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CH, (Gilletetal. 1969, Ortoret al.1991), stellar occultation ex-

The structure of the Jovian stratosphere at the Galileo probe ~periments (Ververkatal.1974, Hubbaretal.1972, 1995), and
entry site is investigated through calculations of radiative heating spacecraft radio occultations experiments (Linelahl. 1981).
rates based on measurements of the temperature profile, composi-  More recently, the Atmospheric Structure Instrument (ASI) o
tion, and aerosol distribution. From analysis of mid-IR observations  the Galileo probe (Sieft al. 1997, 1998) determined the tem-
of Jupiter, we determine a C,H, mole fraction of 1.1-4.3x 10°  perature profile in the jovian stratosphere through analysis of t
at 0.01 mbar, and a C,Hs mole fraction of 2.8-6.5x 10°° at 0.4~ rohe deceleration as it passed through the atmosphere. Thes
tlr?enrl?(?sr{ ;:socii;'r]"tegog:ztr:g?:(t’az Sr:\ﬂgnt:t?;t?)zgﬁeig‘:rgéHg (?(;Z situ results have a higher fidelity than previous determinations

. o L the temperature profile because they are free of the assumpti
to 10 mbar, and that the stratosphere is close to radiative equilib- ) . .
rium. In Jupiter’s stratosphere, as in the stratosphere of the Earth, that accompf”l,ny interpretation of any remote SeerIng measfu
photochemical species play an essential role in the energy balance. ment. In addition, numerous UV and IR observations of Jupite
© 2001 Academic Press have been conducted in recent years, in connection with tl

Key Words: Jupiter; Galileo; stratosphere. SL9 impacts and in support of the Galileo mission. These ol
servations constrain the gaseous and aerosol abundances ir
jovian stratosphere. Thus, conditions are propitious for a ne

1. INTRODUCTION and in-depth investigation of stratospheric radiation balance ¢
Jupiter.

Jupiter has awell-developed stratosphere with a mean tempeM/e examine the energy balance of the stratosphere at t
ature near 10 mbar, approximately 50 K higher than that at theobe entry site by calculating heating rates using the lategt Cl
tropopause. This stratospheric temperature shows remarkadidgorption coefficients and cooling rates and considering real
little variation with latitude and longitude. Typical equator-totic altitude distributions of H, and GHg to calculate heating
pole temperature differencesa? K orless (Ortoret al. 1991), rates. To determine the altitude distributions gHg and GHe,
although there are some localized auroral phenomena that we-use mid-IR spectra of equatorial regions in addition to re
hibit larger variations. It is tempting to conclude that energy isults from previous analyses of mid-IR and UV observation:
the jovian stratosphere is efficiently redistributed by dynamic§pmparison of the net heating and cooling rates demonstra
perhaps driven by a net radiative imbalance. Yet, it is also pdkat the jovian stratosphere is close to radiative equilibrium. O
sible that momentum sources propagating upward from the troere precisely, the departures from radiative equilibrium af
posphere dominate stratospheric dynamics on Jupiter. Despiéar to be smaller than the uncertainty in the calculated rate
recent contributions, it is fair to say that the relative roles play&tle find that GH, and GHg are the primary coolants in the
by radiation and dynamics, and how these interact with corstratosphere with £ dominating at most pressures. The ther
position and chemistry to determine stratospheric structure, anal balance and photochemistry of the stratosphere are clos
not well determined. A critical factor in all stratospheric investieoupled. Latitudinal gradients in the,B, and GHg densities
gations is local radiative balance. Itis this subject that concemmsy cause radiative forcing of wind systems that will in turn re
us here. distribute GH, and GHg. Knowledge of composition, aerosol

The temperature profile in the jovian stratosphere has bedistribution, and temperature are necessary to develop a co
studied through observations of emissions fromithband of plete understanding of the jovian stratosphere.
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2. PREVIOUS RADIATIVE EQUILIBRIUM MODELS torial regions. Conratlet al. (1990) did not consider aerosol
heating.

Cess and Khetan (1973) and Wallatel. (1974) conducted  \Westet al. (1992) studied the radiative and dynamical struc
the first successful radiative equilibrium calculations of the thefyre of the jovian stratosphere using a Transformed Eulerie
mal profile in the jovian stratosphere. The thorough study Byean model to infer diabatic circulation patterns and eddy forc
Wallaceet al. (1974) succeeds in identifying the near-IR £Hing from observed temperatures and calculations of net radiati
bands as the main source of heating in the stratosphere. Mogflgting rates. These authors utilized improved band paramet
including these bands alone and cooling throughhteand of - to calculate energy deposition in Gldnd paid particular atten-
CH4 matched the measurements of the stratospheric tempeign to aerosols. Observations from IUE and Voyager were use
ture available at that time. Wallaet al. (1974) did not include to determine the aerosol distribution as a function of latitude
radiative cooling by @H, and GHe in their calculations but es- Cooling from GH, and GHg emissions was included but the
timated that significant amounts of these molecules could c@@)H, and GHg distributions were assumed to be constant witt
the upper stratosphere by tens of Kelvins. latitude and altitude. Westt al. (1992) found that the prepon-

Cess and Chen (1975) improved the models of Cess afgtance of aerosols at high latitudes forced a circulation patte
Khetan (1973) to include cooling by8, and GHes. Using opposite to that calculated by Conrathal. (1990) with subsi-
constant mole fractions of £ 10> and 5x 10"’ respectively, dence in equatorial regions. The results from Vst (1992)
Cess and Chen (1975) found thatHz and GHg cooled the were used by Friedscet al. (1999) to show that the meridional
stratosphere by 20 K. This caused the models to be cooler thaixing rate of aerosols created in the SL9 collisions was cor
temperatures inferred from observations. In order to bring tBgstent with horizontal eddy mixing derived from the divergenc:
models back into agreement with the observations, Cess gi¢he Eliasen—Palm flux.

Chen (1975) hypothesized the presence of significant aerosalioreno and Sedano (1997) performed dynamical calculatior
heating. Stratospheric aerosols had previously been postuladgfiilar to those of Wesgt al.(1992) but utilized an aerosol dis-
to explain the low UV albedo of Jupiter (Axel 1972). How+ribution based on analysis of multi-wavelength HST images c
ever, the aerosol heating in these calculations was not dedugggliter. These data provide higher spatial resolution than pos
from observations but was parameterized and adjusted to e with the IUE and Voyager data and the aerosol distributio
duce agreement between observed and calculated temperajgff/ed by Moreno and Sedano (1997) has fewer aerosols a
profiles. therefore less heating than that of Westal. (1992) at high

Appleby and Hogan (1984) and Appleby (1990) continuegbrthern latitudes. The treatment of gaseous opacities was si
studies of Jupiter's thermal structure, motivated partly by thgyr in Moreno and Sedano (1997) and Wesal. (1992), with
availability of Voyager measurements. Following Cess and Chgie exception that the former authors included radiative coo
(1975), Appleby and Hogan (1984) included aerosol heatingiiity by NH;, which was neglected in earlier studies. Morenc
a parameterized fashion and found that the aerosols must absgi® Sedeno (1997) followed earlier authors in assuming tt
3.8% of the total solar flux in order to bring the models int@istributions of GH, and GHg to be uniform with latitude
agreement with temperatures inferred from the Voyager radigd altitude. Moreno and Sedano (1997) found good agre
occultation experiment. The difference between Appleby amglent with Weset al. (1992) at pressures greater than 100 mba
Hogan's aerosol model and their dust-free model is 10#1£ but a significantly different circulation pattern at lower
and GHg were included in these models using the formalisressures, as a consequence of the different aerosol heati
developed by Cess and Chen (1975). Constant mixing rati@gtern.
were assumed with values of T0and 5x 107 for C;Hs and  The dynamical studies mentioned above have demonstrat
CzH,. The relative importance of cooling by GHC;H, and  the important role of latitudinal variations in aerosol heating
C2Hes was not discussed. in driving dynamics. However, all studies to date have mad

More recentwork on the thermal structure of the jovian stratgne questionable assumption that the mole fractions 1,C
sphere has emphasized the role of dynamics. Voyager afifi GHg are constant with latitude and most have incorrecth
ground-based observations indicate that the temperatdggumed that they are constant with altitude. Our results she
of the stratosphere is surprisingly uniform with latitude, imthat |atitudinal variations in §Hg could be more important than

plying efficient meridional redistribution of heat (Conrathaerosol variations in driving stratospheric dynamics.
et al. 1990, Ortonet al. 1991). Conratlet al. (1990) utilized

a model including radiation and friction to study the dynamics 3. OBSERVATIONAL CONSTRAINTS

of outer planet stratospheres. These authors found that the lower

stratosphere is forced primarily by the prevailing winds in the The radiative terms in the energy balance of Jupiter’s stratt
upper troposphere. Radiative forcing becomes important in thghere depend on the abundance of gaseous constituents,
upper stratosphere causing a Hadley-cell circulation pattexbundance, size distribution, and optical properties of aeroso
with upwelling at low latitudes and subsidence at high latand the temperature profile. We discuss all of these quantitie
tudes, driven by the excess solar energy deposited in eqsrting with the temperature profile.
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107 I to cool subtropical and warm equatorial regions, with a perio
' of about four years. The brightness temperature variations fro
equator to~14° have a magnitude of 1-2 K. Leoey al. (1991)
and Friedson (1999) have interpreted these variations as an
cillation in the jovian stratosphere similar to the quasi-biennie
oscillation (QBO) in the terrestrial stratosphere. Friedson (199
also points out that the variations in the physical temperatu
of the stratosphere are larger than the variation in brightne
temperature observed by Ortehal. (1991) because the obser-
vations sample a broad pressure region and the temperature
E sulting from the QBO-like oscillation is confined to a relatively
narrow pressure region. If Friedson’s interpretation is corre
c then some of the apparent perturbations in the ASI profile a
10:050 : po— o o T 2:00 long-lived and should be considered in our analysis. Howeve
Temperature (kelvin) Friedson calculates temperature variations fromiN.® 14°S
of abou 3 K and the possibility of that the wave-like features are
FIG.1. The _temperatgre profile inferred from the Galileo ASI experimer]bng_”\/ed is addressed by Considering the range of temperatt
and three analytic approximations to the mean thermal structure. The solid line

is the best-fit least-squares model given in Eq. (1). The dotted lines are mocré'rgflles discussed above.

with T; altered by+3 K from the best fit value of 160 K. The dashed line is 33 2. The CH and He Distributions
radiative equilibrium model. o
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Ofthe numerous species detected in the atmosphere of Jupi
H,, CH,4, CoH,, and GHg are important to the energy balance in
the stratosphere. Measurements of the abundances of the tt

Figure 1 shows the temperature profile of the Jovian straigrlly active species in the equatorial stratosphere are sumn
sphere derived from ASI measurements of the acceleration th&d in Table I.

Galileo probe (Siefet al. 1998). These data were obtained at The Gas Chromatograph Mass Spectrometer Experime
a latitude of 6N. The mean temperature in the stratosphere (§CMS) on the Galileo probe measured the He and @lbiin-

160 K and the temperature at the tropopause is 110 K. The teflances in the jovian troposphere. Helium is relatively abunda
perature rise to the thermosphere begins at about 0.001 mBath a mole fraction of 13.6%, but is inert and influences the
Oscillations in the measured temperature about the mean Vaémosphere primar"y by a|te|’ing the mean molecular Weight_ )
are significantly Iarger than the Uncertainty inthe ASI measur@1-|4 mole fraction of 0.2% was measured in the tropospherq
ments. The temperature perturbations have been interprete@gth He and CH should have constant mole fractions at pres
the manifestation of waves in the atmosphere (Sie#l. 1997, sures greater thar0.01 mbar. At lower pressures their abun-
1998, Younget al. 1997) We are interested in the mean stal®ance decreases because of diffusive Separaﬁon_ TIZ@)@H

of the atmosphere and have therefore fit the ASI temperatiile near the homopause has been characterized by &e#e

3.1. Temperature Profile

profile with a smooth function of the form (1996) through analysis of the Voyager 2 Ultraviolet Spectror
eter (UVS) occultation of Leo.
T(p) = To+ Ti—To To—T _ 1 In the appendix we derive the following formula for the dif-
1+ (p/p) 1+ (p/P2)* fusive equilibrium distribution of a minor species,
The constants determined by the fit have the following val- f.(p) = fio(L+r(po/P)E7) T5°, 2)

ues:To = 111 K, T; = 1597 K, p; = 24.1 mbar,a; = 2.45,

T, = 900 K, p, = 6.13 x 10> mbar, andx, = 1.21. We use wheref;(p) is the mole fraction of the ith minor constituent and

the fitted profile in the analysis of observations ofHg and fip(p) is its value deep in the atmosphere. The quanmtit/the

C,Hg emissions and in the calculation of radiative heating andtio of the eddy diffusion and molecular diffusion coefficients

cooling rates to be discussed below. Also shown in Fig. 1 aaéreference pressum; m; is the molecular mass of GiHand

analytic models withr; differing by 3 K from the best fit value. mg the molecular mass of the background atmosphere. The ec

These curves are used to evaluate the uncertainty in the mdiffusion coefficient is assumed to have the same temperatt

fractions and cooling rates. dependence as the molecular diffusion coefficient and to va
Horizontal variations in the stratospheric temperature hawgth pressure as

been addressed by Ortetal. (1991), who published maps of

brightness temperature in thg band of CH. These observa- K(p) = Ko(po/p)”. 3)

tions revealed that the zonal mean structure alternates between

states of warm subtropicaiMl4°) and cool equatorial regions Equation (2) differs from previous published solutions becaus
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TABLE |
Measurements of Stratospheric Composition on Jupiter

Pressurgd Technique/ Assumed
Species Mole Fraction (mbar) Instrum@nt Temperature Reference
Ho 0.87 >100 GCMS — Niemanet al. (1996)
He 0.13 >100 GCMS — Niemanet al. (1996)
CHa 1-2x 1074 1-4x10°* uvs — Yelleet al. (1996)
1.9x10°3 >100 GCMS — Niemaneet al. (1996)
CoH, 1x1077 IUE — Clarkeet al. (1982)
9-11x 1078 5-15 (10) IUE — Gladstone and Yung (1983)
2-4x 1078 5-15 (10) IUE — Wagenest al. (1985)
7-13x 1078 0.1-4 (1.5) IR/FP 150-170 K Nodt al. (1986)
3.6x10°8 5-15 (10) IUE — McGrattet al. (1990)
3.6-4.3x 1078 5-15 (10) HUT(1) — Morrissegt al. (1995)
2.6-3.1x 1078 5-15 (10) HUT(2) —
1.8-2.8x 1078 8 CELESTE 140K Sadat al. (1998)
1-3x10°8 20-60 FOS — Btremieux and Yelle (2000)
2-5x10°8 10 FOS —
8.3-10x 1077 0.3 ISO 165K Fouchegt al. (2000)
1.0-1.3x 1077 4 ISO 165K Fouchett al. (2000)
1.1-43x 106 0.0r Irshell 160 K This work
CoHg 4-7 x 1078 0.1-4 (1.5) IR/FP 150-170 K Noit al. (1986)
2.2-3.4x 1076 0.7-30 (5) IR/Heterodyne 150-170 K Kostiakal. (1987)
1-12 x 1076 1-20 (4) IUE — Gladstone and Yung (1983)
1-4 x 1078 1-20 (4) IUE — Wageneet al. (1985)
1.7 x 1076 1-20 (4) IUE — McGrattet al. (1990)
2.1-3.9x 1076 1-20 (4) HUT(1) — Morrissegt al. (1995)
2.4-3.8x 1076 1-20 (4) HUT(2) — Morrissegt al. (1995)
2.6-5.8x 1076 5 CELESTE 145K Sadat al. (1998)
0.8-1.2x10°° 1 ISO 165 K Fouchett al. (2000)
2.0-3.1x 1076 10 1ISO 152 K Fouchegt al. (2000)
2.8-6.5x 10°° 0.4-10 (5) Irshell 160 K This work

@ The range of pressures indicates the width of the contribution function; the value in parentheses, the location of the peak. Mole fractioredaaé theport
peak contribution function pressure. The mole fractions gftte, and CH are expected to be constant at pressures greaterttianbar.

b GCMS, Galileo Probe Gas Chromatograph and Mass Spectrometer experiment; UVS, Voyager Ultraviolet Spectrometer occultation experiment; Il
International Ultraviolet Explorer; IR/FP Ground-based IR observations with a Fabry—Perot Spectrometer with resolving power of 7100; HUkirtke H
Ultraviolet Telescope—(1) and (2) refer to the first and second flight; FOS, the Faint Object Spectrograph on HST; ISO, the Infrared Spectroseoplysbieter
The University of Texas mid-IR spectrometer; IR/Heterodyne, IR observations with a Heterodyne Spectrometer at a resolving péwer of 10

¢ Derivation of this value assumes/d, mole fractions of 8.3-110~7 and 2-4<10-8 at 0.3 and 10 mbar.

it has no explicit dependence on temperature; as a consequeanalytic models for our thermal structure studies. The diffusiv
it is particularly useful for thermal balance calculations. Thisquilibrium model is also used to model the He mole fractior
formula neglects photolysis, but this is not a major concern bigtolecular diffusion coefficients for CiHand He are taken from
cause the diffusion time constant is more than a factor of tvistason and Marrero (1970).
less than the photolysis time constant at all levels. Moreover, the
uncertainty in the rate of diffusive separation is larger than the . I
effect of photolysis, so nothing is gained by including chemistr%/s' Prewou; Determinations 058, and GHe
until the altitude profile of Chlis better constrained. Mole Fractions

Figure 2 shows a CHdistribution based on Eq. (2), the UV observations have been used to infer the distributions ¢
Voyager UVS results and the GCMS measurement along withH, and GHg in the jovian stratosphere for nearly 20 years
a CH; profile presented in Gladstore al. (1996) for the north Gladstone and Yung (1983) analyzed the International Ultrav
equatorial belt. The Gladstoret al. (1996) model has beenolet Explorer (IUE) observations of Jupiter from Clareal.
translated to the smoothed ASI temperature profile by assum{n@82) at wavelengths less than 174 nm and, assuming a hon
that mole fractions at a given pressure remain constant despig®eous atmosphere, determine#icand GHg mole fractions
the different temperature profiles used. The onset of diffusig® 10-7 and 7x 107, respectively. Wagenaeat al. (1985) also
equilibrium occurs at a deeper pressure in the Gladstbiaé  analyzed IUE observations of Jupiter but extended the analy:
(1996) model than indicated by the UVS determination of the the 145-315 nm region and determined mole fractions fc
CH, density (Yelleet al. 1996). Thus, although the Gladstonec,H, of 3+ 1 x 10°8, assumed to be constant in the strato:
etal.(1996) calculations are far more sophisticated, we adopt tighere. Wagenest al. (1985) argue that the difference betweer
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FIG. 2. The distribution of CH. The solid line is constrained to fit the
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scattering albedo in a homogeneous atmosphere from which 1
molecular abundances can be obtained. McGeathl. (1990)
in an analysis of later IUE data and Morrissey/ al. (1995)
in an analysis of data from the Hopkins Ultraviolet Telescop
(HUT) used this formula. The former authors determingHi£
and GHg mole fractions of 3 x 108 and 17 x 10°%, while
the latter authors determinedid, and GHg mole fractions
of 3.6-4.3<10°® and 2.1-3.% 107 for data acquired during the
Astro-1 mission and 2.6-3x110-8 and 2.4-3.& 10 for dat ac-
quired during the Astro-2 mission. The HUT observations hav
good signal-to-noise from 145-190 nm making these data pe
ticularly useful for retrieval of the gHg abundance. Morrisey
et al. (1995) do not discuss the pressure regime investigated
their observations, but because their wavelength range is simi
to that of Gladstone and Yung (1983), it is likely that the sam
pressures are probed.

Bétremieux and Yelle (1999, 2000) analyzed observations

inferred mole fractions of Niemanet al. (1996) and Yelleet al. (1996) from Jupiter in the 175—230 nm spectral range made with the Fai

Table | and is the model used in this investigation. The dashed line is the N

model from Gladstonet al. (1996) and provides a poor fit to the Yeke al.
(1996) results.

their results and Gladstone and Yung (1983) is due to the

stricted wavelength range in the latter study. This is probab
correct, but it means that the Gladstone and Yung (1983) resyl

pertain to higher altitudes than the Wageeial. (1985) results
not that the Gladstone and Yung (1983) results should be

suggest. Taken together the results from Gladstone and Yu

(1983) and Wagenest al. (1985) indicate that the &1, mole

%?oject Spectrograph (FOS) on the Hubble Space Telesco
(HST). Their radiative transfer models included Raman scatte
ing and utilized verticallyinhomogeneous aerosol layers, cloud
and distributions of absorptive gaseous constituergsgiieux

ran_d Yelle (1999, 2000) found a cloud structure significantly
ifferent from that found by Wagenet al.(1985); however, the

g/t?st mole fraction in the 20—60 mbar region was determined t

€ 1-3<10°8, consistent with Wagenaeat al’s (1985) results.

' _Bétremieux and Yelle (1999, 2000) found that thgHg mole

sup- .- 8
planted by the Wagenat al. (1985) results, as those authorﬁ%ICtlon increased to 2810

near 10 mbar indicating an in-

crease of mole fraction with decreasing pressure, as sugges
ve. The relatively high low wavelength limit of valid FOS

data prevented probing any higher into the stratosphere or ¢

fraction increases strongly with decreasing pressure in the jovian

atmosphere.
Gladstone and Yung (1983) also provided a useful analytic
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FIG. 3. Models for the GH; distribution that fit the Irshell observations

a
proximation for the relationship between reflectivity and single

termining the GHg mole fraction. Edgingtoet al. (1998) also
analyzed the HST/FOS spectra of Jupiter; however, t}té,C

Istribution is not discussed in depth in this paper and the fit 1

10°

Pressure (mbar)

TR

107°
Mele Fraction

FIG. 4. Models for the GHg distribution that fit the Irshell observations

of the vs band. Parameters describing the models are summarized in Tableoflthe vg band. Parameters describing the models are summarized in Table

The NEB model from Gladstoret al. (1996) is also shown.

The NEB model from Gladstoret al. (1996) is also shown.
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the GH, band depths is poor in the 175-200 nm region (sessing simple analytic forms. Making sense of these different re
their Figs. 4 and 5). sults is made more difficult by the fact that the spectra are forme
The first observation of §H, and GHg mid-IR emissions over a broad altitude region. Often, it is not clear if discrepar
from Jupiter is due to Ridgway (1974), followed quickly byresults represent a real difference or a different altitude weigh
Combeset al. (1974). Subsequent observations were publish@ty. For our purposes, it is essential that consistent assumptic
by Orton and Aumman (1977), Tokunagtal. (1976, 1979, are made in the analysis of the hydrocarbon emissions and t
Encrenazet al. (1978), Nollet al. (1986), and Kostiulet al. radiative balance calculations, and that the uncertainties in the
(1987). More recently, Sadat al. (1998) analyzed mid-IR ob- quantities are understood. Therefore, we present a new deter!
servations of Jupiter obtained in late 1994 and early 1995, shontlgtion of the GH, and GHg density profiles through analysis
after the collision of comet P/Shoemaker—Levy 9. Observatioosemissions from the equatorial regions obtained using a smi:
were made with the Celeste spectrometer with the slit alignagerture and high spectral resolution. The results, presented
along the central meridian. The data analyzed extended fréiigs. 3 and 4 are described in the next section.
58S to 58N. Sadeet al. (1998) determined stratospheric tem-
peratures through analysis of GEmissions and derived values3-4. Irshell Measurements o8, and GHg
~10 Kwarmer than those measured by Galileo. The authors sugSpectra of the thes band of GH, (Fig. 5) and thess band

gest that the di;crepancy is evidencg for horizqnta_l vgriationsd'pCZH6 (Fig. 6) were recorded at NASA's Infrared Telescope
th'e stratospherlc temperature, but.thls suggestion is mcpn&sggg&my with the Irshell spectrometer (Laeyal. 1989) in 1995,
with the magnitude of stratospheric temperature \(arlatlons qpn May 16 (UT 12:02) and May 18 (UT 13: 24), respectively.
served by Ortoetal.(1991). Sadatal.(1998) determinedH,  rhege ata, selected from observations published ézagl
and GHg densities by using altitude distributions calculategt al. (1997a), sample a 8 3’ region centered at’X latitude,

with photochemical models that were scaled to produce agreg- C,H, and 21S latitude, for GHs, corresponding to jovian
ment with the observations. They determine mole fractions fgf, magses of 1.01 and 1.06. The spectra have resolutions of 0
CoHpand GHe 0f2.3 £ 0.5 x 10-%and 39715 x 10 °at8and (¢ 1y'and 0.16 cm? (CyHs).

5 mbar, respectively. These values should be viewed as an avefy o ghservations are analyzed assuming the temperature g

age over equ_at(_)rial and midlatitude regions. If the stratosphegigg giscussed in Section 3.1, considering both the best-fit ter
temperature is indeed cooler than found by Sedal. (1998) perature profile and the profiles that differ B8 K. We ex-

then thimolel fractions of &1 :;nd GHs would be larger. amine this range of thermal profiles to take into account bot
Foucheetal.(2000) derived the abundance ot and GHs e ohserved temperature variations with latitude and possit
from analysis of ISO observations of Jupiter. These observatiqpgiations in the vertical structure of the thermal profile. An al-

encompassed a region on Jupiter extending fron$36 30N 1o hate approach would be to construct thermal profiles bas
andiZQ" in longitude about t_he central meridian. These al!th%% Friedson’s (1999) theory of the stratospheric thermal profile
determined the stratospheric temperature from observatlon% choose not to follow this course for several reasons. Tt

the CH, emissions and found a profile thatsva K cooler than arguments of Leovet al. (1991) and Friedson (1999), though
the smoothed ASI profile from 5 to 30 mbarcad K warmer

at pressures less than 5 mbar. Foudhietl. (2000) considered
C,H, and GHg profiles in which the mole fraction varies as | g
pressure to a constant power. They determinedi,CGnole
fraction that varies from .82 x 107 at0.3 mbar to 754 x
107 at 4 mbar and a £ mole fraction that varies from.Q +
0.2 x 10~-5at1 mbarto 532 x 10-%at 10 mbar. Fouchet al.
(2000) determine an uncertainty in the mole fractions gfi{
and GHg of 20 and 25% for a temperature uncertainty of 2 K. 5
The preceding summary reveals that, although there is agre®
ment among most of the determinations gHz and GHg mole
fractions to within a factor of several, it is difficult to use these &
observations to construct precise altitude distribution model:Z 1.0
Several of the observations encompass a large range of latitud &
while it is our intention to concentrate on the equatorial region= 08
In addition, different studies assume different stratospheric ten
perature profiles and, for the mid-IR measurements, this has  7uz5 7150 7452 7434 74306
large effect on the derived mole fractions. Similarly, different Wavenumber (cm™)
investigators characterize the altitude distribution of species i, 5 |1shell observations of &4, and a synthetic spectrum (solid line)

different ways, with some adopting constant profiles, others Ugsed on the smoothed ASI temperature profile and model A. The dashed lin
ing complex photochemical models, and others (including us$ynthetic spectrum based on the Gladstra. (1996) photochemical model.

1.6

str! (em™)7)

El
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R tively. While the 7 K difference lies outside our error margin, it
L | also pertains to a narrow pressure region. The more significe
- 1 coolant, GHg, is analyzed with a thermal profile within the theo-
retically predicted variation at all pressures. The effects of the:
departures from our assumed smooth profile would not produ
distributions of GH;, and particularly GHg, very different from
those derived here.

In order to model the vertical distributions o, and GHg,
we use a function of the form

f f
f__nfa

-2 4
f1+ f @

Intensity (erg em™s™! str™! (cm™)™)

L L where f; has the form given in Eq. (2) with the same exponen
820.5 821.0 821.5 822.0 822.5 a230  tial factors, butfyg is allowed to differ from that for CH The
Wavenumber {em™) function f is given by

FIG. 6. Irshell observations of £Hg and a synthetic spectrum (solid line)
based on the smoothed ASI temperature profile and model A. The dashed line is f2(p) = f20(po/P)” . (5)
a synthetic spectrum based on the Gladstdra. (1996) photochemical model,

modified at low pressure to be consistent with the eddy diffusion coefficieTthys, the functionf (p) has three free parameteffsg, f,o, and
from Yelle et al. (1996). y that control, respectively, the mole fraction in the upper stratc
sphere, the mole fraction at the base of the stratosphere, and
compelling, are not conclusive. For example, they are unablesiope in the intervening region. This provides enough freedo
tie the QBO-like oscillation directly to a forcing mechanism, ato match the gH, and GHg observations and to mimic the more
has been done for the terrestrial stratosphere (Friedson 19@@mplete photochemical calculations. Figures 3 and 4 show
Therefore, we believe thatitis wiser to treat the QBO explanatimariety of models that fit the Irshell observations. Values for th
as a hypothesis, rather than incorporate it directly into our wonkarameters needed to calculate these distributions are presel
Moreover, Friedson’s calculations indicate that the largest tein-Table I1.
perature differences betweenNblatitude (the region sampled Synthetic spectra are computed with radiative transfer ce
by ASI measurements) and theN2and 221 S latitude (where culations that use a line-by-line (LBL) technique to determin
the GH; and GHg observations probed) are 7 and 3 K, respeabsorption coefficients based on line positions, energy leve

TABLE 1
Composition Models

CoHo CoHe
Temp.
Model f10 f20 y f10 foo y Profile
A 2.5x 108 3.0 x107° 0.9 2.0x 1075 4.0x 1077 0.80 med
B 5.0 x 1077 1.4 x10°° 1.2 2.0x10°° 4.0 x 1077 0.80 med
C 2.0x 104 3.0x10°° 0.6 2.0x107° 4.0%x 1077 0.80 med
D 5.0 x 1078 9.0 x107° 1.2 2.0x10°° 4.0 x 1077 0.80 med
E 1.0 x 10 9.0 x 107° 0.6 2.0x10°° 4.0 x1077 0.80 med
F 5.0 x 1078 1.4 x10°° 1.2 40x10°5 1.2 x10°© 0.60 cold
G 4.0 x10°* 5.0 x 10° 0.6 4.0x10°5 1.2 x 1077 0.60 cold
H 2.0x1077 3.0x108 1.2 40x10°5 1.2 x10°7 0.60 cold
I 2.0 x10°® 1.0 x10°8 0.6 4.0x 105 1.2 x 1077 0.60 cold
J 1.0x1077 1.4x 1079 1.2 1.6x10°° 3.0 x1077 0.80 hot
K 3.0 x10°® 5.0 x 10 0.6 1.6x10°° 3.0 x1077 0.80 hot
L 35 x10°8 9.0 x 107? 1.2 1.6x10°° 3.0 x1077 0.80 hot
M 3.0 x 1077 8.0 x 107° 0.6 1.6x10°° 3.0 x1077 0.80 hot
N 25x10°6 3.0 x107°? 0.9 35x10°° 1.0 x10°© 0.47 med
0 2.5x 1076 3.0 x107° 0.9 4.0x%x10°° 7.0 x1077 0.60 med
P 25x10°6 1.4 x10°° 0.9 6.0x 1075 1.5 x10°® 0.40 med
Q 35x10°% 4.5 x 1079 0.9 4.0x10°° 1.2 x10°% 0.60 cold
R 35x10°° 2.0 x10°° 0.9 1.6x10°° 3.0 x1077 0.80 hot

Note All models use p = 0.001 mbar and K(g) = 7 x 10° cm? s~ 1.
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and strengths from the GEISA database (Hussoal. 1991). 107
The line profile is represented with a Voigt function. We use
collisional broadening coefficient of 0.075 and 0.11 ¢fbar
at room temperature for €, and GHe, extrapolated to other
temperatures by assuming that the collision widths vary as te
perature to the-0.75 power. A value of 10 crt is used for the
maximum extent of a spectral line. Opacity due tgy, and
H,-He collision induced transitions are computed following th
formalism of Borysowet al. (1988).

The suite of models listed in Table Il is designed to examin
the range of possible altitude profiles fosH; and GHeg. For
clarity, we show in Figs. 3 and 4 only those models using tt
best-fit temperature profile, but Table Il lists models for warme
and cooler temperatures. Examination of Figs. 3 and 4 reve.  1¢?
that the models differ in the relative amounts oHz and GHg
at high 10 mbar) and low£1 mbar) pressure. In constructing
these distributions we have been guided by previous analyses:IG.7. The contribution functions for the emissions frormH (solid line)
The GH, distributions lie within the range determined from th&nd GHg (dashed line) shown in Figs. 5 and 6.

UV studies of Wagenegt al. (1985) and Btremieux and Yelle

(2000) in the 10—20 mbar region. All _of the models contain f%r_5_ Aerosol Distribution

less GH; at low pressure than predicted by the photochemi-

cal models (Gladstonet al. 1996). The GHg mole fractions at ~ The final ingredient needed to calculate the thermal stru

1-20 mbar agree with the results of previous IR and UV invetire is the distribution and optical properties of aerosols. W

tigations (Table 1) and, interestingly, the photochemical modelélize the results of Moreno (1996), determined from thei

(Gladstoneet al. 1996). analysis of multifilter HST images of Jupiter, as given in theil
Figures 5 and 6 show the spectral fits obtained with mod&able Il1.

A. Our other models produce fits of comparable quality. Model

A is most consistent with prior analyses and, in fact, resembles 4. ENERGY BALANCE CALCULATIONS

the distributions determined by Fouchedtal. (2000), despite , ,

the different assumptions about temperature and the differenfUr c@lculations of Jupiter's thermal structure resemble thos

latitude coverage of the observations. Figures 5 and 6 also sHiggd 10 study Titan by Yelle (1991). Radiative processes ir

synthetic spectra based on Gladstenal’s (1996) photochem- Clude heating through absorption of solar energy in, @&inds

ical models. Clearly, Gladstore al’s (1996) GH. distribution 10mM 1.0 t0 4.0um, heating by absorption of visible sunlight by

is at odds with the observations, but thgHg distribution is in aerosols, cooling by emissions from mid-IR vibrational band
excellent agreement. of CHg, CyH,, and GHg, and collisionally induced emission
We estimate the atmospheric levels probed by the emissidf Hz-Hz and F-He. In addition to these radiative processes
with calculations of the contribution function at the centers ¢p€ thermal structure calculations include thermal conductiol
the features, convolved to the spectral resolution of the dafeficulations are carried out for low-latitude regions by avera
For GHs, this function displays interesting structure (Fig. 79 the solar heating rates over a latitude circle d.8/e do

There are significant contributions at both the 10 mbar and tigt include seasonal effects, but these are small at equator

0.01 mbar levels, resulting from the pressure-broadened wirlgitudes. The calculations extend from~$ao 100 mbar with

of the lines and the saturated line center, respectively. We fiidesolution of 10 levels per decade of pressure.
that if we adopt the values for the;8, mole fractions of 8.3-
10 x 1077 and 2-4x 108 at 0.3 and 10 mbar (Fouchet al.
2000, Wagenest al. 1985, and Btremieux and Yelle 2000), we The heating rate resulting from absorption of sunlight in the
determine a gH, mixing ratio of 1.1-43 x 107® at 0.01 mbar. CH,4 bands at near IR wavelengths is most easily calculated |
The GHg contribution function (Fig. 7) is simpler in form thanusing k-coefficients to represent the opacity of the atmosphel
the GH, function because the lines are optically thin. Ther€here are a number of sources for these coefficients. Recen
is a single peak at 5 mbar where thgHg mole fraction is Irwin et al. (1996) published k-coefficients for the GHands
2.8-65 x 107, Because the contribution function for this bandhat are based on Stroegal.s (1993) laboratory measurements
peaks at relatively deep pressures, we have no strong constrashtS8H, transmission spectra. Also, Bainetsal. (1993) has de-
on the GHg abundance at lower pressures, where the probleived k-coefficients, over a more limited spectral region, from
between observations and photochemical models,bf,@vas the laboratory measurements of Gitral. (1990). Finally, k-
found. coefficients may be calculated directly from a line list, such a
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HITRAN Rothmanet al. 1992) or GEISA (Hussoat al. 1991). ] L L
We use all three of these sources in our calculations. r ]
The good agreement between laboratory measurements i 1.0
synthetic spectra for the 3.8n band of CH suggests that avail- L
able line lists are fairly complete (Stromg al. 1993). This is 0.8
fortunate because the lowest pressure in the Steoag(1993)  §
study is 0.268 mbar and the lowest column abundance 1.723¢% |
. . . . . g 0.6
amagat, while the peak heating in the jovian atmosphere frcz
the 3.3um band occurs at 0.001 mbar and a column abundangé [
of 0.06 cm-amagat, well outside the range of the Strenal. 04
(1993) measurements. The Giver al. (1990) measurements i
did not encompass the 381 band. We therefore use the k- oz
coefficients derived from line-by-line calculations based on tr I
HITRAN line list for the 3.3um band. ool . . . . N R L
To evaluate the LBL k-coefficients, we adopt a collisiona 40 00 om0 (em 5500 6009
broadening parameter of 0.07 chbar ! at 296 K, assumed to
vary as temperature to the power-60.75. The maximum line  FIG. 8. \Vertical transmission to 100 mbar using the Irvéhal. (1996)
extent is set at 10 cmt. The spectrum is divided into 10 crh (solid line) and Bainest al. (1993) (dashed line) k-coefficients.
intervals and sampled at the Doppler width of a Qe at

the coldest temper_ature in the _atmospher_e. Ten k-coeﬁicienﬁhe way that k-coefficients were determined and in the me
are used for each interval, distributed as five Gauss—-Legen Fements themselves and, in our view, it is difficult to judg

quadrature points, each between cumulative probabilities o tween the two. We chose the Bairs¢sl. (1993) values be-

and 0.95 and between 0.95 and 1.00. The dense sampling atl%rzgfse they are based on low-temperature measurements, b

absorption coefficients allows us to accurately represent opagls robably best to view the differences between Batesl
ties in the cores of strong lines. The k-coefficients are tabulat 93) and Irwinet al. (1996) as a guide to the uncertainti/ in

‘%361 %ressur;s, si)laced logarithmically b%t\/veeﬁlmﬁ%afrland the solar heating rate. The only coefficient available for the 1.
0 m g(r) inl at Itelmpe.raltéjrez siace ﬁ_eyen y/ Ob'T‘ and 1.3um bands are those of Irwiet al. (1996), and we use
S0to5 - Interpolation yields the k-coefficients at arbitrar ese in our calculations. The choices made here are essenti

pressures ar_ld temperatures. the same as those of Moreno and Sedano (1997).
Available line lists are not adequate for the other near IR bandﬁnformation on the spectral line composition of the visible

of CH4 and the k-coefficients based on laboratory measureme
must be used. The Irwiat al. (1996) coefficients have the ad-
vantage of wider wavelength coverage and of being based
laboratory conditions in which broadening was primarily by H
However, the Strongt al. (1993) and Irwiret al. (1996) inves-
tigations were directed primarily toward the troposphere and, "~ 10-
general, concern higher pressures and temperatures than tr
that pertain to the jovian stratosphere. The principle advanta
of the Baine<t al. (1993) coefficients is their use of the Giver
et al. (1990) laboratory measurements, which extend to lowe
temperatures than do Stroatal.'s (1993). The lowest temper-
ature measured by Givet al. (1990) was 112 K, which is close
to the temperature at the jovian tropopause. The lowest temp
ature measured by Stromegal. (1996) was 190 K, significantly
warmer than the temperature at the jovian tropopause.
Figures 8 and 9 show transmission spectra and heating ra
calculated using the Irwiat al. (1996) and Bainest al. (1993) 10!
coefficients. The transmission found using the Baieesl.
(1993) coefficients is significantly less than that calculated wit o L
the Irwin et al. (1996) coefficients and the heating rate is sig 10 100
nificantly higher in the 0.02—3 mbar region. However, it is no. Heating Rate (erg gm™'s™)
clear that the Ba'_neen al.(1993) coef_ﬂuent_s are mor_e a_Ccurate FIG. 9. Heating rates resulting from absorption in the 4000-5000%cm
than those of Irwiret al. (1993) for this region of the jovian at- spectral region, calculated using the Inveinal. (1996) (solid line) and Baines
mosphere. There are many differences between the two studies (1993) (dashed line) k-coefficients.

Bihds is lacking, thus we use the empirical absorption coe
ficients derived by Karkoschka (1994). The drawback to thi
roach is that bands are described by a single absorpt
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coefficient (i.e., Beer's law) that is assumed to be independent of 5. RESULTS
temperature and pressure. This is incorrect, but until our knowl-

edge of the structure of these bands improves, no other approaye 5ying rate calculations are shown in Fig. 10. These rat

is possible. The _Karkoschk_a coefficients are determinq parg ly to all models, because they depend only on the &1
through observations of Jupiter, and our calculated heating raéé osol distributions, which are identical in all models. We sut
are therefore cons.iste_nt with the observed qlbedo. divide the net heating rate into contributions from each of th
Aerosol ab'sorptlon IS modelgd by assuming that the aerosgiﬁong CH bands as well as the visible region, where heating i
behave as Mie scatterers. Multiple scattering is included at Vifije partly to aerosols. Because the solar flux increases with ¢

ible wavelengths because the absorption bands are weak, é%%lsing wavelength while the band strengths decrease, the C
scattering by both FHand aerosols cannot be neglected. Our r% ’

diat / leulati ov th S ine ands form a progression with the longer wavelengths ban
lative transfer calculations employ the DISORT routine devey, ninating at low pressures and shorter wavelength bands do
oped by Stamnes and collaborators (Stanat@s 1988). Cross

X | ; ; inating at deeper levels. The 3.3n band is the primary heat
sections for Rayleigh—Raman scattering Byare obtained from source at pressures less than 0.004 mbar, thedand be-

Ford and Brown (1970). These calculations encompass the Onfisen 0.004 and 0.5 mbar. the 147 band between 0.5 and

specifying a downward conductive heat flux of 0.5 ergémsr*

from 0.004 to 10 mbar, varyin imately a3,
at the upper boundary of the calculations (Yoat@l. 1997). ying approximazelya

At no level in the stratosphere is the solar heating dominate
. _ by optically thin absorption bands, which would produce a hea
4.2. Mid- and Far-IR Cooling Bands ing rate proportional to pressure. Conrathal. (1990) argued

Cooling occurs through radiative emissions from the vibrdhat the lack of latitudinal gradients in the stratospheric tempe
tional bands of Ch, CoH,, and GHg in the mid-IR (700— ature is due to the fact that the weak £bands are optically
1400 cnrt) and collisionally induced transitions of,HH,, He th@n, implyi_ng a Iatitude-independent heating rate. The o_pticallj
in the mid to far IR (100-800 cm). Our calculation follows thin behavior of the heating rates in Conrathal. (1990) is a

the procedure described by Borysetal. (1988) to model col- consequence of _their approximate rad_iative transfe_;r treatm.e|
lisionally induced (CIA) transitions. Thg small Iautudma}l temperature gradients on Jupiter require
The opacities in the mid-IR vibrational bands at 1304 ¢m 2 different explanation. _ ,
(CHj), 729 cnm? (C,H,), and 822 cmt (C,He) are represented Absorpt|0r! in the visible region contributes I_ess thf';m 20%_0
with spectral mapping transformations (Westl. 1990). The the total heating at all Ieve_ls and consequently is relatively unin
absorption coefficients used to generate the spectral map tqnttothe sFratosphencthermal structure. Itappgarsthat me
transformations are calculated with the same techniques and fA&is heating is due to absorption by GHlithough, in a scat-
broadening parameters as for the near IR bands, but a maxini§hi'd atmosphere, we cannot separate the effects of aerosol «
line extent of 1 crm® is used to reduce run time. CH, absorption, we find that doubling the density of aerosols in
We find that the cooling rates in the stratosphere are serfdi€2Ses the heating rate by less than 1%. Our finding that aero
tive to the spectrum of radiation at the lower boundary of tHiating is refatively unimportant agrees with the calculations ¢
calculation. The usual procedure of specifying that the radiatidffreno and Sedano (1997) for equatorial latitudes, butis at od
field at the lower boundary equals the Planck function at tith earlier studies of the jovian stratosphere (Cess and Ch
temperature of the lower boundary produces unacceptably lafge > APpleby and Hogan 1984). The difference is likely dus

errors. This is due to the fact that the atmosphere below our lofgiMmProvements in Cliband parameters and radiative transfe

boundary has significant temperature variations over distandggniques. Arecentstudy of the Uranian stratosphere also fou

of the order of a photon mean free path. Thus, we calculate f&/0S0! heating to be minor (Marley and McKay 1999), thoug
f,dominates in the stratosphere of Titan (McKetyal. 1989).

intensity field at the lower boundary by an integration throud ; »
the atmosphere from 100 mbar to a depth of 10 bar. The cooling rates fpr all compos!tlon m'odels share some ge
eral features that we illustrate by discussing results for model /
shown in Fig. 11. Chldominates cooling at pressures less thal
~0.004 mbar, GH, is important and sometimes dominant in the
Thermal conduction becomes important at pressures less thahl mbar region, ands g dominates in a broad region begin-
0.001 mbar. Thermal conduction parameters are obtained fraing at several hundreths of a millibar and extending to nearl
Hanleyet al. (1970). The observed temperature profile requird$ mbar. The relative importance of the hydrocarbon molecule
a downward conduction flux of 0.5 erg cAs ! at the upper is a consequence of their abundances and opacity structur
boundary of our calculations. This exceeds the solar UV enerfyen though it is by far the most abundant, Oplays a rela-
deposited in the thermosphere and may be due to viscous ditigely minor role in the cooling rates because its spectral line
pation of gravity waves in the upper atmosphere (Yoahgl. are strongly saturated, as a result of its large abundance, and 1
1997). greatly reduces the cooling efficiency. £l important at low

4.3. Thermal Conduction
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FIG. 10. Heating rates in the near IR bands of £&hd for absorption of visible radiation by Gldand aerosols.
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FIG.11. The contributions to the net cooling rate for model AHg is the dominant coolant throughout most of the stratosphere. The net heating and coo
rates balance to good accuracy.
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pressures where some photons fromitheand are able to es- 10~ o T
cape the atmosphere, but below 0.004 mbar the large overly : ' h !
abundance of Clfeffectively traps outgoing photons. Gldlso
suffers because the overlap betweenthkand and the Planck
function is weak compared with the;B, and GHg bands. :
Throughout most of the stratosphergHz and GHg are the 5 ,,-F
most important coolants. The;8, cooling rate decreases with £ ;
increasing pressure faster than that foHg partly because its & :
mole fraction decreases more quickly with pressure and par% 10°F
because of differences in opacity structure. Although thid.C *
and GHg bands are similar in strength and fairly close in wave
length, the GHg band is diffuse with many lines over a relatively
large wavelength region; the,B, band is compact with most
of the band strength concentrated in a small number of line g2t R , e R
As a consequence, theld; lines tend to be optically thick and 10° 10" 10° 107
are unable to cool effectively. In contrasgHg; is optically thin Cooling Rate (crgs gm"s)
throughout the stratosphere. FIG.12. Calculated cooling rates for different models of the+z distribu-
This new result, that cooling by Elg dominates the energy tion described in Table 1. For clarity we show only a subset of the models—th
balance in the stratosphere, becomes apparent when a real§igs models are very similar.
C,oHg altitude distribution is considered, rather than the constant

mole fraction distributions assumed in earlier studies. The uncertainties in the4fEl, and GHj altitude distributions
Cooling because of the CIA opacity obHH, and H-He dom-  imply relatively minor uncertainties in the radiative cooling rate
inates at pressures greater thatO mbar. Careful examination Figures 12 and 13 show calculations of the net cooling rate
of Fig. 11 shows that the net cooling rate is actually smaller thg@ased on the composition models in Table |1, that illustrate th
the CIA cooling rate. This is because the net cooling rate hggcertainty because of,8, and GHg, respectively. It is in-
been defined as the sum of the contributions of CIA,GE3H,,  teresting that the range of possibleHG distributions produce
and GHe. All three hydrocarbons actually heat the atmospheggoling rates that are generally smaller than the nominal ra
near 100 mbar, because they are absorbing warmer radiafigfdpdel A) while the range of possible,Bs distributions pro-
from deeper in the troposphere. This effect only appears wh@ice cooling rates that are generally larger than the nomin
the radiation field at the lower boundary is accurately calculatag@ite. Obviously, we could improve the match between heatir
Once again, €Hes has the largest effect and contributes a heatirghd cooling rates by tweaking theld, and GHg altitude dis-
of 2 erg gnT*s* at 100 mbar, roughly 10% of the net heatingributions, but such an exercise would have only cosmetic valu
rate.Obvioust, addlng togetherthe hydrocarbon and CIAtermsThe disagreemen[ between heating and Coo”ng rates ne

muddles the definition of net cooling rate, but it seems to be t3g mbar is independent of composition, becauseHy CIA
only sensible division.

The comparison of net heating and net cooling rates in Fig. 11
shows that the stratosphere is close to radiative equilibrium. Tt '® | ' TN
heating rate exceeds the cooling rate by about 5 ergtgnt !
at 100 mbar and falls below the cooling rate by about 10 er 1o | o7
gm~s~! at 10 mbar. Larger differences appear at pressures le ¥ i
than 0.003 mbar but at these levels thermal conduction and dis¢ P
pation of mechanical waves are thought to be important (Younz '°° I
et al. 1997), and radiative equilibrium is not expected. The dis =
agreement between the heating and cooling rate is larger if ti 7
Irwin et al. (1996) coefficients are used to calculate the heatins
rate in the 1.7 and 2.,8m bands; however, it would be incorrect

102

10'F

10°E

to suggest that the net radiative imbalance in the models implic ~ 10'~ e s
an imbalance in the atmosphere. In our view, the difference b prmr ]
tween heating rates based on Baim¢sal. (1993) and Irwin mz; N 5 &
et al. (1996) implies that we are unable to calculate the heatin 10° 10! 10° 10°
rates to better than a few ergs ghs_. If one adopts this view, Cooling:Rale(ergs g s")

then it follows that the stratosphere is in radiative equiliorium to ¢ 15 cajculated cooling rates for different models of the- distribu-

within a few erg gm*s™*, and there is no evidence to suggesfon described in Table II. For clarity we show only a subset of the models—th
significant departures. other models are very similar.
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cooling dominates in this region. Unfortunately, it is difficult taion of C;H, by Hatoms (Alleretal. 1992, Gladstonet al.1996,
draw conclusions from this disagreement because the net h&dmani 1996. However, even the model by Romani (1996
ing rates are uncertain in this region by an amount comparablexbich incorporates the most aggressivgHg destruction
the calculated imbalance. Improvements in our knowledge of teeheme, only decreases thgHz mole fraction by a factor of 4
CH, absorption coefficients are needed before this feature carftmen that calculated by Gladstoeeal.(1996). An even more ef-
interpreted with confidence. ficient GH, destruction mechanism is needed, or perhap$,C
The radiative balance in the stratosphere can also be studidot produced as efficiently as currently calculated in the ph
through comparison of radiative equilibrium temperatures witbchemical models.
the measured temperatures. Figure 1 shows a radiative equilibHow similar are the energetics and dynamics of the terrestri
rium temperature profile based on composition model A. Thisd jovian stratospheres? This study shows that the equatol
profile is calculated by adjusting the temperature in an itereegions on Jupiter are close to radiative equilibrium. The ne
tive fashion until the net heating rates are"1@mes smaller radiative imbalance estimated here<f0 erg gnt* s corre-
than either the heating or cooling rate alone at all levels (Yelgonds to a heating rate efL0~2 K per jovian day. Heating
1991). The calculated profile fits the ASI measurements neadyd cooling rate in the terrestrial stratosphere are well balanc
as well as the empirical models derived in Section 3.1. Thag all but polar latitudes, with net rates eflL K per earth day
reinforces the conclusion that, to within the accuracy of o@Mlynczaket al. 1999a, 1999b). Though most clearly demon:
calculations, the jovian equatorial stratosphere is in radiatiggated in the Mlynczalkt al. (1999a, 1999b) studies, this ob-
balance. servational result has been known for some time. The accura
of radiative balance was a mystery until Dunkerton (1978) e»
plained it as a consequence of the Charney—Drazin theore
6. DISCUSSION which states that the energy transported by waves is precis
balanced by the energy carried away by the circulation esta
The atmospheres in this solar system with well-developéidhed by the waves (Charney and Drazin 1961, Boyd 197
stratospheres include the Earth, Jupiter, the other giant planéisdrews and Mcintyre 1976). This theorem applies as lon
and Titan. Neither Mars nor Venus has a warm, stable atmas the effects of transience, nonlinearities, and dissipation &
spheric region above the tropopause that resembles the tersasall, and this is found to be the case in the terrestrial strat
trial stratosphere. Titan’s aerosol-dominated stratosphere diffsphere. This result, though profound, is primarily observationz
significantly from the others, where gas absorption and emisecause it is notoriously difficult to calculate the nonlinear an
sion dominates. Thus, we have the interesting situation in thetnsient effects. Usually their presence can only be deduc
the stratosphere of the Earth has its closest analogue not inftieen observations. Thus, we cannot say with confidence wheth
atmospheres of its terrestrial cousins but in the atmospheredta radiative dominance of the terrestrial stratosphere is a ge
the giant planets. eral result, linked to the Charney—Drazin theorem, or peculi:
The terrestrial stratosphere is cooled primarily by &is- to the Earth.
sions and heated primarily through absorption of sunlighthly O Observations of several planetary stratosphere are requirec
a product of @ photochemistry. Thus, Earth and Jupiter shaetermine if radiative dominance is a general rule. The Frieds
the circumstance that photochemically produced species are &hal. (1999) study finds that aerosols are transported primari
portantin the thermal structure. Latitudinal variations jyplay by eddies associated with a wave-driven circulation, implyin
a large role in the dynamics of the terrestrial stratosphere, ahat the jovian stratosphere differs fundamentally from that c
it seems likely that latitudinal variations in,8g play a large the Earth. However, it would be premature to adopt this as
role in the dynamics of the jovian stratosphere. A particularfirm conclusion until latitudinal variations in £, and GHg
intriguing possibility is that the intense jovian aurora, by syrare included in dynamical models of the jovian stratosphere.
thesizing GHg and other thermally active hydrocarbons, could
have a significant effect on the global dynamics of the strato-
sphere.
_ Itfollows that knowledge of the £, and GHe chemistry o e1usions can be summarized as follows:
is required to understand the jovian stratosphere. However, the
C,H; abundance determined through analysis of the Irshell ob-1. G,Hg is the primary coolant in the equatorial jovian strato-
servations is significantly smaller than predicted by the phephere in the 0.05—-10 mbar pressure region. This result diffe
tochemical models of Gladstoret al. (1996). Similar con- from previous analyses and is a consequence of consideri
clusions regarding jovian £, have been reached byeBard realistic density distributions for &lg. It is interesting that the
et al. (1997b) and Fouchetdt al. (2000). Our baseline model energetics of the jovian stratosphere are dominated by a pho
has a GH, mole fraction nearly 20 times smaller than that o€hemically produced molecule.
Gladstoneet al.(1996) at 0.01 mbar. Previous attempts to under- 2. Latitudinal variations in the abundance oM and GHg
stand the low gH, abundance have postulated chemical destrugetween 0.004 and 10 mbar must be taken into account

7. CONCLUSIONS
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