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Abs t r ac t

Wc used ground-based near-infrared (NIIt)  observations of thermal emission from the
Venus night side to dctcrvninc  the temperature structure and water va])or distribution bc-
twcwn the surface and the 6 km love]. We show that crnission  from spectral windows near 1.0,
1,1, and 1.18 ILIII originates ])rimarily from tllc surface and lowest scale height (- 16 km).
These windows incluclc  alx+or])tion  ly weak H20 and COy lines and by tllc far wings c)f lines
in strong nearby C02  bands. liaylcigl]  scattering by the 90-bar Coy atmosphere and Mic
scattering by the ]]2S04 clouds attenuates this en]ission,  lnrt adds little to its spectral depen-
dcncw. Surface topography also modulates this NIIt  ther]nal  emission because high-elevation
regions arc substantially cooler, and emit less thermal radiation than the surrounding plains.
These contributions to Lho emission arc clearly resolved in modelate-resolution (A/AA N 400)
spectral image cubes of the Venus night side acquired with the Infral{,ed  imaging Spcctrom-
ctcr (IRIS) on the Anglo-Australian Telescope (A AT) ill 1991 and 1993.  To analyze these
observations, we used a radiative transfer model that ill(:ludcs all of the radiative I)rocesses
listed above. Synthetic spectra for several topog,ral)hic  chwations were co]nbincxl with I’io-
nccr Venus Altimetry data to generate spatially-resolved maps of the NIIt  thermal emission.
Comparisons bctwccn these synthetic radiance maps and the 1 I US observations indicate no
near-infrarx!d signatur’c  of the surface cmissivity  differe]]ces seen at microwave wavelengths
by the Magellan orbiter. Assuming constant surfacx  cmissivity  in the near-infrared, we de-
rive night-side averaged tem]mraturc  lapse rates of 7 to 7.5 K/km in the lowest 6 km. ‘1’hesc
lapse rates arc smaller, and indicate nluch greater statjit:  stability than  those inferred from
earlier mcasurcmcnts  and greenhouse models (8 to 8.5 K/km) [35]. ‘1’llc derived H20 mixing
ratio profile depends on the assumed temperature lapse rate. If wc a,ssulnc a Iapsc rate near
8K/km, the llzO mixing ratio must decrease froln N50 p]miv at the surface, to R25 ppmv
at 16 km, and remain constant, between that altitude and the cloud  base (N 47 km). For
tcmpcraturc  lapse rates < 7.5 K/knl, a constant, water ]rrixing ratio ]icar 30 ppmv provides
an acccptab]c  fitj to the data. ‘1’here is no evidence for Ilzo mixing r(itios  that dccrcasc with
altitude, Iikc those inferred from Pioneer Venus I,arge 1 ‘robe Mass Spcctrometcr  [] 5] or the
Vcnera 11 and 12 I.alldcr  S])c:(:tlro])lloto]lletcrs [28].

1 Introduction

ThC lower atnlos]J]crc  of \~e]lus extends fronl tile planet’s surface
clouds (47kln  altitude). A lx!ttcr knowledge of the co]~llmsition

tO th(! base Of th(! HzS04
and tlhcrmal st,ructurc  of

this regio]l is required to address several current ])roblm]ks in Venus atnlospheric  and surface
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scimlcc. ‘1’hcsc include the origi]l au(l evolution of the \~cIIus  surface and at,rllospllcrel the
mechanisms  which Inailltjaiu tl]c j)resent-day grealhousc  cfrcct, aud the extent, of licar-surface
monlentum  transports associated with the cloud-top atrl]osphclic  sll]~(:lrotjatioll.”

IIccausc of its inllmrtanccl  nlauy attmul)t,s  have been lllade  to study t}lc ]owcr atmosphere
using a broad range of sl)acccraft aud ground-based obsm vations. ‘1’hcsc  illvmtigatious  have
provided constraints on the ])llysical and chcnlical  propcrl ics of this region, I)ut have left scv-
m-al important qumtiolls  unanswered. In l)articular,  existiug  measurements have provided
very littrlc  information ml the t)hcrlna] structlurc al]d colIlposition  of the lowest atnlosphcric
scale-height (O 16 kin), This region contailis more than 60% of the mass of tl)c atmosphere,
and its physics] and chemical propcrtim  arc directly relevant to our understanding of interac-
tions betlwcen the surface and atmosphere. ‘1’hc thermal structure in the lowest scale-height
regulates the momentum transport bctjwccn  the surface and atlnosphmc,  and Inay ]movidc
clues  to the mechanisms which cirivc tltlc at)ruosphcric  su]mrrotation.

Our understanding of the gmxmhousc  effect ml Venus, which rnaint)airls  the anomalously
high surface tmnpcraturcs,  would also be improved by a better  know]cdgc  of both the thermal
structure and composition of the lovwst atmospheric scale height. The thermal structure can
be USCX1 as a diagnostic to dctcrminc  the efficiency of the ~;rccnhouse  effect. A determination
of the abundance of greenhouse gases, including water vapour  and sulfur-bearing gases in
the lowest atmospheric scale height, is also needed to assess the efficiency of this mechanism.
Improved constraints 011 these propmtics  would also constrain surface weathering rates, and
place limits on the agc of the Venus surface and atnlosphcre.

1.1 Previous Studies of the Lower Atmosphere

The lower atmosphere has tmcn difficult to study for several masons. ()~)tical  investigations
arc precluded by the planet-wide clouds. ‘J’o penetrate  this dense  obscuration, otmrvcrs have
USCCI either radio and radar lllcasuI(!lll(:llts,  or obtained  n~casurcmcmts  fronl entry probes
which descended through the atmosphere.

Grouud-based radar, aud ra(lar-(:c]llil)lJc(l  orbiting spacecraft, such as 1 ‘ionecr Venus and
Magcllan, provide exquisitely detailed nlaps of surface elevation and radar properties, but
provide limited information on surface composition. For exal~lplc, radar rcftcctivity  and
microwave cmissivity  nla])s of the surface have revealed dramatic variations in surface mnis-
sivity,  which are associatmi with topography. Regions on the Veuus surface with elevations of
more than 5 km have much higher radar rcf]cctivitim, an(l corrcspollding]y  lower microwave
wnissivitics,  than the surrounding lowland plains [31]. ‘1’hcsc  muissivity variations indicate
a change in surface col]l]msitlion or texture, but these data provide illsuflicimlt  information
to dct)erlllinc  the nature of these collll)ositiollal  cllangcs.

hloreovcr, tllc weak interaction bctwmn radio waves and the atmos])hcre,  which is so
advantageous for Inap])ing  the surface, lilllits  tftlc alnou  nt of infornlation  obtained about
the atlnos])hcrc. S])acccraft that descend into the lower iitJ1nOSphOY!  can tell us much more
about  the near surface region, hut the hostile Vcllus con(!itions  (730 K, 93 atjln  J)rcssurc at
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the surface) constrain Lllc lifctinlcs of dcscc]lt  craft, to Ilo more t~lall  all hour. 111-situ  I)rolws
also measure only their local (:llvirolllll(:xlt$,  and slmcccraft  data on tllr  lowm atmosl)llcrc arc
conscqucutly  llcavily  restricted ill tmaporal  and sl)atial extent.

‘1’he Vcncra landers acquired only six Incasurcnleuts  of surface tcmlmraturc  over a re-
stricted  area of t,hc plallct  [35]. ‘1’hc atmosl)llcric t cmpcraturc In(:asllr{:lllc:lltls  by these ~Jrotx:s
had inadequate vertical rcsolutioll to dcfiue the atmospheric telulmrature  gradient I)car the
surfacw. ‘1’hc l>ionccr  Venus prolws l)roctuccd  a detailed description of ttlc tcmpcraturcs  above
12 km, but their  external tmnlmraturc  sensors failed at 12 km altitude on all four protm [36].
‘1’hc Soviet VEGA-11 lander obtained the only high-resolution tcmlmraturc  mcasurcmcuts  of
the lowest scale height (0 16kln)  [42]. These mcasurcnlcnts  illdicatc a surprising amount
of variability in the vcrticat  tcmpcraturc gradient, but their implications for the thermal
structure and dynamics of the deep atmosphcm’  arc alllbiguous because they provide no
information about the tcml)oral  or horizontal variations in the tcmpa  aturc field.

Although many attcmpt,s  have been made by entry probes to dctcnnine  tllc water abun-
danec and distribution in the lower atmosphere, the results arc far from conclusive. Water
concentrations measured by the Pioneer  Venus and Vcncra entry protms  exhibit a perplexing
range from 20 to 5000 ppmv (SCC ‘1’ablcs 1 and 2, for a summary of water measurements
to date.  Scc Donahue and Hodges, 1992, for a complete discussion of water measurements
up to 1992). Large latitudinal variations have also been claimed from entry  probe n~casure-
mcmts [34], but  were not clctccted  by ground-based obse] vcrs [1 O]. Both the Vcncra results
(from Vcncras 11, 12, 13, and 14) and the Pioucer  Vcmus  Large Probe  Neutral Mass Spcc-
tromckcr indicate a drxmasc  in water concentration from 20km altitude down to the surface
[15, 29, 41]. Howmwr, the gradient observed  by the Pioneer I,argc 1 ‘robe is now twlimwd
to have km affcxied  by instrumental contamination [1 4]. If confirvrlcd,  this controversial
gradient would require vigorous sources and sinks of watm near the surface, and would affect
not only cstirnatcs  of the total water  abundance in the lower atmosphere, but also our un-
derstanding of the chemistry and weathering of the Venus surface. ~’llcsc  conflicting values
and distributions of water va~)or may reflect non-uniform spatial or tcll]poral  distributions of
water vapor, which arc sparsely  sampled by currcut  Inct]lods, or perhaps large mcasurcmcnt
uncertainties. There is a clear Hem] for a global  study of water  vapor to obtaiu  a definitive
total atmudancc.

1.2 Near-infrared windows: A new way of probing the lower at-
mosphere

‘1’hc rcccnt discovery of ucar-infrared windows in ttlc Venus atmospllm c [3, 2, 7] has l)rovidcd
a new nloans of ~nwt)illg  the at]]los~)hcrc  1N1OW tllc clou+dcck. These illfrarcd windows arc
found at wavclcmgths  bctwccn strollg C02 and 1120 absorption bands iu tllc Venus atmo-
sphere, and withi]l a sl)cctfral region where tlhc sulfuric acict  clouds arc ]Iot strong  absortxrs
(().3 2.5 Iml) [32]. Slmtra] windows have bmn detected at wavclmlgths  Ilcar 1.0, 1.1, 1.18,
1.28, 1.31, 1.74 and 2.3 jm. ‘1’hc 1.74 and 2.3 /LIll wi]ldows  reveal radiation that originates
from W1OW the cloud  ctcck  at, 35 45 km altitude [1, 23]. These windows provide iufornla-

3



. .
. .

‘1’al)lc  1: Water in the Venus ]Jow(!r  AtIIIosphcrc  - in Siiu Sl)acccraft Results
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‘1’able 2: Watm  in tllc Vmlus ],owcr At]nos])hcrc - Groll]ld-llascxl  and 11’lylJy lkITIok  Sclwing
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thc composition and physical properties of tllc atmosphere just below the Venus
45 krll).-S~)cctrosco~Jic  analyses withi~l  these windows [32, 10, 13, 23, 22, 7] have

providcxl i~nprovcd  constraints on the abundances of trat:e constituents such as H20,  HDO,
O~S,  S02,  II(Y and IIF’ at these altitudes.

TIIO shorter wavc]ength windows at 1 .() 1.3pm pern]it  observation of thermal emission
from cvc!n deeper within the Venus atmosphere. ‘1’heoretical radiative transfer models [1 O, 32]
inclicatc  that a Iargc fraction of the radiation within the 1.0 1.18 ~~rn  windows originates from
the Venus surface. Ground-based slmctra  within these windows have been taken at isolated
regions on the Venus night-side [1 O, 32, 13] and have IXXIH USCX1 to infer the H20 abundance
thoughout  the lower atmosphere. ‘1’hcs(!  studies indicat c that the 1120 abundance is near
30 I)pnl, but, these data provide very weak constraints OIL the horizontal clistribution  of this
gas. q’hcsc observations also do not have adequate verticid resolution for studies of t}~c water
distributioll  in the lowest scale hcigl)t,  partly because the sensitivity function for water in the
lower atmosphere is broad, and peaked WC1l above  the surface [32], l]ldividual observations
of water absorption can thcrcforc  h’ lnodcllcd by rnultiplc conlbil)atiolls of water abundances
and gradients [32]. In spite of these limitations, these ]] Icasurcmcnts  indicate  substantially
less water thali  the I’ionccr Venus observations (N 100 ])~)nl)

‘1’1)[: (~alilco Near lnfrarcd  Mappi Ilg S]mct,rolncter  (N I MS), which flew try Venus in Febru-
ary 1990 [7], obtained high spatial resolution (1 1-50 kn~)/low  spectral resolution (w40) spec-
tral  Inapping  cubes within all known near-infrared wind(nvs. S}wctra froln thes[! cubes have
bcc]l used to ol)tain cstilnatcs  of the water abundance tvithin  the 2.3 and 1.74 micron win-
dows, corrcs~)onding  to 30 35 and 20 28 km altitude. \Vatcr (:[)ll(:(’lltlratjiolls  of 25 and 50
~)lJIn w(!rc measured at these altitudes, with errors corlscrvat,ivcly  cstirnated  to b(! + 1 00%
and – 50% of tllcsx!  values. NIMS data obtained w’itllin tllc 1.1811111  ~rindow []6], show valum
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for the 10WC!]  atmosIJhere wat(!r abundance of 30 +- 15 IJ])]n, consistent with the values ob-
tained fronl ground-based observations. 1]1 addition the NIMS r(!sults show I1O ap])arent  H20
s~)atial variations cxcccding  20%, nor (io tiley  detect val iatiolls ill Colulllll  abun(iancc  with
topo~ral)hy, although it is argued that, COz colllinuuln t)lmcit)y  would prevent the probing
of a]titudc  levels dec~mr  than 2 km [1 6].

‘J’hc work l)rcsclltt!d  in this palm d[!scribcs the first ground-basf!(l  attcrnpts to usc spa-
tially resolved spectroscopy to undmtakc  a global exploration of the surface and lower at-
mosphere of Venus within these ncw]y discovered wi]ldows.  The goals of this project were
to:

1) observationally  confirm model predictions that elllission originating from the Venus
surface could be detected within the 1.0, 1.1 and 1.18 ~lln windows. 2) search for infrared
emissivity changes correlated with topography 3) deter]nine  the ~;lol)al  thermal structure
of the 10WCSL  6 km of th{! atmosphcm,  and 4) dctcrmillc  the p,lobal  water abuudance  and
gradient in the lowest 6km of the atlnosl)hmw.

To achieve these goals, spectral mapping data have been analysed  with models which
combine I’ioneer Venus altimetry data with sophisticat[!d radiative transfer  codes to pro-
duce synthetic radiance spectra and maps of the Venus IIight-side. These results introduce
new methods of obtaining information on the Venus Iow(:r atmosphel(!  and place important
ncw constraints on the spatial distribution and abundanc[: of near-surface water, surface
cmissivity and atmospheric temperature profiles.

2 Observations

The data used for this study were taken with the Infrared Imaging Slmctrometcr  (IRIS)
on the Anglo-Australian Telescope (A Arl’) both heforc and after the August 1991 inferior
conjunction. However, the principal data analyzed in this paper were taken on UT 27 July,
1991. A summary of all observations is shown in Table 3.

‘1’IIc lltIS detector is a 128 x 128 format IIgCd”J’e  (NICM0S2)  array, manufactured by
Rockwell International. For this work 11{1S was configured to take spectra with a resolution
of ~ 40() (~/A~), wh~r~ ~ is wavelength. A slit of 1,4” x 12“ was oriented in the East-West
direction. To produce spectral image cuh of the Venus night-side, a series of s])ectra were
taken while the tclescopc was scanned in the North-South direction, p(!rl)cndicular to the slit.
At least one complete South-North-South l)ass was ma(le in ordel  to average fluctuations
in seeing and changing sky brightness. ‘1’hc telescol)o  drift rate  was set such that 0.8” (the
pixel size used) were covered in the ti~nc for cacll  spectral intcgratioll,  which for the July
data, was 2 seconds at each scan position. ‘J’llis ensured square 0.8” ~)ixcls on ally image
produced by this method. These image culxx colltain  information in two s~)atial  dimensions
(alo]lg the slit and ill the scan direction) and one spc(tral dimellsion (orthogonal to the
s~)atial  dimensions). ‘1’l]c wav(!lcngth  range covcrcd was ().9 1 .33/111],  ~vith  a slmtial pixel size
of 0,8”. IIowever,  terrestrial seeing  of - 1” limits our slmtial resolution to N 250 km at the
suh--l]arth  l)ointj  on Vcl)us.
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‘1’abl~  3: ‘]’abl~  Of V(?I1llS ()~)S(’l”VatiOllS

lJrl’ ihitc
1991

Ju] 27.35
Jul 28.35
S(q) 17.02
sop 19.85
s(q) 19.90
S(!]) 20.85
S(!p 20.91
(M 17.79
(hi 18.79
Ott 19.79

z])
((l(!glw!s)

69
69
41
61
49
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67
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18
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18
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41
42

. .—. ——
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(kms-  1,

--10.2
--10.0

9.1
9.6
9.6
9.8
9.8

12.4
12.4
12.4

Mmsurcmcnts  of the sky were obtained by scanning beyond either  side of the planet in
tllc S N scan direction. In the E-W direction the images are restricted by the usable slit
lc!ngtlh to J 2“. Several overlapping scan strips were therefore required to map the entire Venus
disk. Due to adverse weather conditions on 27 July, 1991, only two scan strips were taken,
covering some 50% of the Venus disk. 1 lowever,  the Ju Iy data were used in preference to
the others, as they were taken on a dark sky. All other observations were taken in daylight,
when scattmed  sunlight from the terrestrial sky prccludcd observations of Venus atmospheric
willciows  shortward of the 1.18pm window. All obscrvat ions were taken as C1OSC to inferior
conjullctlion  as possible when the apparent clianlet~!r  of Venus is larger, and increases our
potential spatial rcsolutlion. In addition, C1OSC  to inferior cm]junction  the fraction of the
Venus disk that is sunlit is relatively small, reducing contamination of the data by scattered
light, and allowing observations of Iargc areas of th~ V~llUS  nightsidc.

3 Data Processing Steps

The raw data cubes were initially processed to correct for the uon-liriear response of the
data system to incident ra(iiation.  Once linearized the cubes were ‘folded’ by registering and
coadding  the S— N and N – S passes produced by the drift  scanning lJroccdurc.  ‘1’hc folding
process colnl)incs  all exposures of t(hc planet, and reduces the sixc of the cu}m, consequently
reducing the coml)utjcr processing time for subsequent data-r  wluctioll  steiw. Standard spec-
tral reduction techniques arc then ap~)licd  to cacll Sl)~~tlill  l)lallc of tllc coadd[!d  cube. These
techniques involve correcting for the s~mctral  and sl)atia 1 rcs~mnsc of tllc detcct,or,  straight-
ening the curvature of tlllc cchcllc orders as displayed o]] tllc detector, a]ld correcting for the
rotation of the slit ~msitlioll,  which c}langcs across the 01 dcrs [25].

once the instrumental rcspol~sc has been rcll~oved  I )y the above steps, several sl)mtral
pla]les arc cxtractcd  frolll positions in the cube where the sky was observed. ‘1’hmc ~dancs
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arc aveqyxl  and tl]rti sul)tracted  fronl each s~xwtral  p]allc in the data CUIW to rmnovc the
background sky level ill the s~x:ctra.

%.atftcmd  light frolll tll(! lmight sunlit crescent is rcnloved  illdividual]y for each pixel in
the image plane of tile culm. First, a spectrum of the crcsccntl is extracted from unsaturatcrt
regions of Lhc crcsccllt in the data CUIN!. ‘1’his tcmp]atc  crcsccnt s~wctruln  is t,h(!n normal-
ized individually to each data spectrum using sections of the spectrum within  strong  CC)Z
absorption bands. in these regions (outside the windows) the Ve]lus  atlllosphcrc  is assumed
to be opaque to u~)wc!lling thermal radiation and only SCiLttCITd  radiation from the crmmt
is observed. Once individually normaliml,  the crescent slx2ctra are sut)tracted  from the cor-
rqmnding  data sjmtlra. A wavelength scale, derived from arc lan]p ]ncasurcmcnts,  is then
added to the data.

Given the high airmass  of these observations, using a photometric standard star to re-
move terrestrial absorption lines is problematical, as that star would have to be observed
at th[! same airvnass  as the data. As an alternative, we used a tcrnplatc  crcsccnt slmctrum,
W11OSC continuum was forced to match the counts and s~)cctral  sha~)e of a photoxnetric stan-
dard star (13 S5384, a G3V). ‘1’hc resulting hybrid star/cl  csccnt spectrum retains a record of
the terrestrial absorption lines at an identical airmass  to the data (as the crescent spectrum
is cxtractcd  directly from the data cube), and can also be used as a photometric standard
for the data. The data were flux-calibrated using the hybrid star/c. rcsccmt spectrum, and
were further corrected for an estimated 17% light. loss from the Idam!rncnt  of the standard
star on the slit. ‘l%e intensity of the long wavlc]cngth side of the 1. 18jL]Il window was com-
pared to values  obtained from spectra taken near th[! sub-Earth point for two independent
ohscrvations  of tho 1.18 pm window: ono from observations made ill 1990 using the Far In-
frared  Grating Spcctromcter  (FIGS) on the Anglo-Australian ‘1’elcsco~}e,  and the other from
observations taken in 1 WI with the Fourier ~lansform  Spcctrornctel  (h’rI’S) on the Canada
Flancc  IIawaii I’clcscopc.  ‘1’hc threw data sets agre(!  to within 10%, and our calibration for
the IRIS cubes is believed to h accurate at that, level. All tllc processing steps dcscribcd
here arc ~)rcscntcd  in rnorc dctai] in Meadows, 1994 (1’h.1].  thesis) /25]. An example of a
fully rcduccd IIUS spectrum of the Venus night-side is shown in ]f’igurc 1.

4 Sources of near-infrared contrast observed within
the atmospheric windows

Images of VcI]us takcll  within near-inframd windows show bright and dark features on the
Venus lliglltl-side [3, 1 O]. This radiation originates as thermal emission fro]ll the surface and
lower atlrnospllcre. 1 Imw!vcr, tlhc contrasts in this emission call tm ~)roduced by a number
of proccssm, including cloud opacity, surf am or atmospheric tcm~wraturc  variations, surface
crnissivit)y variations, arid sI)atial variatio]ls in aIworbers. As radiation froltl below the clouds
escapes ul)war(is, it ~)ass(!s  throug}l  difrmcnt scattering optical dcl)t,t)s ill tfhc IIzS04 clouds.
~’hc rcsu]ting  diflerellces  in transmissioll  produce large-s(:alc bright and dark lnarkings  on the
Venus lligllt-side. Cloud-contrast features arc present ill all tllc II(!al-irlfrared windows, but
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the contrast illcrcascs with illcrcasillg  wavclcngtjh,  and t)lcsc features ?L1’C lllost  apparent in
in]ag(!s taken witlli~l  lhc 2.311111  window. ]Iowcvcr, as will be dclllollstl  at(!d ill this ~)alx:r, tllc
radiation observed within the 1.0, 1.1 and 1.18 pm windows contaills a large co~nponellt  of
surface therlnal  c]tlission.  Conscqucnt]y, surface Iopogra])hy call lnodulatc  the near-infrared
tllcr]llal clllissioll  ol~s(:rvc(i.  lIigll-clc~’atfioll  s~lrfacf:rcgiolls  arc substfi]]tially coolcral)cl there-
fore emit less thermal radiation, al)pcaring  darker than the surrounding ;)]ains on infrared
images. Variations ill near-infrared surface clnissivity,  like those illfcrrcd  froln the Magcllan
radar lllcasllr(:lll(!llts,  would also l)roducc  contrasts in tile observed 1 Ii emission, with low
surface cmissivit-y  regions a~)pearing  darker than a surface rcgiml of colnparablc!  clcwation
that had a higher surface cmissivity.  }“inally, The 1.1 and 1.18/m windows  include alxmrl)-
tion from weak 1120 lines. Spatial variations in water abundance along  the line of sight will
produce spatial contrasts in the observed infrared emission within these windows.

5 The Models

To analyze the 11{.1S spectral mapping observations, wc have used sophisticated radiative
transfer models of the Venus atmosphere. ‘1’hc models usc an assumed set of atmospheric pa-
rameters to produce synthetic spectra of radiance (observed intensity, l[l~!asurcd  in W m-2 sr’-- 1 )
as a function of wavelength (in ~m). To model rcalisticall  y the observed radiation as a func-
tion of wavelength for a planetary atmosphere, physical processes such as multiple scattering
by gases and aerosols, thermal emission and absorption within a vertically inhomogcncous
medium, and emission and scattering at the planet’s surface must also be included.

The SMART (Spectral Mapping Atmospheric Radiat  ivc Transfm)  model, cicveloj)cd by
one of us (IIC),  incorporates all the physical processes described alxnw and provides the
high spectral resolution synthetic radiance spectra of the Venus atrnosldlcrc  which were
used to analyst the observed spectra extracted from the IRIS data cubes. To ana]ysc the
images extracted froln the IRIS data cubes. The prograln  VEIfTltAD was developed by one
of us (VSM ) to c.ombinc  the SMAR’I’  synthetic radiance spectra with i]lformation on surface
altitude and viewing angle to produce synthetic radiance maps of VcIlus for a given date of
obscrvatioll.  SMAIVI’ and VENRAD  arc described in more detail below.

5.1 S M A R T

l’hc Sh4Al{1’ code ~mwidcs numerical solutions to the equation of tral)sfcr  using the discrete
ordinate 7ncthod [37]. ‘1’his Incthod  ~)rovidcs  an angle-dependent solution for each of 50 levels
of the V(!nus atlnosphcrc. After tc!stiug, it was found that eight  discr(!t,(! z(!nith anglcs (four
up and four down), and a sillglc azillluth anglf!,  were adc(luatc  to dmcri})c  the radiance field
to an accuracy of N 2%. For the results presented hcrf.?, radiances were dctmnincd  at, the
Gaussian quadrature ~x)ints in the ul)l)cr  hcmispllcrc, at zenith angles  of 21.48, 47.93, 70.73
and 86.02 degrees.

The ili~)ut  paral[lcters  to SMAl{rl’  include t
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t h e  atl~losphcric  ol)tica] Ijrolmrtics,  the ol)tica] depth,  ~ , the sirlg)l(’-  scat, tcrillg al bcdo,  w,
and the scattering ~)llasc! ful)ction, 1’. ‘J’llc atmospheric ol)tical ~nol)crties  are deterlllined
by the composition wld ])hysical  conditions within the atmosphere!.  Withill mch of tjho
50 atmosl)hcric  layers in the model, w and 1) arc assulned to be cmlst)a)lt, wld lJIT(T)]
is assumed to vary linearly with T. I’hc surface bouu(lary  condition is charactcrimi  by
an al bcdo, a, and a surface r(!flection function }: (IL, IL’). The to]) tmulldary  condition is
spccificd  as a downward ftux at, the to]) of the atlnos~)hm. For nigjk-sictc  calculations, both
the downward solar and the th(!rma] ftuxcs as set to zero at this level. ‘J’h(! optical pro~wrtics
of the atmos~dlme  arc derived by summing the contributions from eac]i  constituent of the
at,mosphcrc. For Vc!nus, these atnlosphcric  constituents include gaseous Coz, HzO, CO,
OCS, and HZS04 aerosols. Aerosol scattering properties are derived from a h4ie scattering
algorithm [40]. The scattering by gases in the Venus atmosphere is approxi~nat,ed  by Raylcigh
scattering. Because the ltayleigh scattering cross-sectio]l  decreases as the fourth  power of
wavelength, this source of extinction is normally important principally at ultraviolet and
visible wavelengths. 1 lowevcr, in the deep, high-pressure atmosphere of Venus, the column-
intcgratcd  optical depth due to Rayleigh  scattering exceeds unity near wavelengths as great
as 1.1 pm, and this process is inc]udcd  in the mode] at all wavelengths.

The gas absorption optical depth at, a given wav[!lengtll  is given by the sum of all contri-
butions by gases that  absorb at that wavelength. The o})tical depth co~ltributcd  by a given
absorbing gas is proportional to th c product, of the gas absoq)tion  cross section per unit
xnolcculc and the number density of that molecule, integrated over the optical path. The
numtwr density of a given constituent is given by the product of the ambient number density
of the atmosphmc  and the volume mixing ratio of that t,as.

For simulations of the atmospheric windows in the wavclcmgth  range 1.0 1.32 ~m the
HITEMI’  spectral line database for C02 [39, 32] was used. This database provides improved
results compared with l)rc!vious  databases (such as HIT I{ AN) as it includes a more complete
set of weak overtone bands and hot bands which produce significant opacity in the relatively
high temperatures and l)ressurcs of the Venus low(!r at mosphcrc. The IllTItAN database
was used for the 1120 and IIC1 and IIF band paralnctms. For 112S wc us(!d a new spectral
line database compiled by ],inda  Brown of JI’L (personal communication, 1993).

Atmospheric lnwsurc and tcmpcraturc  profiles were obtained  from the Venus Interna-
tional Refcrcncc Atmosl)llcrc, and a C02 volume mixin~  ratio  of 0.965 was assumed at all
lc!vels. Estimates of llolninal mixing ratios for Ii20, HF and IIC1 were obtained from previous
ground-based observations [5, 12, 32]. ‘1’hc distribution of li2S04 cloud aerosol particles was
basc(i  on models derived from I’iolleer Venus and V(!ncra entry Inobc ~lleas~lrc:lll(:llts,  Two
cloud models were used to analyse the data here. ‘1’hc l)rincipal model was dcvclo~)cd  to fit
spectra obtained l)y I“IC>S on the AM1’ [1 O], and the sccx)nd  was developed to fit the I’ionecr
Venus data [9].

l’~xccpt  when altered to ilmwstigat,e  the effect of surface mnissivity chang(!sl a nominal
surface mnissivitly of 85% is assulned. Iutensitics  were Calculated at (), 2, 4 and 6 km surface
elevations. ‘1’he model was also run for ranges ill surface cmissivity  and cloud transmission,
‘1’0 detcrmline  the water ahundancc  in the lower atmos))hcrc, a range of watx!r abundauccs
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(c.g, 15, 20, 30 and 60 j)~)nl)  a]ld IIzo gradients ill tllc ltm’er at mospll(!re  was used.

‘1’hc output of this model is a l)iliary file containi]lg tile model radiances for each of the 4
upward streams as a function  of wavcllumlm, for the choice of values for altitude, emissivity,
water  abundance and cloud trallsnlission.  An cxalllplc  of SMAI{’1’ synt IIctic radiance s~mctra
is shown in l’igurc 2.

5 . 2  V13NRAD

For many of the applications dcsctitmd here, e.g. detection of elnission  from surface to-
pography, and the spatial distribution of water in the lower atmospllcux!, it is nccwssary  to
produce models which contain spatial information about the predicted intensities of infrared
radiation. ‘1’hc program VENRAD  was written specifically for this purpose.

VENRAD  crcatcs  a model map of the infrared emission from the surface and atmosphere
of Vc!nus on a given observing date. Variations in optical depth in the VC!nus clouds are not
modcllcd, so that any cloud optical depth variatimls  must be corrected for in the data before
comparison with the model. As input, VENRAD  requires a digitis(!d  altimetry map, and a
series of synthetic spectra gcmcratcd as a function of altitude and viewing angle. The model
spectra are provided by SMA1{2’.  Vh;NRAD  currently uses the altimetry map produced by
the Piont!cr  Venus orbiter. Given the sub-Earth latitude and longitude (i.e. the planetary
latitude and longitude of the center of the disk of Venus, as observed from Earth), the modc!l
cietcrmines  the surface elevation and sub-Earth angle corresponding to each pixel on the
IRIS image.

The angle and altitude dependent, synthetic radiances derived froln SMART are then in-
terpolated  to these coordinates. ‘1’1][: output files from SMART include 4 viewing angles, and
several altitude values (typically, O, 2, 4 and 6 kin). A hi-cubic sl)linc is used to inter~)olate
a four by four grid of intensities over the altitudes and ~icwing;  an.glcs.  ‘1’hese interpolated
radiances arc then mapped to the output image. ‘1’he illtcrpolatiol!  can bc done over any
user-specified wavclcmgth  range and this is particularly valuaMe  when creating s~)atial maps
of radiance within water absorption lines.
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As options, VENRAD  will also plot the terminator line, or the extcllt of the sunlit portion
of the planet at the time of obscrvqtion, providing a I ealistic si~nulation  of the crescent
phaso  cxpoctcd in the observations. An example of a synthetic radiance  map produced by
VEN1{.AI) is shown in I“igur-c 3.



6 R e s u l t s

6.1 Detection of Infrared Contrasts due
the 1.0, 1..1 and 1.1.8pm windows

‘1’0 constrain the thermal stlructum and composition of

to Surface Topography in

the dcq) atlllospherc,  the spectra]
windows at 1.0, 1.1 a]d 1.18 im~ must IW sufficimlt]y  t,ra~lsparcnt,  to allow thermal radiation
to escape from the surface. Images of intensity contrasts that ar(! s~mtially  coincident with
topographic features have previously beer] published ([26, 24, 8]), and strongly suggest that
the emission in these windows originates from tllc surface. Howcw!r,  as outlined in section
4, several phenomena could contribute to the obscrwxl  radiance col]trasts.  l“or cxarnplc,
the possibility that features observed arc due to opacity variations in the Venus cloud-deck,
rather than  the surface itself, must bc eliminated before a surface dctcctlion  can bc proven.

I lcrc wc combine Illlllti-wavelcllgtll  observations with sophisticated radiative transfer
models to prove that wc scc infrared contrasts duo to surface tolmgraphy  in the 1.0, 1.1
and 1. 18pJn windows. The observational arguments presented are basccl  on our understand-
ing of the thermal structure, optical properties, and dynamics of the Venus atmosphere. We
also provide the first estimates of the relative contribution of the surface emission to the
total radiation observed within these winclows.

6.1.1 Distinguishing Surface From Cloud Contrasts

If the atmospheric txmpcraturc lapse rate in the Iowcst scale height is –8K/knl  [35], and the
surface tcmlmraturcs  arc comparable to the atmospheric temperatures as the same elevation,
then high-clevaticm  surface regions will bc much cooler than the surrou])ding  plains. These
higher, cooler rcg.ions will thcrcforc  emit lCSS thermal ra(liationl and will appearing dark on
an infrared image. These contrasts would bc cxpcct,cd  to spatially corr[!latc  with surface
topography. Radiative trallsfcx  modcdling  also iudicatcs  that the clnission  contrast between
high and low altitud[! should increase with decreasing ~~avclcugtlh,  1 wixtg lnorc pronounced
in the 1.0 ~ml window.

Cloud iuduccd contrasts associated with the main cloud deck lmhavc in the opposite
fashion, by dccrcasillg with decreasing wavelength. ‘~’h( contrast bctwccn
markings at 2.3 pm cxccc!ds a factor of 5, compared with contrasts of 0.3
Ilcrc contrast, C, is defined as:

L, --02
c =- -- i);

dark and bright
at 1.27 jm [10].

(1)

where 61
t,iv(! transfer
dccrcascs w!ry little. l“or cxalnplc,  for tlhc 112S04 cloud partic]c  imputations spccificd  by

a n d  6 2 arc obs(!rvcd  illtx!nsitics. However, in the 1.0 to 1.27 jun range, radia-
modcllillg suggests that the alnplitudc  of the cloud illduccd  thermal contrasts
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[~risl) (1 986), and o~)tica]  dc])t,h contrasts  lik[! tllos(! dcst:ribcd  by Grillslxmn et al. (1993),
the thcr]na] collt,rast  varies from 0.3 at 1.27 ~ull to almut 0.285 at 1.0 ~~111.

Anotilcr  distinguishing fcatum  is that cloud-induced contrasts arc known to rotate with
a 5 to 6 day lwriod [1 1]. In comparison, contrasts associated with surface features would
rotate with the I)lanctj’s  surface, soInc 40 times s]ow(!r tl)an the cloud fcal urcs.

~“igurc 4 shows the s(?qucncc of images Cxtrac{cd  fronl a single IIUS data cube within the
1.31, 1.27, 1.18, 1.1 and 1.0 windows. I{’or ccmlpal  isoll, all altitude ltlal) crcatcd  by VENRAD
is also shown, depicting the topography of the Vcllus surface on tllc date of the observations
at 11{1S ~)ixcl  resolution. On this map higher altitude rcp,ions arc darkm  than the lowlands.

In P’igurc 4, the 1.31 and 1.28 pm images arc dominated by contrast  markings ciuc to
horizontal diffcrcnccs in clou{i opacity, also seen in 2.3 I/In images t akml  on th(! same day.
The 1.28 ~ml image also contains emission from the 02 * A 1.269 Im ban(i,  which in this case
most noticeably boosts the raciiation seen near the Eastcl n iimb (cf. }’igure 1 of Crisp et al.,
1995, this voiumc). Ciou(i il~{iuccd  contrasts arc also cical ly visible ill tllc remaining windows,
including the 1.0 ~ml window, but an aci(iitionai  dark feature on the llortllcrn  }~cmisphcre is
seen n(!ar the crcsccnt. The contrast of this feature incrcascs at shol”tcr wavelengths, being
icss obvious in the 1.18 ~un image, but clearly visible in the 1.0 ~ml i]nagc. The position
of this ciark feature corresponds exactly to the geographical location of the highiand  region
Beta Regio,  seen as the large dark oval on the altimetry map.

Figure 5 shows 1.18 ~un images taken on 1991 Octobcr  16, 17 and 18 (UT). At this time
Venus was WCII past inferior conjunction with a phase of N 0.4 and an apparent diameter
of only N 30”. It was thcrcforc  observed at a much 10WCJ spatial resolution. A {iark feature
paral]cl to the equator maintained its position ov(!r the t hrcc consecutive ciays of observing.
Aiso shown arc 2.3 /ml images which illustrate the horizontal variation of optical depth in
the c]ou(i  layer. ‘1’hc cloud pattern chaugc(i  markedly ow!r the three (iays of observing, so it
is unlikely that the (iark feature is cloud-related. Also sliown arc aititude maps for the dates
of obsc!rvation,  showing the position of the equatorial hi~,hland  region A~)hroditc  Terra, and
its relative movmncnt over the pcrio[i  of the observations. It can bc sccu from this diagram
that the lmsition  of the ciark feature obscrvcci  in the 1.18 jm i~nagcs corresponds closely to
tho gcographica] location of A~dlro(iitc Terra.

(hlr infrared [iata  arc coinci(icnlt  with those taken I)y I,ccacheux CL al. at 1.Op~ with
an optical (XD camera ciuring the period 12 to 21 octohcr, 1991. ‘1’hey also saw contrasts
in emission apparently l)rociuccd  by the high altitu[ic  topographic feature Aphrodite Terra,
with a high dcgrcc of spatial correlation bctwccn  observed emission and surface elevation.
Moreover ,  I~(!cachmlx ct al. claim that the individual  CCIJ images USC~i to ~rcatc thc PUb-
iishmi composite CC])  image showc(i  a rotatio~l  period consistent with the {iark features
observc(i being ])ro(iucc(i  by the surface.

11{1S ciata were aiso obtainmi in the 1.18 p) willciow in Sci)tmnlmr  1991, but, show no
obvious features, other  than cloud in(iucc(i  contrasts. Colnparison  with tile altitude map
crcatc(i for these observations shows that no iargc regions of high topography were visible
011 these (iatcs.
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6.1.2 Removing Cloud Contras ts

‘1’0 st)rxmgthml  the (!videncc tllatl  the oval feature observed in the Jllly  11{1S data (1’’igure 4)
was duo to a surface feature, the 1.0 and 1.18 micron imagc!s were di~’idcd by a scald,  limb-
cormctcd  image of the cloud contrasts observed in tile 1.31 /LIII windows (Figure 6). This
method  removes most modulation of emission by th(! cloud opacities, leaving only the true
contrasts of emission from ttlc lower atmosphere and surface. The resulting ‘cloud-removed’
images arc shown in Figure 7. For comparison, two V13NTltAI~  synthetic radiance maps were
produced within the same wavelength region as the dala. ~’h(!sc Inalw show the infrared
radiances expected  from the surface and atmosphere for ulliforln  cloud opacity and surface
cmissivity.  ‘1’0 compare contrasts observed in the model and data, sltlall apertures were
placed on and off llcta-l{cgio  to derive contrasts as defined by Equation  1 of 0.26+ 0.04 for
the data and 0.29 + 0.02 for the model in the 1.18 jun window. ql(! errors arc derivecl from
the standard dcviatiol] within each aperture. The standard deviation has two sources in the
data, the variation of surface altitude within the aperture, and noise sources in the data,
whrwcas the model error comes only from the variation of altitude within the aperture.

Note also that surface elevation differences of 1 km al)ovc the l)lains  arc clearly visible in
them  images. This implies that not only are we seeing contrasts in thermal emission from
surface topography within the 1.0, 1,1 and 1.18 pm wirldows,  but that wc do indeed probe
right to the surface of the planet.

6.1.3 Relative Contributions of Surface and Atmospheric Emission withing the
1.0, 1.1 amd 1.18 ~~m windows

TO derive  quantitative information on the relative contribution of surface emission within
these windows w[! attempted to model this emission with a radiative transfer model. Al-
though conl~mhcnsivc radiative transfer models like SMART cannot ~)rovidc conclusive proof
that wc arc seeing the surface, it seems highly unlikely that such a ]nodc] could provide a
good fit to the observed spectrum of the Venus night-side if the assumed abundance and
vertical distribution of the atmospheric constituents, a]ld the contribution to the emission
from the surface, was grossly in error. An example of the SMART synthetic  radiance spectra
of the Venus night-side is shown in Figure 8. ‘1’hf! two spectra indicate the emission cxpcctcd
with and without the surface thermal contribution. When surface thcrma]  emission is in-
cluded (solid line), the spectra obtained arc very similar to the IIUS observations (cf. I“igurc
1). When the surface contribution to the observed radiation is rclllm’cd,  and only the ther-
mal contribution from the atmosphere is considered, tllc spectra do not look like the data,
with the lnost Ilotahlc difference being observed in tjhc 1.0 pm willd(m’.  Comparison of the
s~xx:tra ol)taincd with (solid line) and without (dotted line) the surface tllcrmal  contribution
indicates that in the atmospheric windows below 1.271im, a large fraction of the radiation
observed (> 50%) will bc duc to surface thermal emission. rrh[! surface contributes little  or
no emission in the 1.28 and 1.31jlrn  windows, between 6(1 40(% of t]lc cnlissio]l  in the 1.18/LIn
and 1.1 Inn window, and virtually all (> 95%) of the radiatioIl  observed within the 1.0 ~fln
window.
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‘] ’hcsc ttlcorctical  cstinlatcs  of the contributiml  to the observed (hcrrnal emission by the
surface should bc comlmcd  with the contrast fmtum seen wit)hili  tfllc w’illdmvs  in P’igurc 4.
The oval feature, Ikta lkgio, cannot, be seen within the 1.31 and 1.27 ~~nl, where the synthetic
spectra prcdictl little  or no contribution from surface rmissiollt As wc move to shorter
wavolcngtlls,  Ilcta I{cgio first al)l)cars at low contrast, in the 1. 18~1111  window,  and incrcascs
in contrast with decreasing wavelength, until it is most promil]{!nt, in the 1 .() ~ml window,
as expected  fro~n the synthetic radiance spectra. These results, and trhc otfhcr arguments
prwxmtcd  at the beginning of this section , strongly sug[;cst  that WC detect radiation from
the Venus surface and lower atmos~)hcre  from within the 1.0, 1,1, and 1. 181un  windows.

6.2 Near-infrared Surface Emissivity Variations

As variations in the opacity of overlying cloud  will smear and confuse the relationship between
surface emission and topogral)hic  elevation, cloud-inducx!d  contrasts in the observed emission
were removed as described in section 6.1.2. l’hc resulti:)g images arc used for a quantitative
study of surface emission.

‘h scarcll  for variations in surface emissivity as a fu]lction of surface c]evation, the cloud-
correctcd  data were divided by a synthetic radiance map that was created with a uniform
surface cnnissivity  (c = 85%). The maps arc shown ill Fi.gurc 9. ‘Jlc upper  image shows
the cloud-corrected 1.18 ~un image divided by the synthetic radiatlcc  map. For comparison,
the synthetic radiance map is slIown in the lower image. On illslmction,  the data/model
division image shows a faint negative image of the cloud pattmn,  indicating a slight over
compensation in the cloud-corrected image. NO obvious features that are correlated with
topography, or t hc observed radar bright regions arc seen, and tl)cy would be cxpcctcd  if
surface cmissivity  was anomalous on high altitude regions like Ikta Regio. To quantify this,
small apcrtums wmc place over Ileta Rcgio and the nearby plains region, and the mean value
and standard deviation within t,hesc apertures was recorded. Contrast is defined by Equation
1 such that identical int)csitics  produce zero col~trast. ‘1 ‘ho measured cmltrmts  were 0.26+0.04
for the cloud-corrccte~i  1.18 H]n image, and --0.03+ 0.04 when that cloud corrected image is
divided by the synthetic radiance map. Thus, by assuming a constant surface cmissivity, we
have accounted for about 90’% (and possibly all) of t}ie contrast observed between the 4 km
high Beta l{cgio and the O km plains. We thcrcforc  find no infrared signature of the large
variations (20 50Yo) in the surface cmissivity seen at microwave frcqucncics [31]. Note also
that the model used for the comparison has a lapse rate (– 7.5 K/knl) that is mom stable
than has jm:viously tmcn assumed (SCC below), and if anything WC nave zmderestirna.kd the
intensity of the highland regions in the model, resulting in a si{yl change in the contrast. To
allow an al~omalous  dccrcasc in the cmissivity of the highlands in the sense of the microwave
observatiolw,  the thermal gradient in the lower atmosphcr(! would have to be even sha]lowcr,
requiring a lapse rate that is even more stable than we have assumed. Consequently, a
constant, surfw:c  cmissivity  was assu]ned in all furt}ler analysis  ~)rcscntcd hcr[!.
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6.3 The Temperature Structure of the l~owcst (3 km of the Venus
Atmosphere

‘1’hc atmospheric r’cgioll  which cxt~!nds  from the surface to a fcw klll altitude  is known as
the planctmy  boundary layer. Kuowlcdgc  of the t,h{!rmal st,ructurc of this layer is t!sscnltia]
for studies of the Venus global  circulation, bccausc the stability of the l)lanctary  boundary
layer regulates the translmrt of heat,  mass and momentum bctwc(!n t llc l)lanct’s  surface and
the atjmos~)hcrc.

If the planetary boundary layer is relatively stable, atmospheric flow over the surface is
more laminar,  and there is very little transfer of surface angular molncntum  to the horizon-
tal winds. 1 Iowcvcr, if tho near-surface atmosphere shows convective instability, horizontal
momentum is cffcctivcly  transport vertically through the planetary boundary layer, nlax-
imising the vertical cxt(!nt, of the atmospheric rx!gion affcctcd by the surface drag.

The stability in t}lc near surface atmosphere can also play an important role in the
transfer of momentum to much higher layers of the at~l~osphmc by vertically propagating
waves. For (!xamplc, waves that are produced when the wind blows over mountains and other
topographic obstacles can propagate as far as the upper troposphere (W 60 km altitude),
transporting both heat and momentum. Young d al. [1987] have shown that if the lower
atmosphere is stable, then these topographic waves can interact with the supcrrotation  at the
cloud level to produce a drag. ‘1’heir effects arc dramatically reduced if the lower atmosphere
is only marginally stat)lc, or adiabatic.

Prior knowledge of the thermal structure of the near-surface boundary  layer is required
to derive tho abundance of water, and other absorbers ill the near-surface atmosphere from
near-infrarccl obsmvations  of the Venus night-side. The effect of uncertainties in the vertical
temperature gradient on the retrieved water vapour  distribution is dcscribcd in the next
section.

Finally, a comprchcnsivc  global  description of the nca~ -surface thcrma]  structure is essen-
tial to assess the efficiency of the Venus greenhouse mechanism. ‘1’lIc V(!nus greenhouse is
maintained primarily by the absorption of infrared radiation by Cc)z. 1 Iowcvcr,  water, S02,
and H2S04 play an ilnportant  role by absorbiug  ill complementary rcgiom of the spectrum,
and effectively ‘plugging’ holes in the grccnhousc left bctwccn  the strong (X)2 absorption
bands. Previous models of the Venus grcmhouse  have required 100 1000 l)pm of water in the
lower atmosphere, and an unbroken cloud  deck [33]. However, recent uear-infrared observa-
tions, including the results prcscntcd  here, have shown partial clearings in the 112S04 clouds,
and water  abundances of only 30 pprn in the lower atrnosphcrc. 011 tllcir own, these obser-
vations would suggest, the existence of radiative ‘leaks’ ill the VUIUS p,rccnhouse  and w(!akcn
the ability of current lnodcls to explain the high surface temperatures, and the efficiency of
the VCIIUS grccnhousc. 1 lowevcr, these apparent losses in efficiency of tlllc grccnhousc Inodcls,
may hc offset by the other  sources of absorptioIl that were ncglcctfcd  in tlhcse  Inodcls,  For
example, ncw sl)cctral lillc clata-bases for C02 and water include ~]rcviously omitted hot-
band lines, that  arc important sources of opacity in th(! Venus lower atmosph(!rc, Global
olmrvations  of thcrl]lal  structure as a fullctlioll  of local t imc could bc used to constrain the
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cfficicllcy  of the grcenllousc lllcchanislll. If the tro]msphem  is tl uly o]mque to thcrl]lal radi-
ation, virtually all of the IIeat Inust lx: trallslmrted  vertically by corlvection,  and the lapse
rate should bc close to adiabatic. If both  convection and radiative cooling are occuring, duc
to “leaks” in the grmnhous(!, tfhcn a lnore stable tcmpmaturc lapse rate would t)c possible.

To derive the tkcmnal structuro  of the lowest 6 km of the atmosphorc,  wc assume that
for the massive, high heat capacity Venus atmosphere, the atnlos~)hcric  tclnperatures  at the
surface arc equal to tlhc surface temperature. With this assuln~)tion  tllc tem~)(!raturc lapse!
rate can bc derived by Co)tl])aring the otxx!rvcd thermal emission as a function of surface
elevation with model r(!sultls for a variety of tmnperaturc  lapse  rates.

However, as both thermal structure and water conccnt  ration affect the observed emission
gradient, to accurately determine the t}lcrmal structure, a region of t}lc spectrum must t-w
chosen which is unaffected by water. Images for comparison with tjhc models are thawforc
extracted from within the long-wavelength side of the 1.18 ~un window, which is dominated
by COz absorption, and where water  absorption is negligible.  The region 1.1904- 1.2003
fm was used to crcatc  the data and model maps used in the following analysis.

The synthetic radiance maps were created using V} I; NRA1). ‘1’hc IRIS map was then
divided by the synthetic nla~) to produce a ratio image. This image was then binned as a
function of altitude and local time. Synthetic maps we] e created for the Venus night-side
with tmrpcraturc  lapse rates of –8.5 K/knl (super-adiabatic) and --7.5 K/km (Inore stable).
The model/data ratios for these lapse rates  arc shown  as a function of local time in Figures
10 and 11.

If the model was a perfect match to the data, the data/nlodel  ratio would he a horizontal
line at a ratio value of unity. It is clear froln these plots, that within the wavc]cngth  range
used to crcatc  the i]nag(!s, the model overestimates the observed intensity. However, this
only affects the vmtical  position of the line on the plot, and will ncjt affect the slope of the
line, or the derived lapse rate. It should also be noted that the local time range 20-21 hrs
produces info-red lapse rates that are far smaller than those derived for other  local time
regions. These r-csults however, may bc strongly affected by scattcrcd  radiation from the
sunlit crcsccnt,  as the 20 21 hrs region  is adjacent  to th(! crescent. ‘1’hc best match to the
slope for the remainder of the local time range is given l)y the --7.5 K/knl lapse rate, wit}]
some indication that an even smaller lapse rate is required.

Given that the adiabatic lapse rate for the planetary boundary layer is calculated to be
–8.3 K/km [36], a value for the observed tclnpcraturc  lapse  rate of 7- 7.5 K/km implies
far greater stability at these lCVCIS  than was assumed pr(:viously. ‘1’his would indicate that
radiative, as well  as convectiw!  cooling, is important in tlllc  iowcr atmos~)hcre,  and su.ggcsts
the ])ossibility  of radiative leaks in the \~cnus  grccnhousc. The .eyatcr  stability would also
have iml)ortant  implications for the cxtlcnlt  of vertical t] ansport  of nlolnclltulll via gravity
waves,  as these waves l)rol)agate more readily through stable  conditions.

The results derived in this section are also ilnportant  when determining the abundance
and distritmtio]l  of
colulnn depths, al)d

absorbing  conlponcnts  iIl tllc
changes in the observed lapse
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obscrvc(i infrared emission. Since w(! derived the temp(:raturc  la~ls(!  rate frolll a spectral
region  where C02  was the only sigl)ificant  al)sortxv’, the (Icrived lapse rate can now be used
to infer the ab}lndance and distribution of tram slxx:ics, such as water vapor.

6.4 Water Abundance and Spatial Distribution in the Lower At-
mosphere

I’hc long-wavelength side of the 1.18 pm window is sharl)ly define(i  by far-wing absorj)tion
from a C02  band near 1.205 jm]. ‘1’lle sllort-~vavclcllgtl)  side of this willdmv  also contains
contributions from C02 absorption, hut is dominated by absorption from the v] + V2 + V3 band
of water  vapour,  ccntrcx] near 1.1351 Ilj]rl. Several other individual water  lines arc visible in
the window shortward  of 1.185 pm [13]. ‘1’hc long-wavelength side of the 1.1 iun window
is similarly affected by water absorption. our radiative transfer model results demonstrate
that the entire rqgion spanning the long-wav(!lngth  side of the 1.1 pm window to the peak of
the 1.18 pm window is very sensitive to water abundancw  (Figure 12). The short-wavelength
side of the 1.18 ~m region  is also relatively unaffected by terrestrial water absorption, as
it contains many high-J transitions of Venus water which arc much stronger and broader
than their terrestrial counterparts. ‘1’his makes it an ideal  spectral  r(!gion  for ~)robing the
abundance of water vapour  in the Venus lower atmosphere.

The peak of the 1.18pm window is most sensitive to water closest to the surface, while the
flanks of the window probe higher altitude regions. Our radiative modelling  results indicate
that the peak of the window has a sensitivity function peaked  near N 11 ktn altitude, in
agrcem(!nt  with the sensitivity functions dctcrmillcd  l)y Pollack  CL al. (] 993). The sensitivity
function, however, is broad, and the half-power points sl)an 5 20 km altitude.  This altitude
range samples the bulk of the Venus atn~osld~ere. In addition, although the window is
dominated by emission from 11 km altitude, it is still sensitive to surface radiation, as is
amply dcvnonstratcd  by our 1.18 ~ml images which distin~)uish  ill frare{i emission from surfacw
regions as little  as 1 km above the mean elevation (Figure 7).

Ilcrc we dcscribc  a new technique for dctermiuing  the water vapour  atmndancc  and dis-
tribution in the lowest scak! height which provides improved vertical resolution. This method
exploits the sensitivity of the 1.18 ~in] window to water vapour  in tllc lower atmosphere, and
uscs our know]cdgc  of the underlying surface tolmgraphy  to vary the column depths across
the planet. ‘1’0 improve the vertical resolution, the colu mll abullclallces  above topographic
regions with difi’mxmt  clcvatimls are colnparcd,  and differential column abundances between
these elevations are inferred. ‘1’his  tx!chnique requires maps of the surface topography as well
as spatially rmolvcd spectra of the cleq) at, mosl)here.

Water maps for this analysis were derived from the 11{1S data as follows. ‘1’wo images
were cxtracteci from the fully fiux-calil)rated,  but lloll-clo~l(l-corrcctc(l”  cube, within the 1.18
pm window.  ‘1’hc nolnillal ‘water’ illlagc was extractc(i  from withi]l  tlhc 1.173 ~un water
absorl)t)ion  hand, with th(! clloscw 11{1S pixels s])anning  i~ manifold of lillcs within thf! wave-
length range 1.1712-1.1755 l~m. “1’his image colltains contributions  {0 the absorption from
both 1120 and C(J2. q’hc second, or ‘C02’,  image was chosen fronl a spectral range with a
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coln~)arativc  intensity on the lollg-l~’avf!l(:llgtjll  sifle of tllc window, w]lich contains no water
absorption and is dominated by Coz absorption. ‘1’hc s]mctral rcgiol~  C}1OSCI1 sl)ans 1.1897
1.939 Jun. ‘1’hc water image is divided by the COZ illlag( to create ratio maps which can be
used to dctmrmino water  distributio]l.

There arc several advantages to this procedure. As {loud ~)hysica] lJro~)c!rtics  vary only
slowly with wavelength, the ratio n]aps produced by tllc above method  arc rdativcly  insm-
sitivc to diffcrcnccs in cloud  opacity, which arc of order 1 ‘/0 betwccll  the spectra] regions
compared here. The water maps therefore do not require cloucl-eorrcct,iol~. The ratio also
works to cancel most of the effects of CX)2 absorption on the water maps. To analyst the
water maps, SMART and VENRA1) arc used with an assumed tcmpcraturc  lapse rate of
– 8 K/kn~ and a uniform surface cmissivity of 0.85,  to create synthetic radiance maps in iden-
tical spectral ranges  to the data maps. ~l(! synthetic water  and C& maps are then ratioed
for comparison with the data. Subject to the accuracy of the data/lnodel  fit, this method
rcduccs any effects in the data ratio maps associated wit]] incorrect cancellation of the effects
of (X3Z iu the two regions chosen for the ratio. IIowcver,  systematic errors in the inferred
watmr abundance can occur when using this method, duc to inaccuracies in the model fit to
the data, especially on the steep, long-wavelength side of the window. These inaccuracies
could occur either in the model, or in the wavelength and radiomctric  calibration of the data.

Water distribution maps derived from the data, and several mode] maps for different
water abundances and near-surfac(! gradients arc S11OWI1  in Fi.gurc 13. All models usc the
same H20  abundance above the cloud Last [32]. h40del results arc shown for uniform mixing
ratios of 30 and 15 ppm in the! lower atmosphere. Thr other lnodcl  map shows a mixing
ratio distribution of 25 ppm between the cloud base and 20 km altitude, and then increasing
linearly to 50 ppm at the surface.

Figure 13 shows that contrasts obscrvcxl across the Venus disk ale very sensitive to both
the total water abundance and mixing ratio gradient. l’hc changes ill observed contrast
arc duc to two competing effects. AL the surface, the d(!creasil]g  ten~pcrature  with altitude
would create  dark highlands in the ratios, as the ratio of the blackbody  fiux on the short and
long wavelength side of the window is higher for objects at highm temperatures. Without
the effects of water absorption, the hot lowlands would display a higher ratio value  in these
maps than  the cooler highlands, and the highlands would appear  dark on these ratio images.

g’hc prcscncc of water  vapor absorption has the opposite Cfrcct  oll these ratios, however.
The highlands would bc bright, because the atmospheric column above thcm is shorter, and
contains lCSS water absorption at wavelengths near 1.173 pm. ‘1’he lowlands arc bclovv  a
]o]lger atmospheric column, and the iucrcascd water absorr)tion ill the longer column makes
t,hc lowlands a])~mar  darker ill the ratio. ‘1’hc observed contrast betwcml highlands and low-
lands is a balance bctwccn t,h[! compctliug  effects of tlcmlwraturc  dccrcasc with altituclc, and
diffcrcnccs  in total water atxoq)tion  in atmospheric collimns above a rallgc of topography.

We now consider the effects of a change in the mixil]g ratio of water with altitude. If the
mixing ratio  of water  dccrcascd froln the surface u])war(ls,  the]] tile iucrcascd abuudancc  of
water in tJIc 10WM fcw kilo] nct,rcs would work against, the t,cmpcraturc  gradient eflcct, by
darkming  t,l]e lowlands and slnoot,l]ing  out the observed colltrast  duc to terllperaturc  change
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with altitude. A d[!crease in water mixing ratio towar[]s the surface would work with the
tjmn]maturc  gra(iicnt,  brightening the lowlands whelk c(nnparcd with the constant mixing
ratio cam. It is a])parcnt  qualitativc]y  from I“igule  13 tha L for the – 8.0 K/knl lapse rate and
a water val)or ll]ixing  ratio whit}] increases towards the slirfacc,  that, t hc contrast is reduced,
and provides a better  match to th(! data.

‘1’0 ~)rovide  quautitativc  verification of the water va])or distjributiol]  which provides the
best fit to the data, tJlc data ratio and model  ratio arc diffcrcnc~!d.  ‘~’llc r(!sulting  difference
image was rcbinncd  to create plots of the data-model diflerencc as a function of altitude. In
the binning process regions C1OSC to the crcsccnt or aff(!cted by bad ~)ixcls are avoided, and
a secondary radius is used to avoid all pixels  within a given distallcc of the limb. Regions
on the model maps for which no altimetry data exist were similarly avoided. However on
the July 27 data this affects only a fcw limb pixels, which are rcjectcd. q’o increase S/N, the
following analysis uscs altitude bins of 1 km.

6.5 The Water Gradient and Abundance in the lowest 6km

Figure 14 shows the resulting plot of the mean data-model difference as a function of altitude
for several water abundances in the rallgc 15 to 30 p~)mv. A tcn)~m-ature lapse rate of
–8K/km was assumed for these tests.  For a perfect match to the data the difference of the
data and model ratios should sit on the horizontal zero line. The model used to produce these
results assumes no gradient in the lowest scale IIeight.  i.e. a constaJ]t  water vapor mixing
ratio throug}lout the lowest 20 km altitude. The points am placed  in 1 kln altitude bins, and
the mean of the distribution within each bin is dctcrlninod.  These arc the histogram values
plotted. The error  on this quantity is difficult to determine with a classical error analysis, as
the data reduction aud analysis procedure used to derive this quantity is extremely complex.
An estimate of the errors on the mean of the data-model difference is therefore determined
by obtaining the standard cm-or on the mean:



i]uagcs  has lmcn dctlcnnincd by inspection to be accurate to within oIlc 11{1S pixel. Shifting
the inlagcs l)y 4 1 ~)ixcl  pmduccs  no significant cflcct on the obs(!rvcd distribution.

‘1’hc significwltl  slolm observed in the data/lnodcl  diffcrcncc  as a function of altitude
for the constant abundance models implies that a graclient  dots f!xist in the lowest fcw
kilometers. Althougl] t,hc weighting function for the atn]osphcric  radiation l)caks at 11 km
for these wavclcl@hs,  and only w 25% of the observed clllission ori~,inatlcs  from the ldauct’s
surface, the coml)arisou of model and data is still very sc]lsitivc  to the water gradient. This
is demonstrated mnpirically  in Figure 15 which conlparm  the data wit]] a number of different
model gradients. A gradient in water vapour  abundance is clcfiucd  L() bc “negative” if the
water vapour  mixing ratio dccrcascs towards the surface. (h this diagram, if the model
gradient matched the observations, then this would Ix: seen as a straight line parallel to the
altitude axis. Of the four gradients displayed, the model which most closely matches the
obsm-vcd hchaviour  of the data with altitude has a temperature lal)sc rate of –8 K/km and
a water abundaucc  of 30 ppm at 20 km, increasing lillcarly with pressure to 60 ppm at the
surface. Mixing ratios which arc constant, or dccrcasc with altitude, fail to match the data
in the lowest fcw km. ‘1’hc strong negative gradient 30p1)m above 16kln altitude, decreasing
to 15 ppm at the surface, produces the largest deviation from the data at low altitudes.
Note also on this diagram that with the exception of altitudes of 6 km and over, it is still
possible to distinguish between gradient diflcrcnccs as small as 30 p}nn decreasing to 20 ppm
and 30 ppm decreasing to 15 ppm, within the random errors  displayed by the data. These
results appear to contradict the negative water gradients inferred from the Pioneer Venus
and Vcncra data (SCC TaMc 1).

Water absorption, however, is only  onc phcnomcno]l that could change the obscrvccl
emission. Surface cmissivity, and the tcmpcraturc  la~)sc ] atc in the lower atmosphere, could
also modify the data/model difference. To dct(!rminc  the impact of t}lcsc  effects on the
water gradient determinations, rnodcls were run for a nominal 30 ppln water (constant
mixing ratio)  with a --8 K/km lapse rate, and a uuiform surface c~nissivity  of 0.85, and for
coml)arison models with all other parameters nonlillal  a]id altcrnatc]y  a tcmpcraturc  lapse
rate of --7.5 K/km and a dccrcascd surface cmissivity of 0.75. The lllodcl/data  diffcrcnccs
for these cases arc shown in l’igurc 16. Both the crnissivity and t(!mperaturc  lapse rate
changes produce very slnall effects on the estimated watcl abundance. ‘1’llc cmissivity change
produces a horizontal shift in the data-model comparison, implying a chaugc in inferred
absolute abuudancc  rather than a change in gradient. }Iowcvcr,  the la~)sc rate change dots
produce a small, but significant change in the bchaviour  of the model fit with altitude, with
the dccrcascd lapse rate resulting in a flattening of the observed gradient. This would bc
cxpcctcd  if the Iowcr laps~! rate dccrcascd the tc]npcrature  diffcrenc(! bctwccn the high and
low a]titudc  to~mgraphy.  }Iowcvcr,  for the 0.5 K/kin diffcrcucc  shown in tile two models, the
effect is nluch slnaller  than the effect produced by cllall~ing  the water g;radicnt.  1 Iowcvcr,
if the tcmpcraturc  lapse rate in the lowest 6 kl~l was as much as a dcgrcc K lCSS negative
than th(! --8 K/knl lapse rate, as is ilnp]icd  by tllc results discussed ill t]lc l)revious  scctiou,
this would flatten the observed gradient, implying a mort: coust  ant mixi])g ratio throughout
the lowest scale height. A ]apsc rate several dc.grccs LX*IOW tllc nominal lapse rate in not
l)hysically  precluded, as it could bc produced through dynamical effects, which arc poorly
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Undcrstfood  ill the lmw!r atlnosl)hmc. IIcrwevcr, from thr results  l)rcscllted  in the ~)rcvious
section, it is unlikely that t}lc laps~! rate  dcviatm  frolu thf! noll]i]lal --8 K/kill va]uc by more
than 1 .(I (Icgrccs 1<.

‘1’hc water results arc shown in E’igrrre 17. The three diflcrcnt ])lots show the effects of
wave] cngth calibration uncertainties in the data on the infcred  aldut[!  abundancx.  The
range of model results observed irnldy  best fits of 22 ppm at 2(I kln altitude, incrcasin,g  to
44 ppm at the surface, 26 increasing to 52 ppm, and 29 increasing to 58 ppm. The results
of this study thcrcforc  give a water  abundance ixl th(! Venus lower atl[losphcrc  of 26Y ~ ppm
at 20 km, increasing by a factor of two to 523 ~ pIm~ at the surface. 1 Iovmvcr, this observed
gradient is sensitive to tllc inferred tcmpcraturc  lal)sc rate. If the tr!ml)craturc  lapse rate
was substantially ICSS  negative than –8 K/km, then the inferred gradient would be much
smaller, tending to a constant mixing ratio throughout the lowest scale height.

The absolute water abundance obtained with this ncw method is cmlsistcnt  with the 30
ppm obtained by ~)rcvious remote. sensing results obtained by both ground-based observers,
and the Galileo Near lnfrarc!d Mapping $pcctromctcr  (cf. Table 2). 1 Iowm’(!r, this observation
contradicts spacecraft data which indicate a negative gradient ill water abundance. The only
other existing determination of the water gradient in the lower atxnosphcre  was derived from
ground-based data [32]. The most likely result showed a constant absolute water abundance
of 30ppnl in the lower atmos~)herco

As discussed by von Zahn et al, (1983), entry-probe data arc also subject to a number
of measurement diflcultics which can affect both  the absolute abundance and the gradient
observed. Both gas chromatography and mass spcctromet  cr measurcm cnts can bc affected by
the ingestion of H2S04 cloud droplets. In addition, reactions bctwccll  the gas inlet systems
and calibration sources can produce extra water  within the system, and water can also
bc adsorbed by the inlet systcm. ‘.l’hcreforc  large variations in measured abundance could
occur, which may lx at least partly duc to instrumental (:olltalllillalji(:J1l  [1 4]. However, the in
situ measurmncllts  made by the Vcnm-a  11 and 12 scan~ling sl)(:ctro~>llotc)nlcters  also show a
negative gradient, and were unaffected by any of the instrumental problcrns which afflicted
the mass slmctromctcrs. Ncvcrt,hclms,  as in our mctho{l, the data require models in order
to interpret the s~mctra  obtained, Consequently the watt:r  abundances and gradient inferred
may bc non-u niqrrc. ‘1’hc Vencra data were indcpcndcrltly  analyscd by Young et al [1984]
who confirmed the original analysis by Moroz it ct al. for the 0.94 ~ml water band, but
reported discrepancies in the fit for water absorl)tion at ().82 and 1.13 ~ml,  which required a
mixing ratio of 20 30 ppm for the entire atlnosphcrc,  I athcr  tha~) tile 200 p~)m decreasing
to 20 ])pnl required by the 0.94 ~ml band. They suggcst(!d  that an additional absorber may
bc responsible for the large equivalent width observed ill the 0.94 ~frrl band.

7 Summary and Conclusions

Using 11{1S olmrvat,ions  within tllc 1.0, 1.1, 1.18, 1.28 and 1.31 ~l]n windows wc have cou-
firm[!d  nlod(!l  ~)rc!dictions  that within the 1.(), 1.1, and 1.18 pm windows  it is possib]c  to

22



detect tllcrlllal radiation from the Venus surface. Given this rc!sult,  tilese data provide an
unprmcdcntcd  ol)lmrtunity  to 1 ) search  for infrared clnissi vity challg(!s  correlat)[!d  with topogr-
aphy,  2) dctlerlnillc,  and lnonitor  challgcs  ill, the therlnal  structure of the lower atmosphere,
especially as a ful]ction  of local tilne, and iii) detcmnille  the water al julldanc(!  alld gradient
in the lower atll]osl)here.

Methods were developed, taking advantage of the versatility of 11{1S spectral mapping
data, to correct for scattcrcd  light from the bright sunlit, crescent, wliicl)  dominates the raw
data. Methods w(!re also dcvclopccl  to correct for the modulations in the observed emission
that arc produced when radiation from the surface and lower atnlos})llere  passes through
varying optical depths  in the overlying cloud.

To aualyzc the data and achieve the above  listed goals, so~dlisticatcd,  angle-dependent
radiative transfer models are combined with I’ion[!er \’mlus altimetry data to create 2-
ctimensional  synthetic radiance maps, integrated over the same wavelength range as the
data.

Synthetic radiance maps for the 1.18 pm were created with a uniform surface emissivity
and were divided into data to look for variations in surface emissivity  that may be correlated
with topography. We find no evidence for infrared cmissi~ity changes correlated with surface
topography, or with the Magellan reflectivity data. This result confirnls previous infrared
results [24], and indicates that the process which produces the obselved anomalous radar-
reflcctivity  has no significant infrared signature.

The IRIS data also provide improved constraints on the vertical telIlperature  gradient
near the Venus surface. Comparison between IRIS data and synthetic radiance maps gen-
erated  with SMART and VENRAD  indicate that, the tmilperature  lapse rate is more stable
than has previously lmcn assumed. ‘1’he stable near-surface temperature gradient could have
important implications for the transport of moment,uln  Imtwccn  the surface and the lower
atmosphere, and for the cfflcicncy of the atmosphc!ric  greenhouse mccllanism. It also affects
our efforts to retrieve water abundances at these levels.

1’o determine the water abundance and gradient in the lower atmosphere images extracted
from within water vapour  absorl)tion  lines were ratiocd  with spectral regions dominated by
C02  absorption to produce maps of 1120 distribution. Sifnilar synthetic radiance maps were
created within th(! identical wavelength regions used for the data, and fc)r a range of water
abundances and gradients. These data and mc)del  maps wt,re ctiffercnced  and these differences
were binned as a function of altitude to explore the wa( c!r abundance and gradient in the
lower atmosphere. Despite  the broad sensitivity functiol)  of water in the lower atmosphere,
this method is very sensitive to changes in the vertical distribution of water, as it uses the
altitude of known topographical regions to dfcctively  vary the column depth that the water
is sampl(!d over, cnhallcing  scllsitivit,y  to the water gradi(mt ill the lowest scale height.

The absolute water abundancw  at, the top of the lowest, scale height (N 16 km) was
26::  ppIn. This is consistent with previous ground-based s]wctroscol)ic  results, and also
with the results obtaillcd  by the Near-Infrared Mapl)ing  Spcctrolneter  on board the Galileo
s~)acccraft. lowcvcr  this abundance is not consistent wit 11 the lnuch larger values obtained
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by instrum[!nts  on lxmrd entry-prolm spacecraft (rl’able 1). “1’hc gl a(iicllt dc%crlninat,ion
yielded a suq)risillg  result. If tho tcmlmrature  la~jse  rate iu the lowest scale height is near
–8 K/km, then the 11{1S data arf! lmst fit with models with a wat(!~ valwur  mixing ratio
which incrcascs by a fwtor of 2 towards the surface. IIoIvcwer,  if tjhc teln})crature lapse rate
is less than this, as is suggmtcd  by our thermal structure results, then a smaller gradient
would  bc required. ‘1’his result dots not, agree with lJrcvious  s~)acccraft  olxx!rvations  which
indicate a negative graciient  in the mixing ratio near the surfacx!. hh~try-l)robc  data are also
subject to measurement difficult,ics, including sample contamination which can produce
large variations iu the nleasurw] abundance.

The total water abundaucc  derived using this lnethod  supports the idea that global  water
content of Venus’ low(!r atrnosphmc  is C1OSC to 30 ppm, as dcternlill(!d  by previous ground-
bascd observers. ‘1’hc lack of spatial variations observed in both this study, and the Galileo
NIMS spectra, [1 6], also supports this conclusion.

This result constrains currcut  models of the evolution of the Venus atlnosphcrc,  indicating
a water  amount that has a lifetime that is less than that of the solar system. It also constrains
models of the surface/atmosphere interaction. It has been postulated that the surface of
Venus may bc covcrcd with hydrated silicates, but recent calculations [17] suggest that these
compounds would not bc stable in atmospheric concentl ations of less thall 100 ppm. Even
with the slight incrcasiug  gradicut  in the water abundance measured l)crc, the surface water
abundanec  does not excccd 60 ppm and would  ar)l)car to prcc]udc th[! existence of hydrated
silicates on the Vcuus surface.

The positive gradient in the water  concentration revealed by this study also precludes the
need for the complicated hydrogen replacement chemistry that had previously been required
to explain the anomalous negative gradient observed by entry-~)robe spectrometers,

Finally, the water results have important implications for future Venus greenhouse mod-
els, as water  is considered one of the three mosi important grccnl)ous~!  gases in the Venus
atmosphere. ‘1’hc relatively low abundance of water observed by these and other lR remote
sensing observations requires modification of the existin?,  models, and, when combined with
the partial clcariugs in the cloud-deck observed in 11{ illlagcs,  may indicate the presence of
radiation leaks in the greenhouse. ‘]’hc positive gradient obsmwcd also has interesting impli-
cations for the thermal structure of the lower atmosphere by coumnltrating  large amounts of
thermally-absorbing compounds C1OSC the the surface.
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Figure  2: An example oj SMA RT output jor two streams (i.e. two diflerent viewin.q angles).
The spectra. show the 1.0, 1.1 and 1.18pm windows. Stream  4 corresponds to a viewing angle
oj 2%’ (near the subearth  point) and stream 1 shows the irradiance expected jor observations
at viewing angles oj 8(P (near the limb). The disparity in intensities between the two spectra
is due to the strong limb-darkening suflered by the therfnal radiation as it passes through
Venus’ dense atmosphere.

Figure  3: synthetic radiance map for wavekmgths withi?l the 1.18 /Lm window jor October
1994. Venus is seen here at ~ 0.25 phase, and the bright sunlit crescent is represented
as the white area on the right oj t.hc disk. The dark and light patterns  across the disk
denote differences in injrared intensity induced by diflcrenccs in surjace  temperature. Surjace
temperature varies as a junction oj altitude, with highland regions orL VC?LUS  being significantly
cooler than the lowland plains. 7’}lc large dark jeuture in the Northenl  hemisphere, near the
ccntrc oj the disk, is produced by the highland region Beta Regio. The dark shape below it
in the southern hemisphere is l>hocbe Regio. 7’}lC black regions at tllc poles oj the planet
show regions where l)ionccr  Venus altimetry does not exist, and synthetic radiances cannot
bc produced. The antisolar  poild, the point on the planet directly opposite the Sun, is marked
as a small  black cross near the lcjt limb.
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Figure 4: llia.qram showin~ IRIS spatial maps oj thermal emission observed withil~  5 near-
infrarcd  windo  WS. For rcfcmncc, an altitude map jor the date of the observation is shown
at the bottom k.fL {In the altitude map, }Ligh altiiudc regions have been set to appear darker
than the bright surrounding plains. In this diagram, North on Venus  is to the right, East
at, the top. Note the appearance of a dark oval jcature ill the 1.18, 1.1 and 1.0 /Lm images.
The position oj this jea.turc corresponds closelp  to the gco.qraphica!  position oj the highland
plateau, Ilcta  Rqqio, seen as a dark oval on the altitude Inap.

Figure 5: Sequence oj IRIS images taken in October  1991. The t}wee middle images show
the 1.18 iLm window on the 17th, 18th and 19th oj October. 7’hese images are dominated
by a dark equatorial jcaturc  which does not appear to move over the three day period. For
comparisot~,  images taken within the 2.3 prn wi~~dow (bottom) S}LOU) the cloud contrasts on
the relevant days. The cloud images show changing patterns that arc Itot seen in the 1.18 prn
images, and the position oj the 1.18 prn equatorial jeature corresponds closely to Aphrodite
Terra, see~t 071 the model a[titude images (top)

Figure 6: llori.zontal variations in the optical depth of the overlying cloud will produce vari-
ations in the deep atmosphere radiation which are not predicted by the model. I’herejom,
bcjore the data and model can be compared to derive information OTI the lower atmosphere,
the cloud. induced contrasts must be removed. 7b do this, a scaled 1.31 prn image (which
maps the cloud pattern, and shows no contribution jro~n surjace cniission),  is divided into
the 1.18 ~im image. The resultant cloud-corrected image now clearly shows contrasts in
near-iii emission induced by diflcrcnces in surjace  elevation.

Figure 7: C’o~nparison  oj cloud-corrected images and s~ynthctic  radiance maps jor the 1.18
and 1. 00/Lm windows. The data arc shown on the k?ji, and the synthetic maps are shown on
the right. I’hc synthetic maps have km Gaussialt  smoothed to a 1“M7)IA!  oj 1.2 arcseconds,
to simulate terrestrial seeing.
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Figure  8: Surjace thermal emission contribution to emission within the Venus atmospheric
windows. l’hc solid line spcclrum shows the radiative tra~lsfer nlodelli?qq  oj the expected emis-
sion due to both the surjace and at?nosphere  oj Venus, within the 1.0 1. 31/Lnl atmospheric
windows. For comparison, the dotted line spectrum shows the e~nistsion expected jrom  the
atmosphere alone. 7’0 obtai?L this result, the surface telnperature  within the model was set
to 1 K. The difference between these two spectra shows the expected surjace  contribution to
the radiation observed within each atmospheric window. It can be seen that the surjace is
expected to contibwte over ~0% oj the emission observed in the 1. 18iLnL  window, over 60% in
the 1.1 prn and over 95% oj the radiation in the 1.00 p~n window. in comparison, the 1.28
and 1.31 /Lm windows are ezpmtcd  to show little or no contribution jrom  surjace emission.

Figure 9: Test for surjace emissivity  variations. The top image shows the ratio oj data
divided by model within the 1.18 prn windows. The model image has been created with a
unifomn surface emissivity  oj 85%, nominal  30 ppm water abundance and a temperature
lapse rate oj – 7.5 K/km. For comparison, the nLodel  results are shown in the image below.
In the model image, the high altitude topography can be clearly seen as darker regions. No
spatial correlations with topography are detected ilL the data/model ratio.

Figure 10: Ratio oj data and model jor a – 7.5 K/kin laljsc rate as o junction oj local time.
Error bars show the 1 0 standard error on the nLc[Ln oj the distribution within each bin.
For a pcrject match between the model and data, the points would define a horizontal line
with a value oj unity. In the 20 21 hour plot, scottered  crescent light ?noy aflect the inferred
gradient. IIins plotted with ~w error bars contain ordy one data point. l’his comparison
sug,qcsts that a lapse rate oj – 7.5 K/km, or smaller, is ~i ceded to jit tlLe IRIS data.
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1+’igurc 11: Ratio oj data and model for a – 8.5 K/km lapse rat~ as a junction oj local time.
Error  bars show the 1 u stu?tdard error on the ?nean  of the distributio?l  withi?i  e a c h  b i n .
For a pmjcct  ntatch bctwccn the model and data, the points would d[:finc a horizontal line
with a value oj unity. In the .20-21 hour plot, scattered crescent li.qht  ~nay aflect the injerred
gradient. llins plotted with no error bars contain only one data point. ?’his t.empcrature lapse
rate provides an injerior  fd to the IRIS data, when compared with a temperature lapse rate
oj –- 7.5 K/kTIL
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I?igurc  12: Synthetic radiance spectra showing the sensitivity oj the projiles  of the 1.1 and
1.18 }Lm windows to variations in water abundance. Note in contrast that the 1.0 prn  window,
which is defined by strong C02 absorption, is completely insensitive to water abundance, as
is much oj the long wavelength side oj the 1.18 /Lm window

Figure 13: Co~nparison  oj data ratio and the VENI{AD  ratio maps. The upper lejt image
shows t.hc ratio oj the data jor images extracted u]ithin the wavelength ranges 1.1712 1.1755
pm (Water + G’02) and 1.1897 1.1939 prn (C02).  The oihcr three ima.qcs show the synthetic
radiancx  maps jor the same ratio. Clockwise jrom  u~]per  ri.qht,  the ratio jor a water abundance
of 25 ppm at .20 km, increasiliaq linearly to 50 ppm at the surjacc,  the ratio jor a constant 30
ppm water ahundancc,  and the ratio jor a constant 15 pp?n wate?  abu?lda?lce.  The increasing
water gradient towards the surjacc serves to lessen thr altitude  ccndrast  on these maps,
providinq a .bcttcr  match to the data.
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Figure 14: Mean and standard error jor the diflcrence  of data al~d Inodel water maps as a
junction oj altitude. Comparisons jor several col~slanft  I)lixing  ratios in the range 15 to 30
ppm are shown. These model water gradients use a constant watel  Inizing ratio oj 30 ppm
jrom  the cloud base to 20 km altitude and then the cont<tant  mixil~g  ratio indicated on the
plot jrom  .20 km down. to the surjacc.
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Figuro 15: Plot showing the sensitivity oj the method to variations in the water gradient in
the lowest 6 km oj the VcntLs  atmosphere. The error bars show the standard error on the
mean for the difference oj the model and data, bilmed in 1 km ultitudc bills.  This plot shows
the change observed jor diflerent water gradients. For a perject  gmdicnt  match to the data,
the data/model diflcrcncc should czhibzt a straight line parallel to the altitude axis. For a
constant mixing ratio oj 30 ppm, and a decreasing gradient oj 30 ppm at 20 km altitude,
decreasing to 20 and 15 ppm at the surjace,  the data/model diflere~lcc deviates significantly
jrom  a straight line hchaviour  with altitude. The best jit to the data is obtained with an
increasing gradient in the water abundance jrom  20 km to the surjacc.
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Figure 16: Plot showing the sensitivity of the method to ~lariations in the surface emissivity
and te?npcrature  lapse rate. Variations in the surjace ernissivity principally produce a vertical
shift on this diagram, implying a shift in the total water abundance, ruthcr than any change
in the injcrred water gradient. !l’he change in lu.pse  rate however, can produce changes in
the illjcrred  gradient, although these have a much smaller effect thurt changes in the water
gradient.
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Figure 17: Water abunda~~ce  results. l’he three plots show the best fit models for lhe nom-
inal correct wavelength calibration (0. O pnl),  and the eqwcted  errors orL either side of that
position.
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