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PROGRAM STATUS

Prgparation for the annual meeting of the Division of Pianetary Sciences
of the American Astronomical Sdciety went smoothly. Two papérs were
- presented on 4 April 1976 dealing with brightness normalization of Mariner 10

Venus iﬁages (see last report - Appendix A) aﬁd éloud motion measurements
(see Appendix*AAhere). In addition;'a short 16mm film segmen£ of the cloud
‘motioné on Venus was.shdwn, madé from McIDAS,.our Man—Computer interactive
,Dafa Access System.

Cloud motion measurements have now.been extended to threé additional data
sets covéring a period of 12-36 hours following the data previously analyzed
iast year. Tﬁe findings are generally in agreement with the previously
.measuredﬁmotioﬁ field frém images taken a day earlier in tﬁe flyby mission.
‘Theré is a smali component of meridional motion towérd the poleg, slightly
~ larger than it was the day earlier. The increasé in zonal velocity from
eqﬁator to mid-latitudes is also stiil seen.

Two newrfeatures were-observed in the data; -Aﬂsmali amouﬁt éf eddy
transport of ﬁomentum toward the poles is pfesent in ﬁhe measurgmen;s. This
component is ét least one order of magnitude less than the trénsport by
 the Vortex, so the vorte# still appears to be the prédominent dynamic feature
of the stratospheric motion field on Veﬁus, but thé presenée of an eddy
component increases the possiﬁility of a large global scale wave being present.
A second feature just observed.in the daté ié alféndency for zonal velocities
at thé:evening terminator to be smaller than at the subsolar point. This

is.in conflict with previous obserVafions and we may be observiné something
new here, as well." | | |

Denhis Phillips returned to SSEC in June and began working on the

" mosaic navigation of Mariner 10 images again. Dennis spent much of the



winter gnd spring of 1975-76 on leave from SSEC while he worked on
- " completion of his Ph.D. thegis in applied mathematics. Befére he left
us, he developed plans to extend the bright limb navigation to the high
résolution mosaics of Venus. _This>is much more complicated, fqr the
~least squares fit to the bright limb breaks déwn-ifAthere is insgfficient
arc length t0~sbecify the>p1anet center uniquely. To deal with the ﬁoséics,
oﬁe must identify bothrthe 1imb, where it appears, and points oﬁ oveflap
in sdccessive pictures. Then it is necessary to correct fbr the effect
of large scale atmospherig motions during the ﬁime.intervél between the
picturéé; and iterate to get a best fit for the entireAset of frames in the
ﬁosaic. Whén this navigational scheme is operating in late 19f6, the first
V 38‘hours wortﬁ éf Mariner déta taken immediatély after the Venus encounter
.:will Become availablé to us. This data is extremely crucial for.detecting
fluctuations in the motion field with periods loﬁger than 2 days. In
addition, this new navigation scheme épens up a capability to_méasure
ébsolute motions of small scale dynamic features.
In Appendi# B, Sanjay Liméye has generated a set of adiabatic 1apée
rate diagramélbased on’ examination of the Venéra 8 temperétufé profile
and the Mariner 10 radio occultation data. The motivation for this work_
was the fact, first mentioned in 1972 by Marov? and since confirmeé by
Séveral subsequent meésurements; that Venus appears to‘have a slightly
superadiabatic lapse rate in the lowest portions of its atmosphere. ;What
'this imélies is that the whoie équatorial region'of'Venus would ha?e to be
in forced convecticn, é soﬁéwhat improbable condition., A deep convective.
.tegion goes against our Earthlike experience, which says that an atmosphere

should be more stratified. Moreover, the Venera and Mariner observations .



indicate presence of vertical inhomdgeneities énd not'simply a well
ﬁixed atmosphere, as the adiabatic assumption would seem to'imply. .
Up to now, the lapse rate problem has been virtually ignored. Either
the observations are assumed a bit faulty, or else the data reduction is
assumed slightly in error because a comﬁosition of iOOZ CO2 was used.

Limaye performs a calculation using the real gas equation and the most

accurate available data on CO He reaches the conclusion that a considerably

o

lower concentration of CO, must be used in order to explain the vertical

2
lapse rate measurements. Better than 12% nitfogen has to be included to make
the ﬁeasured lapse réte.adiabatic. Such a large nitrogen coﬁtent has

not been measured on Venué, so as a result it may be necéssary to include
d§namipveffects or another heavy gas to get all the observations to agree.
' 0bservations which héve'depended on the assumption of 100% CO2 in their data
reduqtion may be incorrectly‘intefpreted, of at best very néive.

VThe circulation'pf a preprint by Mike Belton of Kitt Peak Observatory,
containing'mercétor projectionsAof Mariner 10 pictures of the Vénus clouds,
hasjgiven iﬁpétus to the spiral streak line analjsis begun here several
months ago. The Belton, et.al. picfureé show a definite corfelation of
sfreak line curvature; 1ati;ude position of pblar ring, and cloud albedo.
Moreover, all_of these changes are highl& cﬁrrelatéd'wifh time variation

of our velocity field measurements. A paper on this subject is now being

prepared.

~ ANTICIPATED FUTURE WORK
With‘éeven articles written or in preparation, we have decided to gather
- them together and issue them in one volume as an institutional publication

on the dynamics of the atmosphere of Venus.' The papers  vere recently



submitted to an in-house review, and'ought to go into print in October.
Two articles written by Suomi and Limaye have been submitted to the Journal

of Atmospheric ‘Sciences and should soon pass review.

We have been working to improve the software interfaces in McIDAS
-torpermit fastér tﬁrnaround Between initial image névigation and final
. data énal&sis. Many procedures up to now have been one-step-at-a-time

sequences whéfe a decision regarding subsequent processing dependéd on the
ouﬁcome of-a previous step. With-the experience we now have, many steps
.not requiring large computer coferspace can be automated £6 improve
tﬁroughput aﬁd turnarouﬁd time by almost an order of magnitude. As an
éxample, it took us about 1QO weeks to analyze 16 pictures. - We anticipate
_tgat in the néxt 16 weeks we should be able to measure aﬁ additional 100
 pictufes and coﬁplete all of the large écale wind field analysié from

day 38 to day 43 by next‘spring. In a&dition, the mosaic navigation being
wdrkéd on by Dennis Phillips will be operating by September or October. We
anticipate several monthévof_shakedown and fine tuning, with some scientific
results on small scale motion fields early in 1977.

Sanjay timaye is working on a Venué remap program which'Will produce
-polar stereographic, mercator, or Lambert equal aréa transforms on McIDASL
This will permit us to examine the Venus image data on MchAS in a coordinaté
system whicﬁ is compatible with the global waves and conve;tion‘features we
are trying to study. This programming work will be completed in eérly
fall. Limayé hopes to have his thesis finished in about 6 months,

We will be éxperimenting to see if stereo display techniques can be
é useful way of presénting, or perhaps eﬁen identifying and measuring, small

. scale dynamic changes in the image data. It is known, for example, that
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felétive parallax induced in the images 5y vértical.wind_shear produces a
false stereo effect whiéh‘separates>the motion fields. The low resolution
Venus flyby data does not have sufficient image detail to give immediate
-useful results, although a French observer (Sidi, 1976) was able to’use'
stereo on intermediate resoiution.data to verify our wind field measurements -
on day 39. The closeup high reSolutidn mosaic images, with a great deal
‘more image detail, could be Qery usefﬁl in this way. |

" .Work is also going to start soon on appiication of SMS navigation
techniques to Pioneer 10 data from Jupifer; We have programmed McIDAS to
" read Pioneer tapes. vThe low level effort in this area has the goals of:
a) providing a wind measurement capability for the 1978 Pioneer Venus
orbiter, permittiﬁg comparisons with Mariner 10‘data and enaﬂling long time
,-base studies of.thé upper atmosphere of Ven@s; and b) identifyiqg dynamic
characteristics of features on Jupiter from Pioﬁeer 10 and 11 images
which may influence choice of targets'or the tybe of imaging sequence
to be used on the 1979 MJS Jupiter flyby. |

| Finally, we will be deveioping plans for a comparative study of dust
storms on Earfh and Mars. ~We have recently done some work ﬁéing SMS data
of dust storms in the Sahara in conjunction with Peter Woiceshyn of JPL
and we will be archiving similar data in the near fqture for further Study.
It turns out that the physics of dust storms on the two planets'is quite
éimilar in many respects, and dust étorm frequency and genesis is closely
correlafed with cliéate.éhanges and food production heré on Earth, The
dust storm seasons on both Mars and Earth will-be approaching in about
:'6 months.' With Viking no& in orbit about Mars, this would Be an idealltime

to initiate a study of dust storms there, and we hope to persuade the Viking



éeople to look for ;onditions of dust-storm genesis. The archived
Viking and SMS data will then serve as a data base for a Eomparative .
study, which we will plan when we know how successful the data base

. acquisition has been.

A proposal wili soon Ee submitted to extend this grant for another
year. We anticipate that our Venus wind field study will identify several
new characteristics of upper atmosphere motionms, and possibly influence the
Pioneer Venus Orbiter imaging sequence. Limaye's‘thesis work, while noﬁ
definitive concerning the>atmospheric dynamic structure, ought to be able

- to define some observatioﬁs which may limit our choice of alternative
dynamic structures, and possibly he can identify some critical'observations
hﬁich should be made by Pioneer in 1978. This work, plus the other efforts
.ﬁentioned above, makes the next year perhaps the most significant of all
for this grant. Our hard work over the past two years is beginﬁing to

~

- pay off.



APPENDIX A

NEW MEASUREMENTS OF UV CLOUD MOTIONS ON VENUS*

Robert Krauss

*Presented at the Division of Planetary Science Meeting of the
- American Astronomical Society, Austin, Texas, April 4, 1976.



New Measurements of UV Cloud Motions on Venus

Robert J. Krauss _ I
. ABSTRACT

Preliminary results of three additional sets of measurements of the
velocity of small scale UV cloud features in the Mariner 10 pictures of
'Venus support findings based on the first measured data set reported by
Suomi (1975) and Krauss (1976). The global velocity field consists of a
small meridional component towards the poles, increasing linearly with
distance from the equator, and a zonal component which is a minimum at
- the equator and increases toward a maximum near 45° latitude. The
. differential rotation at low latitudes tends to conserve angular momentum
~ about the poles. Because of the poorer resolution, the solid rotation
region above 45° latitude could not be measured in the new data sets.
Two new features were observed, however. A small amount of horizontal
" eddy transport of momentum toward the poles is przsent in all data sets.
In addition, the zonal velocity, zonal velocity gradient with longitude,
and the meridional velocity gradient with latitude all show correlated
" trends suggesting the likelihood of a global velocity field which
- fluctuates about a mean. However, both the eddy transport and the velocity
fluctuations are at least an order of magnitude less than the mean flow.
The trend of the zonal velocity gradient indicates that zonal velocities

‘occasionally decelerate toward the evening terminator, throwing <doubt on
sun-locked mechanisms as drives for the zonal wind.

INTRODUCTION

We present here the preliminary results of additional cloud motion
measurements in Mariner 10 UV images of Venus. A previous detailed
analysis of four UV images (Krauss, 1976) produced several key observations:

1. The upper atmosphere wind field is organized in a vortex
structure with a small meridional flow from.equator to poles,
and in addition, a zonal flow an order of magnitude greater.
The flow pattern causes the atmosphere to rotate differentially
at -low latitudes (tending to conserve angular momentum about
the poles) and to rotate with constant angular velocity at

latitudes above 45 degrees, where the atmosphere must converge
~and sink.

2. The zonal flow accelerates in the sub-solar region. There is
a u-component velocity gradient along lines of constant latitude
which is about the same size as the v-component velocity gradient
.along lines of constant longitude. The meridional velocity
gradient does not measurably change with latitude.

3. Vertical wind shear is observed in the zonal flow, with higher
clouds moving faster. This shear is most likely responsible
.. -for a large proportion of measurement scatter visible on the
. high velocity side of zonal wind profiles. ' '
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4. Many kinds of wave phenomena are present in the images, and they
' complicate analysis of the motion field because waves could

s carry energy and momentum in addition to that carried by the .

- mass field. The vortex structure in the upper atmosphere appears
to be stable and to represent Venus as we usually see it from
Earth, but the measured velocity field is likely to be perturbed
by several phenomena and thus, at any given time, represents only
a single observation and not a mean state of the atmosphere.

In order to better define what the "mean state" is for the Mariner 10
--—data; we chose to extend the velocity field measurements from the first

four pictures (at the start of day 39) into day 40. The main intent was
to find out if there were short time variations in the global velocity field.
There were really several reasons for picking day 40, however. First, the
UV features on Venus show a slight change in character in the period gromh_ o
2 to 4 days after encounter (closest approach to Venus occurred at 36 17 01 GMT).
There appears to be an increase in convective activity and generation of brighter
clouds near the equator. In addition, the curvature of the spiral streaks
increases. A second reason was that if the assumed 4 1/2 day period of the

- "Y" feature was reflected in the motion field, a time interval of 24-36 hours
from the first set of measurements seemed optimal. Too short a time would
make changes hard to detect. Too long a time (i.e. 1/2 wavelength or more)
would introduce ambiguities in phase. A third reason was that day 40, at
~3 1/2 days past encounter, contained additional interesting features. Both
‘the circumequatorial belts and the bowlike waves were visible. These could"
be studied in conjunction with the motion field. A fourth consideration was
more practical in nature. The 25 km/pixel resolution on day 40 permitted

TABLE I

Data Set Image Identification

FDS NUMBER GMT DAY SHUTTER TIME (HHMMSS)GMT

62693 . . 020656
62839 : 034908
62857 g 040144
62987 053244
64747 020444
64897 ' 034944
. 65023 : 051756
65179 ‘ 070708
65343 090156
65473 103256
65623 o+ 121756
65787 _ o 14124¢
65923 154756
' 172844
191756 ..
210750
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tracking cloud features under 500 km in size. If later images had been
used, only larger scale features could have been tracked. Consequently,
direct comparison of the velocity profiles with day 39 would have been. more
subject to question, because the characteristics of the cloud targets used
for tracking would have been somewhat different.

Table I identifies the pictures used. The earlier data set from day 39
(Krauss, 1976) is numbered set "I'". The data from day 40 is divided into
three sets (II, III, and IV) to better identify any trends. In this paper,

- Wwe report only on preliminary comparison of the COMP or computer measured
(cross correlation) velocities from the two days. Single point tracking and
" target averaging (as for day 39) will be done at a later time. '

- IMAGE PROCESSING AND ERROR ANALYSIS

The new images in sets II, III, and IV, were processed through
the FICOR and GEOM programs at the Jet Propulsion Laboratory and navigated
‘at the University of Wisconsin in exactly the same way as data set I.
Extensive error analysis was net repeated, as there seemed no reason to
believe that any new sources of error would exist. The previous day's
" analysis had shown that the true navigation and measurement error was
slightly more than half that which was estimated, and had shown that
vertical wind shear and changes in cloud shape were the most likely reasons
" for most of the observed measurement scatter. Without contrary evidence,
there was no reason to expect anything different in other data sets, and
that indeed appears to be the case here. Except for a larger scatter in
the measurements, proportional to the reduced resolution, nothing unusual
‘'was seen in the measurements from day 40. Consequently, the present limited
analysis appears adequate to determine the trends we seek.

. We estimate the limit of useful resolution will probably be reached
at 35-40 km/pixel for the velocity measurement techniques used here. At
that point, the measurement scatter due to degraded resolution dominates
"all the structure now visible in the velocity profiles, and one is limited
to following only the larger albedo features. Edges and shapes of smaller
features are not visible. One can better compare such low resolution
measurements with Earth based observations, but the fine structure of the
wind field is likely to be lost, and is best observed at resolutions of
10-20 km/pixel, with appropriate time resoclution to detect veloc1ty increments
of 5 m/s or less.

The wind field measurements are shown in Figures 1, 2, and 3. The
order of presentation is: a) data set I - Target averages for 15/15 edit;
b) data set I - All data points for day 39; c¢) data sets II, III, and IV -
All data points for day 40; d) data set II alone; e) data set III alone;
f) data set IV alone. The data sets for.day 40 have fewer cloud targets
than day 39 because the lower ground (cloud) resolution made selection and
tracking more difficult. Thus, the total of all three data sets is a more
relisble indicator of the day's mean velocity field. Note too, the absence
of measurements at latitudes above 45° and also the low number of measurements
in the northern hemisphere, especialily irn data set IV. As cloud targets get



. Figure la.

ZONAL cLoOUD ELEMENIVVELOCITIES AS A FUNCTION OF LATITUDE
- (TARGET AVERAGES - COMPUTER CORRELATION)
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The editing and averaging process removes single widely divergent

measurements and gives a "cleaner" view of the underlying structure.

ZONAL CLOUD ELEMENT YELOCITIES AS A FUNCTION OF LATITUDE
(INDIVIDUAL MEASUREMENTS - COMPUTER CORRELATION)
(UNEDITED SET - CONTAINS ALL VECTORS MEASURED)
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Figures 1 c¢-f. '



ZONAL CLOUD ELEMENT VELOCITIES AS A FUNCTION OF LATITUDE
(INDIVIDUAL MEASUREMENTS - COMPUTER CORRELATION)
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. Figure lc. Unedited measurements for day 40 (sets II, III, and IV, combined).
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Unedited measurements for set IV.




MERIDIONAL CLOUD ELEMENT VELOCITIES AS A FUNCTION OF LATITUDE.
(TARGET AVERAGES - COMPUTER CORRELATION)
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Figure 2a. Target averages for 15 n/s edited measurements -- data set I.
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MERIDIONAL CLOUD ELEMENT VELOCITIES AS A FUNCTION OF LATITUDE
(INDIVIDUAL MEASUREMENTS - COMPUTER CORRELATION)
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harder to find and track, there is a higher proportion of correlation
failures by the computer and the scatter in the remaining good measure-
ments increases. With greater care and effort, we may eventually double
the number of acceptable vectors obtained from day 40.

MEASUREMENTS OF CLOUD MOTION

Figure 1 contains plots of u-component (zonal) velocities versus
latitude. In data set I (Figure la) there were enough high resolution
"details in the clouds to get velocities above 45° latitude and show the
sharp dropoff at constant angular velocity as one approaches the pole.

The velocity maximum at 45° is clearly defined, as is the small subset of
six targets appearing to move at constant angular velocity (along the dotted
line) at low and mid latitudes. The majority of targets in the low and

mid latitudes show a velocity profile which gradually increases as one

moves away from the equator. This indicates a tendency .to conserve angular
momentum about the poles and this differential motion is also present in
data sets II, III, and IV, as well. Note that there is no group of slow,

- constant angular velocity points as in set I. Scatter in the measurements
is somewhat greater on day 40 in the proportion one would expect from

_the poorer resolution in the image. A

The meridional velocity gradient is seen in Figure 2, appearing as a
slope to the distribution in the plots. Note that there is a definite
increase in slope from day 39 to day 40 (Figures 2b and 2c¢) and that

" - throughout day 40, the slope continues to increase (Figures 24, 2e, 2f).

Data set IV (Figure 2f) does not have enough good measurements at high
"latitudes. This lack of successful image correlations at high latitudes
is due primarily to poorer resolution, which makes finding and tracking

- small cloud targets more difficult and more subject to correlation- failures.
Coupled with the increased measurement scatter, the result of the poor

- resolution in Figure 2f is a slope of the points in the plot which is
probably twice as large as it should be. - This degradation of data can be
partially offset by a greater effort to get better measurements from the
data, but we believe that as resolution gets worse, it will be necessary to
choose larger and larger albedo features to track, since small cloud
features such as edges and minor convective elements will no longer be
visible. : -

The longitudinal velocity gradient of the zonal winds shows a definite
drop from day 39 to day 40. Indeed, the gradient on day 40 appears to
be nonexistent (Figure 3c¢). Lower or equal velocities at the evening
terminator cannot be explained in terms of a target selection bias due
to viewing geometry (as the higher velocities on day 39 could be explained),
so we conclude that the reduction in slope is real.’ That this is an actual
physical trend we are observing, and not a statistical deviation, is
evident from Figures 2d, 2e, and 2f, which show that the longitudinal
gradient does not merely disappear on day 40, but is undergoing a change
in sign. As discussed in Krauss (1976), other experimenters have also seen
higher velocities at the evening terminator. This is the first observation
of lower zonal velocities at the evening terminator, and has profound
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implications for explanations of the drive for the zonal winds. Solar
tides and Reynolds stress theories require a sun-locked zonal velocity
field. If velocities at the terminator are occasionally 1ower, the drive
for the zonal winds cannot be sun-locked. -

No change of the meridional velocities with longitude was observed
in any data set. Least squares fits showed no slope to within 2 m/s
over the entire longitude range measured.

EDDY MOTIONS

It is possible, using the measured u and v profiles, to investigate

the transport of zonal momentum along a meridian. One computes a mean
u and v as a function of latitude and subtracts it from the u and v
components of each measured velocity vector. What is left must be the
residual components u' and v', respectively. If there is no organization
to the residual flow, u' and v' will be randomly scattered around the
origin. One could then assume that the scatter is due to measurement
.uncertainty, random cloud motions, convection, etc. The displacement of the
center of mass of the distribution and the increase in o _, over %, and
o, over 0 are measures of how accurately u and v were Chosen as“a function

1at1tude, so the u and v choice need not be perfect, merely reasonable
enough to keep the scatter from growing significantly.

- If one finds a non-zero correlation in the scatter plots, however,

that means that the faster u' are associated with the faster v' (poleward
zonal momentum transport) or the slower u' are associated with the faster
' (equatorial zonal momentum transport). Figures 4 and 5 show the results
of such an analysis. In the southern hemisphere (Figure 4), the correlation
coefficient, r, is 0.22 on day 39 and 0.49 on day 40. In the northern
hemisphere (Figure 5), v and r must change sign, but we still find a
~ correlation of -0.48 on day 39. Day 40 shows a very slight equatorward

momentum transport, but it should be remarked that there are only a few
points in the plot, widely scattered, and we really ought to have better
statistics. One would not change ¢ , and ¢ , very much by tilting the
least squares fit to a negative corfelation'in Figure 5b. On the whole then,
momentum transport seems to be toward the poles in the plots.

The total momentum transport is given by'the sum of the mean flow
‘transport and the eddy transport:

uv u v + u v T

93 m/s * 6 m/s +-5 m/s * 3'm/s * 0.4

where we have substituted representative mean values for the quantities

in the equation. Even if u' and v' are estimated wrong by several hundred
percent, it is clear that the eddy transport toward the poles is still
considerably smaller than transport by the mean flow.



Figure 6. Zonal velocity

of the upper atmosphere of
Venus at the equator increases
by about 5 m/s from day 39

to day 41. The velocity is
determined by the minimum in

a second order polynomial
least squares fit to all

cloud motion measurements
between +45° and -45° latitude.

TIME

Figure 7. The meridional
velocity, which is directed
away from the equator in

each hemisphere, tends to
accelerate as it approaches
higher latitudes. The rate
of increase is substantially -
higher on day 40 than on

-day 39.

Figure 8. 'The zonal velocity
may increase in time from
day 39 to day 41, but it
shows a negative gradient
with respect to longitude
on day 39 (faster speed at
the evening terminator), and
changes to a positive gradient
through day 40 (slower speeds
- at the evening terminator).
Note that there is a high
degree of correlation of
changes shown in Figures 0,
7, and 8.
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Suppose the dynamic coupling is due to a large scale wave. The
eddy component transport indicates that there is some kind of global scale
organization in the deviations from the mean flow. This same organizational
structure could be visible in the correlation of trends in the horizontal
velocity measurements and velocity gradients, although there is no evidence
that they are related. We can, however, speculate how a global scale wave
might transport momentum upward by assuming that the measured divergence
at the start of day 39 is coupled to rising motion near the equator. In
the simplest case, this involves using only the equation of continuity. Then
vertical motion, +w', is correlated with increasing zonal velocity, +u'.

Now we make another '"reasonable' assumption not yet supported by

any evidence. Suppose, considering how the correlated velocities fluctuate,
that we have relative convergence at some later time. We are assuming
that u' and v' will thus both decrease together in time. Then, by
continuity, we should have sinking motion near the equator. Imn actuality,

because the vortex flow is dominant, we merely have reduced rising motion.
" The result is the same, however, for then -w' is coupled to -u'. The
product in both .cases (+w' - +u'-and -w' ¢ -u') is positive, so, following
the same argument as before for the eddy transport due to u'v', we can say
that zonal momentum is transported upward near the equator.

"Now, identifying what kind of wave or combination of waves couples
u, v, and w in the proper phase relationship and with the proper period
will take further study. The simplest picture would have the upper
atmosphere vortex spinning like a global scale taffy pull with a single
pressure bulge centered on the equator and moving around the planet with a
period close to that of the 4 day UV cloud motions.

Clearly, the next most important step is to extend the velocity f{ield
measurements to earlier and later times to determine the period and
~amplitude of the velocity fluctuations and to see if the correlation in the
measurements 1s maintained. We cannot go beyond day 40 because the time
resolution of the Mariner 10 data was cut to 8-12 hours and is not suitable
for small scale motion measurements. Consequently, it would appear that
we must concentrate on day 38, and possibly 37 (as close as our existing
navigation scheme will permit before it breaks down). Another area of
study will be an intensive look at the characteristics of other wavelike
features on Venus -— the bowlike waves, circumequatorial belts, etc. -- and
at vertical structure of the UV clouds. We must determine what influences
the velocity fields, where, when, and how much. This -task will also require
detailed analysis of the higher resolution Mariner 10 imagery.
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' VENUS ATMOSPHERE: DRY ADIABATIC DIAGRAMS

AND OBSERVED THERMAL STRUCTURE
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ABSTRACT v

The dry adiébatic lapse rate Yaa for-;;Aatmosphere of différent |
ﬁixtures of carbon dioxide and nitrogen (20%, 16%, 127, 8%,'4%, ana 0%

- nitrogen by mass) is computed as a function of temperature and préssure and

an adiabgtic diagram depicting the dry ahiabatic temperature changes
"cbnstructed. Following Staley (1970) thé réal gas expression for the dry
adiabatic lapse rate is used incorporating the tabulated values of ché specific
heats of nitrogen and carbon dioxide. A four point Lagrangian interpolétion

~ scheme as recommended by Hilsenrath et al. (1960) is ﬁsed to minimize inter-
polation efrors in thé-specific heats and compressibility factors at
intermediate bressures and the variation in the.;cceleration due to gravity
with altitude ié included in the computation.

‘The results indicate that the ary adiabatic lapse rate is about 7.981(-km--1
atv93 atm pressure (= surface pressuré on Venus) and 7403 and increases to
about 10.251(-km—l at 1.0 atm pressure and T 2 300K for a 4% nitrogen and 967%

‘ carbbn dioxide atmosphere. At a given preésure the dry adiabatic lapse rate
magnitude is seen to increase with pressure and decrease with increasing
amdunts 6f nitrogen for the same pressure and temperature.

Comparisons of the temperature profiles obtained from Veneras 4 through

8fand Mariners 5 and 10 against the dry adiabatic-diagrams indicate a

transition layer at about 3-5 atmospheres level (38 km altitude) wherein
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the lapse rate changes from a neutral value to a very stable omne abové that
levei;ﬂ.This agrees witﬁ the lower 1imitAlével for maximum solar eﬂéréy

“ deposition suggested (Lacis, 1974). |
:mc:ngelqgﬂthis pra;%iﬁion ié&er fhe atmoépherié-sﬁability appears to be
ﬂeﬁtral although inconclusiveiy so due to (i) experimental errors in T(P),
(i{)-uncertainty in the adiabatic temperature changes, due to errors in

'Cg%(fff)fénd 2(?,T); and.(iii) uncertain atmosphericfcompositibn;. Up to

— oy

"UZJSf?ﬁiErdgéﬁ by mass must be added to the C02 atmosphere to make the
}Eﬁséf§ed profile neutraliy stable if the first two terms are small. Other
'}éasés;df lower specific heats will also have a similar effect.

*.:7{.The stability of the lower atmosphere to vertical displacements is

“6ti1l uncertain. If indeed the lower atmosphere is neutral, then perhaps the
‘assumed atmospheric composition is in error. Latent heat release only

":idﬁéré'the adiabatic (moist) lapse rate and makes the atmosphere more unstable.

LY. .




td,- icIntroduction : IR S
1gv;;.Whether the obserQed lapse rate of témperature in planetary a;mospheres
ols equal to the adiabatic value is an importaht factor in the atmospheric
motions. 1In the case of the térrestrial atmosphere one assumeé ideal gas
nbehavior,. thus the dry adiabatic lapse rate is easiiy defined as the ratio
(g[Cﬁqwhere g is the acceleration due to gravity and Cp is the specific
cﬁeat,qf air at constant pressure. It was indicated by Staléy (1970) that
Agghis-definition is not readily applicable for ;he atmosphere on Venus becausé
:at much higher pressures the atmospher%c state is far from ideal. An
'?expression derived for a real gas is needed to specify the dry adiabatic
- lapse rate of temperaturé cn Venus, once the atmospheric composition is known.
=Unfortunately, we do not know the éxact cdmposition of the Venusian atmosphere.
uason:The vertical thermal sfructure of the Venusian atmosphefe has been
;probed so far by seven Russian capsules in the Venera series which‘have
descended in the atmosphere and remotély‘throggh the radio occultation
" technique by the American spacecrafts Mariner 5 and Mariner 10. (Avduevsky
ét al., 1970, 1971; Marov et al., 1973: Howard et al., 1974) Thé atmospheric
composition, however, has only been estimated at pressures less than about 10
.atmospheres from the Russian entry probes Veneras 4, 5, and 6. The composition
indicatedvis up to about 977% carbon dioxide and the rest predominantly
_nitrogen, up to abéut 8% (Vinogradov et al., 1968; Marov, 1973).
Basea.on this approximate atmospheric composition, all the temperature
profiles have been generaliy inte:reted to.be mostly adiabatic.
However, the "standard", i.e. the value of the adizbatic lapse rate itself
varies Qith temperature, pressure and atmospheric compdsition and thus the

vertical thermal structure needs to be studied further.
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I; is interesting to note that on éaref&l scrutiny of the temperature
profiles, superadiabatic regions are suspected (Fjeldbo Aeanl., 1971;_Ayduevsky
ég'al., 1968; Ainsworth et al., 1974).'J1ndeed, the expefimental conditions
dqping descent may cause the measurement errors to be greater than those measured
~ iIn the laboratory, yet the doubts of ; superadiabatic region in the loﬁer
~atmosphere cannot be completely eliminated as a reinterprgtatioqrof the Vénera 8
) pppfile also indicates (Ainéworth and Herman, 1§74). B L e

: .This paper describes an attempt toAspecify the maénitpdejof the dry .
adiabatic lapse rate for a given atmosphere which is a mixture of nitrogeﬁ
>and carbon dioxide at conditions found in the atmosphere of Venus.

In the following sections the considerations which went into the
cépstruction of the adiabatic diagram based on a real gas.definition‘of_
specific heat are described. It should be pointed out here that except for the
case of 100% carbon dioxide, the dry adiabatic lapse rate calculation for a
.migture of carbon dioxide and gifrqgen is based on a simplistié apprcach
thag the molecular interactions at the high températures and pressures of one
- gas component on the other in the lower atﬁosphere of Venus are negligible in
terms of their influénce on the dry adiabatic temperature changes. Molecular
‘interactions of the same spegies-are convefted. We then compare the measqred
(T,P) profiles for the atmosphere of Venus against these values of the dry
adiébatic lapse rate to infer about the static stability. ,

2. Cohstfuction of the Adiabatic Diagram

Staley (1970) has pointed out that the ideal gas definition Yoq = g/Cp

is_hot applicable in thg case of Venuslbecause of large deviations of the

atmosphere from idealness. As a result, the specific heat at constant

pressure cannot be taken to be constant. Fig. 1 shows the. variation of
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the specific heat of carbon dioxide at constant pressure under the conditions

-féﬁﬁdﬂiﬁ?tﬁéiafﬁosphere of Venus.

: (St_aley,l970):— S L 2 : 1 B -f::.::;-.; TRt UTnlEe wmokenle

i £he junevoTor VEL IRE s o A . o : ! >
Grens oot e dzo P T S - p(3p/dp T o .. A VR
Hetd ai Tspeoific volume T
‘ Thic bR P TP SR =, nee o oy i -
" p: ‘density =L ) T

‘ a
”;Eéi “acceleration due to grévity

'?i .Tﬁé h&drostatic assumpﬁion is made in arriving at the above expression.
"Valueéhof}thérmodyﬁamié variables for carbon dioxide and nitrogen are found
igﬁ;—éSméiiation By Hiiééhfathvét al. (1960). The déﬁiation‘éf the tabulated
- égiﬁééifr§ﬁ diféct measﬁfementé is generally less than 2% for épecifié‘heats
‘ggréafSon'dioxide and nitrogen and. about 0.52 for their tabulated values for
Héﬁéity éﬁd cdmpfeséibility; R
e TﬁéAéxﬁréssibn fbr.yad can be transformed.inté a.form-inGOIViﬁg the
.éompreSSibility factquZ, through the use of the virial equation of state:

Cap L L B(T)
RT 1 o

+ (!2' + .-......‘ '= Z ’ (2)

where B(T) and C(T) ... are the virial coefficients. Following Staley (1970){

9
P[a—T(TZ)p)
Z - p(8Z/93p)y

Gl il

I*T(ap/aT>é = (3)

and . ?(ap)T z - p(3z/op)g ' _ - @

3T (z1)] %%'. T )

wmat  ggeli

. or equivalently,

- . |
- . I 30,
~ Yag o Grp © , o . (6)

R R



A However, this form offers no advantage over the one involving the ,

oyl - -
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compre531b111ty factor for computational purposes since the tabulated

(ry!"

values of dens1ty and the compre591b111ty factor have been made internally

con31stent (Hllsenrath et al., 1960).

I R A

The thermodynamlc values needed. for ‘calculation are tabulated at O. 01
and n(0.1, 0.4, and 0.7) atmospheres pressure (where n = l,”10, lOQ)'up to

100 atmospheres and at every 10K interval from generally 200K to 1500K.

Cea us e
Yolowee =

(See Figs; 2 and 3 for Z(p,T) for carbon dioxide and nitrogen respectively.)

'The adiabatic diagram was then constructed using expression (5)

' follows: the value of Yad(To,po) was first computed at an initial point
T and p . T was varied from 1000K to 700K and P, was fixed at 100 atmospheres.

The temperature T at a pressure p-Ap is computed using the previous value of

the lapse rate. The compress1b111ty factor at this new pressure 1eve1 and

: temperature was then computed from the tabulated values by a llnear 1nLer—
polatlon for temperature and four point Lagrangian 1nterpolat10n (Conte, 1965)

for pressure, in order to minimize the errors introduced by linear interpolation

“for pressure as suggested by Hilsenrath et al. as follows;

) n ' - . .
£(p) = T L (p)E, o
: " k=0 k¥ 7k L
where Lk are the polynomials:
n n - E K
L (p) n (p -~ P Y/ 1 (p, = P) 3,k=0,1,2, ... ;n

j=0 3 30 : . :
- jFk o ik

Thus Lk is a polynomial of degree n. The first four terms are
retained for interpolating Cp and Z values as a function of pressure. p,s
_are the values of pressure for which the ualues of specific heat and the

compressibility factor have been tabulated. The pressure decrement was



taken to be one atmoephere between 100 atm and 1 atm, 0.1 atm up to 0.1 atm
'p%@gsure and further reduced to 0.01 atm from then on. The lapse rate'is
then computed from a finite difference form of (5) with a temperature step
of 10K. |

The thickness of a layer corresponding to the pressure step was. computed

-along the wey through the use of the hypsometric equation: S e
..l ';‘- - - X . RE IS SSAE - . A — P e -".::. o y
. g Py - ‘

_ e. 'vVériation‘in ecceleratioﬂ dueito gravity
| -The adiabatic change in temperature from a pre35ure of 100 atm to 10 atm
.ie about 250K>,for a temperature of 750Kﬁat.100 atm the altitude at_lO atm
.;computed hypsometrlcally is appr0x1matel) 20 km, and about 50 km for one éth
 It is obvious then that the variation in the grav1tat10nei aceeleratlen wrth
‘ altltude is about 34. Thus‘thevadlabatlc change over a 1arge éreseure &£0p
‘could be significantly in error, if varletloﬁ in g is neglected. ror this
:reason, the grav1tat10nelAacceleratlon g was computed at every stepvdurlng
'thevupward marching caleulatlone. The relevant factors used in arriving
vat the surface value of g (= 885.14 cm-sec—z) are 1isted in Table 1 and are
 based upon the most recent estimate of the ratio of the @ass of Venus to the

| mass of the sun from Mariner 10 orbit parameters (Howard et al., 1974).

b. . Computational stability

In order to check whether the accumulated error due to the finite
'preseure decrement was significant, the calcu;ations were repeated for half
.the original step. At the end ofv200 such steps (i.e. at one etmespﬁere
level from an 1n1t1al pressure of 100 atmosPheres) the adiabatic change
was w*thln 0. 5 1% of that arrived at by twice 'he step-size, Error in the

- computed adiabatic change'in temperature is thus less than those caused by -



Y“iiﬁ'é"ufl'c’:e'fti:a:i.'nty'i'n the tabulated values of compressibility and the specific

Ed

Yheat at constant pressure. Small changes in the 10K step size used in the

“1inear interpolation in T also did not cause any sigﬁificént'cﬁaﬁges in

“the' results.

c. ‘Addition of nitrogen

Cogrong

" The exact composition of the atmosphere on Venus is not yet known.

~All in situ measurements have been made at pressures less than 10 atmospheres,

_so that the well-mixedness of the lower atmosphere though generally assumed

- has not yet been firmly established. Nevertheless, measurements indicate

fhat there .may be up to 10% nitrogen (Avduevsky et al., 1968). .The dry

- adiabatic lapse rate for a mixture of carbon dioxide and nitrogen for a given

7p§gportion,of mass_was computed in a simple calorimetric manner on the assumption

_that the two constituents change their temperature in an adiabatic process

fipdependent of each other. The lapse rate(wag_pomputed independently for
:bqth carbon dioxide and nitrogen and the adiabatic change for the mixture for

a given pressure drop was compdted knowing the individual adiabatic change

. for each of the two and the proportion in which they are mixed. It has been

;E§¢;t1y assumed that the atmospheric composition on Venus is uniform through-
,9ut the atmosphere. The resultant adiabatic diagrams for 0%, 4%, 8%, 12%,
HlGZ,‘ggd:2ozlni§rogen by mass are'éhown in Figs. 4-9 respectively.‘ Fig. 10
deﬁiqts the ;ariation'of Y%d with pressure for temperatures along adiabats..
. "; The dry adiabats ig these figures have been drawn with skew T-In p
‘coordinates for temperatures at 100 atm betwéén 700K and 800K. The skew T

axis is chosen as it tends to maximize the angle between the dry adiabats

: ahd Ehe'temperature profile (Hess, 1959). The required transformation is:

- | 100.0 '
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, ... The dry adiabats on these diagrams are lines of constant potential
temperature, (with 100 atm as reference pressure). For reasons mentioned
earlier the potential temperature for a real atmosphere cannot be accurately

specified through the Poisson equation:.

ST R/C

coooamgiiiee T 8= 1) ! P
. - P.0

‘but must be determined by numerical integration.

: Bf?W”Cdﬁpérisdn of Measured (T,p) Profiles for the Atmoéphere of Venus =~ %

8o

tﬁgéidsf the Dry Adiabatic Diagrams

P Upper atmosphere (above N 40 km)

r”iTémperature profiles from Venera 8 in situ measurement and Mariner 10
jéﬁff§:signa1 (S-band) data are plottedAbn the skew T-log (p) aiagrams in
ngé:ﬂﬁég; The Venera 8 measurements stért at an altitude of 53.7 km above
:'Sdffécé'6f>0.51 kg-'cm2 pressure (Marov‘ét.al,, 1973). Tﬁe S—Band data from
2M£riher'10 was reduced assuming a 100% carbon dioxide atmoépheré‘(ﬂoward et al.,
:'l§745 and hence its interpretatidn reégrding the étatié-stability for é-diffefent
 %§ﬁ@6§ﬁheric composition.ié not diréétlv poésible,on the adiabatic'd;agrams.

B The existence of é layer with a neutral'lapse rate at about i atm level
reported by Howard ef al. (1974) is confirmed. Above this level the Mariner
prdfile'is highly stable as evidenced by the sharp increase in potential

:;teﬁﬁerature (referred to 100 atm pressure). The high stability of the
afﬁésphere above 3 atm level or about 40 km above the surfaée was observed in
Mariﬁer 5 profile (Fjeldbq et al., 1971) and Venera 8 measurements also.

| Ainterpfetations of the Venera 8 solar illumination and ground based
oBéérVations by Lacis (1975) that most of the solar energy is déposited
aboﬁeléd kﬁ for a homogeneous distribution of cloud.particies with héight

" and between 50 km and 80 km for a continuous cloud particle distribution

!
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is consistent with the increasing stabiliﬁy observed iﬁ Boﬁh the Venera 8
and Mariner 10 profiles. B
It is of interest to note that both the Venera 7 and'8'ver£icéi>“;m”
profiles of horizontal wind show a very large shear between about 38 km

and 50 km above the surface and a small shear between about 18 km and

38 km. Such strong shear is possible in a stable enviromment and if it is

~ _ of the semi-permanent nature, can be maintained only in a stably stratified

atmosphere wherein the vertically adjacent layers are decoupled to atmos-

pheric flow.

 Going back to the earlier measurements of the temperature profiles,

‘one again sees an increase in the static stébility in the Venera 4 profile

baéed on the lapse rate reported by Avduevsky et al. (1968) and the adiabatic

‘lapse rates calculated here, after the altitude values of Venera 4 have been

corrected for the wrong surface radius assumed by Avduevsky et al. (1968),

[a discussion of the discrepancy is given by Ash et al., 1968, Science, (160),
985: and Eshelman et al.,. 1968].. ,

b. Lower atmosphere

-.4, For the 100% carbon dioxide atmbsphere the Venera 8 profile is seen

to bé super-adiabatic almost 37 km or about 5 atm pressure level. The
S-band signél on Mariner 10 did not penetrate deeper than 40 km and thus no
information about the deep atmospheric profile is available; Figs. 5-7
indicate that against the computed dry adiabatic lapse rates for 4%, 8%, and

12% nitrogen cases respectively the Venera 8 profile seems somewhat unstable.

- The immediate question that arises is if this could really exist on Venus or if

there are problems in this method of computation of the dry adiabatic lapse

rates.



by mass may not be very realistic for Venus.

PPV PR s B e e e s eemm————

; _If there is a significant amount of latent heat release in the lower
atmosphere then the moist adiabatic lapse rate will apply. However the moist-

adiabatic lapse rate is lower in magnitude than the dry adiabatic lapse rate

Vioitlos

and thus the problem of stability of the lower atmospheie worsens. Never-

theless there is not conclusive evidence for large amounts of latent heat

release in the lower atmosphere of Venus and the dry adiabatic lapse rate

may . be assumed to gpply in absnece of any evidence to the contrary. o

:%ﬁP“:There are three possible sources of uncertainty. The first one is the

error in the in situ measurement of temperature profile and in the reduction

~of rédio,occultation data. Second, the specific heat and compressibility

;fgptors are accurate to within 1-2%, and.third, the assumed atmospheric

composition, either 100% carbon dioxide or 96% carbon dioxide and 4% nitrogen
"~ "It should be borne in mind here that a very accurate indication of

the measurement error for the temperature profiles is unavailable. The
Yoo o : T ) _ .

accuracy of the Mariner 5 and Mariner 10 radio occulatation measurements is

limited by the fact that an atmospheric composition must be known beforehand

and the sampling volume is relatively large. Note that the Mariner 10 and

.Vénera 8 profiies do not agree well between about 3 atm and 0.7 atm. Further,

the temperature at a certain level above the surface needs to be specified
as an initial condition, though it does not seem to affect the derived
temperature profile below about 80 km (Howard et al., 1974).

_The temperature profile measurements by the Venera probes have different

kinds of problems associated with them. These are all in situ measurements.

The errors in the temperature profiles could be due to errors in not only the
temperature sensors, but also the altimeter and pressure sensor. Ainsworth
and Herman (1974) indicate the many possible interpretations of Venera 8

Lo
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"~ : measurements for constructing a temperature profile.

T'giﬁ~Th¢ RMS error in Venera 8 temperature profilesAis i]k‘(Marov et al., 1973).

Qfﬁé difference Between the surface temperature (at 92.87 + 1.5 atm)

741 + 7K and the 10 atm temperature (481 + 7K) is thus 260 + 14K. The
adiabatic éhange in temperature for a barcel at 741K initially ‘the surface
'pressufé and rising to 10 atm is appro%ima;ely 244K, for the 1d0% CO2 case,

As indicated earlier, the tabulated speéifié heat capacities used in the

-éalculations are within about 1-2% of the measured values so that the
uncertainty.in the adiabatic change from the surfacelpressure value to the.
:10 atm level of 244K is about +5K. )

The corresponding Qalues for the 4% nitrogen and 8% nitrogen are

- ~248 + 5K and 252 + 5K. Based on these unceftainties both in temperature
profile and the adiabatic diagram, the po;sibility of a deep superadiabatic
.laye: below 10 atm level for 70 to 127 of nit;béen in the atmosphere can not
be confirmed. Essentially the same conclusion is arrived at from all preQious.
in situ temperature measurements available. |
| If the available témperature profiles in_thé deébAiayéfs of the atmos-
phere of Venus are aécepted at face value then in order to.obtain a neutral
'temperature lapse rate would require greater amounts of nitrogen. If nitrogen
is the only other significant constituent of the deep atmosphere aé far.as
adiabatic processes are concerned then 16-20% of nitrogen by mass with 84-80%
carbon dioXide composition yields dry adiabatic lapse rates which would make
the observed temperature profiles neutral with.regards to vertical displacements.
'4. . Summary |

A detailed computation of adiabaté for the Venusian atmosphere based
on the known limits on its composition and the available thermodynamic

data for these constituents indicate the follcwing:
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1. All available measurements of the temperature profiles for the

atmosphere on Venus show a dramatic increase in the static stability

between about 3 and 6 atmospheres level, depending on the amount of

nitrogen (the limits are for 0% and 8% nitrogen respectively) The
in 31tu measurements have been in the vicinity of the equator of the

planet near the morning terminator, and the dlscus31on herein pertains

Ao dnaloeTio - T
mostly to the tropical regions.

calellatims . . : Ceeeen L o .

2. Computations 1nd1cate that there is a likelihood of a deep super-

unee el REINNS

adiabatic layer below a level of about 5 and 8 atmospheres, depending

on the atmospheric composition. This agrees with the detection of

turbulence around 1.5 to 2 atmospheres by Mariner 5, Mariner 10 and
B I L : - : : : :
the Veneras 4 through 8 measurements.

3. Up to 20% nitrogen by mass needs to be present in the atmosphere to
3 e .

reduce the 1ower atmosphere to an adiabatic state, accordlng to the

Y4

results (see Fig 7)

The accuracy of the adiabatic'temperature changes for a given
pressure change and a given composition is limited by the accuracy of the
specific heat and the compressibility measurements, which for both carbon
dioaide and nitrogen are about 2%. The uncertainty in adiabatic temperature
.changes is thus about 27,
R .4Insorder to reallp establish or deny the existence.of superadiabatic
o _layers_on Venus, one needs more accurate knowledge of the atmospheric
Xcomposition, the thermodynamic properties, and the effects of‘any.minor
condensable constituents, whose effect has been ignored in the present
work., It should be useful indeed if-it were possible,totsynthesize the

Venusian“atmosphere in the laboratory and to deduce the thermodynamic

properties. Until then, one must wait for more accurate measurements of



= the temperature érofile and also the composition.
~The spatial variation of the thermal field in the atmosphere of
AVenﬁS’is not very well known. It is possible that the vertical thermal
structure in the polar regions is different from;that in the equatoiial
fégions and there may be smali but significant day-night differences. It
T 'is hoped that the Pioneer ﬁultiprobe mission to Venus ahd.the Pioneer
| Orbiter mission in 1978 will yield data towards a better definition(of the
o ” thermal field. e R e
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_TABLE 1
| Ratio of Mass of Sun to Mass of Venus (Howard, et.al. 1974) = 408,523.9+1.2

Equivalently, product of gravitational constant
mass of sun

324,858.6+1.0 k> sec 2

Radius of Venus - 6053.0-km

~~~~~~ : " ACCELERATION DUE
 ALTITUDE . ._TO GRAVITY
0 km - ; o _' 1 885.14 cm se_:c~2
10 2
20 | P |

30 L 876.4
40 o . ﬁ873,5 \
50 - . - 870.4
,6¢ - o 867.9
70 - 865.0
80 | 862.0
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Variation of specific heat Cp of carbon dioxide at constant

pressure at various temperatures and pressures. The tabulated

‘:> va1ues of Cp have been taken from Hilsenrath et al, (1960).

Compreséibility factors for carbon dioxide (values from Hilsenrath,

*¥771960) .

The-dry

adiabatic diagram

df& adiabats are drawn at

Thé potential temperature

Sa?§ as
Samé as
Same aé
Same as
Same.as

The dry

‘degrees

Figure 4, but for
Figﬁ#e 4;'but for
Figufe 4, but for
Figure 4, but for

Figure 4, but for

nitrogen.

S T R |

for 100% carbon dioxide atmosphere. The

10K intervals, between 700K and 1000K.

is referred to 100 atm

967 carbon

92% carbon

88% carbon

847 carbon

80% carbon

dioxide
dioxide
dioxide
dioxide

dioxide

and

and

and

and

and

pressuré.
4%“nitrogenvby mass.
8% nitrogen by mass.
127 nitrogen by mass.
16% nitrogen by nass.

20% nitrogen by mass.

adiabatic lapse rate in 100% CO2 atmosphere expressed in

K/km as a function of atmospheric pressure for constant

potential'temperature.
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