75 ppm in the stratosphere, and from 10{60 ppm in the troposphere (see Hidayat et al.,1998, for review). Hence, the question as to whether CO is well-mixed, as predicted byphotochemical models, or not, as indicated by some observations, is still wide open.In the spectral modelling of this thesis, the hydrocarbons, plus CO2 and HCN aretaken to have constant VMRs in the stratosphere equal to the Voyager IRIS values.The VMRs then quickly drop as the gases condense out along their respective saturationvapour pressure curves near the top of the troposphere. In view of the present uncertaintyin the CO abundance, a constant VMR of 1�10�5 equal to the result of Noll et al. (1996)has been adopted as an order-of-magnitude estimate. A constant volume mixing ratio41



3.1. TITAN MODEL ATMOSPHEREfor hydrogen was set equal to 1�10�3 (Courtin et al., 1995).Methane ModelFor methane and deuterated methane (CH3D), a slightly more sophisticated modelis used to calculate the VMRs. Methane, which forms �2{8% of Titan's atmospheredepending on altitude, is sub-saturated both at the surface and in the stratosphere.However, for a region of the troposphere (roughly 5{30 km) the partial pressure ofmethane exceeds its saturation vapour pressure (SVP), and therefore either some of thegas must condense out, or it exists at super-saturated levels.The simplest theoretical treatment is to consider a parcel of humid air moving up-wards through the troposphere. Firstly, the humidity h or volume mixing ratio qv ofthe condensable species is speci�ed at the surface. The two quantities are related by theexpression:
h(z) = qv(z)p(z)ec(T (z)) � 100% = pc(z)ec(T (z)) � 100% (3.1)where p is the atmospheric pressure and ec is the SVP at the ambient temperature, whichboth vary with altitude. The parcel of `moist' air is then considered at successively higheraltitudes and the partial pressure of the condensable is compared to the SVP at thatheight. Where the h exceeds a maximum value hMAX, condensation occurs to limit therise in humidity.A computer program was developed to simulate this model for tropospheric methaneon Titan. This has two free parameters: �rstly, the surface methane mole fractionqCH4(z0) or relative humidity h(z0); and secondly, the maximum humidity before con-densation occurs hMAX. Note that if the surface humidity is speci�ed, then the surfacemole fraction of CH4 is also then determined (or vice versa) because both the SVP curvefor methane and the atmospheric T{p pro�le are �xed. The SVP curve was computed us-ing an empirical formula from the literature (Armstrong et al., 1955; Lide and Kehiaian,42



3.1. TITAN MODEL ATMOSPHERE

Figure 3.2: Comparison of methane partial pressure in the troposphere vs. saturated vapour pressure.The vertical extent of possible saturation, where condensation may occur, is also indicated. The surfacemethane mixing ratio of 7.3% gives a 60% relative humidity, which rises to 100% between 6 and 31 km.At the top of the condensation region the qCH4 `freezes out' at 1.7% . Physical pro�le is that of Lellouchet al..1994).2Starting at z=0 km, the air parcel is raised upwards through the atmosphere, andthe humidity calculated at each level. As z increases, the atmospheric temperatureand pressure both decrease, and, because the VMR of methane is constant, its partialpressure decreases in line with the overall atmospheric pressure. At the same time, theSVP is also decreasing, and indeed falling more rapidly than pCH4 (see �gure 3.2), so thehumidity rises.When the relative h reaches hMAX (the `cloud base') it is �xed at this value, andabove this level the qCH4 is adjusted downwards to maintain h=hMAX. This is equivalentto saying that condensation occurs, although the method of removal, particle seeding or2Note that in the real atmosphere, the SVP curve would be altered by at least two factors. Firstly,nitrogen would probably also condense, along with methane, which would lower the condensation al-titude level (McKay et al., 1997). Secondly, the SVP calculated here is strictly the saturated vapourpressure over an in�nite plane surface of the condensed phase: e = e1. In fact, when the condensationoccurs onto a droplet or nucleus of some sort, then the SVP must be modi�ed by the Kelvin factor,which accounts for the enhancement in SVP over curved surfaces. However, in this work, the actualmicrophysical condensation process is not modelled, and hence the droplet size is undetermined, and soe1 is used. 43



3.1. TITAN MODEL ATMOSPHERE

Figure 3.3: Methane humidity variation with height for a range of surface humidity values, as calcu-lated using the simple ascent model described in the text. The saturated region is the altitudes whichhave 100% humidity.sizes is not considered here. Eventually, as h drops below hMAX again (the `cloud top'),the qCH4 becomes `frozen out': this is the stratospheric value.The program was used to calculate approximate levels of saturation for methane inTitan's atmosphere. Figure 3.3 shows the extent of the saturation region for a varietyof surface humidity values, but for a �xed hMAX of 100% . Although the altitude ofthe `cloud base' varies substantially, the `cloud top' occurs consistently at 30 km. Thishappens because, in this model, the partial pressure of methane inside the saturationregion is the same in each calculation: it is simply the SVP at that altitude. Hence, thecloud top occurs where the SVP starts to increase again with altitude, irrespective ofthe starting humidity at the surface.If we assume that some amount of methane condenses out in Titan's troposphere, thenwe would expect cloud droplets to form. Depending on amount and distribution, theirpresence should be observable to some extent, for example on the IRIS infrared spectra.However, if methane condensation were by some method inhibited, then supersaturationwould occur, and the result would instead be increase in opacity at long wavelengthsdue to collision-induced absorption (CIA), particularly due to methane molecules. Both44



3.1. TITAN MODEL ATMOSPHEREsupersaturation and condensation probably occur to some extent.Measuring the relative importance of these two spectral absorptions, which shouldenable the relative importance of condensation vs supersaturation in Titan's atmosphereto be determined, has been di�cult until recently when new and improved methods ofcalculating the collision-induced absorption have become available (see 3.2.4). Recentre-analyses of the IRIS dataset with the new spectral data have now been published.Courtin et al. (1995) have calculated synthetic spectra for the 200{600 cm�1 regionusing several types of tropospheric model, including one with a thin methane cloudof 50 �m-sized droplets, and others where methane was supersaturated but there wasno condensate. Comparison with IRIS data suggested that the calculations with themethane cloud failed to reproduce the long-wavelength end of the spectrum, from 200{350 cm�1.Although Courtin et al. were able to force a �t to the IRIS spectrum by decreasingthe droplet size considerably, to �1 �m, the opacity of these drops then became so largein the visible that all sunlight would blocked out, completely incompatible with theobserved greenhouse e�ect, as noted by Toon et al. (1988). Increasing the droplet sizehad a negligible e�ect since the relative opacities at 200{350 cm�1 and 400{500 cm�1remained about equal.A more recent study of IRIS data (Samuelson et al., 1997b) and one of the radio oc-cultation data (McKay et al., 1997) also favour a scenario of signi�cant supersaturation,combined with little or no cloud droplets being prevalent in the troposphere.Two possible methods for supersaturation to exist and persist have been formulated(Courtin et al., 1995; McKay et al., 1997). The �rst is so-called `kinetic' inhibition,which takes account of the fact that the likely condensation nucleii, the stratosphericaerosol particles, are relatively insoluble in CH4 and C2H6 (McKay, 1996). An alternativeidea is that eddy mixing of gases from the sub-saturated regions near the surface maymore e�ectively transport methane upwards than the condensation process can removeit from the upper troposphere, resulting in a persistent supersaturation. In fact, both45
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Figure 3.4: Humidity variation with height, where the maximum is allowed to exceed 100%, i.e. themethane is supersaturated to some extent. In all cases the surface humidity of CH4 is 60%.these processes may have some contribution.In view of the recent �ndings, atmospheres with supersaturation (hMAX > 100%)have also been calculated with the cloud model (see �gure 3.4). Again, the `cloud top'occurs near 30 km in each case, the altitude where the mixing ratio of methane wouldbe required to increase again to maintain supersaturation.Results from the program also indicate that saturated surface air could achieve a440% supersaturation at the cold trap (30 km) in the total absence of condensation, foran initial hsurf=60% . However, in many of the calculations presented in this chapter,the supersaturation fraction is less than this maximum possible value (see x3.3).In these cases, it is implicit that methane condensation occurs, to limit the humidityto an imposed maximum value. However, in view of the evidence that clouds have anegligible e�ect on the observed spectrum, no cloud particle opacity is included in thespectral model.CH3D and N2Deuterated methane is treated simply by �xing the ratio of CH3D to CH4; the mixingratio of CH3D at a given altitude is then just the methane mole fraction times this ratio.46



3.1. TITAN MODEL ATMOSPHERENitrogen is assumed to constitute the bulk remainder of the atmosphere (along with theminor species), i.e. no argon is included in the model.Gas Pro�lesThe �nal gas pro�les for the equatorial region are shown in �gure 3.5 for a methanemaximum humidity of 100% .3.1.3 Organic Haze ModelIt was also necessary to create a quantitative model which describes Titan's stratospherichaze extinction for the radiative transfer calculations. The observed, large scale featuresof the haze have been outlined in x1.3. Note that, in addition to a distributed hazein the stratosphere, a distinct `detached' haze layer was seen with a peak brightness at�300{350 km (Smith et al., 1981).It is di�cult to study the haze at infrared wavelengths, because there are competinge�ects such as collision-induced absorption which contribute opacity in the same region.This problem does not occur in the visible. Rages and Pollack (1983) have undertaken aquantitative analysis of a Voyager 2 image taken with a 0.5 �m �lter, and inverted themeasured radial intensity of the limb to obtain vertical extinction pro�les at a range oflatitudes 75�S to 75�N (see �gure 3.6).It can be seen that the log extinction per kilometer decreases approximately linearlyfrom 200 to 500 km. Table 3.1 shows the calculation of the extinction per gram ofatmosphere at two heights in the stratosphere, which turns out to be relatively constant(i.e. within a factor of two) between these widely-separated levels. As noted by Toonet al. (1992) this implies that the aerosols are almost uniformly mixed across the entirealtitude range. This very important fact will be used to simplify the vertical model.Outline of MethodThe optical extinction data of Rages and Pollack (1983) is now analysed to construct47
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Figure 3.5: Sample A gas pro�les (5�N).

Figure 3.6: A comparison of extinction pro�les from corresponding northern and southern latitudes.Extinction at the north pole is notably enhanced over that at the south pole. (After Fig. 5 of Rageset al., (1983). 48



3.1. TITAN MODEL ATMOSPHEREheight z extinction �k�z density � �k�z =�(km) (cm�1 per cm2 column) (g cm�3) (g�1)270 � 10�8 3:32� 10�7 3:0� 10�2530 � 10�10 1:78� 10�9 5:6� 10�2Table 3.1: The optical (0.5 �m) extinction per gram in the lower and upper stratosphere. This iscalculated by dividing the extinction per kilometer at these heights (from Rages and Pollack 1983) bythe local mass density.simple vertical pro�les of the stratospheric haze.The main steps to obtaining a su�cient haze model are as follows. We start withsome reasonable a priori assumptions about the size, shape and optical nature of the hazeparticles, which should be based as far as possible on clues from physical and chemicalmodelling, and on laboratory experiments. We then calculate the expected extinctionof a typical haze particle. Finally, we can derive a volume mixing ratio of haze particlesfrom the extinction per kilometer data, by dividing by the extinction per particle. Toget the mass mixing ratio we also divide by the atmospheric density �.Several simplifying assumptions are made. Firstly, that the haze particles are spher-ical, and can be well represented by a single particle size everywhere. It will be shownlater that, due to the limited amount of constraining evidence, a single particle size givesa reasonable �t to the data. Secondly, that the haze particles are uniformly mixed in thestratosphere, as indicated by the Rages and Pollack (1983) extinction data. Finally, thatthe troposphere (z < 42 km) is devoid of particles, i.e. it is assumed that the aerosolsact as condensation nucleii and are largely or totally rained out, or otherwise removed.Particle SizesWe wish to replace the distribution N(r) where N is the number density of particlesof radius r, with a population of uniform radius rc which has the same overall extinction.Indeed, the assumption of a `characteristic radius' reduces the number of free parametersin the model by one, compared to �tting with a Gaussian or log-normal distribution.49



3.1. TITAN MODEL ATMOSPHEREToon et al. (1992) have constructed a detailed model of aerosol size distribution andits variation with altitude, taking into account particle charging e�ects, grain growth andvertical mixing. They then compared the optical properties of these particles, assumedto be spherical and calculated with Mie theory, against albedo measurements of Titanfrom the ultraviolet to the infrared. Their conclusion is that the mean particle size ofTitan's main haze layer is near 0.15 �m.This �gure is slightly too small to be in agreement with the analysis of Rages andPollack (1983) and Rages et al. (1983), which requires a single particle radius of 0.2 to0.5 �m to �t high phase angle observations of Titan. The discrepancy may be explainedby the detatched haze layer. A layer of particles which have a larger mean size, above300 km, could be explained by rising air currents of w ' 1 cm s�1. An alternativeexplanation is that the aerosols are asymmetric, possibly fractal in nature (Rannouet al., 1997) in which case a �t could also be made to the data. In this work, sphericalaerosol particles of mean radius in the range 0:1 < rc < 0:4 �m are considered.Optical PropertiesIn order to calculate the haze absorption, we must know the extinction cross sectionof the particles. This may be calculated theoretically if the refractive index propertiesof the substance are known.Titan's haze substance has never been analysed directly, hence there have been nu-merous attempts to create a similar substance in the laboratory (e.g. Khare et al., 1984,1986; Bar-Nun et al., 1988; Thompson et al., 1991; McDonald et al., 1994; Coll et al.,1995; McKay, 1996). Most of these experiments have attempted to duplicate the e�ectsof cosmic ray irradiation on Titan's bulk atmospheric constituents, N2 and CH4, usu-ally by electrical discharge in a pressure vessel.3 After collection, chemical or physicalanalysis of the residue, a sticky organic material called tholin, is performed.It is important to bear in mind that there is no single substance called `tholin' -3With the exception of Bar-Nun et al. (1988) who in a slightly di�erent experiment used UV lighton C2H2, C2H4, and HCN to form polymers. 50



3.1. TITAN MODEL ATMOSPHERErather it is an umbrella term applied to all Hx-Cy-Nz residues produced in this manneras analogs to Titan, Triton or Pluto atmospheric hazes. Indeed, the actual compositionof the �nal substance is quite sensitive to the pressure (Thompson et al., 1991) andgaseous composition (McDonald et al., 1994) used in the reaction vessel.To date, only one of the experiments in the post-Voyager era, due to Khare et al.(1984), has included a wide-range spectroscopic analysis of a tholin. These authors pre-pared a sample by cold plasma discharge in a simulated Titan atmosphere consisting ofa 10% CH4, 90% N2 mixture, at standard temperature, and a pressure of 0.2 mbar ap-propriate to the stratosphere (�250 km). The substance resulting from this experimentformed a brown �lm on the inside of the reaction vessel, which was subsequently analysedby gas chromatography/mass spectroscopy (GC/MS) and found to contain over 75 di�er-ent hydrocarbons and nitriles. Their results also include a determination of the real andimaginary (n; �) parts of the refractive index in the wavelength range 250 �A{1000 �m.These measured optical properties have since been widely utilised in atmosphericradiative transfer studies of Titan's atmosphere. McKay et al. (1989) determined theabsorption required to �t the geometric albedo at a number of low methane absorption(or `continuum') points across Titan's visible spectrum. The derived albedo values werefound to be qualitatively and quantitatively similar to those of the laboratory tholinsof Khare et al. (1984), although to obtain an exact match a scale factor of 43 had to beapplied to the tholin imaginary refractive index.This led McKay et al. (1989) to attempt to �t the Voyager IRIS infrared spectrumfrom 400{600 cm�1 with the tholin properties as well, and found that a closest matchwas obtained when the imaginary refractive index co-e�cient was scaled by a factor 12 . Insummary therefore, McKay et al. (1989) found that in the visible the laboratory tholinswere too bright, and in the thermal infrared they were too dark.In this analysis, the absorption cross-section is calculated both with and without thescaling factors of McKay et al. (1989). In this way, I can expect to �nd the result ofMcKay et al. and then check to see whether I require a similar scaling factor, using a51



3.1. TITAN MODEL ATMOSPHERE

Figure 3.7: The extinction cross-section for tholin particles of various sizes over the IRIS wavenumberrange, calculated using Mie theory. The scale factor XIR is here set equal to 1.0, i.e. the optical co-e�cients of Khare et al. (1984) are used without the scaling of McKay et al. (1989). The e�ect of thescale factor XIR is to cause a linear change of �.di�erent radiative code. The results of are discussed in x3.3.The wavelength variation of optical properties (Table 1 of Khare et al., 1984) wasincorporated into an existing computer code : Makephase (Irwin and Calcutt, 1995).This code uses the Mie theory to calculate the extinction cross-section �(�), which isthe sum of a particle's scattering �s and absorption �a cross-sections, and the singlescattering albedo !(�) over a speci�ed wavelength range, given the particle size or sizedistribution. Figure 3.7 shows the variation of tholin � across the IRIS wavenumberrange for several typical particle sizes.Aerosol Pro�lesThe extinction cross-section (�), or extinction per particle can now be used to derivethe number of particles per gram of atmosphere at a particular height, by dividing theextinction per gram by �:N�(z) = number=gram = 1�(z)�(rc) �k�z (z) (3.2)For rc=0.2 �m, �=5.24�10�9 cm2 at 500 nm, and using (�k=�z) from table 3.1, the52



3.1. TITAN MODEL ATMOSPHERE1 2 3 4 5 6rc � at 0.5 �m particles/g particles � at 600 cm�1 �(�m) (cm2) at 270 km /column (cm2) at 600 cm�10.10 3.33 � 10�10 9.01 � 107 1.433 � 1011 1.97 � 10�12 0.2820.15 2.05 � 10�9 1.46 � 107 2.455 � 1010 6.65 � 10�12 0.1630.20 5.24 � 10�9 5.73 � 106 9.755 � 109 1.58 � 10�11 0.1540.25 8.52 � 10�9 3.52 � 106 5.773 � 109 3.10 � 10�11 0.1790.30 1.02 � 10�8 2.94 � 106 4.977 � 109 5.38 � 10�11 0.2680.35 1.03 � 10�8 2.91 � 106 4.927 � 109 8.58 � 10�11 0.4230.40 1.07 � 10�8 2.80 � 106 4.479 � 109 1.29 � 10�10 0.578Table 3.2: Calculation of infrared column optical depth from 0.5 �m extinction data, for Titan'sequator (Sample A). Column 3 is obtained by dividing the extinction per gram (�xed at 3�10�2) by the� at � = 0:5 �m (column 2). Column 6 is obtained by multiplying together the two preceding columns.number of particles per gram is �5.73�106 at 270 km. If we assume a density of 1 gcm�3for the particles, this corresponds to a mass mixing ratio qm�2�10�7.At this stage a further approximation is made; that the stratospheric mass mixingratio of aerosol qm(z) is everywhere equal to the 270 km value qm(z=270 km). In otherwords because the aerosol appears to be approximately uniformly mixed, as describedearlier, the mid-stratosphere value is taken to be typical. The error introduced by thisapproximation is at most a factor 2 in overall opacity (by considering table 3.1), whichwill hence have a factor 2 e�ect on the derived extinction per particle (all particles areidentical). However, it can readily be seen from �gure 3.7 that an order-of-magnitude es-timate of extinction per particle is su�cient to distinguish between a particle of r=0.1 �mand one of r=0.2 �m, so the crudeness of the model is justi�able, in view of the muchgreater simplicity of having uniform mixing.A number of di�erent aerosol pro�les were created based on varying the value ofrc, deriving the particle concentration each time from the optical extinction and thecalculated �(0.5 �m) (see table 3.2 and �gure 3.8).Scattering ConsiderationsBefore carrying out spectral synthesis calculations involving aerosols, it is importantto consider whether the particles can be treated as simple thermal absorbers/emitters,53



3.1. TITAN MODEL ATMOSPHERE

Figure 3.8: (a) plot of particles per column; (b) plot of extinction cross-section per particle at600 cm�1, and (c) plot of extinction per column at 600 cm�1, i.e. the product of (a) and (b), as afunction of particle radius. Column atmospheric density is equatorial (Sample A).or whether scattering needs also be taken into account. The parameter which determinesthis is the single scattering albedo, which is de�ned as the ratio of the scattering cross-section to the total extinction cross-section:
! = �s�a + �s : (3.3)Therefore as ! ! 0, scattering can neglected, but as ! ! 1 scattering becomesincreasingly important. However, the �nal impact of scattering on the spectrum alsodepends on the scattering angle. For example, if most of the radiation is being scatteringout of the forward direction, then although ! may be high, it would still be su�cient totreat the particles as simple absorbers, using the appropriate absorption cross-section.Using the complex refractivity data of Khare et al., the Makephase program was usedto calculate ! for tholin particles of a given size. Figure 3.9 shows the variation in ! forthree typical particle sizes across the entire wavelength range for which refractivity hasbeen determined.Several important points can be gleaned from �gure 3.9. Firstly, a small change inparticle size can make a large di�erence to !. In particular, longward of 3 �m, doubling54



3.2. RADIATIVE TRANSFER CODE

Figure 3.9: The variation with wavelength of the single scattering albedo (!) for tholin particles ofdi�erent radii. ! calculated using Mie theory for the tholin refractive index properties as measured byKhare et al. (1984).the particle radius increases ! by up to an order of magnitude. Secondly, the overalltrend is for high ! at optical wavelengths, when � � r, but small ! when � >> r. Thetransition region occurs when 1 < � < 10 �m.In summary, when carrying out a spectral synthesis in the IRIS (200{1400 cm�1) orCIRS (10{1400 cm�1) ranges, it will normally be acceptable to ignore scattering (i.e.! � 0:03 for r � 0:4 �m and � � 6 �m).3.2 Radiative Transfer CodeThis section describes the radiative transfer code Radtran which was used to generatesynthetic Titan spectra. Radtran was developed in Atmospheric Physics at Oxford,principally by S. Calcutt and P. Irwin, and has been previously used successfully tomodel the atmosphere of the Jupiter for interpretation of IRIS and Galileo NIMS data(Irwin et al., 1997). However, before it could be applied to Titan, several importantextensions were required, which were implemented by this author. In particular, the55



3.2. RADIATIVE TRANSFER CODEtreatment of collision-induced absorption (CIA) by the code was extended to includenitrogen and methane (x3.2.4).3.2.1 Radiative Transfer in the InfraredRadiative transfer in the infrared is governed by Schwarzchild's equation:dI~�d�~� = I~� � J~� (3.4)where I~� is radiance and J~� is the source term, both in units of W cm�2 sr�1 =cm�1, andthe increment of opacity is de�ned by:
d�~� = �k~��a(z)dz (3.5)where k~� is the absorption coe�cient, �a is the density of the absorber and z is theheight above the surface. Note that � has opposite sign to z. Normally there will beseveral di�erent terms compounding the absorption, from lines, particles, and continuumopacity, as described below. The ~� subscript for wavenumber will be implicit from hereon. Equation 3.4 integrates to:
I1 = Z 10 Je��d� (3.6)for an optically thick slab of atmosphere, where I1 is the radiance seen at the top of theatmosphere. However, if the atmosphere is optically thin at any wavelengths we mustinclude a contribution for emission from the surface. De�ning �z = exp(��z) to be thetransmission to a level z, and including terms to represent surface emission and re
ectedatmospheric emission, equation 3.6 becomes:56



3.2. RADIATIVE TRANSFER CODE
I1 = Z 10 J d�(1; z)dz dz + �sBs�s + (1� �s)�s Z 01 J d�(0; z)dz dz (3.7)where �s is the transmission from the surface to the top of the atmosphere, and theplanetary surface is assumed to emit as a blackbody with an emissivity �s.Usually, the atmospheric source function J is also taken to the Planck function,when Local Thermodynamic Equilibrium (LTE) applies in the atmosphere. Also, in allcalculations for Titan's atmosphere in this work, the surface emissivity in the infrared isassumed to be unity, so the third term in 3.7 vanishes.3.2.2 Numerical Integration over PathThe atmospheric model consists of a pro�le, which speci�es the temperature, pressureand mixing ratios of all radiatively active gases over a range of altitudes. The creationof the pro�le has been described in x3.1. In order to compute equation 3.7 for an opticalpath in the atmosphere, the �rst step is to divide the atmosphere into layers.Layers are equally spaced either in �z (height), �p (pressure), or � log p (log pres-sure). The latter normally gives the most accurate results, because the layers are moreclosely spaced (in z) where the pressure and hence density of absorbers is changing mostquickly, lower in the atmosphere, and further apart higher in the atmosphere where thepressure and opacity are changing more slowly. For the calculations in this chapter, 40layers equally spaced in log pressure are used, a resolution equal to about a third ofone scale height. This was found to be su�cient, i.e. the use of more layers produceda negligible e�ect on calculated radiance. Having split the atmosphere into equal logpressure layers, the altitudes of the top and bottom of each layer, and the thickness ofeach layer, were calculated in kilometers, z being the variable used in the integration.The �rst step in the calculation is to compute the opacity from the top of the atmo-sphere to the bottom of each layer. Following from equation 3.5, the optical thickness57



3.2. RADIATIVE TRANSFER CODEof the �rst (top) layer is:
��1 =Xi (kaqm(z1))i � �(z1)�z1 (3.8)where the summation is over all sources of opacity in the layer. The density of absorbersis de�ned by: �a(z1) = qm(z1) � �(z1), the mass mixing ratio of the species times theatmospheric density. Note that z1 is taken to mean the altitude of the middle of thelayer, and qm(z1) and �(z1) are the mean properties of that layer, calculated by an integralaverage.In general the opacity from the nth layer to the top is:

�n = nXi=1 ��i (3.9)Hence the radiance at the top of an atmosphere of N layers is the discrete version ofequation 3.7:
I1 = Bs�N + NXn=1Bn�n (3.10)where �n = exp(�Pni=1��i).It is now appropriate to consider how the calculation varies over frequency (wavenum-ber). Radtran divides up the frequency range into bins of equal width �~�. Then theopacity in each bin is calculated separately by equation 3.9 for each layer. The threesources of opacity are now discussed.
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3.2. RADIATIVE TRANSFER CODE3.2.3 Spectral LinesWhen a molecule interacts with the radiation �eld, either by absorption or emission of aphoton, a spectral line results. Infrared spectral bands are groups of lines, which occureither due to pure rotational, or roto-vibrational transitions in a molecule. In the lattercase, a rotational band structure is seen on either side of a central vibrational frequency.The quantum mechanical theory of molecular band spectra has been set out clearly inmany textbooks (for example Atkins, 1983) and so is not described here.However, it is relevant to discuss how the shape and strength of these lines may bequanti�ed, for the purpose of numerical calculations. Any spectral line can be modelledby a magnitude or normalisation (the line strength) times a function (the line shape):
k~� = S:f(~� � ~�0) (3.11)where ~�0 is the central frequency of the transition and the line strength S is de�ned asthe integration of the line absorption co-e�cient over all wavenumbers:
S(~�0) = Z 10 k~�d~�: (3.12)Line ShapesSpectral `lines' are not monochromatic, but have a shape and a �nite width, collectivelyknown as the line broadening. Broadening occurs due to three main processes: `natural'broadening due to the Uncertainty Principle of quantum mechanics; thermal broadeningdue to the Doppler e�ect on frequency of the molecule's thermal motion; and pressureor Lorentz broadening due to collisions with other molecules.Of these three e�ects, the �rst is always negligible in atmospheres in comparisonto the other two, one of which is usually dominant depending on the temperature and59



3.2. RADIATIVE TRANSFER CODEpressure regime. The shape of a Doppler line is described by;
fD(~�) = Sp��D exp"�� ~� � ~�0�D �2# (3.13)and that of a Lorentz line by:

fL(~�) = S� �L(~� � ~�0)2 + �2L ; (3.14)where �L and �D are the half-widths due to Lorentz and Doppler broadening respectively.The Doppler width of a line depends on temperature and the mean molecular massaccording to:
�D = ~�0c �2RgTMr � 12 (3.15)while the Lorentz width of the line varies with temperature and pressure according to:

�L(T; p) = �L0� pp0�� TT0��
 (3.16)where the subscript 0's refer to S.T.P. The coe�cient 
 is the temperature dependenceof width parameter, and is measured experimentally and tabulated for individual lines.Figure 3.10 shows the changing Doppler and Lorentz half-widths for a typical line(�L0 = 0:1 cm�1) for the ascent of a Titanian equatorial T{p pro�le. The altitude atwhich thermal broadening becomes dominant is around 115 km.When both e�ects are important, a combined lineshape is observed. Providing thetwo mechanisms are uncorrelated and line coupling is negligible, this is a convolution of60



3.2. RADIATIVE TRANSFER CODE

Figure 3.10: Comparison between the Doppler (thermal) and Lorentz (pressure) half-widths of a linein Titan's atmosphere at various altitudes. The cross-over point is 115 km.the Doppler and Lorentz lineshapes:
fV(~� � ~�0) = 1�D y�3=2 Z +1�1 exp(�t2)(x� t)2 + y2dt (3.17)where x = (~� � ~�0)=�D and y = �L=�D. This function, called the Voigt pro�le iscommonly used for middle atmosphere calculations on the Earth and is used in Radtranfor Titan atmosphere calculations. It has no analytic solution and so must be evaluatednumerically.Line databaseIn order to compute the line pro�le numerically, the strength and the parametersa�ecting the lineshape must be known for each individual line in the spectrum.Several projects around the world have worked to create line parameter lists whichare specially suited for numerical calculations of atmospheric radiative transfer. Thetwo largest such publicly available databases are HITRAN, compiled by the AirforceGeophysical Laboratory (AFGL) in the USA, and the GEISA compendium due to the61



3.2. RADIATIVE TRANSFER CODEwavenumber (cm�1) species transition comments220 C4H2 �9233 C2N2 �5 l � 50� only328 C3H4 �10499 HC3N �6 l � 50� only628 C4H2 �8 blended with �9 C3H4633 C3H4 �9 blended with �8 C4H2663 HC3N �5 l � 50� only667 CO2 �2713 HCN �2729 C2H2 �5748 C3H8 �21821 C2H6 �9950 C2H4 �71161 CH3D �6 contribution from �7 and �21 C3H81270 CH4 �4 P-branch1304 CH4 �4 Q-branch1330 CH4 �4 R-branchTable 3.3: The principal distinguishable bands seen on IRIS spectra.Laboratoire de Meteorologie Dynamique du CNRS in France. Of the two, the GEISAdatabase is more suited to non-terrestial atmospheric calculations, including Titan, as itcontains more complete listings for certain gases which are found on the other planets.The latest version, GEISA 97 is used in this study. The only modi�cation to thisdatabase was the inclusion of additional parameters for the C3H4 �9 band at 633 cm�1(Graner and Wagner, 1990). The main bands which contribute to the IRIS spectrumare listed in table 3.3.The most important parameters in the database for each line of a given gaseousisotope are:~�0 the line rest frequency (in cm�1),S the line strength (in cm�1/ (molecule cm�2)),�L(p0; T0) the Lorentz half-width at S.T.P. (cm�1/atm),El lower state energy in cm�1,
 the exponent for temperature dependence of Lorentz line width.62



3.2. RADIATIVE TRANSFER CODELines in RadtranRadtran treats lines in the following way. The data for all lines of the appropriatemolecules, for the entire wavenumber range of the calculation, are read into memory bythe program at run-time.Consider a bin from ~�1 to ~�2, where ~�2 � ~�1 = �~�. The absorption of all lines whichhave a centre frequency falling into the range ~�1 < ~�c < ~�2 is calculated within thebin and added to the overall absorption. Because the calculation of the Voigt pro�leis computationally costly, the Voigt function is only evaluated within a central width(described by the parameter WING in Radtran). Outside of this region, the line shapeis estimated by a quadratic function which approximates the far line wings.In addition, nearby lines from outside the bin may have wings which contributesigni�cant opacity, especially for strong lines. A further parameter �~�w (`VREL' inRadtran) describes how far outside each bin to calculate contributions from far wings.The overall opacity of the bin due to lines is hence:
�l(zn; ~�0) = NgXi=1 "X~�c �Si(~�c) Z ~�2~�0=~�1 fi(~� 0 � ~�c)d~� 0�# � �ai(zn)�zn (3.18)where Ng is the number of gases, and ~�c is the line centre wavenumber for each line, whichtakes discrete values in the range ~�1 � �~�w to ~�2 + �~�w. Also �ai = qmi�, the productof the mass mixing ratio of the ith gas times the density of the atmosphere (at a givenheight, zn). qmi for each gas is related to the volume mixing ratio by: qmi = qvi �(Mri=Mr).Equation 3.18 must be evaluated for each layer in the model.3.2.4 Collision-Induced AbsorptionA second important source of opacity in Titan's atmosphere is the pressure-induced orcollision-induced absorption (PIA or CIA) of gaseous molecules in the far-infrared.When two non-polar molecules collide, a transient dipole may be induced in one part-63



3.2. RADIATIVE TRANSFER CODEner by the permanent quadrupolar or higher order moment of the other. This dipole thenallows temporary interaction with EM radiation. Participating molecular pairs may be`free' (collisional complexes) or bound (van der Waals dimers) and undergo bound-bound,bound-free or free-free transitions between rotational or translational states. Due to theshort lifetime of these states, the corresponding energy bands are wide, in accordancewith the Uncertainty Principle.In Titan's atmosphere, all the main atmospheric molecules: N2, CH4, H2, and prob-ably also atomic argon, contribute signi�cant CIA absorption longward of 600 cm�1,forming ten possible interaction pairs. Argon is not considered in this work, whichreduces the interactions to six pairs.CIA DataA. Borysow and collaborators have undertaken a large project to compute exact quan-tum mechanical lineshapes for all the signi�cant pair interactions in Titan's atmosphere,based on two functions of intermolecular separation; namely potential and induced dipolemoment. For the �rst time dimer features were considered and accurate temperaturedependence of line strength was included.Because the computation of exact line shapes is very computationally intensive, Bo-rysow et al. have reduced their results in each case to a six-parameter `EBC' model, whichhas the same functional form but di�erent parameters for each molecular pair. FORTRANroutines have kindly been provided by Ms. Borysow which calculate the absorption fora given temperature, pressure and frequency range (see table 3.4).As can be seen from �gure 3.11, the N2{N2 absorption dominates the opacity atfrequencies below 100 cm�1; from 150{500 cm�1 the opacity of N2{CH4 dominates, andabove 550 cm�1 N2{H2 becomes the major opacity source. The region from 400{600 cm�1is sometimes known as the `window region', where the opacity is lower than at higherand lower wavenumbers to either side. 64



3.2. RADIATIVE TRANSFER CODE
Pair Temp. Range (K) Model ReferenceN2{N2 50{300 Borysow and Frommhold (1986a)N2{CH4 70{300 Borysow and Tang (1993)CH4{CH4 50{300 Borysow and Frommhold (1987)N2{H2 50{300 Borysow and Frommhold (1986b)CH4{H2 50{300 Borysow and Frommhold (1986c)H2{H2 �0 40{300 Borysow et al. (1985)H2{H2 �1 20{350 Borysow (1991); Meyer et al. (1989)Borysow (1993)H2{H2 �2 20{500 Meyer et al. (1993); Zheng and Borysow (1995)Table 3.4: Borysow Models.

Figure 3.11: Optical depth in the far-infrared due to collision-induced absorption for Titan's atmo-sphere. The 400{600 cm�1 region of low opacity is the infrared `window'. (Reproduced from Borysowand Tang, 1993).
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3.2. RADIATIVE TRANSFER CODECIA Treatment in RadtranAs part of the work for this thesis, the CIA routines of Borysow and collaborators wereincorporated into Radtran. In order to speed up the spectral calculation, the absorption�(~�) in units of cm�1/ amagat�2 is pre-computed for all the molecular species over awide range of temperatures and pressures. This is the CIATABLE. When the spectralcode runs, it then performs an interpolation for the exact temperature, pressure andmixing ratios for the layer centre and scales the absorption accordingly:
�c(zn; ~�) =Xi;j (�ij(~�)qviqvj)�p(zn)p0 �2� T0T (zn)�2�zn (3.19)where �c(zn) is the CIA opacity of the nth layer, which has thickness �zn; qvi is thevolume mixing ratio of the ith gas, and i = 1; 3 and j = 1; 3 signifying N2, H2, and CH4;and �ij is the absorption of the (i; j)th pair combination.3.2.5 Treatment of Opacity due to ParticlesThe derivation of a haze model has already been described (x3.1.3). The haze properties,including the absorption cross-section variation with frequency of a single particle arepre-calculated in advance using the Makephase code.When Radtran runs, the absorption due to particles in each layer is then simply theabsorption due to each particle times the column number density of the particles (in theabsence of scattering):

�p(zn; ~�) = �(~�)N(zn)�zn (3.20)where N(zn) = qm(zn)�(zn). Note that � is independent of T and p.66



3.3. COMPARISON OF MODEL RUNS WITH IRIS DATA3.3 Comparison of Model Runs with IRIS DataThe model is now compared to the equatorial sample A spectrum of Coustenis andB�ezard (1995). This study has concentrated on the equatorial spectrum, because themeasured (radio-occultation) tropospheric T{p pro�le is representative of the equatorialregions, and so the model is expected to be capable of a good �t to the data over theentire IRIS range of 200{1400 cm�1.For other latitudes, although spectra were measured by IRIS, there were no radiooccultation measurements from which to derive the low-level temperature pro�le. Thismeans that the 200{600 cm�1 spectral region, which sounds CIA in the tropospherecould not be modelled, although in principle the 600{1400 cm�1 spectral region could bemodelled using a stratospheric temperature pro�le derived from the �4 CH4 band. Thiswas not attempted in the present work, but would form a possible area of further work(see Chapter 7).The atmospheric model described above has several variable parameters: the radiusr of the stratospheric haze particles, the surface humidity hsurf and maximum humidityhmax (or supersaturation fraction, s = hmax=100) in the troposphere. These are theparameters which were manipulated in order to optimise the model-data agreement.In principle, the physical pro�le of temperature and pressure, and the VMRs of theminor gases are also variable parameters. However, both the physical and VMR pro�leswere derived by Coustenis and B�ezard (1995) from the analysis of the exact same data,and so, even allowing for di�erences in the atmospheric model used, these parametersshould already be close to optimal.In addition, there are the two scaling factors, Xvis and XIR, as �rst introduced byMcKay et al. (1989) which scale the imaginary co-e�cient of refractive index in thevisible and IR respectively from the tholin values of Khare et al. (1984). In this study,both models with the original tholin k and models with the adjusted k are computedand then compared. 67



3.3. COMPARISON OF MODEL RUNS WITH IRIS DATAThe calculation parameters in the radiative transfer code were all held constant. Theatmosphere was divided into 40 layers, by equal increment of log p. The zenith angle was14�, which is the mean angle of the sample A spectrum. All models were calculated witha bin size and resolution of 1 cm�1, and then smoothed to the nominal IRIS resolutionof 4.3 cm�1 with a triangular function of that FWHM.3.3.1 Humidity and Saturation of CH4Assuming that opacity in the spectral region 200{400 cm�1 due to stratospheric aerosolsis small, then the continuum level is largely due to the collision-induced absorption ofmolecules. The principle absorption is due to CH4{N2 pairs, with a smaller contributionfrom CH4{CH4 and N2{H2 pairs . This spectral region can therefore be used to constrainthe amount of methane in model calculations. Note that the hydrogen mole fraction is�xed at 0.1% and the nitrogen abundance is simply 1� qCH4 � qH2 .In the model calculations, the amount of methane in the troposphere is controlled bytwo parameters: the surface humidity hsurf , and the maximum humidity hmax. Then themole fraction of methane at each altitude is determined by the vapour pressure curve.The surface humidity value was taken to be 60%, which has been indicated on thebasis of a re-analysis of the radio occultation measurements (McKay et al., 1997). Figure3.12 then shows the e�ect on the computed spectrum of varying hmax from 100 to 200%.The model-data comparison indicates that a supersaturation fraction of 1.25{1.50gives the closest match to the data.3.3.2 Haze ParticlesThe tropospheric model was now �xed with hsurf =60% and hmax =150% , and thestratospheric haze added to the calculation. The spectral region 400{600 cm�1, whichhas low opacity due to molecular collisions (the thermal `window' region), was now usedto constrain the haze model. The haze particle size was varied between 0.1 and 0.368



3.3. COMPARISON OF MODEL RUNS WITH IRIS DATA

Figure 3.12: Comparison of IRIS Sample A spectrum to tropospheric supersaturation models. Surfacehumidity hsurf=60% in all cases, and there is no stratospheric haze.microns. Note that because the opacity per km is held constant according to the Ragesand Pollack (1983) data, this means that as the particle size increases, the mass mixingratio qm decreases.Figure 3.13 shows the model-data comparison, where the optical co-e�cients are thosemeasured for laboratory tholins by Khare et al. (1984). Note that the spectrum decreasesin brightness as rc increases from 0.1 to 0.2, and then increases in brightness again fromrc=0.2 to rc=0.3. This corresponds to a decrease and then increase in the columnextinction (c.f. �gure 3.8 (c)). At the minimum, we see deepest into the atmospheretowards the tropopause.This �gure may be compared to �gure 3.14, which is the same except that the scalingof the imaginary refractive index as recommended by McKay et al. (1989) has been usedto derive the haze qm from the Rages and Pollack (1983) data and compute the opticaldepth in the IR. Again, the absorption has a minimum at rc = 0:2 �m. However, theagreement between the model and the data is now improved.It is important to remember that the laboratory tholins are not expected to givean exact �t to the data, yet it remains surprising that they approximate the Titan69



3.3. COMPARISON OF MODEL RUNS WITH IRIS DATA

Figure 3.13: Comparison of IRIS Sample A spectrum to haze models with measured laboratory tholinoptical properties (Khare et al. 1984). hsurf = 60% and hmax = 150% .stratospheric haze in this spectral region so well. The conclusion of this study is thatthe McKay et al. (1989) scaling tends to improve the agreement.3.3.3 Rotational BandsFigure 3.15 compares a model calculation to the sample A data over the entire IRISrange. The nominal mole fractions of the minor gases from Coustenis and B�ezard (1995)have been used, along with the derived supersaturation hmax = 150% and the rc=0.2 �mhaze model with the McKay et al. (1989) optical scaling.For most of the molecular bands, including the prominent bands of CH4 �4, CH3D�6, C2H2 �5, and HCN �2, a close �t to the data has been achieved. There appears to betwo main discrepancies remaining. Firstly, the isolated C3H4 band centred on 633 cm�1is underestimated.Secondly, the entire region from 730{1100 cm�1 has too little opacity. The most likelyexplanation for this is that the continuum opacity, due to the aerosols, is too weak. Thisis hardly surprising, because the optical properties of laboratory tholins used in these70
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Figure 3.14: Comparison of IRIS Sample A spectrum to haze models with McKay et al. (1989) scalingof tholin imaginary refractive index. hsurf = 60% and hmax = 150% .

Figure 3.15: Comparison of equatorial model spectrum to IRIS Sample A spectrum over full range.71
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Figure 3.16: Comparison of laboratory tholin particle extinction cross-section (as measured by Khareet al.) with the extinction cross-section required to achieve a �t to the IRIS sample A spectrum in thismodel. (The scaling factor XIR=0.5 of McKay et al. is also included in both curves.)calculations are likely to be di�erent from those in Titan's atmosphere.Note that the bands to either side of this region, i.e. the CH4 band at 1304 cm�1and the C2H2 band at 729 cm�1 are not a�ected, because the opacity is already so highthat the aerosol contribution is relatively unimportant. For the other molecules: C2H6,C2H4 and C3H8; the gas opacity is somewhat less and so the aerosol contribution is moreimportant.There are several possible methods of including this continuum opacity. One methodis simply to include a wavelength-dependent opacity, �tted to points of the spectrumwhere the gas opacity is lowest, e.g. at 900 and 1050 cm�1. This method was used byCoustenis and B�ezard (1995). I have chosen to include this extra opacity by increasingthe extinction cross-section of the aerosol particles in the model to achieve a �t. Theactual abundance of particles was as in the rc= 0.20 �m tholin model.The required extinction per particle is shown in �gure 3.16, compared to the opticalproperties for laboratory tholins. This by no means constitutes a derivation of the actualhaze particle properties: it is merely a means of achieving the observed continuum levelin the absence of further constraints, which must wait upon the ful�llment of Cassini-Huygens. Figure 3.17 shows the calculated spectrum compared to the data using thederived particle extinction. 72
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Figure 3.17: Comparison of model calculation to the IRIS sample A spectrum, when the haze extinc-tion has been increased to �t the continuum.There is still some residual disagreement in the ethane 850 cm band which appearsto be a separate e�ect from the continuum opacity problem. The disagreement in theregion 950{1100 is simply noise rather than missing lines: this 
uctuation disappearswhen more spectra are summed (see �gure 1 of Maguire et al., 1981).Figure 3.18 shows the e�ect of increasing the mole fraction of C2H6 to achieve acloser �t for this band. A value of 2.6�10�5, or twice the nominal value of Coustenisand B�ezard (1995) would give an improved �t to the IRIS spectrum.3.3.4 SummaryThe main conclusions are as follows:1. A tropospheric supersaturation fraction of 1.25{1.50 gives the closest �t of themodel to the equatorial IRIS spectrum continuum region. This is in agreementwith recent �ndings by Samuelson et al. (1997b).2. When the laboratory tholin measurements of Khare et al. (1984) are used to modelthe haze particle optical properties then a single particle size of rc=0.2 �m gives73
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Figure 3.18: Variation of ethane abundance to improve model-data �t.the closest match of the model calculations to the data. This estimated size is ingood agreement with other studies (Rages and Pollack, 1983; McKay et al., 1989;Hutzell et al., 1996).3. The scaling factors of McKay et al. applied to the Khare et al. (1984) laboratorytholin measured properties improves the agreement of the model predictions to theIRIS data.4. The model is lacking in continuum opacity in the 730{1100 cm�1 spectral region,which is attributed to stratospheric haze. The continuum opacity can be raisedby increasing the single particle extinction cross section to achieve a model-datamatch.5. The model under-represents the emission bands of C2H6 and C3H4. This could bedue to lines which are not included in the database. Some of the discrepancy isprobably also due to the uncertainty in the continuum level.
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Chapter 4
Calibration of CIRS 1:Determination of the MIR IFOV
Any 
ight instrument will almost certainly have properties which deviate to some extentfrom the design. Hence, it is important to measure the actual characteristics of the�nished hardware, rather than relying on the design speci�cation.The determination of the Instantaneous Field of View (IFOV) is a crucial part of thepre-
ight calibration of a spectrometer. Mathematically, the measurement of the IFOVgives the `spatial weighting function': which is the width or extent of the object �eld,and any variation in response across it. Knowledge of the spatial weighting functionis especially important for limb scanning measurements, when any variation across theFOV may have an e�ect on the retrieved parameters.For CIRS, the individual detector �elds of view are much smaller than that of thetelescope. Therefore, if the telescope does not distort the FOV; each detector responseC~� to monochromatic radiation of wavenumber ~� is equal to:

C~� = R~� �~� Z Z fŴ (�; �)I~�(�; �)g sin �d�d�; (4.1)75



4.1. THE FP3 AND FP4 FOCAL PLANE ASSEMBLIESwhere I~�(�; �) is the incoming radiance from a direction (�; �) on the sky; �~� is the totaloptical e�ciency of the system; R~� is the responsivity of the detector, and Ŵ (�; �) isthe spatial weighting function normalised so that:Z Z Ŵ (�; �) sin �d�d� = 1 (4.2)The determination of the instrument responsivity R~� is examined in chapter 5. Inthis chapter, measurement of Ŵ (�; �) is considered. In CIRS, three di�erent types ofdetector were used in the three di�erent focal planes, to achieve a range of wavenumbercoverage. These various detector types all have di�erent characteristics. Measurementof the spatial weighting functions for FP3 and FP4, the mid-infrared photo-electronicdetectors, was carried out for this thesis.4.1 The FP3 and FP4 Focal Plane Assemblies4.1.1 FP3The FP3 array of photoconductive (PC) detectors, covering the wavenumber range 600{1100 cm�1, was designed and manufactured at GSFC.PC detectors are photon-counters, as opposed to sensing mean power like a bolometer.The detector is made from an intrinsic semiconductor, in this case HgCdTe, which hasa gap between the valence and conduction bands of energy E comparable to the energyof an infrared photon (�gure 4.1(a)).When a photon strikes the material, an electron is promoted to the conduction bandand the conductivity is increased. Hence, for a constant p.d. across the element, thechange in current can be measured to count photons arriving. Note that, in theory, aPC detector does not directly sense the frequency of detected photons: if the photonpromotes an electron to the conduction band the actual energy of the photon is not76



4.1. THE FP3 AND FP4 FOCAL PLANE ASSEMBLIES

ENERGY
E=hc/λc

+

-

+

-

BIAS FIELD

a)

hcv

VALENCE BAND

photon
PHOTO-
EXCITATION

CONDUCTION BAND

E=hc/ 0λ

VALENCE BAND

CONDUCTION BAND

P-REGIONN-REGION

b)

absorption

Figure 4.1: Charge carrier generation in semiconducting materials. (a) In an intrinsic semiconductor,the incident photon creates a photo-electron-hole pair. The electron is promoted to the conductionband and the hole drops to the valence band (after Hanel et al.). (b) Photoexcitation at p-n junctionin a photovoltaic detector. The electron moves towards the positive ions in the n region, while the holemoves towards the negative ions in the p region (after Keyes).measured, unlike a bolometer.The long wavelength cut-o� is determined by the size of the band gap: a longerwavelength photon has lower energy than the band gap and cannot promote an electroninto the conduction band. E is given by:
�c(�m) = 1:24E(eV ) : (4.3)For the case of HgCdTe, E=0.1 eV and �c=12.4 �m. A short wavelength cut-o� isnormally induced by other means, e.g. coating the detector.The FP3 array is made from a 9 �m thick wafer of HgCdTe mounted on an aluminasubstrate. The wafer is etched to delineate the individual elements and metalised toprovide electrical connections (see �gure 4.2). The detectors are �nally coated in ZnSeto reduce losses.Each detector has a characteristic U-shape which leads to a bifurcated response. Thisdesign arises out of the need to have both electrical connections on the same side of the77
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Figure 4.2: The design of an individual PC detector.detector, due to the PV detector array being abutted against the other side.4.1.2 FP4The FP4 array of photovoltaic (PV) detectors, covering the wavenumber range 1100-1400 cm�1 was also manufactured from HgCdTe, at the CEN Saclay in France.A PV, also called a photodiode, is composed of two types of material: p and n-dopedsemiconductor joined together. Because of the charge dipole, a small electric �eld existsacross the junction. Photoelectrons produced at the junction move to the p side underthe �eld whilst holes move to the n side, which results in a change in voltage which canbe measured (see �gure 4.1(b)).Unlike the PC detectors, the PVs are regular and square in shape.
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Figure 4.3: Relative positions of the ten FP3 and ten FP4 detectors.4.1.3 Mid-IR FPAThe two focal plane arrays are mounted on metal sub-carriers (FP3=titanium; FP4=copper)which were both then attached to a pure titanium common carrier unit at AOPP. Fig-ure 4.3 shows schematically the relative positions of the twenty mid-IR detectors. The200 �m width of each detector translates into a 0.273 mrad FOV size on the sky.The common carrier was in turn mounted on a titanium alloy tripod which serves tohold the detectors in a �xed position relative to the imaging lens, as well as to thermallyisolate the focal planes from the rest of the instrument. The lens itself is made fromdiamond-turned germanium, coated in alternating layers of PbTe and ZnSe, and thenin BaF2 to improve transmission. This combination of coatings (by Reading University)gives the lens an unusually broad range of spectral transparency (�gure 4.4).The FPA is connected at the rear to an aluminium alloy `cold �nger': a thermal sinkwhich is maintained at 70{80 K by the passive radiative cooling patch at the other end.The detectors must be maintained at low temperature to reduce the thermally generatednoise. 79



4.2. FOCUS AND ALIGNMENT TESTING

Figure 4.4: The transmission of a typical CIRS germanium lens at its nominal operating temperatureof 170 K, as measured by Reading University.4.2 Focus and Alignment TestingDuring the period November 1995 to May 1996 focal plane alignment of CIRS wasperformed in the Space Instruments Laboratory (SIL) in AOPP; �rstly the EngineeringModel (EM) and subsequently the Flight Model (FMA) and back-up 
ight model (FMB).There were two main tasks related to the alignment of the FPA: (i) to ensure thatthe lens was mounted at the correct distance from the detectors, so that the image isin focus, and (ii) to ensure that the lens was perpendicular to the optical axis, withinallowable error margins.4.2.1 ApparatusThe alignment of the FPA needed to be undertaken in an environment comparable tothat which the instrument will encounter in operation at Saturn. Therefore the testingwas performed in an evacuated vacuum tank and with the FPA cooled by a liquidnitrogen dewar, which took the role that the passive radiative cooler assumes in space.The Alignment Test Rig (ATR) apparatus used to align the FPA is depicted in �gure4.5. 80
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x

z

Figure 4.5: Schematic diagram of the CIRS FPA Aligment Test Rig (courtesy S. Calcutt). A pinholein front of an infrared (globar) source, chopped using a rotating chopper, was scanned around in frontof the FPA to determine the location of an image of the detector arrays. CIRS has no intermediatefocus so a collimator was used to provide an image.Radiation from a globar was chopped before passing through a pinhole, to providea point source. CIRS has no intermediate focus, because the FPA is designed to focusthe collimated radiation from the telescope and interferometer optics directly onto thedetectors when in normal operation. Therefore, in the ATR, an identical lens to the FPAlens, but in reverse con�guration, was used to provide a collimated beam of radiationfrom the image plane.1 This `collimating' lens was �xed in orientation relative to theFPA, although this could be adjusted between experiments. Finally, the pinhole andglobar assembly was attached to a positioning mechanism which enabled it to be movedaround in three orthogonal directions.The tripod and lens assembly are attached to a precision reference plate in CIRS.Once the position of this plate was measured, a reference co-ordinate system was estab-lished. All other measured positions were then transformed to this co-ordinate system1The terms `image' and `image plane' are used throughout this chapter to refer to the image of thedetectors provided by the second, or `collimating' lens. In normal scienti�c operation, the image wouldbe the interferogram formed by the FPA lens at the detectors.81



4.2. FOCUS AND ALIGNMENT TESTING(`FPA co-ordinates'). For example, the collimating lens was attached to a separate ref-erence plate, the position of which was calculated in FPA co-ordinates.The position measurements were made using 3-axis switches attached to the movablearm which positions the pinhole. The overall precision of positioning+switching of thearm was �1 �m, and its movable location was speci�ed in the FPA co-ordinate system.At the start of every alignment test, after the tank had been evacuated and cooled,a set of calibration measurements was made to establish a co-ordinate system. Thisinvolved using the arm to measure the relative positions and orientations of the collimatorreference plate and the FPA reference plate.4.2.2 FocusingAchieving the focusing of the focal plane with respect to the lens was a crucial task in the
ight veri�cation of the instrument. This process involved �rst �nding the image of thedetector arrays, as imaged by the collimating lens, and then checking the magni�cation.Ensuring that the magni�cation was unity was equivalent to focusing the array.Movement of the pinhole source in the x-direction (perpendicular to the beam) en-abled the distance of the image plane from the lens to be found. This was achieved bystepping the pinhole slowly in x through the image of a particular detector.2 At eachx-position the pinhole was also scanned laterally in the z direction, perpendicular to theoptical axis. At each one of these (x; z) positions the detected intensity is measured.The result was a series of cross-sections through the detector image, or an x-z planeintensity map (�gure 4.6). On either side of the image plane, the image of the detectorwas smeared out (e.g. cut `A' and cut `C', �gure 4.7).There were several possible algorithms for judging the image position. One possiblemethod was to measure the FWHM of the pro�le: the minimum FWHM would thengive the focus position. However, for the PC detectors, which have a two-lobed response2Normally PC5 in the middle of the array was used. Note however that the PV array is physicallyo�set by 77 �m in the focus direction, so the focus position would be expected to be di�erent by thatamount. 82



4.2. FOCUS AND ALIGNMENT TESTINGshape, the maximum value of one peak was often di�erent from that of the other peak,so the FWHM did not necessarily have a single minimum position.In practice, it was found that the most accurate method was to consider the slopeof the response at half-maximum of one of the detectors. The maximum slope gave theimage position. For the PC 5 detector depicted in �gure 4.6 the focus was found to beat x = 51250 � 25 �m or 51.25 �0:025 mm. Tests showed that the PV detectors hada steeper slope of response than the PCs and hence gave a more accurate focus. Theposition of the image plane was normally determined to a precision of �25 �m.Having found the image plane, the length of the array was then measured. The mostaccurate method was to calculate the co-ordinates of the centroids of the PV detectorsat either end of the array, which could be measured to �2 �m. If the image size wasdi�erent from the known physical size of the array by more than �4 �m, then a positionaladjustment in the x-direction was required.The depth of focus was estimated by ray-tracing using a computer model of the optics(carried out by Swales, a sub-contractor of GSFC). By taking into account spherical andother aberrations in the optical components and tracing rays of di�erent frequencies,they estimated the FWHM of the peak response to be �40 �m.4.2.3 AlignmentAlignment of the lens assembly optical axis to the nominal was required to a precisionof �0.5 mrad, corresponding to an image de-centre of < 10 �m over the �50 mm focallength. This was achieved by de-mounting the tripod/lens assembly and rotating it 180�with respect to the reference plate. The image plane was then scanned again. Anymovement of the detector images was then subtracted out by adjusting shims whichcontrolled the pointing of the assembly.The tilt (in the x-direction) of the focal plane with respect to the lens was checkedby measuring the width of detectors at either ends of the arrays. The tolerance for thisalignment was quite large (20 mrad) because the focusing of individual detectors could83
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Figure 4.6: Contour plot of the x-z plane during focusing of the PC 5 detector (02/04/97). Datapoints are gathered by scanning the pinhole in the x-z plane (x: along the optical axis; z-perpendicularto the optical axis). The z-cross-section at constant x represents the spread of the dectector image. Asthe image plane x-co-ordinate is approached, the detector pro�le narrows and sharpens. The optimumx-value in this scan was a lens-image distance of 51.250 mm, indicated by the line `B'.

Figure 4.7: Plots of the three cuts marked A,B and C in the previous �gure.84



4.3. FOV MEASUREMENTSnot be checked to signi�cantly less than the depth of focus (�40 �m).In addition, the tilt (x-direction) and roll (y{z direction) of the FP3 array withrespect to the FP4 array, their separation (decentre) and focus o�set depth (�76 �m)were achieved to within tolerance limits using precision dowels and measurements.4.3 FOV MeasurementsAlthough the primary purpose of the ATR was to ensure correct alignment and focusingof the detectors, it was also possible to use the equipment to map the individual detectorresponses at high resolution, by scanning the pinhole in the y{z directions, in the planeof focus (i.e. constant x). The contour maps of response of the �nal focused detectorsare shown in �gures 4.8 and 4.9.Although both arrays consist of a row of ten square detectors; the response of thePVs and PCs is qualitatively quite di�erent. Whereas the PV detectors have a nearlyuniform `top-hat' pro�le in the y and z-directions, each PC detector has a twin-lobedresponse. Figure 4.10 is a 3-D visualisation of PC 1, one of the most strongly asymmetricdetectors. This may be compared to PV 10 (�gure 4.13).By taking an average cross-section of each detector in the y-direction, it is possibleto examine the response in more detail (�gures 4.14 & 4.15). It can be seen that eachPC has a unique pro�le, which moreover may be asymmetric with one `lobe' strongerthan the other. The PVs are much more uniform.The shape of the PC detector spatial responses will clearly have an e�ect on anymeasurements made by FP3. For example, if the detectors are pointed at the planetarylimb, the asymmetrical response may weight the measurement towards higher or loweraltitudes, depending on relative orientation to the vertical. The importance of this e�ectfor scienti�c retrievals is examined in chapter 6.
85



4.3. FOV MEASUREMENTS

Figure 4.8: Response scans of the PC detectors dated 10/04/96 at 20 �m resolution. Contour levelsare 100, 200, 300, 400, 500 `counts'.

Figure 4.9: Response scans of the PV detectors dated 10/04/96 at 20 �m resolution. Contour levelsare 100, 200, 300, 400, 500 `counts'. 86
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Figure 4.10: 3-D visualisations of the PC 1 detector response (scan date: April 10th 1996). Each�gure is rotated 90 from the previous one. Note the bifurcated twin-lobed response shape.
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Figure 4.11: 3-D visualisations of the PC 10 detector response function (scan date: April 10th 1996).
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Figure 4.12: 3-D visualisations of the PV 1 detector response (scan date: April 10th 1996). Thefunction is close to a symmetric 2-dimensional `top-hat' response. It is much more regular than the PCdetectors and is not bifurcated.
89
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Figure 4.13: 3-D visualisations of the PV 10 detector response (scan date: April 10th 1996).
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Figure 4.14: Cross-sections of individual PC detectors in the z-direction. These have been averagedacross the detector (in the y-direction), to create the array of point values (diamonds) with a resolutionof 20 �m. The solid line is a cubic spline �t to the points.

Figure 4.15: Cross-sections of individual PV detectors in the z-direction. These have been averagedacross the detector (in the y-direction), to create the array of point values (diamonds) with a resolutionof 20 �m. The solid line is a cubic spline �t to the points.91



Chapter 5
Calibration of CIRS 2:Determination of the NESR
One of the most important parameters governing the performance of a radiometricallycalibrated spectrometer like CIRS is the Noise Equivalent Spectral Radiance (NESR),which gives the noise on an observation as a function of frequency. The signal-to-noiseratio for a particular spectral feature is the spectral radiance of the signal divided by theNESR at that wavenumber.This chapter describes the estimation of the NESR from CIRS observations of labora-tory blackbody sources. The calculation divides into two distinct tasks: the productionof the power spectra from interferograms, and the calculation of the NESR from seriesof spectra of blackbody sources at di�erent temperatures.The �rst section summarizes the theory of Fourier Transform Spectrometry which isused to transform individual interferograms into power spectra. The transform methodis then applied via a new numerical code to CIRS laboratory data. Also considered arethe constraints caused by �nite frequency representation and apodisation, and the errorswhich may arise due to phase drift. The second part of this chapter shows how theNESR can be estimated from the power spectra.92



5.1. CALCULATION OF THE POWER SPECTRUM5.1 Calculation of the Power SpectrumIt can be shown (e.g. Chamberlain 1979, chap. 4) that the interferogram produced atthe output of an ideal Michelson two-beam interferometer is given by:
I(x) = Z 10 P (~�) cos(2�~�x) d~� (5.1)which is the Fourier cosine transform of the power spectrum, for the continuous functionbefore sampling.In order to maximise the spectral resolution in a given observing time, it is usual tomeasure only one side of the symmetric interferogram, e.g. at positive path di�erences.The negative path di�erence section contains no extra information so is not normallyrequired (although see x5.1.3).The physical spectrum is also one-sided, containing only positive frequencies. There-fore by symmetry arguments and using the Fourier inversion theorem it can be shownthat the physical spectrum is calculated from the one-sided interferogram using:

Pe(~�) = 2 Z 10 Ie(x) cos(2�~�x) dx (5.2)where Ie is the one-sided `even' interferogram.5.1.1 ApodisationIn practice, it is impossible to measure an in�nite function such as I(x) over an in�nite orsemi-in�nite range. If the measurement is curtailed at some path di�erence x = X, thenwe have e�ectively multiplied the in�nite function I(x) by a boxcar function (equationA.1). This process is known as windowing. The e�ect of windowing on the calculatedspectrum in the wavenumber (~�) domain is convolution by the sinc function (see appendix93



5.1. CALCULATION OF THE POWER SPECTRUMFunction Coe�cientsnumber N A0 A1 A2 A3 A4 � Comments1 0.548 �0:083 0.535 0.0 0.0 0.724 Weak apod.2 0.260 �0:155 0.895 0.0 0.0 0.844 Medium apod.3 0.090 0.0 0.588 0.0 0.323 0.965 Strong apod.4 0.0 0.0 1.0 0.0 0.0 0.950 Forman type5 1.0 0.0 0.0 0.0 0.0 0.603 `Boxcar' (no apod.)Table 5.1: The co-e�cients of the three Norton & Beer apodisation functions and the correspondingco-e�cients of two simpler apodisation functions for comparison. The Forman type is the simplestapodisation function which avoids discontinuities in the gradient at both x0 = 0 and x0 = 1:0. Thenumerical factor � which a�ects the resolution is described in x5.1.6.A for derivation).The sinc function leads to an undesired `ripple' e�ect on the �nal spectrum. Thiscan be alleviated by changing the form of the windowing function, so that the cut-o� isnot so sharp at x = X. However, in exchange for smaller sidelobes (`apodisation'), wemust su�er a loss of resolution as the central peak widens.Norton and Beer (1976) (hereafter N&B) have shown that there is a near-optimalclass of apodising functions, from which one can be selected which has the desired levelof apodisation. The set of functions has the form:
fN(x0) = nXi=0 Ai(1� x02)i; nXi=0 Ai � 1 (5.3)where x0 = xX and n, the number of terms, is cut o� at 4. N is the reference number ofthe function (see table 5.1 and �gure 5.1).In the following analysis, the N&B type 2 function has been used to apodise CIRSinterferograms. This can used to set the resolution of the �nal output spectrum, asdescribed in x5.1.6.5.1.2 The E�ect of Phase Delay on the InterferogramThere are several e�ects usually present in the measured interferogram which cause it todeviate from pure even symmetry. 94



5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.1: Apodising functions.1. O�set in sampling: if the �rst data point is actually sampled before the zeropath di�erence (ZPD) point, at x = ��, then the resultant interferogram takes theform:
I(x) = Z 10 P (~�) cos 2�~�(x� �) d~� (5.4)2. Filtering: electronic �lters, designed to remove high-frequency noise from thespectrum, may have the e�ect of adding a wavenumber-dependent phase lag �~� oneach cosine component of the signal:
I(x) = Z 10 P (~�) cos(2�~�x� �~�) d~� (5.5)Since any cosine wave cos(�� �) may be expanded:95



5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.2: Series of ILS functions for a range of phase shifts from 0 to 2�. The � = 0 case is the FTof a pure monochromatic cosine wave. The �=2 case corresponds to the cosine transform of a sine wave.This shows that even slight phase lags can have a large e�ect on the �nal spectrum.
cos(�� �) = cos(�) cos(�) + sin(�) sin(�) (5.6)the result of adding a second term to the phase angle 2�~�x is to add sine componentsto the cosine wave interferogram, so it is no longer evenly symmetric.Figure 5.2 shows the e�ect of adding a constant phase shift to an input monochro-matic cosine wave. At � = 0:0, the interferogram is pure sinc (cos x=jxj), as expectedfrom the cosine FT of a truncated cosine wave.1 When � = �=2 however, the interfer-ogram has become sin x=jxj, as expected from a sine wave interferogram. In general,the resultant Instrumental Line Shape (hereafter ILS) is some combination of these twofunctions.In summary, unless the unwanted sine wave artifacts can be removed from the inter-ferogram, the �nal calculated spectrum will be signi�cantly a�ected.1For an in�nite cosine wave, the FT would of course be a delta function.96



5.1. CALCULATION OF THE POWER SPECTRUM5.1.3 Removal of Phase VariationThe process of removing the sine wave components from the interferogram is called phasecorrection. Firstly, let us de�ne the forward and inverse complex Fourier transforms:
F (x) = R +1�1 f(~�) exp(2�i~�x)d~� � F:T:[f(~�)] (5.7)f(~�) = R +1�1 F (x) exp(�2�i~�x)dx � F:T:�1[F (x)] (5.8)where f(~�) is some function in the frequency domain, and F (x) is the correspondingfunction in the spatial domain. This relation can be denoted: F (x) F:T:() f(~�). Nowconsider the functions:Ie(x) the evenly symmetric, `ideal' interferogramPe(~�) the `ideal' or true power spectrumIu(x) the unsymmetric, real measured interferogramP 0(~�) the uncorrected power spectrumThese two pairs of functions are related by the Fourier Transform relations:

Pe(~�) F:T:() Ie(x) (5.9)P 0(~�) F:T:() Iu(x) (5.10)P 0 is hence the estimate of the real power spectrum Pe which is derived from trans-forming the imperfect interferogram Iu, while Pe would be the result of transformingthe perfectly symmetric interferogram Ie, which is unknown. Note that we cannot usethe cosine transform because the integrand is not symmetric. Only Iu is measured. Theobjective is to �nd from this the ideal power spectrum Pe.97



5.1. CALCULATION OF THE POWER SPECTRUMP 0 can be represented as:
P 0(~�) = jPe(~�)j exp(�i�~�); (5.11)the product of the real magnitude spectrum times a complex angle which signi�es thephase lag of each frequency component. The phase angle �~� is found simply from theP 0(~�) by:
�~� = tan�1 Im(P 0(~�))Re(P 0(~�)) (5.12)Re-arranging 5.9 we �nd that:

Ie(x) = F:T:[(Pe(~�)e�i�~� )e+i�~� ] (5.13)= F:T:[P 0(~�)e+i�~� ]: (5.14)However we can apply the convolution theorem (equation A.6):
F:T:[P 0(~�)e+i�~� ] = F:T:[P 0(~�)] � F:T:[e+i�~� ] (5.15)) Ie(x) = Iu(x) � �(x) (5.16)In other words, the unsymmetric (measured) interferogram can be transformed intothe true (symmetric) interferogram by convolution with a symmetrising function

�(x) = F:T:(e+i�~�): (5.17)98



5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.3: The centreburst of a typical CIRS interferogram (a) before and (b) after phase correctionby the Forman method.This is known as the Forman Method of phase error correction (Forman et al.,1966; Forman, 1966). Figure 5.3 shows the centreburst of a typical interferogram bothbefore and after phase error correction. After correction, the ideal spectrum is calculatedfrom the symmetrical interferogram using the cosine transform (equation 5.2).5.1.4 Phase Error Correction with CIRS SpectraIn order to calculate the phase function we clearly need a two-sided interferogram: mea-suring the phase is equivalent to measuring the asymmetry in the interferogram. How-ever, in a two-sided interferogram each frequency is measured twice, as +~� and �~� whichis a great ine�ciency in terms of measurement time, data storage space, and, in the par-ticular case of space instruments, a factor two increase in downlink time for the samedata.In CIRS therefore a compromise measurement is made. Each interferogram containsboth a short negative path-di�erence section and a much longer positive path-di�erencepart. This allows a low-resolution estimate of the phase spectrum to be computed froma small two-sided interferogram symmetric about the central maximum (ZPD).In turn, the phase correction function �(x) is calculated, which can then be con-volved with a much longer (i.e. higher resolution) one-sided, asymmetric interferogram99



5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.4: Typical measured interferogram before correction. Note the asymmetry of peaks on eitherside of the zero-path di�erence. The short, two-sided interferogram is extracted and used to estimatethe phase (asymmetry) of the whole at low resolution. After correction, the long one-sided portion isused to calculate the power spectrum at maximum resolution.to produce a corrected symmetric version Ie. Note however that this method of sym-metrisation relies on the assumption that the phase drift is only slowly varying. Finally,Ie is transformed to give the correct Pe.Consider �gure 5.4. The interferogram has been measured for path di�erences from�X1 to +X2. The steps to calculating the power spectrum are as follows:1. The short, two-sided portion from �X1 to +X1 is extracted: I2S(x).2. I2S(x) is transformed, and the complex phase angle exp(i�(~�)) calculated.3. exp(i�(~�)) is apodised and inverse transformed, to give �(x) - the phase correctionfunction.4. �(x) is convolved with the entire original spectrum from �X1 to +X2.5. The negative path di�erence part is discarded, and the remaining portion from 0to +X2 is the symmetric, one-sided interferogram at high-resolution Ie. This isapodised and cosine-transformed to give the �nal estimate of Pe(~�).100



5.1. CALCULATION OF THE POWER SPECTRUMFigure 5.5 shows some examples of phase correction applied to CIRS spectra.5.1.5 Wavelength CalibrationWavelength calibration in CIRS is achieved by using a reference laser beam at 783 nmwhich is used as a range-�nder for the scan mirror. The scan mirror moves at a constantspeed of 0.0208 cm s�1. While the mirror is moving, data are logged every zero-crossingof the laser beam, i.e. every 391.5 nm of light-path di�erence, or every 195.75 nm ofmirror travel.Channels 3 and 4 in the mid-IR each sample from an array of �ve out of ten detectors(various observing modes are available; see x2.3.3). Each detector is sampled in turn, sothe number of points per mid-IR spectrum is decreased relative to a FP1 spectrum by afactor of 5. Finally, all the data channels are re-sampled electronically before outputingthe standard interferograms; the re-sampling factors are 18, 4.5 and 5 for channels 1, 3and 4 respectively.2 The re-sampling algorithm takes a consecutive sequence of points,and performs an integral average using a quadrature scheme.Therefore the number np of sample points produced for an observation of duration tis:
np = light path changelogging interval � 1resample factor (5.18)= (2� 0:0208� t)(783=2� 10�7) � 1(nd � nresamp) (5.19)where nd is the number of detector elements switched between and nresamp is the re-sampling factor given above. For example, a 10 s observation with FP4 would havenp = 425.3 The spacing of output points on the transformed power spectrum is half the2Note that the Nyquist condition for sampling is relaxed when the order of the spectrum is secondor greater. The required sampling interval is decreased from (2~�MAX)�1 to (2(~�MAX � ~�MIN))�1, where~�MAX and ~�MIN are the highest and lowest frequencies in the passband. It is also necessary that(~�MAX � ~�MIN) is an integer fraction of ~�MAX.3Actually, there are slightly fewer points due to the mirror 
yback time.101



5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.5: Examples of phase spectra calculated from the double-sided portion of the interferogram,both before and after correction. Top: FP1. Middle: FP3. Bottom: FP4. The phase spectra beforecorrection exhibit a slowly varying phase drift with wavenumber. After correction, the low-order drifthas been almost completely eradicated and the phase is now close to zero everywhere (some higher orderphase variation still remains near zero wavenumbers for FP1). A zero phase means that the spectrumis symmetric and constructed from only cosine Fourier components.
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5.1. CALCULATION OF THE POWER SPECTRUMreciprocal of the maximum path di�erence in the beam, X
�~� = 12X (5.20)X = 2� 0:0208� t (5.21)or alternatively, by re-arranging equation 5.19:
�~� = 12� cFP � np (5.22)which is a more useful form for the computer code, because the number of points in theinterferogram is always a known �gure, whereas the exact duration of the observation isnot independently measured. cFP is a constant factor for each focal plane de�ned:

cFP � nd � nresamp � 7832 � 10�7: (5.23)Taking the same example as before of a 10 s observation with FP4: the cFP is9.7875�4 cm, so if all the points of the interferogram were included in the transform,the output point spacing would be 1.2 cm�1.In practice, the interferogram is zero-padded so that it has a number of points equalto some power of two. This enables one to use the Fast Fourier Transform (FFT) orCooley-Tukey algorithm for fast numerical calculation of the transform (Press et al.,1992, chap. 12). In the above example, the 425 data points would be placed into a512 point data array and the remaining 87 empty spaces �lled with zeroes. The powerspectrum resulting would then have 512 points spaced 1:2� (425=512) = 1:0 cm�1 apart.
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5.1. CALCULATION OF THE POWER SPECTRUM5.1.6 ResolutionThere are several possible de�nitions of the resolving power of an instrument. Onemethod is to use the Rayleigh criterion, which judges the minimum separation of twonear equal-strength lines which would allow them to be distinguished. A more generaltouchstone is to consider the Full Width to Half Maximum (FWHM) amplitude of theInstrumental Line Shape (ILS), i.e., the width at half height which a very narrow (delta-function) spectral line would have after processing by the instrument.This number is important because it gives some estimate of what scale spectralstructure will be visible. The ILS function convolves the �nal spectrum, hence all linesand other features are broadened to some extent. If the ILS is much narrower than agiven line, the true shape of the line will be almost unchanged. If however, the ILS isbroader than the line, then it is the ILS width itself which will be dominant.For example, consider an ILS with a FWHM of �~�i and a particular spectral linewhich has a width �~�l. Then the resulting width of the line after convolution will beapproximately:
�~�f ' �(�~�i)2 + (�~�l)2�1=2 : (5.24)Note that this is strictly true only for a pair of Gaussian pro�les; however, for practicalpurposes it provides a reasonable estimate. Assuming equation 5.24, we can put insome numbers to show how quickly the wider pro�le will dominate the �nal width. Let�~�i = 3:0 and �~�l = 1:0 : then �~�f = 3:16, which is only 5% di�erent from the widthof the wider pro�le.In short, by controlling the width of the ILS we e�ectively control the output resolu-tion. This width is determined as follows.The FWHM of a given ILS is simply related to the width of the apodising function,or spectral window, which is imposed in the measurement (spatial) domain, before the104



5.1. CALCULATION OF THE POWER SPECTRUMFT.If X is the maximum path di�erence of the interferogram, then by simply solvingsinc(2~�X) = 0:5, we �nd that the FWHM of the sinc ILS (resulting from boxcar apodi-sation) is 0.603/X. This is the narrowest FWHM it is possible to have, because it usesthe most information from the interferogram. In general:
�~�ILS = � � 1X (5.25)where � is a numerical factor which is di�erent for each type of apodisation. Fortriangle-function apodisation, the � of the sinc2 ILS is 0.890, and the �-values for theapodisation types described in the previous section are given in table 5.1.Finally, we are now in a position to determine how many points are required in theFT to achieve a given resolution with a given type of apodisation function. Using thede�nitions of equations 5.21 and 5.23 we can rearrange equation 5.19 into: X = np�cFP.Equation 5.25 can then be rearranged to show:

np = ��~�ILS � cFP (5.26)E.g., for an observation with FP4 to have a FWHM resolution of 1 cm�1 using theNorton & Beer type 2 apodisation, the number of points required is: 0:844=(1:0�9:7875�10�4) = 862.5.1.7 Example Calculations of CIRS Power SpectraCIRS power spectra were calculated using a new Fourier Transform code tran developedfor the purpose, which �rst uses the Forman method to symmetrise the raw standardinterferograms, and then calculates the power spectra, including optional apodisation105



5.1. CALCULATION OF THE POWER SPECTRUMtype and resolution width. C code from Numerical Recipes (Press et al., 1992, chap. 12)is used to implement the necessary FFTs and convolutions.To verify its operation, this code may be compared against the results of a similarcode developed at GSFC by L. Herath. This code wfts has the same basic functionalityas tran and is known to calculate CIRS power spectra correctly. Unfortunately, wftswas left in an incomplete and undocumented state, which necessitated the developmentof the present code.Figure 5.6 shows the residual di�erence between spectra calculated with the twocodes, which is typically 0.1% of the peak level. This di�erence is probably due totwo di�erences in the calculation methods. Firstly, the new tran code uses the For-man method to implement the phase correction, whereas wfts uses the Mertz method,which corrects the spectrum in the frequency domain rather than in the spatial domain.Secondly, the apodisation functions used are slightly di�erent although the FWHM isnominally the same.
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5.1. CALCULATION OF THE POWER SPECTRUM

Figure 5.6: Comparison of spectra calculated with tran vs. the older wfts code, for FP3 and FP4.For each MIR focal plane, both the calculated tran spectrum and the di�erence between the tran andwfts spectrum is plotted. Spectral resolution is 3 cm�1.
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5.2. RADIOMETRIC CALIBRATION AND NOISE5.2 Radiometric Calibration and NoiseThe result of any observation with CIRS, after transforming the interferogram, is a powerspectrum scaled in detector `counts':
C(~�) = R(~�)[I(~�)instr � I(~�)tar)] (5.27)where:C(~�) = power spectrum in counts,R(~�) = instrument spectral responsivity,I(~�)instr = background radiance from instrumental emissions,I(~�)tar = radiance from target.For FP1, both the instrument (optics, telescope) and the detector are at 170 K. Mostobservations with CIRS will be made of targets which are typically less than 170 K,therefore I(~�)instr = B(~�)170K > I(~�)tar and the instrument is a net radiator. The signalis positive so long as the detector radiates more than it absorbs.For FP3 and FP4, the situation is more complicated. The instrumental radiance iscomposed of contributions from both the 170 K optics and the 80 K focal plane, so thatI(~�)instr is some combination of these:

I(~�)instr = �B(~�)170K + (1� �)B(~�)80K ' B(~�)Tcrit: (5.28)where � is a fraction between 0 and 1. This implies that there is some target temperature80<Tcrit<170 K at which (I(~�)instr � I(~�)tar) ' 0 and the net counts falls to zero. Fortargets either warmer or cooler than Tcrit the instrument will give a negative and a108



5.2. RADIOMETRIC CALIBRATION AND NOISEpositive signal output respectively. This notion seems somewhat surprising at �rst glance:that the detectors, at 80 K, appear to be receiving zero signal even when the target iswarmer than 80 K.The answer lies in the interference pattern. Although the target is causing a brightcentral fringe to appear at the focal plane (at ZPD), the instrument is also radiatingoutwards, back into the interferometer at Tcrit. Half of this radiance goes out to space,whilst the other half comes back via the beamsplitter to the focal plane, but with a phasechange of 180� and so forms dark fringes. Therefore when the source is at Ttar'Tcrit,the bright and dark fringes, from the target and instrument respectively, cancel out andthe central fringe has minimum amplitude. After transforming, this corresponds to theminimum of output signal. At Ttar>Tcrit, the net interference e�ect on the central fringe isfor it to be bright and at Ttar<Tcrit the central fringe is dark. Note that, according to thede�nition of equation 5.27, a positive signal results when the instrumental contributionexceeds the target contribution (i.e. when there is a dark fringe).An alternative view of the measurement process is to consider the electrical reponseof the detectors. These are a.c. coupled, and so only respond to signals from the inter-ferometer. The signal from the interferometer is made of equal parts of light from bothends of the instrument, i.e. from the target and from the focal plane, but these are inantiphase, so it is their di�erence which is measured.Note in equation 5.28 that if the response is always taken to be positive, then C(~�)may be positive or negative. It is important to remember this sign when adding ordi�erencing spectra of di�erent temperatures.The important radiometric unknowns are R(~�) and I(~�)instr. With accurate knowl-edge of these two quantities, the measured C(~�)target can be used to �nd I(~�)target. Hence,a minimum of two known temperature calibration targets are required.
109



5.2. RADIOMETRIC CALIBRATION AND NOISE5.2.1 Ground vs. In
ight CalibrationIt is well known that the absolute calibration of instruments may not remain constantduring launch and long exposure to the space environment. In order to obtain correctlycharacterised observations therefore it is important to measure key instrument parame-ters before and after any set of in-
ight observations.In space, this is achieved slightly di�erently for the MIR and the FIR planes. Forthe FIR, the two temperature sources are:1. Deep Space: the 2.73 K background is e�ectively a zero-radiance source; soC(~�)deepspace = R(~�) � I(~�)instr.2. A second target is not required: the instrument (optics and detector) temperatureis reliably thermostated to 170 K, hence we know that it must have zero netsignal when it views a 170 K blackbody. Importantly, we do not actually need tomake any measurement. In other words, by accurately controlling the instrumenttemperature we can say with certainty that: I(~�)instr = B(~�)170K.For the MIR:1. Once again, deep space is the zero-radiance source so C(~�)deepspace = R(~�)�I(~�)instr.2. The second target is an internal black shutter which will be at the same temperatureas the instrument and telescope. It is therefore equivalent to an external blackbodyat the same temperature as the instrument, and I(~�)tar = B(~�)170K. The net countsin this case are non-zero.Calibration of the instrument with only two temperature sources makes an assump-tion that the responsivity is linear: that it is the same at two di�erent temperatures.This may not be the case. Hence the essence of the ground radiometric testing is to fullycharacterise the instrument in terms of the following parameters:110



5.2. RADIOMETRIC CALIBRATION AND NOISE1. Responsivity: The spectral responsivity of the instrument observing a target attemperature T is de�ned as the output counts minus counts at zero radiance (thebackground and o�set), divided by the input radiance, as a function of wavenum-ber. It is usually impractical to measure C~�(T=0) in the laboratory, however theresponsivity may be calculated by observing a second blackbody target at a di�er-ent temperature T0 and using the formula:
R~�(T ) = ����C~�(T )� C~�(T0)B~�(T )� B~�(T0) ���� : (5.29)2. Linearity: The formula for responsivity given above assumes that the the netnumber of counts �C~�(T ) increases linearly with �I~�(T ). In fact, this must beassessed by observing several target temperatures and plotting the responsivity(see x5.2.3).3. NESR: The Noise Equivalent Spectral Radiance at a given wavelength is the 1�random 
uctuation on the signal, calibrated in radiance units. This is equivalent tothe noise in counts, divided by the responsivity, assuming that the measurementsare uncorrelated.During the commissioning of the CIRS instrument at GSFC, a substantial number ofspectra of various cold-body sources were taken. The next section outlines how the datawere collected. Subsequent sections describe the analysis of the data, using the Fouriertransform program for calculation of power spectra, to determine the above parameters.5.2.2 Data AquisitionThe radiometric performance of the fully assembled CIRS 
ight instrument was assessedtwice: during August 1996 and again in May 1997. The measurements were made atGSFC by a scienti�c team led by V. Kunde. During the 9-month interim between the111



5.2. RADIOMETRIC CALIBRATION AND NOISE
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Figure 5.7: Diagram of the apparatus used at GSFC to measure the radiometric performance of CIRS.The entire apparatus was placed in a large evacuated vacuum tank and cooled (see text).two radiometric tests, the instrument was disassembled and reassembled, and the gainsof the ampli�cation stages changed (see results following).Figure 5.7 shows the apparatus used for the measurements. CIRS operated in 
ightcon�guration, and the optics were cooled to the 
ight operating temperature of 170 K.The passive radiative cooler was pointed at a 25 K target cooled by LHe which allowedthe MIR detectors to cool to �80 K. A full aperture blackbody radiator was placeddirectly in front of the main telescope, completely �lling the instrument FOV. This wasalso cooled by LN2 to the required target temperature.The temperature of the mid-IR detectors was varied from 77 K to 85 K. Duringthe May 1997 calibration there were also some measurements made at TFPA=90 K,although the FP4 detectors were not active at this higher temperature. For each TFPA,the temperature of the target was varied from �82 K to �170 K incrementally. Tables5.2 and 5.3 show the dates and temperature settings.For each setting of (TFPA, TTAR) four blocks of measurements were taken, switchingbetween the ODD and EVEN detection modes in the mid-IR, and with the MIR shutter112



5.2. RADIOMETRIC CALIBRATION AND NOISETFPA TTAR(K)=82 125 150 160 17077-78 K 82.5{85.0 K 124.2 K 150.0 K 160.0 K 170.2{170.1 K(aug13601.sca) (aug13603.sca) (aug13604.sca) (aug13605.sca) (aug13606.sca)80-81 K 81.9 K 125.2 K 151.5{152.2 K 160.0{159.6 K 170.0{169.6 K(aug14601.sca) (aug14602.sca) (aug14603.sca) (aug14604.sca) (aug14605.sca)85 K 124.2{126.7 K 159.8 K 169.7 K(aug15601.sca) (aug15602.sca) (aug16601.sca)Table 5.2: The target and FPA temperatures of the 1996 radiometric calibrationTFPA TTAR(K)=82 110 130 150 160 17078.5 K 80.5{80.6 112.4{112.5 170.2(may05706.sca) (may04702.sca) (may06701.sca)80 K 81.0{85.0 K 108.7{109.0 K 128.2{128.3 K 153.5{154.0 K 161.8{162.0 K 172.3 K(may02703.sca) (may03702.sca) (may03703.sca) (may02704.sca) (may02705.sca) (may02706.sca)85 K 83.4{83.5 K 110.7{110.9 K 128.6 K 147{149 K 161.8 K 170.6{170.9 K(may04701.sca) (may03705.sca) (may03704.sca) (may06703.sca) (may06702.sca) (may04703.sca)90 K 83.6{83.9 K 170.2{170.3 K(may06704.sca) (may07701.sca)Table 5.3: The FPA and target temperatures of the 1997 radiometric calibrationOPEN and then CLOSED (see table 5.4 and section 2.3).4 Each block of measurementsconsisted of at least 30 individual 20-second scans recorded simultaneously on the threeFPs.5.2.3 Responsivity and LinearityMethodThe �rst step in the data analysis was to calculate the responsivity R(~�), which allowsthe spectra to be calibrated in physical units. This was a two stage process, for whichtwo new C codes were written.The �rst stage was to transform individual interferograms into power spectra, and to4The shutter closed measurements were taken primarily to assess the e�cacy of in-
ight calibrationusing the shutter as a 170 K black body. 113



5.2. RADIOMETRIC CALIBRATION AND NOISEBlock Shutter FP1 FP3 FP4A OPEN ON EVEN EVENB OPEN ON ODD ODDC CLOSED ON EVEN EVEND CLOSED ON ODD ODDTable 5.4: Instrument settings during each calibration run.
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Figure 5.8: Schematic diagram of the averaging procedure, showing the interaction of data �les andprogram modules. The core program is tran which performs the transform and apodisation of standardinterferograms. Power spectra taken at the same target and focal plane temperature were averagedby the code avspec. The details of which scan �les contained which interferograms and at whichtemperatures were stored in a list �le. A batch processing program (runavspec) was used to automatethe data reduction, by sending averaging `jobs' to the averaging program, which used the transformprogram as a subroutine.co-add and average the �30 power spectra corresponding to a particular TFPA and TTARfor each detector. The spectra were apodised during the transform to the desired width.This process is illustrated by �gure 5.8.The second task was to subtract cold from warm mean spectra, and divide by thedi�erence in Planck functions, to obtain the responsivity, as given by equation 5.29. Thismethod assumes that the responsivity varies linearly with temperature. As a check onthis, the responsivity was calculated twice using two di�erent warm temperatures for themid-IR detectors, namely 160 K and 170 K. The cold temperature was 82 K. For the far-114
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Figure 5.9: Schematic diagram of the responsivity calculation, showing the interaction of data �lesand program modules.IR, which has a greater response at lower temperatures, the responsivity was calculatedtwice using di�erent cold temperatures, namely 82 K and 125{130 K. Figure 5.9 showshow the calculation was automated. The result was a set of responsivity spectra for eachdetector, at a range of target and FPA temperatures.Discussion of Mean Spectral ResponseThe two main sequences at constant TFPA from each year were analysed: 1996 TFPA= 78 K,80 K; and 1997 TFPA= 80 K, 85 K.Some examples of mean power spectra from the 1997 TFPA= 80 K sequence are plottedin �gures 5.10{5.12, for FP1, FP3 detector 2 and FP4 detector 2, all at 3 cm�1 resolutionand apodised using the Norton & Beer type 2 function which gives a medium level ofapodisation. These show how the responses vary with target temperature di�erently forthe three focal planes.For FP1, it can be seen that the magnitude of the power spectra decreases withincreasing temperature. This is because the response is proportional to the di�erencebetween the target temperature and the instrument temperature (170 K) as given byequation 5.27. Hence, the maximum response is to the 80 K target, and the responsedecreases to almost zero at 170 K.For FP3 and FP4 the response does not continuously increase with temperature, asdescribed in x5.2.3. As the temperature increases from �80 K, the magnitude of the115



5.2. RADIOMETRIC CALIBRATION AND NOISE

Figure 5.10: FP1 sequence of mean power spectra for various target temperatures and at a constantdetector temperature of 170 K. Each mean spectrum is an average of 120 spectra, recorded 02-03/05/97.

Figure 5.11: FP3 detector 2 sequence of mean power spectra for various target temperatures and ata constant detector temperature of 80 K. Each mean spectrum is an average of thirty spectra, recorded02{03/05/97. 116
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Figure 5.12: FP4 detector 2 sequence of mean power spectra for various target temperatures and ata constant detector temperature of 80 K. Each mean spectrum is an average of thirty spectra, recorded02{03/05/97.response initially decreases, becomes close to zero when TTAR'Tcrit, somewhere between130 and 150 K, and then increases again. In fact, by inspection of equation 5.27, we seethat when the TTAR is above Tcrit, the sign of the response should be negative.In order to be able to add or subtract spectra, which is required to calculate theresponsivity and linearity, we must add back in to the spectra the sign information whichhas been lost during the Fourier Transform. In principle, it is possible to determine thesign of the response from the phase (polarity) of the ZPD of the interferogram. A positivesignal at ZPD should indicate the detector is hotter than the source, and vice versa, witha sharp reversal at TTAR=Tcrit.In practice however the phase of the ZPD has been found to drift from positive tonegative along the pixel elements of each array, even when the target temperature is thesame. This drift is not well understood at present, but may be related to the resamplingof the interferogram in the instrument, which reduces the data rate. In addition, thepolarity has shown unpredictable behaviour near TTAR=Tcrit. This may at least in partbe due to a contribution to the radiance from the beamsplitter which may have a �xed117



5.2. RADIOMETRIC CALIBRATION AND NOISEphase angle o�set relative to the other beams, known as the Revercomb e�ect (Revercombet al., 1988).Although the ZPD of the interferogram has proved to be unreliable when determiningthe absolute sign of the IFM, it is possible to use the fact that we expect the responseto be linear against net radiance (to �rst order) to determine where the sign reversaloccurs.The method used was to choose a wavenumber near the middle of the range for eacharray (FP3 and FP4), where the counts are high, and to plot the counts against blackbodyradiance for each value of TTAR. For each point, there is in principle an uncertaintyin the sign of the response in counts. However, we may reasonably assume that theTTAR= 170 K point lies at negative counts, whilst the TTAR= 80 K point lies at positivecounts. Then, by requiring that the remaining intervening points lie approximately on astraight line joining these two extrema, the sign of the intervening points is easily �xed.This process was repeated four times for each focal plane, once for each sequenceof TTAR at �xed TFPA (�gures 5.14 and 5.15). In addition, a similar process was usedto arrange linearly the responses of the FP1 detector for various TTAR; note however inthis case that the response is always positive and does not cross the x-axis (�gure 5.13).A straight line �t has been applied to the data points, using a `robust' least-squaredeviation method from the data analysis package IDL.For FP3 and FP4, the `break-even' or `fold' point temperature Tcrit is indicated oneach �gure: this was determined by inverting the Planck spectral radiance at the x-axis intercept of the line, to obtain the equivalent brightness temperature. Also markedon the �gures is the gradient of the straight line �t dC=dI, the magnitude of which isequivalent to the responsivity of the detector at that wavenumber.Figure 5.15 shows that FP4 has a Tinstr ' 149 K in 1996 and 142 K in 1997, indepen-dent of TFPA. If B(~�)80K << B(~�)Tcrit, which is the case in the mid-IR, then equation5.28 becomes approximately: 118
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Figure 5.13: Response linearity of the FP1 detector at 300 cm�1, near the peak of the blackbodymeasured spectrum. The magnitude of the gradient dC=dI of the straight line �t to the response is theresponsivity. The gradient of the line is negative, as the counts decrease with increasing radiance from80 K to 170 K. The response does not cross the x-axis, as the target temperature never exceeds thedetector temperature.
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Figure 5.14: Response linearity of the FP3 detector 2 at 700 cm�1, near the peak of the blackbodymeasured spectrum. The magnitude of the gradient dC=dI of the straight line �t to the response is theresponsivity. The gradient of the line is negative, as the counts decrease with increasing radiance from80 K to 170 K. Where the straight line crosses the x-axis is the fold point, the temperature of which(Tcrit) is determined by inverting the Planck spectral radiance at this point. Note that in 1996 no foldpoint occurs; suspected reasons for this are outlined in the text.

Figure 5.15: Response linearity of the FP4 detector 2 at 1100 cm�1, near the peak of the blackbodymeasured spectrum. The magnitude of the gradient dC=dI of the straight line �t to the response is theresponsivity. The gradient of the line is negative, as the counts decrease with increasing radiance from80 K to 170 K. Where the straight line crosses the x-axis is the fold point, the temperature of which(Tcrit) is determined by inverting the Planck spectral radiance at this point.120



5.2. RADIOMETRIC CALIBRATION AND NOISE
�B(~�)170K ' B(~�)Tcrit: (5.30)and we �nd that � is 0.27 and 0.16 for FP4 in 1996 and 1997 respectively. This is thesame as saying that in 1997 the instrumental background emission could be approximatedby a 170 K blackbody �lling 16% of the detector FOV.For FP3 however, the 1996 data is unusual. If the points at colder TTAR are given apositive sign, and the warmer points a negative sign, then there is no apparent straight-line �t at all. If however, all the points are assumed to be at negative counts then anobvious straight-line �t ensues (upper two plots of �gure 5.14). If this is the case, thenthere is no crossing of the x-axis, i.e. there is no fold point and Tcrit is undetermined. Toadd to the confusion, the 1997 data does not show this problem, and a Tcrit of '137 K isindicated, giving �=0.24. In short, it appears that in 1996, there was a problem in thedata acquisition which somehow caused the cool TTAR points to appear warm, but onlyfor FP3. How is a coherent picture then to be drawn from these data?It is di�cult to determine exactly the cause of the problem without a more detailedknowledge of the experimental procedure. One strong possibility however, follows froma memorandum received by the author from the instrument P.I. (V. Kunde, privatecommunication) which states that the mid-IR calibration shutter was known to `droop'into the instrumental �eld of view during the ground calibration tests. This problemoccurs simply due to the Earth's gravity: the shutter has been designed to work normallyin space. In addition, this problem is known to a�ect the FP3 FOV more than that ofFP4.This then may explain the unusual data: the response of FP3 when viewing a cooltarget appears to be anomalously high, because some substantial fraction of the �eldof view was actually seeing the 170 K shutter. It appears that the contribution ofthe shutter was great enough to cause the apparent source radiation (i.e. `real' source121
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Figure 5.16: FP3 detector 2 sequence of mean power spectra for various target temperatures and ata constant detector temperature of 80 K. Each mean spectrum is an average of thirty spectra, recorded02{03/05/97. The sign of the response has been added, so that the spectra form a monotonicallydecreasing sequence with increasing TTAR.radiation plus shutter contribution) to always exceed the instrumental background, andhence the recorded response was always negative. Therefore the straight-line �t to thisdata did not pass through the x-axis. The 1997 data for FP3 however does show a break-even point, so if the problem persisted in 1997 it must have been at a much smaller level.Figures 5.16 and 5.17 show the sequences of spectra for FP3 and FP4 in 1997 afterthe sign of the response has been included.A complete set of mean spectra sequences for all the observed temperatures, for FP1and detectors 2 and 10 from FP3 and FP4, is plotted in appendix B.1.Results: ResponsivityThe wavelength varying responsivities R(~�) were calculated for all 21 detectors. Inthe mid-IR, the TTAR=82 K spectrum was used as the cold or baseline spectrum, andthe responsivity was calculated for warm targets at 160 K and 170 K, at TFPA=78, 80,85 K. For FP1, the 170 K spectrum was used as the baseline (zero-response), and theresponsivity was calculated for targets at �82 K and �125 K. Figures 5.18{5.20 show122
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Figure 5.17: FP4 detector 2 sequence of mean power spectra for various target temperatures and ata constant detector temperature of 80 K. Each mean spectrum is an average of thirty spectra, recorded02{03/05/97. The sign of the response has been added, so that the spectra form a monotonicallydecreasing sequence with increasing TTAR.some sample results. The full set of results appear in B.2.Change in Gain 1996{1997The gain of the ampli�cation stages was increased from 1996 to 1997; by factors 2.74,2.09 and 2.95 respectively for FP1, FP3 and FP4.This can be checked by comparing the responsivity for the same TFPA and TTAR from1996 to 1997, at a given wavenumber. For FP1, at TFPA=170 K and TTAR=83 K, we�nd an increase factor of 2.79, close to that expected. For FP4, the measured increasefactor from responsivity at 1100 cm�1 was 2.6, which is also in reasonable agreementwith expectations.For FP3 at 700 cm�1 the measured increase factor was 4.36 for 1996 and 1997TFPA=80 K datasets, which is clearly incompatible with increase in ampli�er gain. Thereason for this is quite simply because of the anomalous low-temperature spectra in the1996 data, thought be due to the shutter droop. This causes the the low TTAR spectra tobe at negative, rather than positive radiances, and so the responsivity is greatly reduced.123
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Figure 5.18: Responsivity of FP 1 detector at TFPA=170 K, and TTAR=83 K. Date 02/05/97 (�le ref:MAY02703).This does not occur with the 1997 data.If however, instead of responsivity we consider simply the counts at 700 cm�1 for a170 K target, the increase factor is 2.30, much closer to expectations.5Variation of Response with Focal Plane TemperatureWe can now check how the response of FP3 and FP4 varies with TFPA, by comparingthe responsivity at a given wavenumber for the same TTAR.6 The responsivity R~� isexpected to decline as the focal plane temperature rises, which is readily seen on theplots.With the 1996 data, we can calculate the responsivity decrease from TFPA=78 K toTFPA=80 K. FP3 at 700 cm�1 decreased by a factor 0.87�0:01, and FP4 response at1100 cm�1 decreased by 0.89�0:01. At the same wavenumbers, in 1997, the responses5The di�erence between considering total counts and considering responsivity is that it is not quiteaccurate to expect the total counts on the hot spectrum to increase by the gain change factor when thebaseline cold spectrum has not been subtracted. The cold spectrum cannot be utilised when analysingthe 1996 FP3 data because it is probably polluted with warm shutter radiation.6FP1 was always at the instrument temperature of 170 K.124
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Figure 5.19: Responsivities of FP 3 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date02/05/97 (�le ref: MAY02706).
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Figure 5.20: Responsivities of FP 4 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date02/05/97 (�le ref: MAY02706).
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5.2. RADIOMETRIC CALIBRATION AND NOISEdropped by factors 0.73 and 0.75 respectively from TFPA=80 K to TFPA=85 K. A roughlinear �t through this data would therefore indicate that � 5-6% of peak response is lostper K increase in TFPA, in the range 78{85 K.Some measurements exist of the responsivity for the FP3 array, and its variationwith temperature, which were made at the commissioning of the PC detectors at GSFCin 1995. These numbers indicate that R~� at TFPA= 85 K is expected to be 0.77 of itsvalue at TFPA= 80 K. The 5% di�erence from the present results is likely to be due tothe � �0:5 K error in TFPA and � �2 K error in TTAR due to temperature drift duringthe experiment.5.2.4 Noise Equivalent Spectral Radiance (NESR)Having determined the responsivity of the instrument to incoming radiation, the noiseon an observation can now be estimated. In this section, �rstly, the instrumental NESRis de�ned from a theoretical standpoint, and then the measurement of the NESR forCIRS is described.De�nitionThe performance of infrared detectors is always limited by noise. For a given type ofdetector, the usual area-independent �gure of merit is D� de�ned:
D� = pADNEP (5.31)where AD is the detector area, and NEP is the Noise Equivalent Power, de�ned as theincident radiation power which would give a detector signal equal to the noise signal.D� can be predicted theoretically, and is also usually measured by the manufacturer andsupplied with the component.When an interferogram is measured, we may de�ne the e�ective total integration127



5.2. RADIOMETRIC CALIBRATION AND NOISEtime (scan time, excluding mirror 
yback time) as:
te = np � �te (5.32)where np is the number of output points and �te is the e�ective integration time persample point in the IFM. The e�ective integration time per point is the actual dwelltime at each logging interval, multiplied by nresamp. The actual dwell time �t is simplythe logging interval divided by the mirror travel speed: 195.75 nm/ 0.0208 cm s�1=9.41�10�4 s (see 5.1.5).If we integrate the NEP over the e�ective total integration time, then we �nd theRMS noise level is:

Noise =pADte=D�: (5.33)Similarly, the integrated signal power is:
Signal = �~�I~�A
�~�te (5.34)where �~� is the e�ciency of the optical system plus detectors, and A
 is the �etendue.�~� is the output spectral point spacing or bin size, in the absence of zero-padding. �~�is directly proportional to the resolution �~� as de�ned in x5.1.6, with a constant ofproportionality equal to 1=2�.If the spectrum is zero-padded before taking the transform, then the output spectralgrid size becomes smaller by a factor np=nFFT, where nFFT is the padded length usedin the FFT. The spectral resolution however does not improve, because the e�ect ofzero-padding is merely to interpolate the output spectrum onto a �ner grid, without any128



5.2. RADIOMETRIC CALIBRATION AND NOISEqualitative change in the information contained.Hence, the signal to noise ratio is:
S=N = �~�I~�A
�~�D�ptepAD (5.35)The Noise Equivalent Spectral Radiance is the radiance which would correspond toa S/N of unity:

NESR = I~�S=N = pADA
�~�D�pte (5.36)Notes:1. The spectral output spacing �~� / (te)�1 by equations 5.20 and 5.21, and thereforeNESR / pte or / 1=p�~�. This leads to the slightly counter-intuitive result that asscan time increases, the NESR goes up and the S/N ratio decreases. This is exactlythe opposite to the case in a non-interferometer spectrometer. Note however thatthe spectral resolution improves by a factor equal to the increase in scan time. See�gure 5.21.2. The usual results for co-adding or re-binning spectra apply, namely that:(a) when two similar spectra are co-added, the NESR reduces by a factor p2(S/N goes up by p2), and(b) re-binning a spectrum of np points by co-adding every two points togetherincreases S/N by p2 (there are then np=2 independent points).3. By combining the results above, it can easily be demonstrated that it is possibleto arrive at the same spectral resolution in the same observing time, but with adi�erent NESR depending on how the observing time is utilised. Consider spectrum129
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Figure 5.21: FP3 RMS noise variation on spectra at two di�erent resolutions. In both cases the RMSnoise has been averaged over 29 spectra at constant TFPA and TTAR. The solid line shows the noisecalculated from spectra resulting from transforming the original IFMs (scan time 20 s and resolution1.25 cm�1). In the second case, the lower resolution was obtained by taking the same 29 IFMs andcutting their length by a factor 4, to increase �~� by the same factor. These `cut' IFMs were thentransformed to power spectra and the noise calculated as before. The mean noise level has now droppedby a factor 2.
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5.2. RADIOMETRIC CALIBRATION AND NOISE1 which has a binsize of �~�1, arising from a scan of time t1. The NESR on this scanis N1. Now consider that two scans of time t1=2 are made, each having an NESRof N2 = N1=p2. Co-adding these two scans together results in single spectrumof NESR=N1=2 and having binsize 2 � �~�1. Re-binning the �rst spectrum by afactor two also gives a spectrum of binsize 2� �~�1 but an NESR=N1=p2, a factorp2 higher than the co-added scans, but from the same total time. Therefore it isalways best to observe at the �nal resolution required, rather than an initial higherresolution.Noise Sources in CIRS DetectorsThe physical origins of noise on CIRS observations are now outlined. Note howeverthat it was not the objective of this thesis to devise a detailed theoretical model of thenoise arising in di�erent components, which has in any case been extensively modelledand measured during the development phase. The objective was to measure the �nalnoise of CIRS viewed as a complete system. Nevertheless it is important to bear inmind the sources of the noise, so a brief description of the expectations from a physicalstandpoint is given here.There are three possible sources of noise on a given CIRS interferogram observation:noise in the detectors, noise from inherent 
uctuations in the arriving stream of radiation,and noise in the post-detection electronic circuits of the signal ampli�ers. By carefuldesign the ampli�er noise may be reduced to below the limits imposed by detector noiseand photon noise. Hence, this noise is assumed to be negligible compared to other noisesources on CIRS observations. The other two types of noise are discussed with referenceto the individual detector arrays.Focal Plane 1 Bolometer DetectorA bolometer is a thermal detector: changes in the incident radiation �eld cause changesin the temperature of the detector, which in turn a�ects the resistance. The resistancechange can be measured by applying a p.d. across the detector and monitoring the change131



5.2. RADIOMETRIC CALIBRATION AND NOISEin current or voltage.There are four main internal noise sources for a thermal detector. Firstly, Johnson(or Nyquist) noise which arises due to the random motion of electrons in the conductingmaterial, which manifests itself as a 
uctuating electrical potential. This occurs evenwhen the temperature is constant. Secondly, the temperature of the detector will also
uctuate continuously to a small degree: this also converts into an electrical signal.Thirdly, radiative heat exchange between the detector and its housing contributes aphoton exchange noise. Another form of noise, called 1/f power law noise, occurs at lowfrequencies and it thought to occur due to potential barriers at the contacts, interior orsurface of the semiconductor.In addition to internal noise, there is the external noise due to radiation falling on thedetector, both from the source, and the background from the instrument.7 Noise occursdue to random 
uctuations in the incident radiative power. Mathematical expressionsfor all these noise sources are given in the standard texts (e.g. Keyes, 1977).Focal Plane 3 and 4 Photo-Electronic DetectorsPhotovoltaic and photoconductive detectors work by direct conversion of incident pho-tons into conducting electrons, with a quantum e�ciency QD. The principles of operationof the photo-electronic detectors were described in x4.1.Johnson noise and 1/f noise also occur in photo-electronic detectors. A further noisesource is generation-recombination (g-r) noise, which occurs due to 
uctuations in therates of thermal generation and recombination of free carriers in a semiconducting ma-terial. This gives rise to a randomly varying amount of charge carriers, which translatesinto a resistance variation, and hence a varying voltage. Additionally, in photo-voltaicdetectors (FP4) there is noise due to the bias voltage, called shot noise. A detaileddiscussion of these e�ects can be found in Keyes (1977, chap. 4).7A subtle distinction is made here between the second source of internal noise, which occurs due toa physical joining of the detector to its housing and leads to a radiative conductance, and the externalnoise due to photons arriving from other parts of the instrument, which are not necessarily in thermalequilibrium with the detector. 132



5.2. RADIOMETRIC CALIBRATION AND NOISEExternal noise also occurs for photo detectors, due to the incident radiation from thesource and background. In this case, the noise may be understood in terms of random
uctuations in the number of photons arriving per second.The incident photons obey Poisson statistics, so that for any given point (i.e. pathdi�erence X) in the interferogram, the probability Pr(N) of detecting N photons is givenby:
Pr(N) = (N)N exp(�N)N ! (5.37)where N is the long-term average number of photons which would be detected in a �xedobserving time t, if we made very many observations and took the mean value. The rms
uctuation about the long-term mean value N is �N = (N)1=2. We may assume that thenoise on sucessive points on the interferogram is uncorrelated, so that once the Fouriertransform has occured to compute the power spectrum, the noise from all the di�erentpoints on the interferogram is spread evenly amongst all the frequency channels. Strictlythis is true only when the spectrum is totally unapodised: otherwise, a correlation existsbetween neighbouring frequency bins. In this work the objective is soley to obtain alow-order �t to the broad noise spectrum, so the low levels of apodisation used havean insigni�cant e�ect. However, apodisation would be an important consideration if wewere attempting a formal retrieval (inversion) on a planetary spectrum.The various forms of internal noise, and the external photon noise due to the back-ground are independent of the target in the �eld of view. The most important noisesources for FP3 are Johnson noise and g-r noise, and for FP4 are photon noise from thebackground and Shot noise in the detectors. For the all the mid-IR detectors, most ofthe 2� sr FOV is shielded from the warmer instrumental background by a small aperturemaintained at the focal plane temperature, through which only a solid angle �0.75 sr ofexternal radiation enters. Hence, most of the background radiation comes from the lens133
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Figure 5.22: Two alternative methods for noise estimation on a single spectrum.at 170 K, through the window, but there will be a certain proportion which should varywith the focal plane temperature.The remainder of this section describes the estimation of the NESR on each focalplane from the radiometric test data.Noise MeasurementFigure 5.22 shows two possible algorithms for estimating the 
uctuation in counts ona particular spectrum.8� Method 1. Each individual spectrum is calculated using tran as before, includingapodisation to the desired resolution. Then, the 30-spectrum mean (calculated asdescribed in x5.2.3) at the same TFPA and TTAR is subtracted point-by-point to �ndthe 
uctuation on the individual spectrum, as a function of wavenumber.� Method 2. The individual spectrum is calculated at the desired resolution (typi-cally 1-5 cm�1). The same spectrum is also calculated at a much lower resolution,8Other methods exist which were not investigated in this thesis, for example, measuring the time-dependent signal at the detectors without scanning the mirror.134



5.2. RADIOMETRIC CALIBRATION AND NOISEi.e. it is apodised to a wider FWHM (typically 5-15 cm�1). Now, the 
uctuationcan be estimated by subtraction of the low-resolution spectrum from the high-resolution one.In both the above cases, the smoother spectrum (either the mean, or the moreapodised version) is taken to be a smooth `�t' through the noisy points of the high-resolution spectrum. In practice, it was found that method 2 was preferable; it was amore reliable `�t'.9Each of these methods has its drawbacks. Method 1 works well when the series ofspectra to be analysed are very homogeneous. If there is any drift in the underlying shapethroughout the sequence, e.g. due a variation in the target temperature or responsivity,then there will be a larger variance about the mean shape, and the mean shape will bea less accurate template for the individual spectra.There is also a potential problem inherent in Method 2. The very practice of apodi-sation, by curtailing the interferogram, reduces the number of counts which go into the�nal spectrum. Therefore, the amplitude of the power spectrum goes down according tohow much apodisation is used. This means that the low-resolution spectrum would beslightly scaled down in peak value compared to the higher resolution one, and thereforeits veracity as a smooth �t to the data is impinged.In practice however, most of the counts in the interferogram occur in the centreburst,whereas apodisation tends to cut o� the low-amplitude, long path-di�erence oscillations.The actual decrease in peak value for the moderate amounts of apodisation used to createthe `low-resolution' spectrum is much smaller than the noise 
uctuation being measuredand therefore the e�ect is negligible. 109The word `�t' is used loosely: it does not imply a polynomial or other calculated curve �t to thedata points.10Note added in proof: a potentially more serious problem with method 2, is that it is equivalent inthe IFM domain to taking a high-resolution IFM (length X), cutting its length substantially to reducethe resolution (now length X 0, where X 0 << X), subtracting the short IFM from the long one, andtaking the di�erence to be noise. This assumes (1) that there is no noise in the �rst part of the IFMfrom 0 to X 0, and (2) that there is no signal in the portion from X 0 to X . A much safer method ofestimation is to take the di�erence of successive spectra, subtracting each spectrum in the sequence of135



5.2. RADIOMETRIC CALIBRATION AND NOISEFigure 5.23 illustrates the noise Method 2. In each �gure of the sequence a high-resolution (1.25 cm�1) spectrum is overplotted on a low-resolution (`�t') spectrum.Smooth spectra at FWHM=5, 10, 15 cm�1 are shown.In the following analysis, a smooth spectrum of FWHM=10 cm�1 was used to esti-mate the noise 
uctuation on 1.25 cm�1 spectra.Each individual 
uctuation or `di�erence' spectrum is squared and then square-rootedto �nd the RMS deviation, for each detector. However, in order to obtain more reliablestatistics the square deviation of each of the thirty spectra in each series were co-added,and the RMS calculated as:
�CRMS(~�) = " 130 30Xi=1 (Ci(~�)� C 0i(~�))2# 12 (5.38)where Ci(~�) and C 0i(~�) are the `unsmoothed' and `smooth' versions of the ith spectrumrespectively. The fact of constant TFPA and TTAR is taken as implicit for all the quantitiesin the equation. Figure 5.24 shows the computational procedure used to co-add the
uctuations and determine the RMS noise in counts on a set of spectra.Finally, the calibrated noise is simply the noise in counts divided by the detectorresponsivity:

NESR(~�) = �CRMS(~�)R(~�) (5.39)The noise was calculated for each of the 21 detectors individually. The overall noisecalculation algorithm is illustrated in �gure 5.25.30 from its predecessor and attributing any di�erence to noise. This makes no assumptions about theshape of the signal, and again a simple expression can be derived for the NESR. This method was usedto check the `method 2' algorithm utilised in this thesis, and the di�erence was � 5 % for a 2.5 cm�1scan and < 1 % at 1.25 cm�1 resolution. 136
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Figure 5.23: Spectrum at 1.25 cm�1 resolution over-plotted on various `smoother' (i.e. more heavilyapodised spectra). Subtraction of the `noisy' spectrum from the `smooth' spectrum gives the noise incounts. (FPA 3, det. 2; TFPA= 80 K, TTAR= 170 K; �le ref: AUG14605 Time: 02:00:14).
137



5.2. RADIOMETRIC CALIBRATION AND NOISE
noise.c

transforms
tran2.c

the IF

noise.c from list file
feeds tasks to

files

of a set of spectra
calculates mean noise

runnoise (csh)

rdsca.c
reads one

record

.noise
file
ref .sca

file
.lis
file
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5.2. RADIOMETRIC CALIBRATION AND NOISEspectral domain is to eliminate any constant phase e�ect due to the beamsplitter, whichshould be the same on spectra taken at di�erent temperatures. The e�ect of this onradiometric calibration of FTIRs is described by Revercomb et al. (1988). It is not yetcertain which method gives a more accurate calibration for CIRS.Also shown on these plots is the original instrument requirement NESRs, which wereimposed at the design stage. In the far-IR, the NESR is roughly a factor 3 higher thanrequirement, and in the mid-IR the NESR is a factor 5{10 higher than the requirement.The reasons for this loss in performance are not clear, however throughput testing atGSFC appears to indicate that there is a greater than anticipated loss in the optics, dueto losses at coatings on re
ectors and beamsplitters. In addition, the proposal seems tohave been too optimistic about the NESR in �nal instrument. The implications of theNESR levels for CIRS science are examined in the next chapter.It is also possible to investigate the noise variation with target and focal plane tem-perature using this dataset.Figures 5.29 and 5.30 show the noise in counts for a single detector on focal planes 3and 4, at a constant focal plane temperature of 80 K in the 1997 dataset, but for varyingtarget temperatures. No systematic variation in level is seen, indicating as expectedthat the source radiance is not the dominant contribution. For FP1, a similar lack ofvariation was noted.Figure 5.31 shows the variation of the NESR with focal plane temperature for FP4.The noise in this case has been calibrated to allow intercomparison, as the responsivityof the detectors varies with TFPA. The NESR is seen to increase monotonically with focalplane temperature. A power law �t to this progression was attempted, but the actualvalue derived was found to vary substantially with wavenumber, between �3 and �7.Figure 5.32 shows the NESR variation of FP3 with focal plane temperature. In thiscase, it can be seen that the 1996 and 1997 data for 80 K, which should be the same, aresystematically displaced, with the 1996 data being higher. The reason for this is due tothe residual uncertainty in the responsivity calculation for FP3 in 1996.140



5.2. RADIOMETRIC CALIBRATION AND NOISE

Figure 5.26: FP 1 detector; comparison of calculated noise spectrum with that of L. Herath (GSFC).

Figure 5.27: FP 3 detector 2; comparison of calculated noise spectrum with that of L. Herath (GSFC).

Figure 5.28: FP 4 detector 2; comparison of calculated noise spectrum with that of L. Herath (GSFC).141



5.2. RADIOMETRIC CALIBRATION AND NOISE

Figure 5.29: FP3 noise variation with target temperature.

Figure 5.30: FP4 noise variation with target temperature.142



5.2. RADIOMETRIC CALIBRATION AND NOISEConsidering only the 1996 data, the 80 K noise is higher than the 78 K noise, andconsidering only the 1997 data, the 85 K noise is higher than the 80 K noise. A roughpower law �t again indicates a Tm dependence where m�3{7 depending on wavelength.The full set of NESRs for the various detectors at various (TFPA, TTAR) are suppliedin appendix B.3.
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5.2. RADIOMETRIC CALIBRATION AND NOISE

Figure 5.31: FP4 noise variation with focal plane temperature.

Figure 5.32: FP3 noise variation with focal plane temperature.144



Chapter 6
Scienti�c Observations with CIRS
In previous chapters, the performance of the 
ight model of CIRS has been quanti�ed, interms of the instantaneous �eld of view (chapter 4) and the noise equivalent spectral ra-diance (chapter 5). In this chapter, the e�ect of the measured performance on the abilityof CIRS to obtain scienti�c results is considered. Use is made here of the atmosphericmodel and radiative transfer code which was described in chapter 3.Three of the principal measurements which CIRS will make are as follows (I havealso indicated parenthetically how these measurements are interdependent with mea-surements to be made by other CIRS instruments):1. The vertical temperature and pressure pro�le. Retrieval is primarily via the�4 band of CH4 at �7.7 �m, the collision-induced absorption band of N2{N2 at 10{100 cm�1, and the rotational band of methane at 50{150 cm�1. (The interpretationof these measurements will be greatly strengthened when there are radio occultationmeasurements of refractivity at the same points on the planet.)2. The vertical pro�les of gases. These will be deduced by modelling their re-spective emission bands and employing retrieval algorithms. (The retrievals willbe strengthened when independent measurements of other bands of the same gasesare made at shorter wavelengths by the other Cassini spectrometers, UVIS and/orVIMS.) 145



6.1. VIEWING GEOMETRIES AND SWITCHING MODES3. The vertical variation of hazes and condensates. This will be deduced inthe infrared from CIRS measurements of the continuum. (In addition, in situmeasurements of the aerosols by the ACP and other Huygens instruments, as wellas optical wavelength measurements from the ISS and VIMS on the orbiter will beinformative in the analysis of CIRS data.)These three types of observations will be repeated many times during the mission togive full spatial and temporal coverage of the satellite.The practical modes of viewing and operation of CIRS are now discussed. Di�erentremote-sounding scenarios are used for di�erent types of investigation, and they eachhave particular bene�ts and drawbacks. Following this, it is shown how these operationalmodes are used to measure spectra for speci�c scienti�c purposes.6.1 Viewing Geometries and Switching ModesAny remote sounding instrument has two principal viewing geometries of an atmosphere:along a surface-intercepting line-of-sight, called nadir viewing, whether strictly verticalor along a slant-path; or through the limb of the atmosphere, where the line-of-sightpasses through a minimum altitude of atmosphere called the tangent point.These two modes of observation give rise to emphasis of di�erent spectral regions. Forexample, on Titan, a limb-viewing mode greatly increases the strength of weak, opticallythin lines of minor gases such as C2N2, because the radiation is coming from a muchgreater column-number of molecules. However surface-sensing can only be achieved innadir mode.To derive the maximum scienti�c potential from CIRS observations, it will be nec-essary to have extensive global coverage, both in nadir and limb sensing mode, and alsoto repeat the coverage at di�erent times in the mission.
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6.1. VIEWING GEOMETRIES AND SWITCHING MODES
∆ϕ

spacecraft

sub-spacecraft

FOV centre

point

Titan

Figure 6.1: Geometry of nadir viewing. The angle �� is de�ned as the angle subtended at the centreof the planet by the sub-spacecraft point and the centre of the �eld fo view.6.1.1 Nadir ViewingSpatial ResolutionFigure 6.2 shows the spatial resolution for FP1 and for a single element of FP3 orFP4, at various distances from the planet and for various values of ��, de�ned as theangle subtended at the centre of the planet between the sub-spacecraft point and thecentre of the �eld of view (see �gure 6.1).To map the disk with a certain resolution, the size of the projected FP1 FOV isthe constraining factor. For example, to achieve a resolution of � 10� in latitude orlongitude, the spacecraft must be closer than �70,000 km (�25 RT), assuming that themaximum �� of observation is 45� (i.e. that the centre of the �eld of view is no morethan 45� away from the sub-spacecraft point). The resolution of the MIR detectors ismuch �ner: provided the spacecraft is at a distance of 100,000 km or less, the spatialresolution of the disk is less than one degree of latitude/longitude on Titan.What spatial resolution on the disk is required for scienti�c studies? It is not easy toanswer this question, because at present only very large scale features have been seen. Inthe atmosphere, these include the hemispheric asymmetry, North Polar Hood and collarobserved by the Voyager spacecraft. On the surface, the bright areas on the leading147



6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.2: CIRS nadir FOV. The labeled angles on the curves correspond to di�erent values of the�� (see �gure 6.1). The cusp in the curves for the larger values of �� seen for FP1 occurs when oneedge of the �eld of view expands past the edge of the planet, so that some of the limb or deep space isincluded in the FOV.
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6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.3: Comparison of synthetic spectrum at 5 cm�1 resolution (5 s scan) with the measuredNESR of CIRS. Both single-scan and 25-scan average NESRs are indicated. The Voyager IRIS NESRis also shown for comparison.hemisphere have only been studied with a resolution of several tens of degrees.CIRS will be able to provide much higher resolution observations than are presentlyavailable. By viewing at di�erent wavelengths, any region from the surface to high inthe stratosphere may be sensed. It is safe to say that an angular resolution of 10� or lesswill be desirable, because we know of variations on this length scale from the existingdata.NESR of Nadir ViewingFigure 6.3 shows a synthetic nadir spectrum for Titan's equator at 5 cm�1 resolution.Over-plotted are the new measured NESRs of CIRS from chapter 5, for (i) a single 5 sscan; and (ii) an average of 25 scans; for all three focal planes. Also shown is the VoyagerNESR, adjusted to the same resolution. Note that a 25-scan average can be obtainedin only �ve times the observing time of a single scan in the mid-IR, if the �ve detectorswhich observe simultaneously are co-added.The lowest (worst) signal-to-noise ratio is obtained in the 1000{1100 cm�1 spectralregion observed by FP3. Even for a 25-scan average, the S/N will still be less than unity,149



6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.4: CIRS limb spatial resolution.so if the C2H4 and CH3D lines of this region are to be distinguished from the noise thenmany more spectra must be summed (�200).6.1.2 Limb ViewingSpatial ResolutionFigure 6.4 shows the variation in the spatial resolution on Titan's limb for a varietyof spacecraft distances. Again, the larger �eld of view of FP1 is the constraining factorin observations if the FIR region is to be observed. Indicated on the upper plot is thedistance required to obtain resolutions of 2 and 4 scale heights (in the stratosphere) onthe limb. The spacecraft is currently planned to approach closely enough for resolutionof less than one scale height by FP1 (at d < 9000 km), but the observing time at thesedistances will be short, and more problematic is the fact that constant correction to thespacecraft pointing will be required to maintain a target area in the �eld of view.150



6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.5: Synthetic limb spectra for three di�erent heights, which correspond to the lower strato-sphere, upper stratosphere and lower mesosphere, at low resolution. The gas band at 200{300 cm�1which becomes increasingly prominent at higher altitudes is due to methane.Spatial Weighting Function for FP3 and NoiseFigure 6.5 shows the relative radiances of three limb sightlines at di�erent altitudes.CIRS like all instruments has a �nite �eld of view. For nadir viewing, each pixel willsee a relatively homogeneous area; that is to say, the radiance originating from di�erentplaces within the �eld of view will be of nearly equal magnitudes. Therefore, in the �nalspectrum which is recorded by the pixel, the gaseous abundances and temperatures forall points within the �eld of view are represented more or less equally.For limb viewing however, the radiance is much greater lower down in the atmosphere,hence the mean spectrum resulting is biased towards the lower altitudes.1 This meansthat, when modelling a limb observation, individual spectra for various heights mustbe calculated, and the whole set integrated over the projected �eld of view. Accountmust be taken for the shape of the �eld of view (square for FP3 and FP4, circular forFP1). Additionally, for FP3, the response across the �eld of view varies substantially,as described in chapter 4. This e�ect is now analysed to see under what circumstances1This is less true for FP1, which has a circular FOV, which is hence wider in the middle of the FOVthan at the top and bottom, than for FP3 and FP4 which have a square FOV.151
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Figure 6.6: Schematic diagram of PC detector limb viewing.it may be important.The �rst step was to calculate multiple spectra for various altitudes. The nominalequatorial model and radiative transfer code described in chapter 3 were employed.Then, the detector �eld of view was projected onto the limb. Finally, the �eld of viewresponse, or spatial weighting function, was multiplied with the limb spectra at di�erentheights and the mean of these constituted the detector response (see �gure 6.6). Thespectra were interpolated using a cubic spline to attain more altitude points. The freeparameters in this test were the altitude of the centre of the �eld of view, the width ofthe projected �eld of view, and the actual spatial weighting function used, which variedfrom detector to detector.Figure 6.7 shows the di�erence between the actual spectrum calculated for the PC1detector, which was the most `anomalous' detector, and the response calculated for ahypothetical square detector of the same FOV width, but having a perfectly uniform 
atresponse across its area. In this sequence, the projected FOV for each altitude zcen isone scale height in width (the scale height varies with altitude according to the physicalpro�le). 152



6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.7: Plots showing in each case the di�erence between synthetic limb-view spectra calculatedfor two di�erent spatial response functions : (i) actual PC1 detector response and (ii) `ideal' detectorwith 
at reponse across the FOV. The sequence shows results for three di�erent limb tangent heightsin the atmosphere at 5 cm�1 resolution, where the instrument �eld of view subtends one scale height.
153



6.1. VIEWING GEOMETRIES AND SWITCHING MODESIf the detectors are assumed to have a uniform spatial weighting function, then asystematic error will be introduced into a subsequent retrieval calculation. To enablethe magnitude of this error to be compared to the random error on a spectrum, theNESR for two di�erent integration times is over-plotted on �gure 6.7: the upper line isthe NESR for a single spectrum, and the lower for a 25x5s-spectrum average (2 minute)observation.To consider which of these errors will be the more important, we must consider theire�ect on a retrieval, for example, of a gas abundance from limb viewing. If a singlespectral element, say from 815{816 cm�1 in the �9 band of ethane, is used to retrievethe mixing ratio qv, assumed to be constant in the stratosphere, then the error on theretrieved quantity �qv will be related to the error on the spectral element �I by theformula:
�qv = dqvdI � �I; (6.1)for both systematic and random error. In this case, if the systematic error, which addsquadratically to the random error, is much the smaller of the two, then it can safely beneglected. For example, when two numbers add together quadratically (i.e. the resultantis root of the sum of the squares) if the larger number is seven times bigger than thesmaller number, then the quadratic sum of the two is only 1% di�erent from the largernumber.If however the retrieval, rather than using a single spectral element uses a spectralregion, for example, ten elements of equal size from 810{820 cm�1 in the ethane retrieval,then random errors tend to produce an increasingly smaller resultant error on the answer,the more spectral elements are used. If N spectral elements are used, and if each hasa similar weighting in the retrieval, then the error on the retrieved quantity tends toreduce by �pN . 154



6.1. VIEWING GEOMETRIES AND SWITCHING MODESSystematic errors on the other hand do not tend to reduce when more elements areused, and produce an approximately constant error on the retrieved quantity (assumingthe magnitude of the systematic error does not vary substantially over the spectralregion): there is no pN reduction.Therefore, it seems safe to say that as a rule of thumb, if the systematic error is lessthan the random error divided by pN , where N is the number of spectral elements used,then the random error will dominate. However, in �gure 6.7 it is already apparent thatthe systematic noise is approaching the single-element NESR, which is higher than theN -element NESR, for the two-minute integrations.Figure 6.8 is similar to 6.7 but for a wider �eld of view: for each altitude the detectorsamples two scale heights of atmosphere. In this case, the systematic noise is evenlarger, and at some wavelengths is greater than the single-element, 2-minute NESR.Note however that all these calculations pertain only to the PC1 detector; for the otherPC detectors the asymmetry in the �eld of view is less, and hence so also will be theexpected systematic error.In summary, the least-error approach to retrievals using limb-view spectra from focalplane 3 will always be to explicitly use the measured spatial weighting functions toweight sightlines in the �eld of view, and hence avoid systematic error which may resultif uniformity is assumed.6.1.3 CIRS Switching ModesCIRS has four switchable modes of operation for the mid-IR detectors (see x2.3.3).Selecting the most suitable mode for an observation can be used to enhance the scienti�creturn.The two complementary modes `odd pixels' and `even pixels' are used to attain narrowspatial resolution over a wide �eld of view in the mid-IR. In these mode, the overall spatialcoverage of the �ve detectors is of comparable width to the FOV of the FP1 detector.These would be used, for example, for nadir-viewing when the spacecraft is close to the155



6.1. VIEWING GEOMETRIES AND SWITCHING MODES

Figure 6.8: Plots showing in each case the di�erence between synthetic limb-view spectra calculatedfor two di�erent spatial response functions : (i) actual PC1 detector response and (ii) `ideal' detectorwith 
at reponse across the FOV. The sequence shows results for three di�erent limb tangent heightsin the atmosphere at 5 cm�1 resolution, where the instrument �eld of view subtends two scale height.
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6.2. MEASUREMENT OF GASEOUS ABUNDANCESplanet, to achieve greater latitudinal coverage, or to achieve wider coverage of the limb.The `centre pixels' mode would be used to achieve a narrower �eld of view. Forexample if the �ve resulting spectra were to be later co-added to increase signal-to-noise,then a closer spacing for greater homogeneity may be desirable.The `pixel pairs' modes is very useful, because in this mode alone the 
ux receivedat all the pixels is utilised, and therefore o�ers the greatest signal-to-noise in a �xedobserving time. The cost of this greater S/N is that the FOV of each resolution elementis e�ectively doubled, and hence may be too great for good resolution on the planetarylimb. However, it may be invaluable for trying to detect new trace gases.6.2 Measurement of Gaseous AbundancesGas abundances may be retrieved from observations by a method of calculating syntheticspectra, and then comparing the predicted radiances in the gas bands to the measuredradiances. If a discrepancy is found, then the model gas abundances are adjusted, andthe new synthetic spectrum calculated. This process is then iterated until the desired ac-curacy is reached. This method has been used to determine stratospheric gas abundancesfrom IRIS data (e.g. Coustenis and B�ezard, 1995).The accuracy of the retrieval is limited by the noise on the observational data, theNESR, and also by errors in the model. The retrieval is iterated until model convergeswith the data to within an amount set by the combined errors from the model and data.The NESR has been measured as described in chapter 5. We are now in a positionto use this to set the limitations on CIRS science in two separate respects:1. A `simulated' retrieval can be done, which uses current estimates of the VMRs forgases in the atmosphere. The NESR can then be used to estimate the abundanceerrors on a typical retrieval.2. The minimum observable VMR on a spectrum can estimated, by comparing the157



6.2. MEASUREMENT OF GASEOUS ABUNDANCEScalculated radiances to the the background continuum level plus the NESR of theobservation.The estimation of these values is now described.6.2.1 Error Bars on Nominal AbundancesMethodFirstly, a `nominal' spectrum was calculated, and the radiance measured at the centreof various gaseous bands (as listed in table 3.3). The nominal spectrum used the equa-torial model described in chapter 3, including the gas abundances of table 1.2. Then, foreach band, the `NESR+' radiance was calculated by adding the 25-scan average NESRshown on �gure 6.3 to the nominal radiance at that wavenumber.Subsequently, the abundances for each gas were increased by small increments andthe spectrum recalculated near the band centres, until the radiance reached the level ofthe NESR+ radiance. The di�erence between the gas abundance at that radiance andthe nominal abundance then gave the expected 1-� error on the abundance measurementfor that gas. The same process was then repeated except that the gas abundances weredecreased, and the �nal radiance level (the `NESR�' radiance) was equal to the nominallevel minus the NESR.Note that this a fairly crude method and is intended only to give a rough order-of-magnitude estimate of the error. A rigorous analysis would include a simulated retrievalof the gas abundance from synthetic data, in which normally more than just a singlespectral element (as used here, at the band centre) would be included.Nadir Viewing MeasurementsThe results for the VMR measurement error for some of the stronger gas bands foran equatorial nadir spectrum are given in table 6.1. The NESR in all cases is for 25co-added 5 cm�1 resolution scans, corresponding to a total observing time of 2 minutesfor a single detector. 158



6.2. MEASUREMENT OF GASEOUS ABUNDANCESmole- band NESR Approx. nominal VMR tS=N=50cule centre (cm�1) W cm�2 sr�1 =cm�1 S/N & 1-� error (mins)CO2 667 2:49�10�9 4.8 1:40+0:55�0:45�10�8 226HCN 713 2:74�10�9 24 1:70+0:35�0:32�10�7 9.1C2H2 730 2:84�10�9 68 3:00+0:10�0:20�10�6C3H8 748 2:95�10�9 14 5:00+3:00�3:00�10�7 26C2H6 821 3:44�10�9 10 1:30+0:23�0:20�10�5 52C2H4 950 4:52�10�9 1.7 1:50+1:40�1:00�10�7 1763CH4 1304 2:16�10�10 206 2:48+0:07�0:06�10�2Table 6.1: Estimates of errors on derived CIRS abundances from equatorial nadir spectra, based onthe nominal stratospheric values of Coustenis & B�ezard (1995) and NESRs for 25 co-added 5 s scans (5cm�1 resolution) measured in chapter 5.The table also shows an estimate of the signal-to-noise ratio of the band measurement,de�ned as:
S=N(~�) = I(~�)gas+continuum � I(~�)continuumNESR(~�) ; (6.2)the di�erence between the radiance with the gas band and continuum radiances present,minus the radiance due to the continuum alone (surface emission and stratospheric haze,at these wavelengths), divided by the NESR. Also indicated, for the cases where S/N isless than 50, is the observing time required to reach a signal-to-noise of 50.This sensitivity study was also attempted for several weaker bands in the far-IR; the50 cm�1 band of CO, and the 203 cm�1 band of H2O. However, these lines were muchtoo weak to be measured with any useful accuracy from a 25�5 s summation. Longerintegration times are considered in x6.2.2.
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6.2. MEASUREMENT OF GASEOUS ABUNDANCESmole- band NESR Approx. nominal VMR tS=N=50cule centre (cm�1) W cm�2 sr�1 =cm�1 S/N & 1-� error (mins)CO2 667 2:49�10�9 7.1 " 1:40+0:77�0:56�10�8 " 102 #HCN 713 2:74�10�9 25 � 1:70+0:35�0:22�10�7 � 8.3 �C2H2 730 2:84�10�9 78 " 3:00+0:15�0:10�10�6 �C3H8 748 2:95�10�9 18 " 5:00+1:00�0:95�10�7 # 16 #C2H6 821 3:44�10�9 19 " 1:30+0:15�0:14�10�5 # 14 #C2H4 950 4:52�10�9 3.9 " 1:50+0:90�0:65�10�7 # 339 #CH4 1304 2:16�10�10 266 " 2:48+0:13�0:11�10�2 "Table 6.2: Estimates of errors on derived CIRS abundances from limb viewing at zcen=200 km and�z=44 km, based on the nominal stratospheric values of Coustenis & B�ezard (1995). NESRs are for 25co-added 5 s scans (5 cm�1 resolution) measured in chapter 5.Limb ViewingTable 6.2 shows the results of abundance error estimation for limb viewing measure-ments. Again, the nominal equatorial model was used to calculate the synthetic spectra.The detector �eld of view was centred on an altitude of 200 km, and the width of theMIR �eld of view was 1 scale height (44 km). No spatial weighting function was appliedfor the FP3 detectors (600{1100 cm�1 range), to avoid losing some of the generality ofthe result, by choosing a particular detector. The NESR was for 25 co-added 5 s scans,as in the nadir case described above.Also indicated on the table, for the S/N, 1-� error and tS=N=50 is whether these �gureshave increased ("), decreased (#), or stayed approximately the same (�) compared tothe nadir-viewing case. For the gases C3H8, C2H6 and C2H4 a marked improvement insensitivity is seen. This is particularly important for C2H4 measurements, because thetime required to reach a S/N of 50 has decreased from a 29-hour observation to a muchmore practical 4.4 hours. However, for HCN and C2H2, the retrieval error is similar tothe nadir-viewing case, and for CH4 and CO2 it has actually increased.Strictly, these results apply only to the tangent height of the calculation (200 km) and160



6.2. MEASUREMENT OF GASEOUS ABUNDANCESwill vary considerably with altitude. Assuming that the band centre remains opticallythin, then the following behaviour will be expected. At higher limb-viewing altitudes inthe stratosphere, the radiance received in each band will decrease, which will hence reducethe S/N ratio and lead to a bigger error on the abundance. At lower tangent heights, theradiance may initially increase, increasing the S/N and decreasing the retrieval error,but at some point the band centre will become optically thick, after which point theerrors will become very large.Note that in limb viewing, so long as the emission remains unsaturated, the weight-ing function peaks at the tangent height of the observation, so information about thevertical distribution of the gas is automatically obtained. This is in contrast to nadirviewing, where the vertical distribution must be retrieved mathematically from the rel-ative strengths of various lines of the gas at di�erent wavenumbers.The observing times considered were, as in the nadir case, much too short to makeuseful measurements of CO or H2O in the far-IR.6.2.2 Minimum Detectable AbundancesThe spectral synthesis code was also used to estimate the minimum detectable abun-dances for minor gaseous species in Titan's atmosphere. The method used was �rst, tocalculate the continuum in the absence the gas band, which included contributions fromthe surface, the haze, and the collision-induced continuum. The minimum detectableradiance for a single gas line was hence de�ned as the continuum level at that wavenum-ber, plus the appropriate NESR of the observation. Therefore the atmospheric modelwas calculated with the gas present, and the stratospheric abundance adjusted until therequired radiance level was attained.Table 6.3 shows results for a number of minor species. Species which are easilydetectable on a single scan (methane, HCN, ethane, propane, acetylene) were not com-puted. The spectral resolution in this calculation was 0.5 cm�1 and the total observingtime was 1 hr, corresponding to 70 scans co-added, in nadir viewing geometry. This is a161



6.2. MEASUREMENT OF GASEOUS ABUNDANCESmole- wavenum. NESR min. detect. notescule (cm�1) W cm�2 sr�1 =cm�1 VMRCO 50.0 2.7�10�9 1.0�10�5 100% UKIRT�H2O 202.7 3.9�10�9 2.7�10�10 67% ISOyC2N2 234.1 4.6�10�9 8.6�10�10 4% IRIS 70�NC4H2 627.9 4.3�10�9 5.2�10�10 2% IRIS 7�NC3H4 633.1 4.4�10�9 2.3�10�9 46% IRIS 7�NHC3N 663.3 4.7�10�9 7.8�10�10 2% IRIS 70�NCO2 667.5 4.7�10�9 5.0�10�10 4% IRIS 7�NC2H4 949.4 8.5�10�9 1.3�10�8 9% IRIS 7�NTable 6.3: Minimum detectable abundances for some minor species in Titan's atmosphere. Calculationis for 0.5 cm�1 resolution scans (52 s) in nadir viewing mode with a total observing time of 1 hr (70 scansco-added). The reference abundances used for comparison in the last column are all from Coustenis &B�ezard (1995) except: � Coustenis et al. (1998); y Noll et al. (1996).typical amount of time which the instrument might be able to be pointed continuouslyat one spot on the disk.In the �nal column of the table, the minimum detectable abundances are expressedas a fraction of the known abundances of the species in Titan's atmosphere at present.Note that while the calculation presented here is for an equatorial thermal pro�le, somespecies such as C2N2 and HC3N have only been detected so far on polar spectra byVoyager, so the comparison in the case of these gases must be treated with a degree ofcaution. In summary, the detection of most minor species at a S/N level above unityseems certain, with the exception of CO and H2O which are only marginally detected.Table 6.4 shows the minimum detectable abundances for a number of other minorspecies, as yet undetected on Titan. This table is an updated version of Table II fromCoustenis et al. (1993), derived by simply taking the NESR values used by those authors,and updating them to the new measured values. Then, by assuming that the radiancesare linearly dependent on abundance, the estimated minimum detectable VMRs (as-162



6.2. MEASUREMENT OF GASEOUS ABUNDANCESgas mole- wavenum. predicted NESR min. det.name cule (cm�1) VMR W cm�2 sr�1 =cm�1 VMRAllene CH2=C=CH2 356.0 1.6�10�8 8.5�10�9 4�10�9845.0 6.8�10�9 1�10�8Benzene C6H6 673.5 1.8�10�9 4.8�10�9 5�10�10Acetonitrile CH3-C�N 363.0 4.6�10�9 8.8�10�9 9�10�8717.0 5.2�10�9 2�10�8Acrylonitrile CH2=CH-C�N 241(R) 1.3�10�9 4.8�10�9 3�10�8221(P) 4.3�10�9 3�10�8Propionitrile CH3CH2-C�N 211(R) 3.2�10�9 4.1�10�9 2�10�8202(P) 3.9�10�9 2�10�8Cyanopropyne CH3-C�C-C�N 338.0 < 1:0�10�9 7.8�10�9 9�10�9499.0 1.8�10�8 2�10�8Crotonitrile CH3CH=CH-C�N 148(P) ��10�9 3.0�10�9 3�10�8165(R) 3.2�10�9 2�10�8728.0 5.3�10�9 1�10�8Butanenitrile CH3(CH2)2-C�N 728.0 2.1�10�8 3�10�7Isobutyronitrile (CH3)2-CHC�N 538.0 7.5�10�11 2.1�10�8 3�10�7Cyclopropane- 4-C�N 928.0 <�10�9 8.1�10�7 2�10�6carbonitrile 1046.0 1.0�10�8 5�10�7Table 6.4: Updated version of Table II of Coustenis et al. (1993), showing the measured NESRs andthe new estimates for minimum detectable abundances. Sources for the predicted VMRs are given inCoustenis et al. (1993).sumed constant in stratosphere) have been revised accordingly. For a description of themethod used to estimate the radiances, and also references for the predicted VMRs inthe atmosphere (column 4 in this work), see Coustenis et al. (1993).For all these species the estimated minimum detectable VMRs have been revisedupwards from the earlier estimates, due to the measured NESRs being higher thanestimates made at the design stage. Comparison of the estimated detection limits withthe predicted abundances from chemical and photochemical modelling shows that onlyallene and benzene are likely to be detected on a 1-hour integration. For the remainingmolecules, an increase in S/N ratio by a factor 10 or more will be required for them to bedetected in nadir viewing, if the amounts predicted in the models are accurate. However,limb viewing with long pathlengths will greatly increase the radiances for these minorspecies. 163



6.3. TEMPERATURE SOUNDING6.2.3 More Advanced RetrievalsThe actual errors from a rigorous retrieval algorithm may be signi�cantly less than theestimates above. This is because, in the case of wide bands, the retrieval can simulta-neously use information from multiple wavelengths of the band. In this case, it may beworth increasing the spectral resolution at the sacri�ce of signal to noise ratio, for a �xedobserving time.6.3 Temperature SoundingThe inverse problem of retrieving atmospheric temperature from remote sounding spec-tral data has been discussed extensively in the literature Rodgers (1976, and referencestherein). A thorough investigation of the use of the of CIRS for temperature retrievalsis beyond the scope of this thesis, however, it is possible to make some estimates of theaccuracy which may be attained by making some simplifying assumptions.In the stratosphere, temperatures can be inferred by modelling the strong �4 bandof methane at 7.7 �m. In order to use this band, the vertical abundance distribution ofmethane must be known, or assumed by other means. Figure 6.9 shows some contributionfunctions (C.F.s) for the P-branch of the band, for various limb viewing heights. Theatmosphere has been split into 20 vertical layers by equal increment of lnp, and theview in each case passes through a distinct `lowest layer' of the model atmosphere. Thecontribution function is de�ned as the weighting function times the spectral radiance ateach height:
C:F:~�(z) = B~�(T (z)) � d�~�dz (z) (6.3)and the individual C.F.s have been normalised to a peak value of unity. Using the7.7 �m band, the atmosphere may be sounded from altitudes of �400 km down to164



6.3. TEMPERATURE SOUNDING

Figure 6.9: Normalised contribution functions in the P-branch of the methane �4 band for limb viewingat various tangent heights in the stratosphere. The atmosphere has been split into 20 layers by equalincrement of log pressure. The faint dotted lines indicate the breadth of the lowest layer for each limbview. The percentages marked on the plots indicate the proportion of the overall contribution whicharises in the lowest layer, for each calculation.�150 km. Lower altitudes cannot be sampled in this spectral region, because for lowertangent heights, the atmosphere becomes optically thick before the tangent point. Thisis illustrated by the lowest C.F. in the �gure, which shows a peak above the nominaltangent height of 116 km, and also does not have a sharp peak, as occurs when the pathis optically thin.To reach the lower stratosphere and upper troposphere, a di�erent spectral regionmust be considered. There are in fact several possibilities in the far-IR.One possibility is the N2{N2 collision-induced absorption band at 10{100 cm�1. Fig-ure 6.10 shows the contribution functions at 90 cm�1 near the peak of the band in thefar-IR. This band can be used from 80 km down to 60 km in limb-sounding mode, andperhaps even lower in nadir viewing mode (not shown) for the longest wavelengths. Itmay also be possible to sound using the CIA bands of CH4 and H2, assuming the verticalabundances are known.A second possibility is the pure rotational lines of methane from �50 to 150 cm�1.165



6.3. TEMPERATURE SOUNDING

Figure 6.10: Normalised contribution functions at 90 cm�1 in the N2{N2 CIA band for limb viewingat various tangent heights in the stratosphere. The atmosphere has been split into 20 layers by equalincrement of log pressure. The faint dotted lines indicate the breadth of the lowest layer for each limbview. The percentages marked on the plots indicate the proportion of the overall contribution whicharises in the lowest layer, for each calculation.These lines are detectable in Titan's atmosphere because of the large amounts of methanein the lower atmosphere. Figure 6.11 shows the normalised contribution functions forone line centre at 104 cm�1, which shows that temperature sounding in limb viewingmode is possible down to �70 km.I have attempted to estimate the accuracy within which the temperature measure-ments may be made, by making the simplifying assumption that all the emission at aparticular wavenumber comes from a region very close to the tangent height of the limbview.Consider �gure 6.12, which shows the geometry of limb viewing. The atmosphere isdivided up into equal layers as described above, and the �eld of view of a single pixel2includes exactly one layer at the point of tangent. Although the radiance received atthe detector comes from all layers n and above, in fact most of the radiance will come2Note that only the detectors from FP4 and FP1 are used in temperature sounding, due to thespectral locations of the gaseous bands used in the sounding, and hence the spatial weighting functionis assumed to be 
at. 166



6.3. TEMPERATURE SOUNDING

Figure 6.11: Normalised contribution functions at 104 cm�1 in the CH4 pure rotational (forbidden)band for limb viewing at various tangent heights in the stratosphere. The atmosphere has been splitinto 20 layers by equal increment of log pressure. The faint dotted lines indicate the breadth of thelowest layer for each limb view. The percentages marked on the plots indicate the proportion of theoverall contribution which arises in the lowest layer, for each calculation.from the lowest layer seen (n) if the path remains optically thin. Hence, in the followingtreatment, it is assumed that all the emission at a particular wavenumber comes from aparticular layer, within which the continuous temperature distribution is represented asa mean temperature.The validity of this assumption may be assessed by calculating how much of theoverall contribution comes from just the lowest layer. These �gures are indicated as thepercentages on �gures 6.9{6.11. I have only considered the approximation to be validwhen the percentage contribution of the lowest layer is 50% or more of the the total.This allows a rough estimate of the temperature measurement error to be made,using a process analogous to the method used in the previous section to estimate gasabundance errors. Again, only a single spectral element has been used at the indicatedwavenumber, but this could be extended to cover multiple elements.Firstly, a nominal equatorial temperature pro�le is used to calculate the radianceat the appropriate wavenumber. Then, the temperature pro�le is adjusted slightly by167



6.3. TEMPERATURE SOUNDING

TITAN
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Figure 6.12: Illustration of limb viewing for temperature sounding. The �eld of view of one pixelcovers exactly one layer of the atmosphere (as de�ned in the 20-layer logp model) at the tangent point.adding a small increment �T , but only in the altitude range of the bottom layer of thelimb calculation. This process is iterated until the radiance has changed by an amountequal to the NESR at that wavenumber. As before, the NESR level used was equivalentto a 2-minute integration, or 25�5 s scans. This �T is equivalent to the expectedmeasurement error. The process was repeated to �nd the �T required to reduce theradiance by the NESR amount. The results are shown in table 6.3.Although these �gures must be treated with some caution in view of the approxima-tions being made, some general trends seem to be established. The temperature retrievalerror for all three types of sounding increases at higher tangent altitudes: this is clearlydue to the fall in radiance with height, whilst the NESR level stays constant.Above 140 km, and up to 300{400 km (depending on integration time and desiredaccuracy), the strong �4 band of methane will give the most accurate temperature in-formation. Below 140 km however, this band becomes too optically thick to be useful.Below 140 km, the rotational lines of methane around 100 cm�1 give the most accurateresults, and can sound down to �70 km before saturating.The N2-N2 collisional band can be used for sounding in a relatively narrow alti-168



6.3. TEMPERATURE SOUNDING

emission wavenumber tangent FOV width layer Ttype (cm�1) height (km) [H ] (km)CH4 �4 (P) 1295 396 34 [50] 169.4+2:5�3:1CH4 �4 (P) 1295 293 34 [49] 177.7+0:5�0:5CH4 �4 (P) 1295 197 31 [44] 173.9+0:2�0:2CH4 �4 (P) 1295 140 27 [38] 157.4+0:3�0:3CH4 rot. 104 116 25 [36] 150.5+1:1�1:2CH4 rot. 104 93 23 [32] 140.0+0:5�0:3CH4 rot. 104 74 19 [26] 120.4+0:1�0:1N2{N2 (CIA) 90 93 23 [32] 140.0+5:2�6:5N2{N2 (CIA) 90 74 19 [26] 120.4+1:9�1:6Table 6.5: Estimated errors on temperature retrievals from limb viewing of Titan. In the stratosphere,the �4 band of methane is sounded in the mid-IR. In the lower stratosphere and troposphere, both thecollision-induced opacity of N2{N2 collisions, and a methane rotational band are sounded in the far-IR. The tangent height is the altitude of the bottom of the lowest layer in the path calculation. Thethickness of the bottom layer is indicated in column 4, which is the same as the FOV width at thetangent height. This is followed by the scale height [in square brackets]. The temperature indicated incolumn 5 is the Curtis-Godson, or pressure-weighted mean tempature of the layer. The error on thetemperature has been derived as described in the text, for the NESR of a 2-minute integration.

169



6.4. METHANE SATURATIONtude region from �60{80 km, depending on wavenumber. Temperature retrievals usingthis continuum will not be as accurate as from the methane rotational band, howeverretrievals using the nitrogen continuum may be used to check the methane results.Error estimates such as these may be of value when designing observational sequencesfor the instrument (see x7.2). Finally, it will always be valuable to derive a temperaturepro�le in the lower atmosphere independently via radio occultation.6.4 Methane SaturationIn the range 200{400 cm�1, the continuum radiance is largely due to collision-inducedopacity of N2{CH4 and CH4{CH4 pairs. By varying the surface humidity and maxi-mum amount of saturation of methane in the troposphere model, the continuum levelcan be raised or lowered in the synthetic spectra. In chapter 3, the model was com-pared to an IRIS equatorial spectrum to derive an estimate of the amount of methanesupersaturation.This nominal model is now used to estimate the accuracy of CIRS measurements ofthe supersaturation fraction. The method is similar to that used in x6.2 to estimate theerror on gaseous abundance measurements. Firstly, a nominal synthetic spectrum wascalculated using s = 1:5, and the radiance measured at 200, 300 and 400 cm�1. Then, theNESR+ radiance was calculated at these three points, by adding on the NESR expectedfor a 2-minute integration. Then, the amount of supersaturation was decreased in themodel until the radiance matched the NESR+ level. A separate match was obtained atthe three di�erent wavenumbers.Then, the NESR� level was calculated at the three points and the correspondingamounts of supersaturation required to match these again determined. This processresulted in an estimate of the expected error in the supersaturation fraction when deter-mined from each of these three wavenumber points.Table 6.4 shows the results. The 200 cm�1 point gives the smallest error of the170



6.4. METHANE SATURATIONWavenumber S/N s.s. (% )(cm�1) and error200 105 50+14�11300 45 50+15�12400 18 50+63�38Table 6.6: Error on estimates of the percentage supersaturation of methane from the far-IR continuum.three: this is due to a combination of lower NESR in this region and higher signal levelcombining to give the greatest S/N ratio, which is re
ected in the smallest errors on thesupersaturation.This test shows that errors of �10 % are routinely achievable; and by co-addingmore spectra, much smaller errors will be possible. In addition, using a �2-minimisationover a whole spectral region, e.g. 200{300 cm�1 will in principle enable a much moreaccurate determination to be made by using more information from the spectral data. Ifthe NESR on the spectrum is the limiting factor determining the error on the retrieval,then by using 20 elements of width 5 cm�1 instead of a single element, the error on thesupersaturation will be reduced by a factor p20.
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Chapter 7
Summary and Conclusions
In this chapter I �rst summarize the principal results of this thesis (x7.1), and thenconsider how this information may a�ect the planning of scienti�c observations overthe mission (x7.2). Finally, suggestions for ways in which this current study might beextended are proposed (x7.3).7.1 Summary7.1.1 Radiative Transfer Model of Titan's AtmosphereThe model atmosphere and radiative transfer code have been largely successful in repro-ducing the observed equatorial spectrum from IRIS. In particular, the strong bands ofmethane, acetylene and HCN are well represented, as is the collision-induced continuumat � < 400 cm�1. This has led to an estimate for the maximum super-saturation ratioof methane in the troposphere of 125{150%, for a surface humidity of 60%.One key drawback of the model is its failure a priori to predict the observed con-tinuum level for the region 750{1100 cm�1, due to stratospheric haze. Although I haveused just a single particle size, in fact the shape of the extinction curve does not changewith particle size, and hence the laboratory tholins are not a good analogue for thehaze extinction in this region. Rannou et al. (1997) have shown that aggregate (fractal)172



7.1. SUMMARYparticles can be used to improve the model of scattered light at Titan's limb observedby Voyager 2, so the reliance on purely spherical particles in the model may have to beremoved.7.1.2 Detector Fields of View and Spatial Weighting FunctionsThe spatial weighting functions of all 20 mid-IR detectors have been measured, for the
ight model detectors. The PV detectors (FP4) as expected have a uniform responsecross-section in both the y and z axes, and moreover all these detectors show a similarlevel of response (see �gures 4.9 and 4.15).The PC detectors of FP3 however have an unusual response characteristic, all showinga bifurcated weighting function, which is expected due to their physical design (�gure4.8). However, some of the detectors, in particular numbers 1 and 5, show signi�cantasymmetry of response between the two lobes (�gure 4.8). In addition, the level ofreponse varies signi�cantly along the array, tailing o� towards both ends. The lowestresponse is detector 1, which has a mean response of �50% that of detector 6.Often when observing with FP3, the `odd pixels only' or `even pixels only' modeswill be used. In this event, if there are no other considerations todecide between the twopossibilities, the even pixels should be used, which exhibit less variation from detectorto detector than the odd pixels.In any event, the fact that the spatial weighting functions for all detectors havebeen quanti�ed will allow the instrumental weighting e�ect to be compensated for andremoved when analysing data collected in by the mid-IR interferometer.7.1.3 NESR of the DetectorsA new Fourier Transform code has been written which performs phase correction toCIRS interferograms and transforms the IFMs to apodised power spectra. The spectraproduced with this code are in close agreement to the spectra produced with an older173



7.1. SUMMARYCIRS code. However, the new code has the advantage of being non-interactive and hencecan be used to process much larger volumes of data than was previously possible, whichwill be important once Cassini begins to return scienti�c data.The code has been used to transform pre-
ight radiometric calibration data, whichhave subsequently been analysed to deduce the responsivity and noise equivalent radiancefor all 21 detectors, for a range of focal plane operating temperatures. The measuredNESRs are somewhat (�3{10) higher than the original speci�cation, and this is thoughtto be mainly due to higher than predicted losses in the optics.7.1.4 Measurement Capability of CIRSA preliminary sensitivity study for CIRS retrievals of key scienti�c quantities including:the abundances for major and minor gases; atmospheric temperature; and supersatura-tion amount; has been completed. This made use of the experimental NESRs to estimatethe expected errors on the measured quantities. In addition, the expected minimum de-tectable abundances of minor constituents, including some as yet undetected, have beencalculated, for a net integration time of 1 hour.For temperature sounding, it has been shown how di�erent spectral regions maybe used to sound di�erent levels in the atmosphere. Sounding below �50 km in theinfrared may not be possible, and so coupled analysis of CIRS data with radio occultationmeasurements will be important.The e�ect of the FP3 spatial weighting function on measured spectra has also beeninvestigated. The results indicate that the non-uniform response of the PC detectorsmay have a noticeable e�ect for integration times over 2 minutes in length, and maybecome increasingly important when more spectral elements are used in the retrieval.
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7.2. REVIEW OF CURRENT OBSERVING PROPOSALS7.2 Review of Current Observing ProposalsSix `typical' sequences of observations were proposed in the pre-launch period (designedby F.M. Flasar, G.L. Bjoraker, R.E Samuelson and R. Courtin). These are intended tocover a broad range of investigations, using both limb and nadir viewing, and variousswitching modes of the mid-IR detectors. It is now appropriate to revisit these sequences(sometimes referred to as `links') in light of the results of this thesis, and consider whatmodi�cations, if any, might need to be made. In each case, the current parameters ofthe sequence are described �rst (italic text) followed by a commentary.1. Mid-IR Limb Temperature Map. Limb sounding with FP3 and 4 at intervalsof 5� latitude. Pressure levels 2{0.01 mbar. Vertical resolution 1 scale height.Spectral resolution 20 cm�1. Observing time 10s at low latitudes, correspondingto a S/N =90 at 1304 cm�1. Derived �T=0.2 K at 0.01 mbar. Total duration�2 hrs.At 0.01 mbar (z '350 km), the results of x6.3 indicate that a �T of �2 K wouldbe achieved from a 30s observation, if the decrease in resolution from 5 to 20 cm�1is taken into account. This is an order of magnitude greater than in the proposal,which was based on pre-construction theoretical values for the NESR. Indeed, itcan be seen from �gure 5.28 that the NESR is indeed an order of magnitude greaterat 1304 cm�1 than predicted. Therefore, a factor 100 increase in observation timewould be required to achieve a �T=0.2 K, or about 1 hour of integration at eachpoint on the limb.In practice, this may not be realistic, and either a greater �T or a decrease inspatial resolution may have to be accepted. The latter could be achieved by usingthe pixel pairs mode to co-add detectors, or fewer latitudes could be sounded. Onepossibility may be �rstly to map a wide range of latitudes relatively quickly, andwith a fairly low accuracy (�T=1 K would require a factor �4 increase in observingtime, keeping the rest of the sequence as before), and then, perhaps on a separate175



7.2. REVIEW OF CURRENT OBSERVING PROPOSALSencounter at a later time, to make a smaller number of high S/N observations atselected latitudes (e.g. 0, 30�N, 30�S, 75�N and 75�S) with the highest verticalresolution (�T=0.2 K would require �5 hrs).2. Mid-IR Hydrocarbon Quick-Map. Limb sounding with FP3 and FP4 at in-tervals of 5� latitude, primarily of HCN and C2H2. Pressure levels 20{0.04 mbar.Vertical resolution 1 scale height. Spectral resolution 3 cm�1. S/N 7{50 for 20sobservations. Total time 58 mins for 1/4 limb.As in the previous case, the integration time will need to be substantially increased(�25) to compensate for the factor �5 increase in NESR at 700{800 cm�1 sincethe proposal. This is probably impractical during a single pass of Titan; hence adecrease in S/N or in vertical resolution may have to be accepted.3. Far-IR Nadir Temperature and Aerosol Map. Map temperatures in the uppertroposphere (15{100 cm�1), the surface (540 cm�1) and stratospheric haze and CIAcontinuum (200{600 cm�1). Spectral resolution 20 cm�1. Spatial resolution on thedisk is �11�. S/N >30. Individual observations=86 s. Total time: 3 hrs.The increase in NESR since the proposal is least for FP1, therefore an increase bya factor 9 in the total observing time will be su�cient to achieve the intended S/N.It is probably undesirable to reduce the spatial resolution further, as 11� is alreadyquite coarse. Instead, it may be preferable to map a smaller portion of the planeton each pass and retain the original FOV size and S/N. Later in the mission, theinclination of orbit of Cassini is increased, so it may be desirable to concentrateon mapping the equatorial regions in the early mission, and map the polar regionslater.4. FIR Limb Integration. Obtain HCN and CH4 mixing ratios (100{250 km) detectH2O, CO, and H13CN emissions. Vertical resolution 180 km. Spectral resolution0.5 cm�1. S/N >10. Dwell time: 1890 s. Total sequence time: 2 hrs.176



7.2. REVIEW OF CURRENT OBSERVING PROPOSALSThe integration times required to detect CO and H2O emissions in the far-IR arelikely to be much longer than was thought during the early mission planning. Ob-servations of 4{5 hrs will probably be needed to detect the emissions at low spectralresolution (5 cm�1), with correspondingly longer times to achieve high spectral res-olution. The best strategy is probably to begin by integrating continuously on theequatorial limb for as long as possible during an early encounter, without mov-ing the instrument footprint. Then, when the equatorial detection is certain, theobservations can progress to other latitudes.5. FIR and MIR Nitrile/Hydrocarbon Nadir Map. Globally map stratosphericmixing ratios of nitriles and hydrocarbons (z=100{250 km). Spatial resolution is�7.5� (FP1) and �0.9� (FP3 and 4). Spectral resolution 3 cm�1. S/N 2{200.Total time 2.7 hrs.In this link, the FOVs of all the focal planes are swept backwards and forwardsacross the face of the disk, with the FP1, FP3 and FP4 arrays all centred on thesame latitude during each sweep. The primary modi�cation which needs to bemade is to slow down the sweep rate, from 0.197 mrad s�1 to allow for a greaterintegration time at each latitude. The current scheme allows for 16 latitudes tobe mapped during each encounter. It will probably be desirable to reduce thisto four or fewer latitudes, and trade o� some spectral resolution to increase theS/N in the early days of the mission. Later in the mission, it may be possible toco-add spectra taken on later passes to increase the S/N and still have a medium(3 cm�1) spectral resolution. FP3 and FP4 are required to operate in the `reducedresolution' or `pixel pairs' mode. Alternatively, the `centre pixels' mode could beused and all �ve pixel spectra co-added to increase the S/N at the expense of somehorizontal resolution.6. MIR Nitrile/Hydrocarbon Map. Globally map stratospheric mixing ratios ofnitriles and hydrocarbons (z=100{250 km) with FP3 in `pixel-pairs' or reduced177



7.3. FURTHER WORKresolution mode. Spatial resolution is �3.0�. Spectral resolution 3 cm�1. S/N2{300. Total time 3.4 hrs.This sequence is very similar to the previous one; although designed to take placeat much greater distances from Titan. The commentary appended to the previoussequence also applies here, except that it will probably not be possible to reducethe spatial resolution by going to the `centre pixels' mode. Both this sequence andthe previous one are intended to be repeated at least six times during the mission(beginning, middle and end, both day and night sides).All these observational sequences are intended to be repeated on multiple passesof Titan, so as to also obtain information on the temporal variation of abundances,temperature, and so on.Figure 7.1 depicts the two main observing orientations of the mid-IR FOV, withrespect to the planet. The left-hand �gure shows the `stepping' mode which is intendedfor limb viewing. This geometry has the advantage of sampling the widest range ofaltitudes for each position of the FOV, however this requires quite precise tracking ofthe spacecraft in both the x and z directions. The `comb' mode is designed for nadirmeasurements, which requires only sweeping in the z-direction.S. Calcutt has raised the point that spacecraft pointing may not ultimately be reliableand repeatable enough to accurately perform limb measurements in the (a) scenario. Inthis event, the comb method could also be applied to the limb, with the sweep speedsuitably reduced.7.3 Further WorkThe following suggestions are made for follow-up study to this work:� Atmospheric Model. The model of the continuum due to aerosol opacity requiresimprovement. Other types of particles should be considered, including aggregates.178
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Figure 7.1: CIRS �eld of view movement on Titan's disk.An alternative would be to remove the use of an actual particle distribution, andinstead to model the resulting opacity only. The Voyager data for other latitudescould also be modelled, and the atmospheric model should be extended to includelatitudinal variation. This would enable predictions to be made for S/N at polarregions. In addition, a microphysical condensation model should be developed toincrease accuracy of methane pro�les in the troposphere.� Radiative Transfer Code. One way to extend the power of the predictive codewould be to add line data where possible for a wider range of molecules than iscurrently the case. For example, the molecules benzene and allene are expected(Yung et al., 1984; Coustenis et al., 1993), and also a wide range of heavier hydro-carbon molecules, although at smaller mole fractions. Predictions for the minimumdetectable abundances of these molecules have been made (x6.2.2) but in the eventthat emissions from these gases is seen, a more accurate lin-by-line treatment willbe required to model the spectrum and perform retrievals accurately.� Fourier Transform Code and NESR Calculation. The current NESR calcu-lations could be checked by using other noise estimation methods. For example,instead of subtracting the �nal spectra, one can subtract the individual interfero-179



7.3. FURTHER WORKgrams before transforming. This would provide an independent check of the dataanalysis method.� Sensitivity study of errors. The methods used to estimate the errors on thegas abundances and temperatures retrieved from CIRS data were simplistic. Fulleraccount needs to be taken of errors in the model (such as the pro�le) and the e�ectof utilising information from multiple spectral elements, when estimating the errorson retrieved quantities. Completing a full simulated retrieval will be essential toobtain accurate information for mission planning.In addition, there are many other pre-mission activities which will be important.One of the most crucial will be to continue the investigation into laboratory tholins; thevariation of tholin which is produced under di�erent reaction conditions, and an analysisof the chemical and physical nature of the �nal substrates.
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Appendix A
Windowing and Apodisation:Mathematical Description
A.1 Spectral WindowingConsider the case where we can measure I in the range 0 < x < X. This is equivalentto multiplying I(x) by a boxcar or `top-hat' function u1(x) de�ned as:

u1 � xX � = 8<: 1 0 � x � X0 x < 0; x > X (A.1)This is called the windowing function, because it restricts the range of anotherfunction. The Fourier Transform of u1 is:
2 Z 10 u1 � xX� cos(2�~�x)dx = 2Xsinc(2~�X) (A.2)where sinc(x) = sin(�x)=(�x) is the apparatus function, also written as A0(~�).Now if we take the FT of the restricted interferogram:181



A.1. SPECTRAL WINDOWING
P ce (~�) = 2 Z 10 �u1 � xX � Ie(x)� cos(2�~�x)dx (A.3)where the super-script `c' denotes that the result is a `computed', rather than `true'power spectrum, we see that we have lost some information in the measurement processthrough windowing. P ce can be re-written as the full in�nite FT:
P ce (~�) = 2 Z 1�1 �u2 � xX � Ie(x)� e�2�~�xdx (A.4)where

u2 � xX � = 8<: 1 jxj � X0 jxj > X : (A.5)The convolution theorem states that:
F:T:[A(x) �B(x)] = a(~�) � b(~�) (A.6)(see e.g. Arfken, 1985, p811 for derivation) hence equation A.4 can be re-written as:

P ce (~�) = Be(~�) � A0(~�X): (A.7)In other words, when we window a spectrum by restricting its range in one domain,then the Fourier Transform of the original function is convolved by the Apparatus func-tion A0 in the other domain. In physical terms, two things have happened: there has been182



A.2. WEIGHTING AND APODISATIONa reduction in resolution, and also spurious features (`ripples') have been introduced.A.2 Weighting and ApodisationThere is nothing that can be done about the loss of resolution, which has its origin inthe loss of information incurred by not measuring the high spatial frequencies, howeverwe can take some steps to mitigate the e�ect of the ripples.We can generalise equation A.7 to the case where a general weighting functionmultiplies the interferogram:
P ce (~�) = 2 Z 1�1 �W � xX � Ie(x)� e�2�~�xdx (A.8)= Be(~�) � A(~�X): (A.9)Note the the function W ( xX ) is assumed to include the boxcar function u( xX ), andW ( xX ) F:T:() A(~�). Now, we are free to choose weighting functions W which give us anapodisation function A which has any desired properties, e.g. fewer ripples than A0.This is not a free lunch however: we pay for the smaller sidelobes by incurring a widercentral lobe, i.e. further loss of resolution.If instead of using a boxcar weighting function we choose the triangular or `sawtooth'function de�ned: ^� xX � = 8<: 1� jxjX jxj � X0 jxj > X (A.10)we �nd that the corresponding weighting function is:
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A.2. WEIGHTING AND APODISATION

Figure A.1:
A(~�X) = X[sinc(~�)]2: (A.11)Figure A.1 illustrates the comparison between the sinc function resulting from theboxcar weighting, and the sinc2 weighting resulting from the triangular weighting. Al-though the sinc2 function has a more rapid attenuation ( / 1x2 rather than / 1x) theFWHM is 1.47 times greater. Resolution has been traded o� in exchange for apodisa-tion.See section 5.1.1 for a further discussion of apodisation functions.
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Appendix B
Radiometric Calibration Plots
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B.1. MEAN SPECTRA PLOTSB.1 Mean Spectra PlotsPlots of means of similar spectra at 3 cm�1 resolution (see x5.2.3 for discussion). ForFP1, the means are of 120 spectra. For FP3 and FP4, the means are of 30 spectra. Thedata is presented in order: FP1, FP3, FP4; and in order of TFPA for each focal plane.# Date TFPA(K) FP detectorB.1 02{03/05/97 80 1 1B.2 03{06/05/97 85 1 1B.3 02{03/05/97 80 3 2B.4 02{03/05/97 80 3 10B.5 03{06/05/97 85 3 2B.6 03{06/05/97 85 3 10B.7 02{03/05/97 80 4 2B.8 02{03/05/97 80 4 10B.9 03{06/05/97 85 4 2B.10 03{06/05/97 85 4 10Table B.1: Index of the mean spectra plots.(See also table 5.3). For FP3 and FP4 the data pertaining to detectors 2 and 10 isplotted. These detectors are taken to be representative of each array of ten detectors,being almost at opposite ends of the arrays.
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B.1. MEAN SPECTRA PLOTS

Figure B.1: FP 1: averages of 120 spectra, recorded 02{03/05/97.

Figure B.2: FP 1: averages of 120 spectra, recorded 03{06/05/97.
187



B.1. MEAN SPECTRA PLOTS

Figure B.3: FP 3 detector 2: averages of thirty spectra, recorded 02{03/05/97.

Figure B.4: FP 3 detector 10: averages of thirty spectra, recorded 02{03/05/97.
188



B.1. MEAN SPECTRA PLOTS

Figure B.5: FP 3 detector 2: averages of thirty spectra, recorded 03{06/05/97.

Figure B.6: FP 3 detector 10: averages of thirty spectra, recorded 03{06/05/97.
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B.1. MEAN SPECTRA PLOTS

Figure B.7: FP 4 detector 2: averages of thirty spectra, recorded 02{03/05/97.

Figure B.8: FP 4 detector 10: averages of thirty spectra, recorded 02{03/05/97.
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B.1. MEAN SPECTRA PLOTS

Figure B.9: FP 4 detector 2: averages of thirty spectra, recorded 03{06/05/97.

Figure B.10: FP 4 detector 10: averages of thirty spectra, recorded 03{06/05/97.
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B.2. DETECTOR RESPONSIVITY PLOTSB.2 Detector Responsivity PlotsA series of plots of detector responsivities for all detectors, derived from FWHM=3 cm�1mean spectra plots (see xB.1). The data is presented in order: FP1, FP3, FP4; and inorder of TFPA for each focal plane. See x5.2.3 for discussion.# Date TFPA(K) TTAR(K) FPB.11 02/05/97 170 83 1B.12 03/05/97 170 128 1B.13 04/05/97 170 83 1B.14 03/05/97 170 129 1B.15 02/05/97 80 162 3B.16 02/05/97 80 172 3B.17 06/05/97 85 162 3B.18 06/05/97 85 172 3B.19 02/05/97 80 162 4B.20 02/05/97 80 172 4B.21 06/05/97 85 162 4B.22 06/05/97 85 172 4Table B.2: Index of the responsivity plots.
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.11: Responsivity of FP 1 detector at TFPA=170 K, and TTAR=83 K. Date 02/05/97 (�leref: MAY02703).

Figure B.12: Responsivity of FP 1 detector at TFPA=170 K, and TTAR=128 K. Date 03/05/97 (�leref: MAY03703). 193



B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.13: Responsivity of FP 1 detector at TFPA=170 K, and TTAR=83 K. Date 04/05/97 (�leref: MAY04701).

Figure B.14: Responsivity of FP 1 detector at TFPA=170 K, and TTAR=129 K. Date 03/05/97 (�leref: MAY03704). 194



B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.15: Responsivities of FP 3 detectors at TFPA=80 K, shutter open and TTAR=162 K. Date02/05/97 (�le ref: MAY02705).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.16: Responsivities of FP 3 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date02/05/97 (�le ref: MAY02706).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.17: Responsivities of FP 3 detectors at TFPA=85 K, shutter open and TTAR=162 K. Date06/05/97 (�le ref: MAY06702).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.18: Responsivities of FP 3 detectors at TFPA=85 K, shutter open and TTAR=172 K. Date04/05/97 (�le ref: MAY04703).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.19: Responsivities of FP 4 detectors at TFPA=80 K, shutter open and TTAR=162 K. Date02/05/97 (�le ref: MAY02705).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.20: Responsivities of FP 4 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date02/05/97 (�le ref: MAY02706).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.21: Responsivities of FP 4 detectors at TFPA=85 K, shutter open and TTAR=162 K. Date06/05/97 (�le ref: MAY06702).
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B.2. DETECTOR RESPONSIVITY PLOTS

Figure B.22: Responsivities of FP 4 detectors at TFPA=85 K, shutter open and TTAR=172 K. Date04/05/97 (�le ref: MAY04703).
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B.3. NESR PLOTSB.3 NESR PlotsA series of plots of calibrated NESR for all detectors. The data is presented in order:FP1, FP3, FP4; and in order of increasing TFPA for each focal plane. The NESR levelhas been adjusted to 3 cm�1 resolution. See x5.2.4 for discussion.# Date TFPA(K) TTAR(K) FPB.23 02/05/97 170 83 1B.24 03/05/97 170 128 1B.25 04/05/97 170 83 1B.26 03/05/97 170 129 1B.27 02/05/97 80 162 3B.28 02/05/97 80 172 3B.29 06/05/97 85 162 3B.30 06/05/97 85 172 3B.31 02/05/97 80 162 4B.32 02/05/97 80 172 4B.33 06/05/97 85 162 4B.34 06/05/97 85 172 4Table B.3: Index of the calibrated NESR plots.
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B.3. NESR PLOTS

Figure B.23: NESR of FP 1 detector at TFPA=170 K, and TTAR=83 K. Date 02/05/97 (�le ref:MAY02703).

Figure B.24: NESR of FP 1 detector at TFPA=170 K, and TTAR=128 K. Date 03/05/97 (�le ref:MAY03703). 204



B.3. NESR PLOTS

Figure B.25: NESR of FP 1 detector at TFPA=170 K, and TTAR=83 K. Date 04/05/97 (�le ref:MAY04701).

Figure B.26: NESR of FP 1 detector at TFPA=170 K, and TTAR=129 K. Date 03/05/97 (�le ref:MAY03704). 205



B.3. NESR PLOTS

Figure B.27: NESR of FP 3 detectors at TFPA=80 K, shutter open and TTAR=162 K. Date 02/05/97(�le ref: MAY02705).
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B.3. NESR PLOTS

Figure B.28: NESR of FP 3 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date 02/05/97(�le ref: MAY02706).
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B.3. NESR PLOTS

Figure B.29: NESR of FP 3 detectors at TFPA=85 K, shutter open and TTAR=162 K. Date 06/05/97(�le ref: MAY06702).
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B.3. NESR PLOTS

Figure B.30: NESR of FP 3 detectors at TFPA=85 K, shutter open and TTAR=172 K. Date 04/05/97(�le ref: MAY04703).
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B.3. NESR PLOTS

Figure B.31: NESR of FP 4 detectors at TFPA=80 K, shutter open and TTAR=162 K. Date 02/05/97(�le ref: MAY02705).
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B.3. NESR PLOTS

Figure B.32: NESR of FP 4 detectors at TFPA=80 K, shutter open and TTAR=172 K. Date 02/05/97(�le ref: MAY02706).
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B.3. NESR PLOTS

Figure B.33: NESR of FP 4 detectors at TFPA=85 K, shutter open and TTAR=162 K. Date 06/05/97(�le ref: MAY06702).
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B.3. NESR PLOTS

Figure B.34: NESR of FP 4 detectors at TFPA=85 K, shutter open and TTAR=172 K. Date 04/05/97(�le ref: MAY04703).
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