Ground-bad Near-Infrarcd Obsecrvations of the Venus Night Side: The
Thermal Structure and Water Abundance Near the Surface.

V. S. Meadows (University of Sydney and Anglo-Australian Observatory) and
D. Crisp (Jet Propulsion Laboratory)

VSM present affiliation: National Rescarch Council Resident Rescarch A ssocial e, Jet
Propulsion Laboratory.

Abstract

Weused ground-based near-infrared (NIR) observations of thermal emission from the
Venus night side to determine the temperature structure and water vapor distribution be-
tween the surface and the 6 km level. We show that emission from spectral windows near 1.0,
1,1, and 1.18 jun originates primarily from the surface and lowest scale height (~16 km).
These windows include absorption by weak H,0 and CO, lines and by the far wings of lines
in strong nearby CO2 bands. Rayleigh scattering by the 90-bar CO, atmosphere and Mic
scattering by the H2SOj4 clouds attenuates this emission, but adds little to its spectral depen-
dence. Surface topography also modulates this NIR therinal emission because high-elevation
regions are substantially cooler, and emit less thermal radiation than the surrounding plains.
These contributions to the emission are clearly resolved in modelate-resolution (A/AM ~ 400)
spectral image cubes of the Venus night side acquired with the InfraRRed imaging Spectrom-
eter (IRIS) on the Anglo-Australian Telescope (A AT) in 1991 and 1993. To analyze these
observations, we used a radiative transfer model that includes all of the radiative processes
listed above. Synthetic spectra for several topographic clevations were combined with Pio-
neer Venus Altimetry data to generate spatially-resolved maps of the NIR thermal emission.
Comparisons between these synthetic radiance maps and the 11R1S observations indicate no
near-infrarx!d signaturc of the surface emissivity differences seen at microwave wavelengths
by the Magellan orbiter. Assuming constant surface emissivity in the near-infrared, we de-
rive night-side averaged temperature lapse rates of 7 to 7.5 K/km in the lowest 6 km. These
lapse rates arc smaller, and indicate much greater static stability thanthose inferred from
earlier measurements and greenhouse models (8 to 8.5 K/km) [35]. The derived H2O mixing
ratio profile depends ontheassumed temperature lapse rate. If weassume alapse rate near
8K /km, the H2O mixing ratio must decrease fromn ~50 ppmv at the surface, to ~25 ppmv
at 16 km, and remain constant, between that altitude and the cloud base (~ 47 km). For
temperature lapse rates < 7.5K/km, a constant, water inixing ratio near 30 ppmv provides
an acceptable fit to the data. ‘1’ here is no evidence for H,O mixing ratios that decrease with
atitude, like those inferred from Pioneer Venus Large 1 ‘robe Mass Spectrometer [1 5] or the
Venera 11 and 12 Lander Spectrophotometers [28].

1 Introduction

The lower atmosphere of Venus extends from the planet’s surface to the base Of the HoSOy4
clouds (47km altitude). A better knowledge of the composition and thermal structure of
this region is required to address several current problems in Venus atmospheric and surface
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science. These include the originand evolution of the Venus surface and atmosphere, the
mechanisms which maintain the present-day greenhouse effect, aud the extent, of licar-surface
momentum transports associated with the cloud-top atmospheric superrotation.

Because of its importance, many attempts have been made to study the lower atmosphere
using a broad range of spacecraft aud ground-based obseivations. These investigations have
provided constraints on the physical and chemical properties of this region, but have left sev-
eral important questions unanswered. In particular, existing measurements have provided
very little information on the thermmal structure and composition of the lowest atmospheric
scale-height (O 16 km). This region contains more than 60% of the mass of the atmosphere,
and its physics] and chemica propertics arc directly relevant to our understanding of interac-
tions between the surface and atmosphere. The thermal structure in the lowest scale-height
regulates the momentum transport between the surface and atmosphere, and may provide
clues to the mechanisms which drive the atmospheric superrotation.

Our understanding of the greenhouse effect on Venus, which maintains the anomalously
high surface temperatures, would also be improved by abetter knowledge of both the thermal
structure and composition of the lowest atmospheric scale height. The thermal structure can
be used as a diagnostic to determine the efficiency of the greenhouse 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 on these propertics would also constrain surface weathering rates, and
place limits on the age of the Venus surface and atmosphere.

1.1 Previous Studies of the Lower Atmosphere

Thelower atmosphere has been difficult to study for several masons. Optical investigations
arc precluded by the planet-wide clouds. To penetrate this dense obscuration, observers have
used either radio and radar measurements, oOr obtained measurements from entry probes
which descended through the atmosphere.

Grouud-based radar, aud radar-cquipped orbiting spacecraft, such as 1 *ioneer Venus and
Magellan, provide exquisitely detailed maps of surface elevation and radar properties, but
provide limited information on surface composition. For example, radar reflectivity and
microwave cmissivity maps of the surface have revealed dramatic variations in surface emis-
sivity, which are associated with topography. Regions on the Venus surface with elevations of
more than 5 km have much higher radar reflectivities, and correspoudingly lower microwave
emissivities, than the surrounding lowland plains [31]. These emissivity variations indicate
a change in surface composition or texture, but these data provide insuflicient information
to determine the nature of these compositional changes.

Morcover, the weak interaction between radio waves and the atmosphere, which is so
advantageous for mapping the surface, limits the amou nt of information obtained about
the atmosphere. Spacecraft that descend into the lower atmosphere can tell us much more
about the near surface region, but the hostile Venus conditions (730 K, 93 atm pressure at



the surface) constrain thelifetimes of descent craft to no more than an hour. In-situ probes
also measure only their loca environment,and spacecraft data on the lower atmosphere arc
consequently heavily restricted intemporal and spatial extent.

The Venera landers acquired only six measurements of surface temperature over a re-
stricted area of the planet [35]. The atmospheric t emperature measurements by these probes
had inadequate vertical resolution to define the atmospheric temperature gradient near the
surface. The Pioneer Venus probes produced a detailed description of the temperatures above
12 km, but their external temperature sensors failed at 12 km altitude on all four probes [36].
The Soviet VEGA-11 lander obtained the only high-resolution temperature measurements of
the lowest scale height (0-16kin) [42]. These mecasurcments indicate a surprising amount
of variability in the vertical temperature gradient, but their implications for the thermal
structure and dynamics of the deep atmospherc are ambiguous because they provide no
information about the temporal or horizontal variations in the temperature field.

Although many attempts have been made by entry probes to determine the water abun-
dance and distribution in the lower atmosphere, the results arc far from conclusive. Water
concentrations measured by the Pioneer Venus and Vencra entry probes exhibit a perplexing
range from 20to 5000 ppmv (scc Tables 1 and 2, for a summary of water measurements
to date. See Donahue and Hodges, 1992, for a complete discussion of water measurements
up to 1992). Large latitudinal variations have also been claimed from entry probe measure-
ments [34], but were not detected by ground-based observers [1 O]. Both the Venera results
(from Veneras 11, 12, 13, and 14) and the Pioncer Venus Large Probe Neutral Mass Spec-
trometer indicate a decrease in water concentration from 20km altitude down to the surface
[15, 29, 41]. However, the gradient observed by the Pioneer l.arge 1 ‘robe is now believed
to have been affected by instrumental contamination [1 4]. If confirmed, this controversial
gradient would require vigorous sources and sinks of water near the surface, and would affect
not only estimates of the total water abundance in the lower atmosphere, but also our un-
derstanding of the chemistry and weathering of the Venus surface. These conflicting values
and distributions of water vapor may reflect non-uniform spatial or temporal distributions of
water vapor, which arc sparsely sampled by current inethods, or perhaps large measurement
uncertainties. There is a clear need for a global study of water vapor to obtain a definitive
total abundance.

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

Therecent discovery of ucar-infrared windows in the Venus atmospher ¢ [3, 2, 7] has provided
a new means of probing the atmosphere below the cloud-deck. These infrared windows arc
found at wavclengths between strong CO2 and 1,0 absorption bands inthe Venus atmo-
sphere, and within a spectral region where the sulfuric acid clouds are not strong absorbers
(0.3 2.5 pm) [32]. Spectral windows have been detected at wavelengths near 1.0, 1.1, 1.18,
1.28, 1.31, 1.74 and 2.3 yjun. The 1.74 and 2.3 pmwindowsreveal radiation that originates
from Heclow the cloud deck at 35- 45 km altitude [1, 23]. These windows provide iufornla-
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Table 1: Water in the Venus Lower Atmosphere - In Situ Spacecraft Results




‘l'able 2: Water in the Venus Lower Atmosphere - Ground-Based and IFlyby Remote Sensing

Mixi Ng ratio Altitude | Reference Comments

— (pm) | (km)

25177 3035 7]---- *| Galilco NIMS 2.3 jun window

507 59 2028 \7] Galileo NIMS 1.74 ;i window
30415 520 16] Galileo NIMS 1.18 jan window -over

40° Sto 50° N latitude - Spatial
variations < 20% - Constant gradient

~20 < 48 [6] Ground-based obs. below

344 10 <48 12]

40* 20 < 48 10] Spatia variations < 10% at 30 45 km
40 < 55 4 large horizontal Variation observed
200 <40

304 15 <48 [13]

3046 23 47 (32 possible negative gradient

30+ 7.5 14 35

30* 10 519

3515 0

tion about the composition and physical properties of the atmosphere just below the Venus
clouds (25 45km). Spectroscopic analyses within these windows [32, 10, 13, 23, 22, 7] have
provided improved constraints on the abundances of trace constituents such as H,O, HDO,
0CS, SO, HCland HF at these altitudes.

The shorter wavelength windows at 1 .0 1.3pm permit observation of thermal emission
from even deeper within the Venus atmosphere. Theoretical radiative transfer models [1 O, 32]
indicate that a large fraction of the radiation within the 1.0 1.18 pun windows originates from
the Venus surface. Ground-based spectra within these windows have been taken at isolated
regions on the Venus night-side [1 O, 32, 13] and have beenused to infer the H,0 abundance
thoughout the lower atmosphere. These studies indicate that the HoO abundance is near
30 ppm, but these data provide very weak constraints on the horizontal distribution of this
gas. These observations also do not have adequate vertical resolution for studies of the water
distribution in the lowest scale height, partly because the sensitivity function for water in the
lower atmosphere is broad, and peaked well above the surface [32], Individual observations
of water absorption can thercfore be modelled by multiple combinations of water abundances
and gradients [32]. In spite of these limitations, these nicasurcmentsindicate substantially
less water than the Pioneer Venus observations (~ 100 ppm)

The Galileo Near Infrared Mapping Spectrometer (N 1 MS), which fiew try Venus in Febru-
ary 1990 [7], obtained high spatial resolution (1 1-50 km)/low spectral resolution (~40)spec-
tral mapping cubes within all known near-infrared windows. Spectrafromthese cubes have
been used to obtain estimates of the water abundance within the 2.3 and 1.74 micron win-
dows, corresponding to 30 35and 20 28 km altitude. Water concentrations of 25 and 50
ppmwere measured at these altitudes, with errors conservatively estimated to be +1 00%
and — 50% of thesc values. NIMS data obtained withinthe1.18m window []6], show values
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for the lower atmosphere water abundance of 30 -+ 15 ppm, consistent with the values ob-
tained from ground-based observations. In addition the NIMSresults show no apparent HoO
spatial variations cxceeding 20%, nor do they detect variationsin columnabundance with
topography, athough it is argued that CO, continuum opacity would prevent the probing
of altitude levels decper than 2 km [1 6].

The work presented in this paper describes the first ground-based attempts to use spa-
tially resolved spectroscopy to undertake a globa exploration of the surface and lower at-
mosphere of Venus within these newly discovered windows. The goals of this project were
to:

1) Observationally confirm model predictions that emission originating from the Venus
surface could be detected within the 1.0, 1.1 and 1.18 ;nin windows. 2) search for infrared
emissivity changes correlated with topography 3) determine the global thermal structure
of the lowest 6 km of the atmosphere, and 4) determine the global water abundance and
gradient in the lowest 6k of the atmosphere.

To achieve these goals, spectral mapping data have beenanalysed with models which
combine Pioneer Venus atimetry data with sophisticated radiative transfer codes to pro-
duce synthetic radiance spectra and maps of the Venus night-side. These results introduce
new methods of obtaining information on the Venus lower atmosphere and place important
new constraints on the spatial distribution and abundance of near-surface water, surface
emissivity and atmospheric temperature profiles.

2 Observations

The data used for this study were taken with the Infrared Imaging Spectrometer (IRIS)
on the Anglo-Australian Telescope (A AT) both before 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.

The IRIS detector is a 128 x 128 format HgCdTe (NICMOS2) array, manufactured by
Rockwell International. For this work IRIS was configured to take spectra with a resolution
of ~ 40() (A/AN), where A is wavelength. A dlit of 1,4” x 12" was oriented in the East-West
direction. To produce spectral image cubes of the Venus night-side, a series of spectra were
taken while the telescope was scanned in the North-South direction, perpendicular to the dlit.
At least one complete South-North-South pass was made in order to average fluctuations
in seeing and changing sky brightness. The telescope drift rate was set such that 0.8" (the
pixel size used) were covered in the timc for cach spectral integration, which for the July
data, was 2 seconds at each scan position. This ensured square 0.8” pixels on any image
produced by this method. These image cubes contain information in two spatial dimensions
(along the dit and in the scan direction) and onespectral dimension (orthogonal to the
spatial dimensions). The wavelength range covered was ().9 1 .33;un, with aspatial pixel size
of 0,8". However, terrestrial secing of ~ 17 limits our spatial resolution to ~ 250 km at the
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Table 3: Table Of Venus Observations

UT date 7D apparent diameter | illuminated | radial velocity
1991 (degrees) Ecﬁs@jmmlsj phase (%) | (kms 1)
Jul 27.35 69 | 44 56 18 --10.2
Jul 28.35 69 45 o7 17 --10.0
Sep 17.02 41 45 57 17 9.1
Sep 19.85 61 44 56 18 9.6
Sep 19.90 49 44 56 18 9.6
Sep 20.85 62 43 54 19 9.8
Sep 20.91 47 43 54 19 9.8
Oct 17.79 67 30 38 41 124
Oct 18.79 68 29 37 41 12.4
Ott 19.79 68 29 37 42 12.4

Measurements of the sky were obtained by scanning beyond either side of the planet in
the S N scan direction. In the E-W direction the images are restricted by the usable dlit
lengthto12*. 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. lHowever, the July data were used in preference to
the others, as they were taken on a dark sky. All other observations were taken in daylight,
whenscattered sunlight from the terrestrial sky precluded observations of Venus atmospheric
windows shortward of the 1.18pm window. All observat ions were taken as close to inferior
conjunction as possible when the apparent diamecter of Venus is larger, and increases our
potential spatial resolution. In addition, closeto inferior conjunction the fraction of the
Venus disk that is sunlit is relatively small, reducing contamination of the data by scattered
light, and allowing observations of large areas of the Venus nightside.

3 Data Processing Steps

The raw data cubes were initially processed to correct for the non-linear response of the
data system to incident radiation. Once linearized the cubes were ‘folded’ by registering and
coadding the S— N and N — S passes produced by the drift. scanning procedure. The folding
process combines all exposures of the planet, and reduces the size of the cube, consequently
reducing the computer processing time for subsequent data-reductionsteps. Standard spec-
tral reduction techniques are then applied to cach spectral plane of the coadded cube. These
techniques involve correcting for the spectral and spatialresponse of the detector, straight-
ening the curvature of the echelle orders as displayed onthe detector, and correcting for the
rotation of the dlit position, which changes across the or ders [25].

once the instrumental response has been removed |y the above steps, several spectral
planes are extracted from positions in the cube where the sky was observed. These plancs
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arc averaged and then subtracted from each spectral planein the data cubetoremove the
background sky level inthe spectra.

Scattered light from the bright sunlit crescent is removed individually for each pixel in
the image plane of tile cube. First, a spectrum of the crescent is extracted from unsaturated
regions of the crescent in the data cube. This template crescent spectrum iS then normal-
ized individually to each data spectrum using sections of the spectrum within strong CO2
absorption bands. in these regions (outside the windows) the Venus atmosphere is assumed
to be opaque to upwelling thermal radiation and only scattered radiation from the crescent
is observed. Once individually normalized, the crescent spectra are subtracted from the cor-
responding data spectra. A wavelength scale, derived from arc lamp measurements, 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 the same airmass as the data As an alternative, we used a temnplate crescent spectrum,
whose continuum was forced to match the counts and spectral shape of a photometric stan-
dard star (13 S5384, a G3V). The resulting hybrid star/c1 escent spectrum retains a record of
the terrestrial absorption lines at an identical airmass to the data (as the crescent spectrum
is extracted 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. rescent spectrum, and
were further corrected for an estimated 17% light loss from the placement of the standard
star on the dlit. The intensity of the long wavlelength side of the 1. 18;an window was com-
pared to values obtained from spectra taken near the sub-Earth point for two independent
observations of the 1.18 ;un window: one from observations made in1990 using the Far In-
frared Grating Spectrometer (FIGS) on the Anglo-Australian Telescope, and the other from
observations takenin1 991 with the Fourier Transform Spectrometer (0''I'S) on the Canada
France Hawaii Telescope. The threw data sets agree to within 10%, and our calibration for
the IRIS cubes is believed to be accurate at that level. All the processing steps described
here arc presented in more detail in Meadows, 1994 (Ph.D. thesis) [25]. An example of a
fully reduced IRIS spectrum of the Venus night-side is shown in Figure 1.

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

Images of Venus taken within near-inframd windows show bright and dark features on the
Venus lliglltl-side [3, 1 O]. This radiation originates as thermal emission from the surface and
lower atmosphere. 1 lowever, the contrasts in this emission canbe produced by a number
of processes, including cloud opacity, surface or atmospheric temperature variations, surface
emissivity variations, and spatial variations in absorbers. As radiation from below the clouds
escapes upwards, it passes through different scattering optical depthsinthe HoSO4 clouds.
Theresulting differencesin transmission produce large-s(:alc bright and dark markings on the
Venus night-side. Cloud-contrast features arc present inall thenecar-infrared windows, but




the contrast increases With increasing wavelength, and these features are most apparent in
images taken withinthe 2.3;un window. However, as will be demonsti ated in this paper, the
radiation observed within the 1.0, 1.1 and 1.18 pm windows contains a large component of
surface thermal emission. Consequently, surface topography canmodulate the near-infrared
thermal emission observed. High-clevation surface regions are substantially cooler and there-
fore emit less thermal radiation, appearing darker than the surrounding plains on infrared
images. Variations in near-infrared surface emissivity, like those inferred from the Magellan
radar measurcments, would also produce contrasts in tile observed 1 R emission, with low
surface emissivity regions appearing darker than a surface region of comparable elevation
that had a higher surface cmissivity. Finally, The 1.1 and 1.18/m windows include absorp-
tion from weak H,O 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 thelRIS spectral mapping observations, wc have used sophisticated radiative
transfer models of the Venus atmosphere. The models usc an assumed set of atmospheric pa-

rameters to produce synthetic spectra of radiance (observed intensity, icasured in W m~=2sr")
as a function of wavelength (in jzm). To model realisticall 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 inhomogeneous

medium, and emission and scattering at the planet’s surface must also be included.

The SMART (Spectral Mapping Atmospheric Radiative Transfer) model, developed by
one of us (DC), incorporates all the physical processes described above and provides the
high spectral resolution synthetic radiance spectra of the Venus atmmosphere which were
used to anayst the observed spectra extracted from the IRIS data cubes. To analyse the
images extracted from the IRIS data cubes. The prograin VENRAD was developed by one
of us (VSM ) to combine the SMART synthetic radiance spectra with information on surface
altitude and viewing angle to produce synthetic radiance maps of Venus for a given date of
observation. SMART and VENRAD arc described in more detail below.

51 SMART

The SMART code provides numerical solutions to the equation of transfer using the discrete
ordinate method [37]. This method provides an angle-dependent solution for each of 50 levels
of the Venus atiosphere. After testing, it was found that eight discrete zenith angles (four
up and four down), and a single azitmuth angle, were adequate to describe the radiance field
to an accuracy of ~ 2%. For the results presented here, radiances were determined at, the
Gaussian quadrature points in the upper hemispliere, at zenith angles of 21.48, 47.93, 70.73
and 86.02 degrees.

The input parameters to SMART include t ¢ atmospheric thermal structure T(7), and



the atmospheric optical properties, the optical depth, 7 , the single- scat tering al bedo, w,
and the scattering phase function, I’. The atmospheric optical properties are determined
by the composition and physical conditions within the atmosphere. Within cach of the
50 atmospheric layers in the model, w and P arc assumed to be constant, and B[T'(7)]
is assumed to vary linearly with 7. The surface boundary condition is characterized by
an albedo, a, and a surface reflection function I’ (y1, 1'). The top boundary condition is
specified as a downward flux at the top of the atmosphere. For night-side calculations, both
the downward solar and the thermalfluxes as set to zero at this level. The optical properties
of the atmosphere are derived by summing the contributions from each constituent of the
atmosphere. For Venus, these atmospheric constituents include gaseous CO., H,O, CO,
OCS, and H,S0, aerosols. Aerosol scattering properties are derived from a Mic scattering
algorithm [40]. The scattering by gases in the Venus atmosphere is approximated by Rayleigh
scattering. Because theRayleigh scattering cross-section decreases as the fourth power of
wavelength, this source of extinction is normally important principally at ultraviolet and
visible wavelengths. 1 lowever, in the deep, high-pressure atmosphere of Venus, the column-
integrated optical depth due to Rayleigh scattering exceeds unity near wavelengths as great
as 1.1 pm, and this process is included in the mode] at all wavelengths.

The gas absorption optical depth at a given wavelength is given by the sum of all contri-
butions by gases that absorb at that wavelength. The optical depth contributed by a given
absorbing gas is proportional to the product, of the gas absorption cross section per unit
molecule and the number density of that molecule, integrated over the optical path. The
number density of a given constituent is given by the product of the ambient number density
of the atmosphere and the volume mixing ratio of that gas.

For simulations of the atmospheric windows in the wavelength range 1.0 1.32 pm the
HITEMP spectral line database for CO; [39, 32] was used. This database provides improved
results compared with previous 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 pressures of the Venus lower at mosphere. The HITRAN database
was used for the H20 and HCI and HF band parameters. For HaS we used anew  spectral
line database compiled by l.inda Brown of JPL (personal communication, 1993).

Atmospheric pressurc and temperature profiles were obtained from the Venus Interna-
tional Reference Atmosphere, and a CO2 volume mixing ratio of 0.965 was assumed at all
levels. Estimates of nominal mixing ratios for H,O, HF and HCI were obtained from previous
ground-based observations [5, 12, 32]. The distribution of H,SO4 cloud aerosol particles was
based on models derived from Pioneer Venus and Venera entry probe measurciments. Two
cloud models were used to analyse the data here. The principal model was developed to fit
spectra obtained by IFIGS on the AAT [1 O], and the second was developed to fit the Pioneer
Venus data [9].

lixcept when altered to investigate the effect of surface cinissivity changes, a nominal
surface emissivity of 85% is assumed. Intensities were Calculated at (), 2, 4 and 6 km surface
elevations. The model was also run for ranges in surface emissivity and cloud transmission,
To determine the water abundance in the lower atmosphere, a range of water abundances
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(e.g. 15, 20, 30 and 60 ppm) and H,O gradients inthe lower at mosphere was used.

The output of this model is a binary file containing tile model radiances for each of the 4
upward streams as a function of wavenumber, for the choice of values for atitude, emissivity,
water abundance and cloud transmission. An example of SMART synthetic radiance spectra
is shown in Figure 2.

5.2 VENRAD

For many of the applications described here, e.g. detection of emission from surface to-
pography, and the spatial distribution of water in the lower atmosphere, it iS necessary to
produce models which contain spatial information about the predicted intensities of infrared
radiation. The program VENRAD was written specifically for this purpose.

VENRAD creates a model map of the infrared emission from the surface and atmosphere
of Venus on a given observing date. Variations in optical depth in the Venus clouds are not
modelled, so that any cloud optical depth variations must be corrected for in the data before
comparison with the model. As input, VENRAD requires a digitised altimetry map, and a
series of synthetic spectra generated as a function of altitude and viewing angle. The model
spectra are provided by SMART. VENRAD currently uses the altimetry map produced by
the Pioneer 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 model
determines the surface elevation and sub-Earth angle corresponding to each pixel on the
IRIS image.

The angle and altitude dependent, synthetic radiances derived from SMART are then in-
terpolated to these coordinates. The output files from SMART include 4 viewing angles, and
severa dtitude values (typicaly, O, 2, 4 and 6 kin). A hi-cubic spline is used to interpolate
a four by four grid of intensities over the altitudes and viewing angles. These interpolated
radiances arc then mapped to the output image. Theinterpolation can be done over any
user-specified wavelength range and this is particularly valuable when creating spatial maps
of radiance within water absorption lines.

As options, VENRAD will also plot the terminator line, or the extent of the sunlit portion
of the planet at the time of observation, providing a 1 ealistic simulation of the crescent
phasc expected in the observations. An example of a synthetic radiance map produced by
VENRAD is shown in Figure 3.
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6 Results

6.1 Detection of Infrared Contrasts due to Surface Topography in
the 1.0, 1.1 and 1.1.8pm windows

‘1’0 constrain the thermal structure and composition of the deep atmosphere, the spectra)
windows at 1.0,1.1and 1.18 yzzm must be sufficiently transparent to allow thermal radiation
to escape from the surface. Images of intensity contrasts that are spatially coincident with
topographic features have previously been published ([26, 24, 8]), and strongly suggest that
the emission in these windows originates from the surface. However, as outlined in section
4, several phenomena could contribute to the observed radiance contrasts. For example,
the possibility that features observed are due to opacity variations in the Venus cloud-deck,
rather than the surface itself, must be eliminated before a surface detection can be proven.

Here we combine multi-wavelength observations with sophisticated radiative transfer
models to prove that wesece infrared contrasts due to surface topography in the 1.0, 1.1
and 1.18um windows. The observational arguments presented are based 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 windows.

6.1.1 Distinguishing Surface From Cloud Contrasts

If the atmospheric temperature lapse rate in the lowest scale height is—8K /km [35], and the
surface temperatures arc comparable to the atmospheric temperatures as the same elevation,
then high-clevation surface regions will be much cooler than the surrounding plains. These
higher, cooler regions will therefore emit less thermal radiation, and will appearing dark on
an infrared image. These contrasts would beexpected to spatialy correlate with surface
topography. Radiative transfer modelling also indicates that the emission contrast between
high and low altitude should increase with decreasing wavelength, 1scing more pronounced
in the 1.0 ;zm window.

Cloud induced contrasts associated with the main cloud deck bchavein the opposite
fashion, by decrcasing with decreasing wavelength. The contrast between dark and bright
markings at 2.3 ;um exceeds a factor of 5, compared with contrasts of 0.3 at 1.27 pm [10].
Here contrast, C, is defined as:

by --02
i (1)

where b; and 6, arc observed intensitics. However, in the 1.0 to 1.27 ;an range, radia-
tive transfer modelling suggests that the amnplitude of the cloud induced thermal contrasts
decreases very little. For example, for the 112S04 cloud particle imputations specified by
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Crisp (1 986), and optical depth contrasts like those described by Grinspoonet al. (1993),
the thermal contrast varies from 0.3 at 1.27 junto about 0.285 at 1.0 jun.

Another distinguishing feature is that cloud-induced contrasts arc known to rotate with
a5to 6 day period [1 1]. In comparison, contrasts associated with surface features would

rotate with the planet’s surface, some 40 times slower than the cloud features.

Figure 4 shows the sequence of images extracted from a single IRIS data cube within the
1.31, 1.27,1.18, 1.1 and 1.0 windows. For comparison,an atitude map created by VENRAD
is aso shown, depicting the topography of the Venus surface on the date of the observations
at IRIS pixel resolution. On this map higher altitude regions arc darker than the lowlands.

In Figure 4, the 1.31 and 1.28 jum images arc dominated by contrast markings due to
horizontal differences in cloud opacity, also seen in 2.3 ;un images t aken on the same day.
The 1.28 ;um image aso contains emission from the O,' A 1.269 jumband, which in this case
most noticeably boosts the radiation seen near the Easter niimb (cf. Figurel of Crisp et a.,
1995, this volume). Cloud induced contrasts arc also clearly visible inthe remaining windows,
including the 1.0 yuan window, but an additional dark feature on the northern hemisphere is
seen ncar the crescent. The contrast of this feature increases at shorter wavelengths, being
icss obvious in the 1.18 pum image, but clearly visible in the 1.0 jumimage. The position
of this dark feature corresponds exactly to the geographical location of the highland region
Beta Regio, seen as the large dark oval on the atimetry map.

Figure 5 shows 1.18 ;zm images taken on 1991 October 16, 17 and 18 (UT). At this time
Venus was well past inferior conjunction with a phase of ~ 0.4 and an apparent diameter
of only ~ 30". It was therefore observed at a much lower spatial resolution. A dark feature
parallel to the equator maintained its position over the t hrcc consecutive days of observing.
Aiso shown arc 2.3 jun images which illustrate the horizontal variation of optical depth in
the cloud layer. The cloud pattern changed markedly over the three days of observing, so it
is unlikely that the dark feature is cloud-related. Also shown arc altitude maps for the dates
of observation, showing the position of the equatoria highland region Aphrodite Terra, and
its relative movement over the period of the observations. It can bescen from this diagram
that the position of the dark feature observed in the 1.18 ym images corresponds closely to
the geographical location of Aphrodite Terra

QOur infrared data arc coincident with those taken by Lecacheux et al. at 1.0pum with
an optical CCD camera during the period 12 to 21 October, 1991. They also saw contrasts
in emission apparently produced by the high altitude topographic feature Aphrodite Terra,
with a high degree of spatial correlation between observed emission and surface elevation.
Moreover, Lecacheux el al. claim that the individual CCD images used to create the pub-
lished composite CCD image showed arotation period consistent with the dark features
observed being produced by the surface.

IRIS data were also obtained in the 1.18 pm window in September 1991, but show no
obvious features, other than cloud induced contrasts. Comparison with the altitude map
created for these observations shows that no large regions of high topography were visible
011 these dates.
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6.1.2 Removing Cloud Contrasts

‘10 strengthen the evidence that the oval feature observed in the July IRIS data (Figure 4)
was dueto a surface feature, the 1.0 and 1.18 micron images were divided by ascaled, limb-
corrected image of the cloud contrasts observed in thel.31un windows (Figure 6). This
method removes most modulation of emission by the cloud opacities, leaving only the true
contrasts of emission from the lower atmosphere and surface. The resulting ‘ cloud-removed’
images arc shown in Figure 7. For comparison, two VENRAD synthetic radiance maps were
produced within the same wavelength region as the data. These maps show the infrared
radiances expected from the surface and atmosphere for uniform cloud opacity and surface
emissivity. ‘1’0 compare contrasts observed in the model and data, sinall apertures were
placed on and off Beta-Regio to derive contrasts as defined by Kquation1 of 0.26+ 0.04 for
the data and 0.29 4 0.02 for the model in the 1.18 yum window. The errors are derived from
the standard deviation 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,
whereas the model error comes only from the variation of atitude within the aperture.

Note also that surface elevation differences of 1 km above the plains are clearly visible in
these 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 uun windows, but that we 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 ym windows

To derive quantitative information on the relative contribution of surface emission within
these windows we attempted to model this emission with a radiative transfer model. Al-
though comprehensive radiative transfer models like SMART cannot provide conclusive proof
that we arc seeing the surface, it seems highly unlikely that such a model 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, and 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. The two spectra indicate the emission expected
with and without the surface thermal contribution. When surface thermal emission is in-
cluded (solid line), the spectra obtained arc very similar to the 1RIS observations (cf. Figure
1). When the surface contribution to the observed radiation is removed, and only the ther-
mal contribution from the atmosphere is considered, the spectra do not look like the data,
with the most notable difference being observed in the 1.0 yun window. Comparison of the
spectra obtained with (solid line) and without (dotted line) the surface thermal contribution
indicates that in the atmospheric windows below 1.27;m, a large fraction of the radiation
observed (> 50%) will bedueto surface therma emission. The surface contributes little or
no emission in the 1.28 and 1.311n windows, between 60 «wcOf the emissionin the 1.18un
and 1.1 ;un window, and virtualy all (> 95%) of the radiation observed within the 1.0 jun
window.
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‘] "hese theoretical estimates of the contribution to the observed thermal emission by the
surface should be compared with the contrast features seen within the windows in Figure 4.
The oval feature, Beta Regio, cannot be seen withinthe 1.31and 1.27 umi, where the synthetic
spectra predict little or no contribution from surface cmission. As we move to shorter
wavelengths, Beta Regio first appears at low contrast, in the 1. 18;:m window, and increases
in contrast with decreasing wavelength, until it is most prominentinthe 1 .() jzm window,
as expected fromthe synthetic radiance spectra. These results, and the other arguments
presented at. the beginning of this section, strongly suggest that we detect radiation from
the Venus surface and lower atmosphere from within the 1.0, 1,1, and 1. 18;m 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 topographic elevation, cloud-induced contrasts in the observed emission
were removed as described in section 6.1.2. Theresulting images arc used for a quantitative
study of surface emission.

To scarch for variations in surface emissivity as a function of surface elevation, the cloud-
corrected data were divided by a synthetic radiance map that was created with a uniform
surface emissivity (¢ = 85%). The maps are shown inFigure 9. The upperimage shows
the cloud-corrected 1.18 pm image divided by the synthetic radiance map. For comparison,
the synthetic radiance map is shown in thelower image. Oninspection, the data/model
division image shows a faint negative image of the cloud pattern, indicating a slight over
compensation in the cloud-corrected image. No obvious features that are correlated with
topography, orthe observed radar bright regions are seen, and they would be expected if
surface emissivity was anomalous on high altitude regions like Beta Regio. To quantify this,
small apertures were place over Beta Regio and the nearby plains region, and the mean value
and standard deviation within these apertures was recorded. Contrast is defined by Equation
1 such that identical intesities produce zero contrast. 1'he measured contrasts were 0.26:4:0.04
for the cloud-corrected1.18 um image, and --0.03+ 0.04 when that cloud corrected image is
divided by the synthetic radiance map. Thus, by assuming a constant surface emissivity, we
have accounted for about 90'% (and possibly al) of the contrast observed between the 4 km
high Beta Regio and the O km plains. We therefore find no infrared signature of the large
variations (20 50%) in the surface cmissivity seen at microwave frequencies [31]. Note also
that the model used for the comparison has a lapse rate (— 7.5 K/km) that is mom stable
than has previously been assumed (see below), and if anything we have underestimated the
intensity of the highland regions in the model, resulting in a sign change in the contrast. To
allow an anomalous decrease in the emissivity of the highlands in the sense of the microwave
observations, the thermal gradient in the lower atmosphere would have to be even shallower,
requiring a lapscrate that is even more stable than we have assumed. Consequently, a
constant, surface emissivity was assuined in all further analysis presented here.
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6.3 The Temperature Structure of the l.owest 6 km of the Venus
Atmosphere

The atmospheric region which extends from the surface to a few kinaltitude is known as
the planctary boundary layer. Knowledge of the thermal structure of this layer is essential
for studies of the Venus global circulation, because the stability of the planctary boundary
layer regulates the transport of heat, mass and momentum betweent he planet’s surface and
the atmosphere.

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 momentum to the horizon-
tal winds. However, if the near-surface atmosphere shows convective instability, horizontal
momentum is effectively transport vertically through the planetary boundary layer, max-
imising the vertical extent of the atmospheric region aflected by the surface drag.

The stability in the near surface atmosphere can also play an important role in the
transfer of momentum to much higher layers of the atmosphere by vertically propagating
waves. For example, waves that are produced when the wind blows over mountains and other
topographic obstacles can propagate as far as the upper troposphere (~ 60 km altitude),
transporting both heat and momentum. Young et a. [1987] have shown that if the lower
atmosphere is stable, then these topographic waves can interact with the superrotation at the
cloud level to produce a drag. ‘1’ heir effects are dramatically reduced if the lower atmosphere
is only marginally stable, or adiabatic.

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

Finally, a comprehensive global description of the near -surface thermal structure is essen-
tial to assess the efficiency of the Venus greenhouse mechanism. The Venus greenhouse is
maintained primarily by the absorption of infrared radiation by COs. owever, water, S0,,
and H2SOy4 play an important role by absorbing in complementary rcgions of the spectrum,
and effectively ‘plugging’ holes in the greenhouse left between the strong CO2 absorption
bands. Previous models of the Venus greenhouse have required 100 1000 ppm of water in the
lower atmosphere, and an unbroken cloud deck [33]. However, recent. uear-infrared observa-
tions, including the results presented here, have shown partial clearings in the H2SOy4 clouds,
and water abundances of only 30 pprn in the lower atmosphere. Ontheir own, these obser-
vations would suggest, the existence of radiative ‘leaks’ in the Venus greenhouse and weaken
the ability of current models to explain the high surface temperatures, and the efficiency of
the Venus greenhouse. However, these apparent losses in efficiency of the greenhouse models,
may be offset by the other sources of absorption that were neglected in these models. For
example, ncw spectralline clata-bases for COzand water include previously omitted hot-
band lines, that arc important sources of opacity inthe Venus lower atinosphere. Global
obscrvations of thermal structure as afunction of local t imc could be used to constrain the
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efficiency of the greenhouse mechanism. If the troposphere is truly opaque to thermal radi-
ation, virtually all of the heat must be transported vertically by convection, and the lapse
rate should be close to adiabatic. If both convection and radiative cooling are occuring, due
to “leaks’ in the greenhouse, thenamore stable temperature lapse rate would be possible.

To derive the thermal structure of the lowest 6 km of the atmosphere, we assume that
for the massive, high heat capacity Venus atmosphere, thecatmospheric temperatures at the
surface arc equal to the surface temperature. With this assumnption the temperature lapsel
rate can be derived by comparing the observed thermal emission as a function of surface
elevation with model results for a variety of temperature lapse rates.

However, as both thermal structure and water concent ration affect. the observed emission
gradient, to accurately determine the thermal structure, a region of the spectrum must be
chosen which is unaffected by water. Images for comparison with the models are therefore
extracted from within the long-wavelength side of the 1.18 yum window, which is dominated
by CO, absorption, and where water absorption is negligible. The region 1.1904- 1.2003
pm was used to create the data and model maps used in the following analysis.

The synthetic radiance maps were created using VI©NRAD.The IRIS map was then
divided by the synthetic mapto produce a ratio image. This image was then binned as a
function of altitude and local time. Synthetic maps were created for the Venus night-side
with temperature lapse rates of -8.5 K/kin (super-adiabatic) and --7.5 K/km (mnore 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/model ratio would be a horizontal
line at a ratio value of unity. It is clear from these plots, that within the wavelength range
used to create the immages, the model overestimates the observed intensity. However, this
only affects the vertical position of the line on the plot, and will not affect the slope of the
line, or the derived lapse rate. It should aso be noted that the loca timerange 20-21 hrs
produces inferred lapse rates that are far smaller than those derived for other local time
regions. These results however, may be strongly affected by scattered radiation from the
sunlit crescent, as the 20 21 hrs region is adjacent to the crescent. The best match to the
slope for the remainder of the local time range is given by the --7.5 K/km lapse rate, with
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 temperaturelapse rate of 7- 7.5 K/km implies
far greater stability at these levels than was assumed previously. This would indicate that
radiative, as well as convective cooling, is important in the lower atmosphere, and suggests
the possibility of radiative leaks in the Venus greenhouse. The greater stability would also
have important implications for the extent of vertical transportof momentum via gravity
waves, as these waves propagate more readily through stable conditions.

The results derived in this section are also important when determining the abundance
and distribution of absorbing components in the atmosphere, as differences in absorber
column depths, and changes in the observed lapse rate can produce similar eflects on the
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observed infrared emission. Since we derived the temperature lapse rate froma spectral
region where CO2 was the only significant absorber, the derived lapse rate can now be used
to infer the abyndance and distribution of trace species, such as water vapor.

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

The long-wavelength side of the 1.18 ;um window is sharply defined by far-wing absorption
from a COz2band near 1.205 jun. The short-wavelength side of this window also contains
contributions from CO2 absorption, but is dominated by absorption from the v, + ¥2 + v3 band
of water vapour, centred near 1.1351 jun. Several other individual water lines are visible in
the window shortward of 1.185 pm [13]. The long-wavelength side of the 1.1 pun window
is similarly affected by water absorption. Qur radiative transfer model results demonstrate
that the entire region spanning the long-wavelngth side of the 1.1 pm window to the peak of
the 1.18 ;zm window is very sensitive to water abundance (Figure 12). The short-wavelength
side of the 1.18 umregion 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. This makes it an idcal spectral region for probing the
abundance of water vapour inthe 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 ~ 11 ktn atitude, in
agreement With the sensitivity functions determined by Pollack et al. (1 993). The sensitivity
function, however, is broad, and the half-power points span 520 km altitude. This atitude
range samples the bulk of the Venus atmosphere. In addition, although the window is
dominated by emission from 11 km altitude, it is still sensitive to surface radiation, as is
amply demonstrated by our 1.18 yun images which distinguish it frared emission from surface
regions as little as 1 km above the mean elevation (Figure 7).

Here we describe anew technique for determining the water vapour abundance and dis-
tribution in the lowest scale height which provides improved vertical resolution. This method
exploits the sensitivity of the 1.18 ym window to water vapour in the lower atmosphere, and
uses our knowledge of the underlying surface topography to vary the column depths across
the planet. ‘1’0 improve the vertical resolution, the columnabundances above topographic
regions with diflerent clevations are compared, and differential column abundances between
these elevations are inferred. This technique requires maps of the surface topography as well
as spatially resolved spectra of the deep at mosphere.

Water maps for this analysis were derived from the IRIS data as follows. T'wo images
were extracted from the fully flux-calibrated, but non-cloud-corrected cube, within the 1.18
pm window. The nominal ‘water’ image was extracted from withinthe 1.173 pn water
absorption hand, with the chosenIRIS pixels spanning a manifold of lines within the wave-
length range 1.1712-1.1755 ;un. This image contains contributions to the absorption from
both H2O and CO3. The second, or ‘CO2’, image was chosen from a spectra range with a
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comparative intensity on the long-wavelength side of the window, which contains no water
absorption and is dominated by CQO, absorption. The spectral region chosen spans 1.1897
1.939 pum. The water image is divided by the CO,image to create ratio maps which can be
used to determino water distribution.

There are several advantages to this procedure. As cloud physical properties vary only
slowly with wavelength, the ratio maps produced by the above method are relatively insen-
sitive to differences in cloud opacity, which arc of order 1 % between the spectra] regions
compared here. The water maps therefore do not require cloud-correction. The ratio aso
works to cancel most of the effects of CO2 absorption on the water maps. To analyst the
water maps, SMART and VENRAD are used with an assumed temperature lapse rate of
—8 K/km and a uniform surface emissivity of 0.85, to create synthetic radiance maps in iden-
tical spectral rangesto the data maps. The synthetic water and CO; maps are then ratioed
for comparison with the data. Subject to the accuracy of the data/model fit, this method
reduces any effects in the data ratio maps associated with incorrect cancellation of the effects
of COzin the two regions chosen for the ratio. However, systematic errors in the inferred
water 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 radiometric calibration of the data

Water distribution maps derived from the data, and several mode] maps for different
water abundances and near-surface gradients are shown in Figure 13. All models usc the
same H20 abundance above the cloud Last [32]. Model results arc shown for uniform mixing
ratios of 30 and 15 ppm in the lower atmosphere. The other model 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 observed across the Venus disk are very sensitive to both
the total water abundance and mixing ratio gradient. The changes in observed contrast
are due to two competing effects. At the surface, the decreasing temperature with altitude
would create dark highlands in the ratios, as the ratio of the blackbody flux on the short and
long wavelength side of the window is higher for objects at higher 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 appecar dark on these ratio images.

The presence of water vapor absorption has the opposite effect onthese ratios, however.
The highlands would be bright, because the atmospheric column above them is shorter, and
contains less water absorption at wavelengths near 1.173 pm. ‘The lowlands arc below a
longer atmospheric column, and the increased water absorption in the longer column makes
the lowlands appear darker in the ratio. The observed contrast between highlands and low-
lands is a balance between the competing effects of temperature decrcase with altitude, and
differences in total water absorption in atmospheric columns above a range of topography.

We now consider the effects of a change in the mixing ratio of water with atitude. If the
mixing ratio of water decreased from the surface upwards, then the increased abundance of
water in the lowest fow kilornetres would work against, the temperature gradient effect, by
darkening the lowlands and sinoothing out the observed contrast duc to temperature change
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with altitude. A decrease in water mixing ratio towards the surface would work with the
temperature gradient, brightening the lowlands when compared with the constant mixing
ratio case. It is apparent qualitatively from Figure 13 tha L for the — 8.0 K/km lapsc rate and
a water vapor mixing ratio which increases towards the surface, that, t he contrast is reduced,
and provides a better match to the data.

‘1’0 provide quantitative verification of the water vapor distribution which provides the
best fit to the data, the data ratio and model ratio are differenced. The resulting difference
image was rebinned to create plots of the data-model diflerence asa function of altitude. In
the binning process regions close to the crescent or affected by bad pixels are avoided, and
a secondary radius is used to avoid all pixels within a given distance of the limb. Regions
on the model maps for which no atimetry data exist were similarly avoided. However on
the July 27 data this affects only a fcw limb pixels, which arerejected. To increase S/N, the
following analysis uses 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 therange15to 30 ppmv. A temperature lapse rate of
—8K/kmn 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 linc. The model used to produce these
results assumes no gradient in the lowest scale height. i.e. a@constant water vapor mixing
ratio throughout the lowest 20 km altitude. The points are placed in 1 ki altitude bins, and
the mean of the distribution within each binis determined. These are the histogram values
plotted. The error on this quantity is difficult to determine with a classical error anaysis, 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 ecrror on the mean:




images has been determined by inspection to be accurate to withinoneIRIS pixel. Shifting
the images by 4 1 pixel produces no significant eflect on the observed distribution.

The significant slope observed in the data/inodel difference as a function of altitude
for the constant abundance models implies that a gradient dots exist in the lowest fcw
kilometers. Althoughthe weighting function for the atimospheric radiation peaks at 11 km
for these wavelengths, and only ~ 25% of the observed emission originates from the planct’s
surface, the comparison of model and data is still very scnsitive to the water gradient. This
is demonstrated empirically in Figure 15 which compares the data with a number of different
model gradients. A gradient in water vapour abundance is defined tobe “negative” if the
water vapour mixing ratio decreases towards the surface. On this diagram, if the model
gradient matched the observations, then this would be seen as a straight line parallel to the
atitude axis. Of the four gradients displayed, the model which most closely matches the
observed behaviour of the data with atitude has a temperature lapse rate of -8 K/km and
a water abundance of 30 ppm at 20 km, increasing lincarly with pressure to 60 ppm at the
surface. Mixing ratios which arc constant, or decrease with altitude, fail to match the data
in the lowest fcw km. The strong negative gradient 30ppm above 16km altitude, decreasing
to 15 ppm at the surface, produces the largest deviation from the data at low altitudes.
Note aso on this diagram that with the exception of altitudes of 6 km and over, it is still
possible to distinguish between gradient differences assmall as 30 ppm 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 Venera data (sec TaMc 1).

Water absorption, however, is only onc phenomenon that could change the observed
emission. Surface ecmissivity, and the temperature lapse1 atc in the lower atmosphere, could
adso modify the data/model difference. 7To determine the impact of these effects on the
water gradient determinations, models were run for a nominal 30 ppm water (constant
mixing ratio) with a --8 K/km lapse rate, and a uuiform surface emissivity of 0.85, and for
comparison models with all other parameters nominal aud alternately a temperature lapse
rate of --7.5 K/km and a decreased surface emissivity of 0.75. The model/data differences
for these cases are shown in Figure 16. Both the crnissivity and temperature lapse rate
changes produce very small effects on the estimated water abundance. The cmissivity change
produces a horizontal shift in the data-model comparison, implying a change in inferred
absolute abundance rather than a change in gradient. However, the lapse rate change dots
produce a small, but significant change in the behaviour of the model fit with altitude, with
the decreased lapse rate resulting in a flattening of the observed gradient. This would be
expected if the lower lapse rate decreased the temperature difference between the high and
low altitude topography. However, for the 0.5 K/kin difference shown in the two models, the
effect is muchsmaller than the effect produced by changing the water gradient.llowever,
if the tempcerature lapse rate in the lowest 6 ki was as much as a degree K less negative
than the --8 K/km lapse rate, as is implied by the results discussed inthe previous section,
this would flatten the observed gradient, implying amore const ant mixing ratio throughout
the lowest scale height. A lapse rate severa degrees below the nominal lapse rate in not
physically precluded, as it could be produced through dynamical effects, which arc poorly
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understood in the lower atmosphere. However, from the results presented in the previous
section, it is unlikely that thelapse rate deviates from the nominal --8 K/kill value by more
than 1 .(1 degrees 1<.

The water results are shown inFigure 17. The three different plots show the effects of
wavel ength calibration uncertainties in the data on theinfered absolute abundance. The
range of model results observed imply best fits of 22 ppm at 2(1 kin altitude, increasing to
44 ppm at the surface, 26 increasing to 52 ppm, and 29 increasing to 58 ppm. The results
of this study therefore give a water abundance inthe Venus lower atmosphere of 2673 ppm
at 20 km, increasing by a factor of two to 527§ ppm at the surface. 1lowever, this observed
gradient is sensitive to the inferred temperaturelapse rate. If the temperature lapse rate
was substantially less 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 new method is consistent with the 30
ppm obtained by previous remote. sensing results obtained by both ground-based observers,
and the Galileo Near Infrared Mapping Spectrometer (cf. Table 2). However, this observation
contradicts spacecraft data which indicate a negative gradient inwater abundance. The only
other existing determination of the water gradient in the lower atmosphere was derived from
ground-based data [32]. The most likely result showed a constant absolute water abundance
of 30ppm in the lower atmosphere.

As discussed by von Zahnetal. (1983), entry-probe data arc also subject to a number
of measurement difficultics which can affect both the absolute abundance and the gradient
observed. Both gas chromatography and mass spectromet cr measurem ents can be affected by
the ingestion of H,SO4 cloud droplets. In addition, reactions between the gas inlet systems
and calibration sources can produce extra water within the system, and water can also
be adsorbed by the inlet system. Therefore large variations in measured abundance could
occur, which may be at least partly due to instrumental contamination [1 4]. However, the in
situ measurements made by the Venera 11 and 12 scanning spectrophotometers aso show a
negative gradient, and were unaffected by any of the instrumental problems which afflicted
the mass spectrometers. Nevertheless, as in our method, the data require models in order
to interpret the spectra obtained, Consequently the water abundances and gradient inferred
may be non-u nique. The Venera data were independently analysed by Young et al [1984]
who confirmed the original analysis by Moroz it et al.  for the 0.94 ;an water band, but
reported discrepancies in the fit for water absorptionat ().82 and 1.13 ;un, which required a
mixing ratio of 20 30 ppm for the entire atimosphere,1ather thanthe 200 ppm decreasing
to 20 ppm required by the 0.94 ;un band. They suggested that an additional absorber may
be responsible for the large equivalent width observed in the 0.94 yun band.

7 Summary and Conclusions

Using IRIS observations within the 1.0, 1.1, 1.18, 1.28 and 1.31 ;an windows wc have con-
firmed model predictions that within the 1.0, 1.1, and 1.18 pn windows it is possible to
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detect thermal radiation from the Venus surface. Given this result, these data provide an
unprecedented opportunity to 1) scarch for infrared emissivity changes corrclated with topog-
raphy, 2) determine, and mmonitor changes in, the thermal structure of the lower atmosphere,
especially as a function of local time, and iii) determine the water al »undance and gradient
in the lower atmosphere.

Methods were developed, taking advantage of the versatility of IRIS spectral mapping
data, to correct for scattered light from the bright sunlit, crescent, which dominates the raw
data. Methods were also developed to correct for the modulations in the observed emission
that are produced when radiation from the surface and lower atmosphere passes through
varying optical depths in the overlying cloud.

To analyze the data and achieve the above listed goals, sophisticated, angle-dependent
radiative transfer models are combined with Pioncer Venus altimetry data to create 2-
dimensional synthetic radiance maps, integrated over the same wavelength range as the
data.

Synthetic radiance maps for the 1.18 ;m 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 cmissivity changes correlated with surface
topography, or with the Magellan reflectivity data. This result confirms previous infrared
results [24], and indicates that the process which produces the observed anomalous radar-
reflectivity has no significant infrared signature.

The IRIS data also provide improved constraints on the vertical temperature gradient
near the Venus surface. Comparison between IRIS data and synthetic radiance maps gen-
crated with SMART and VENRAD indicate that the temperature lapse rate is more stable
than has previously been assumed. The stable near-surface temperature gradient could have
important implications for the transport of momentum between the surface and the lower
atmosphere, and for the efficiency of the atmospheric greenhouse mechanism. It also affects
our efforts to retrieve water abundances at these levels.

To determine the water abundance and gradient in the lower atmosphere images extracted
from within water vapour absorption lines were ratioed with spectral regions dominated by
CO; absorption to produce maps of H20 distribution. Simnilar synthetic radiance maps were
created within the identical wavelength regions used for the data, and for a range of water
abundances and gradients. These data and model maps were differenced and these differences
were binned as a function of altitude to explore the water abundance and gradient in the
lower atmosphere. Despite the broad sensitivity function 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 cffectively vary the column depth that the water
issampled over, enhancing sensitivity to the water gradient in the lowest scale height.

The absolute water abundance at, the top of the lowest, scale height (~16 km) was
2672 ppm. This is consistent with previous ground-based spectroscopic results, and also
with the results obtained by the Near-Infrared Mapping Spectrometer on board the Galileo
spacecraft. lowever this abundance is not consistent wit h the much larger values obtained

23



by instruments on board entry-prolm spacecraft (rl’able 1). The gr adient determination
yielded a surprising result. If the temperature lapse rate inthe lowest scale height is near
—8 K/km, then the IRIS data arc best fit with models with a water vapour mixing ratio
which increases by a factor of 2 towards the surface. However, if the temperature lapse rate
is less than this, as is suggested by our thermal structure results, then a smaller gradient
would be required. This result dots not agree with previous spacecraft observations which
indicate a negative gradient in the mixing ratio near the surface. Entry-probe data are aso
subject to measurement difficulties, including sample contamination which can produce
large variations in the measured abundance.

The total water abundance derived using this method supports the idea that global water
content of Venus' lower atmosphere is closc to 30 ppm, as determined by previous ground-
based observers. The lack of spatial variations observed in both this study, and the Galileo
NIMS spectra, [1 6], also supports this conclusion.

This result constrains current models of the evolution of the Venus atmosphere, indicating
awater amount that has a lifetime that is less than that of the solar system. It aso constrains
models of the surface/atmosphere interaction. It has been postulated that the surface of
Venus may be covered with hydrated silicates, but recent calculations [17] suggest that these
compounds would not be stable in atmospheric concenty ations of less than 100 ppm. Even
with the dlight increasing gradient in the water abundance measured here, the surface water
abundance does not exceed 60 ppm and would appear to preclude the existence of hydrated
silicates on the Venus 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 most important greenhouse gases in the Venus
atmosphere. The relatively low abundance of water observed by these and other IR remote
sensing observations requires modification of the existing models, and, when combined with
the partial clearings in the cloud-deck observed in IR images, may indicate the presence of
radiation leaks in the greenhouse. The positive gradient observed also has interesting impli-

cations for the thermal structure of the lower atmosphere by concentrating large amounts of
thermally-absorbing compounds closc the the surface.
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Figure 2: An example of SMA RT output for two streams (i.e. two different viewing angles).
The spectra. show the 1.0, 1.1 and 1.18pm windows. Stream 4 corresponds to a viewing angle
of 22° (near the subearth point) and stream 1 shows the irradiance expected for observations
at viewing angles of 86° (near the limb). The disparity in intensities between the two spectra
is due to the strong limb-darkening suffered by the therinal radiation as it passes through
Venus dense atmosphere.

Figure 3: synthetic radiance map for wavelengths within the 1.18 um window for October
1994. Venusis seen here at ~ 0.25 phase, and the bright sunlit crescent is represented
as the white area on the right of the disk. The dark and light patterns across the disk
denote differences in infrared intensity induced by diffcrences in surface temperature. Surface
temperature varies as a junction of altitude, with highland regions on Venus being significantly
cooler than the lowland plains. The large dark feature in the Northern hemisphere, near the
centre of the disk, is produced by the highland region Beta Regio. The dark shape below it
in the southern hemisphere is Phocbe Regio. The black regions at the poles of the planet
show regions where Pionecr Venus altimetry does not exist, and synthetic radiances cannot
be produced. The antisolar point, the point on the planet directly opposite the Sun, is marked
as a small black cross near the left limb.
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Figure 4. Diagram showing IRIS spatial maps of thermal emission observed within  near-
infrared windo ws. For reference, an altitude map jor the date of the observation is shown
al the bottom left. On the altitude map, high altitude regions have been set to appear darker
than the bright surrounding plains. In this diagram, North on Venusis to the right, East
at the top. Note the appearance of a dark oval feature in the 1.18, 1.1 and 1.0 pum images.
The position of this feature corresponds closely to the geographical position of the highland
plateau, Beta Regio, seen as a dark oval on the altitude map.

Figure 5: Sequence of IRIS images taken in October 1991. The three middle images show
the 1.18 pm window on the 17th, 18th and 19th of October. 7hese images are dominated
by a dark equatorial feature which does not appear to move over the three day period. For
comparison, images taken within the 2.3 pm window (bottom) showthe cloud contrasts on
the relevant days. The cloud images show changing patterns that arenot seen in the 1.18 um
images, and the position of the 1.18 ym equatorial feature corresponds closely to Aphrodite
Terra, seen 071 the model altitude images (top)

Figure 6: Horizontal 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. Therefore,
before the data and model can be compared to derive information on the lower atmosphere,
the cloud- induced contrasts must e removed. 7o do this, a scaled 1.31 pm image (which
maps the cloud pattern, and shows no contribution from surface emission),is divided into
the 1.18 pm image. The resultant cloud-corrected image now clearly shows contrasts in
near-iii emission induced by differencesin surface €levation.

Figure 7: Comparison of cloud-corrected images and synthetic radiance maps for the 1.18
and 1. 00 um windows. The data are shown on the left, and the synthetic maps are shown on
the right. The synthetic maps have been Gaussian smoothed to a FWHM of 1.2 arcseconds,
to simulate terrestrial seeing.
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Figure 8: Surface thermal emission contribution {0 emission within the Venus atmospheric
windows. The solid line spectrum shows the radiative transfer modelling of the expected emis-
sion due to both the surface and atmosphere of Venus, within the 1.0 1. 8/um atmospheric
windows. For comparison, the dotted line spectrum shows the emission expected from the
atmosphere alone. 7’0 obtain this result, the surface temnperature within the model was set
to 1 K. The difference between these two spectra shows the expected surface contribution to
the radiation observed within each atmospheric window. It can be seen that the surface is
expected to contibute over 0% of the emission observed in the 1. 18um window, over 60% in
the 1.1 um and over 95% of the radiation in the 1.00 y7n window. in comparison, the 1.28
and 1.31 pm windows are expected to show little or no contribution from surface emission.

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

Figure 10: Ratio of data and model for a— 7.5 K/km lapse rate as o junction of local time.
Error bars show the 1 o standard error on themcanof wme distribution within each bin.
For a perfect match between the model and data, the points would define a horizontal line
with a value o] unity. In the 20 21 hour plot, scattered crescent light may affect the inferred
gradient. 3ins plotted with no error bars contain only one data point. This comparison
suggests that a lapse rate of — 7.5 K/km, or smaller, isn ceded to fitthe IRIS data.
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Figure 11: Ratio of data and model for a — 8.5 K/km lapse rate as a junction of local time.
Error bars show the 1 o standard error on the mean of the distribution within each bin.
For a perfect match between the model and data, the points would define a horizontal line
with a value of unity. In the .20-21 hour plot, scattered crescent light may affect the inferred
gradient. Bins plotted with no error bars contain only one data point. 7his temperature lapse

rate provides an inferior fit to the IRIS data, when compared with a temperature lapse rate
of — 75 K/km.
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Figure12: Synthetic radiance spectra showing the sensitivity of the profiles of the 1.1 and
1.18 yum windows to variations in water abundance. Note in contrast that the 1.0 ym window,
which is defined by strong CO,absorption, is completely insensitive to water abundance, as
is much of the long wavelength side of the 1.18 jsm window

Figure 13: Comparison of data ratio and the VENRAD ratio maps. The upper left image
shows the ratio of the data jor images extracted within the wavelength ranges 1.1712 1.1755
pm (Water + CO,) and 1.1897 1.1939 pum (CO;). The other three images show the synthetic
radiance maps for the same ratio. Clockwise from upper right, the ratio for a water abundance
of 25 ppm at .20 km, increasing linearly to 50 ppm at the surface, the ratio for a constant 30
ppm water abundance, and the ratio for a constant 15 ppin water abundance. The increasing
water gradient towards the surface serves to lessen the allitude contrast on these maps,
providing a better match to the data.
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Figure 14: Mean and standard error for the difference of data andnodel water maps as a
junction of altitude. Comparisons for several constaniiizing ratios in the range 15 to 30
ppm are shown. These model water gradients use a constant water mizing ratio of 30 ppm
fromthe cloud base to 20 km altitude and then the constant mizing ratio indicated on the
plot from .20 km down. to the surface.
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Figure 15: Plot showing the sensitivity of the method to variations in the water gradient in
the lowest 6 km of the Venus atmosphere. 7The error bars show the standard error on the
mean for the difference of the model and data, binned in 1 km altitude bins. This plot shows
the change observed for different water gradients. For a perfect gradient match to the data,
the data/model difference should ezhibit a straight line parallel to the altitude axis. For a
constant mixing ratio of 30 ppm, and a decreasing gradient of 30 ppm at 20 km altitude,
decreasing to 20 and 15 ppm at the surface, the data/model difference deviates significantly

from a straight line bchaviour with altitude. The best fit to the data is obtained with an
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Figure 16: Plot showing the sensitivity of the method to variations in the surface emissivity
and temperature lapse rate. Variations in the surface emissivity principally produce a vertical
shift on this diagram, implying a shift in the total water abundance, rather than any change
in the inferred water gradient. The change in lapse rate however, can produce changes in
the inferred gradient, although these have a much smaller e¢ffect than changes in the water
gradient.
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Figure 17: Water abundance results. The three plots show the best fit models for the nom-

inal correct wavelength calibration (0.0 jm), and the expected errors on either side of that
position.

36



