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ABSTRACT

Thermal cooling rates Qand solar heating rates'@n the atmosphere of Venus at altitudes
between 0 and 100 km are investigated using theétrael transfer and radiative balance
simulation techniques described by Haus et al. §8012016). @ strongly responds to
temperature profile and cloud parameter changeiie @ is less sensitive to these parameters.
The latter mainly depends on solar insolation coown$ and the unknown UV absorber
distribution.

A parameterization approach is developed that pgermai fast and reliable calculation of
temperature change rates Q for different atmosphmeadel parameters and that can be applied
in General Circulation Models to investigate atnasic dynamics. A separation of temperature,
cloud parameter, and unknown UV absorber influemegeerformed. The temperature response
parameterization relies on a specific altitude ktidude-dependent cloud model. It is based on
an algorithm that characterizes Q responses toadlmange of temperature perturbations at each
level of the atmosphere using the Venus Internatidteference Atmosphere (VIRA) as basis
temperature model. The cloud response parametienzatonsiders different temperature
conditions and a range of individual cloud modedex that additionally change cloud optical
depths as determined by the initial latitude-dependnodel. A ¢ response parameterization
for abundance changes of the unknown UV absorbetisis included. Deviations between
accurate calculation and parameterization resuéisirathe order of a few tenths of K/day at
altitudes below 90 km.

The parameterization approach is used to investigahospheric radiative equilibrium (RE)
conditions. Polar mesospheric RE temperatures atieveloud top are up to 70 K lower and
equatorial temperatures up to 10 K higher than mvesevalues. This radiative forcing field is
balanced by dynamical processes that maintaintikerged thermal structure.

1. Introduction

up to four times faster than the solid body
The conversion of radiative energy in arotates) and its transition to the sub-solar to
planetary atmosphere stimulates dynamicanti-solar circulation in the thermosphere are
processes at all altitudes and forces climatstill poorly understood (Schubert et al.,
and weather phenomena via a number &007). Different General Circulation Models
coupling effects. The general processe@GCMs) for Venus' atmosphere have been
being responsible to maintain the zonatleveloped during the past years and are
superrotation in the troposphere ancurrently under further development. They
mesosphere of Venus (where the winds blowntend to simulate atmospheric circulation

processes and observed dynamical properties

1



Haus, R., et al., ICARUS 284, 216-232 (2017) DOi:1016/j.icarus.2016.11.025 Preprint

(e.g. Lee and Richardson, 2010; Lebonnoisn improved three-dimensional atmospheric
et al., 2010; Rodin et al., 2013). GCMs havenodels (altitude-latitude-local time) mainly
to rely on parameterized descriptions ofetrieved from VIRTIS-M-IR data. An
radiative heating and cooling processes duadditional focus of that paper was the
to limited overall numerical resources. response of Q to the replacement of VIRTIS
temperature profiles by those obtained from
Calculations of accurate quasi-VeRa data. VIRTIS (Visible and Infrared
monochromatic downward and upwardThermal Imaging Spectrometer; Piccioni et
directed radiation fluxes inside theal., 2007; Drossart et al., 2007; Arnold et al.,
atmosphere that consider both gaseous a®12) and VeRa (Venus Express Radio
particulate atmospheric absorption, emissiorscience experiment; Hausler et al., 2006)
and multiple scattering processes are onlwere two of the experiments aboard ESA’s
possible on the basis of very time consuminyenus Express (VEX) mission. Retrieval
numerical procedures. The overall broadesults from VIRTIS-M-IR measurements
spectral range from 0.1 to 1000 um has to baduring eight Venus solar days between April
addressed where the individual contribution2006 and October 2008 were extensively
of atmospheric constituents at ultravioletdescribed by Haus et al. (2013, 2014,
(0.1-0.4 pm), visible (0.4-0.7 pm), and2015a). They comprised new information on
infrared (0.7-1000 um) wavelengths are verynesospheric nightside thermal structure and
different. Calculations can be separatelgloud features and on trace gas distributions
performed for thermal (1.67-1000 pm, 104n the lower atmosphere. Resulting maps for
6000 cm') and solar (0.125-1000 pm, 10-the southern hemisphere covered parameter
80000 cnt) flux components. Wavelength- variations with altitude, latitude, local time,
integrated quantities and diurnal averages @&nd mission time. The most important
resulting net fluxes and their altituderetrieval results have been summarized in the
divergences are then used to determineecently published paper by Haus et al.
temperature change rates in terms of thermé2016).
cooling rates and solar heating rates at each
altitude, latitude and for different local times.Only few information on radiative transfer
The results strongly depend on the usegarameterization approaches can be found in
atmospheric models both with respect tdhe literature. The only recent papers that
thermal structure and cloud composition. ltdescribe a success in this direction are those
iIs impossible to incorporate accurateof Mendonca et al. (2015) and Lebonnois et
radiative balance calculations that takel. (2015). Lebonnois et al. applied the NER
several hours on current computer hardwar@Net Exchange Rate) formalism developed
into GCMs, and the use of time efficientby Eymet et al. (2009). This method only
parameterization approaches is urgentlgllows a user to consider infrared radiative
required. transfer, that is, a parameterization of
thermal cooling rates. Moreover, the
The main methodical aspects to investigateadiative budget analysis of Lebonnois et al.
the radiative energy balance in the middles a one-dimensional global average
and lower atmosphere of Venus (0-100 kmapproach. The impact of latitudinal
were described by Haus et al. (2015b)variations of atmospheric parameters was not
Variations of initial atmospheric model dataconsidered so far. Globally averaged solar
sets (also denoted as ‘standard’ in thdéeating rates were taken from other literature
following) were used to calculate responsesources (e.g. Crisp, 1986). Mendonca et al.
of radiative fluxes and temperature changalso applied a layer exchange radiative
rates to atmospheric and spectroscopitransfer code for thermal radiation that is
parameter variations. A second paper (Hausased on an  absorptivity/emissivity
et al, 2016) has then investigatedormulation (neglecting scattering) and the
atmospheric radiation fluxes (F) anddiffusivity approximation for emission angle
temperature change rates (Q) that are basedegration. Solar radiation fluxes were
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calculated using a two-stream solutionas resulting altitude profiles of zonally
whereby incorporating thed-Eddington averaged mean thermal cooling rates”,(Q
approximation and a layer-adding methoddisplays C and D) and solar heating rates
Several averaging steps (e.g. over gaseo(®", displays E and F). VIRTIS temperatures
absorption features originally determined by(that is, atmospheric temperatures retrieved
a k-distribution method) permit a fastfrom VIRTIS data) are primarily valid for
recalculation of atmospheric radiation fluxesthe southern hemisphere, while VIRA
A latitudinal uniform cloud distribution was (Venus International Reference Atmosphere)
assumed based on the equatorial modanhd VeRa temperatures result from
developed by Crisp (1986). observations over both hemispheres. High
similarities between northern and southern
It is the main goal of the present paper tthemisphere temperature fields as retrieved
utilize the comprehensive results of radiativdoy Haus et al. (2013) indicate global N-S
energy balance analyses recently performeakial symmetry of atmospheric temperature
by Haus et al. (2016) and to investigatestructure, however. The notation ‘mean’
possible approaches to parameterize tha&ccentuates the fact that depicted profiles
calculation of both thermal cooling rate§ Q correspond to the mean state of the
and solar heating rates"QSection 2 gives atmosphere obtained from VIRTIS and
an overview of Q results obtained by Haus e¥eRa retrievals and VIRA-2 averages over
al. (2016) for different sets of temperaturdocal time.
profiles, cloud parameters, and abundances
of the unknown UV absorber (UVA). VIRA-1 (Seiff et al., 1985) is the model that
Section 3 describes the newly developedavill be used as initial or ‘basis’ model of
parameterization technique used to calculatéenus’ atmospheric thermal structure in the
Q® and @' for changing atmospheric thermalfollowing assuming identical thermal
conditions. Section 4 presents parameterizeggimes on the nightside (N) and dayside (D)
Q results for cloud parameter and UVAof the planet up to 95 km. Corresponding
variations. Section 5 provides a discussiopressure profiles for each temperature model
that is related to an atmosphere being in fulhre always determined by integrating the
radiative equilibrium. The main results arehydrostatic equation and using the ideal gas
summarized in Section 6. law and a mean surface pressure of 92.1 bar
at zero elevation, taking into account the
altitude dependence of the gravity

2. Accurate calculation results of acceleration. VIRA-1 considers data from
temperature changeratesfor different early US and USSR Venus missions and (for
atmospheric models that time) latest results from the Pioneer

Venus mission 1978. VIRA-2 (Zasova et al.,
The terminology ‘accurate’ is used here an@006) summarizes temperature results
in the following to characterize methods andbtained from missions that had been
results that are based on quasicompleted after the earlier work on VIRA-1.
monochromatic calculations of radiationlt includes results from infrared thermal
fluxes and temperature change rates. Isoundings performed by Venera-15 (1983),
contrast, the approximative methodthe Vega 2 entry probes (1985), and Galileo
described in Sections 3 and 4 is denoted &IMS (1990) as well as radio occultation

'parameterization’. profiles from Venera-15/16 and Magellan
(1990) data. The notation VIRA-2 was
2.1. Thermal structure originally introduced by Moroz and Zasova

(1997) and is also used here. VIRA-2
Fig. 1 shows a comparison of zonallyprovides latitude and solar longitude-
averaged mean VIRTIS, VeRa, VIRA-2, anddependent temperature profiles at altitudes
VIRA-1 atmospheric model temperaturebetween 50 and 100 km. To construct a pure
profiles at 20 and 65° (displays A-B) as welllatitude-dependent model, these data have
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been averaged over solar longitude (locatorresponds to VIRA-1 where all profiles are
time) here. Below 40 km, VIRA-2
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Fig. 1. Comparison of zonally averaged mean VIRTV&Ra, VIRA-2, and VIRA-1 atmospheric model
temperature profiles at latitudes of 20 and 65°B)Aand resulting thermal cooling rate$ C-D) and solar
heating rates O(E-F). For explanations of horizontal broken limed in displays A and B see text.

local time-independent models from theprofiles above 90 km (horizontal broken
outset. VIRA-2 profiles between 40 and 50ines in displays A and B of Fig. 1 marked
km are obtained by linear interpolationby ‘a’) result from a linear interpolation
between both models. VIRA-1 and -2between the latitude-dependent temperatures
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at 90 km and a fixed value of 165 K at 100sounding to altitudes between about 47 km at
km. A latitude-independent linear nightsideequatorial and 42 km at polar latitudes
profile then extends to 140 K at 140 km(Tellmann et al., 2009, 2012). Retrieval
altitude. results obtained at regions close to
measurement  sensitivity bounds are
The temperatures on the day- and nightsidespecially prone to possible errors and
of Venus start to diverge at altitudes abovehould always be used with care. This holds
95 km. At this altitude, VIRA-1 and VIRA-2 true for both VeRa and VIRTIS data. Thus, it
profiles below 95 km converge to about 170nust be mentioned that calculated
K. For present flux calculations, the top oftemperature change rates based on
the atmosphere (TOA) is set to an altitude ofemperature retrieval results from VIRTIS
140 km to avoid discontinuities at 100 kmand VeRa data at altitudes above 90 km
(the assumed upper boundary of Venus(where lacking retrieval data were
mesosphere). A latitude-independent daysideubstituted in the way described above) and
temperature profile is used between 100 andomparisons of results are less reliable than
140 km (Keating et al.,, 1985). Linearfor lower altitudes above 58 km. The
interpolations connect the VIRA nightsidehorizontal broken lines marked by ‘d’
model (VIRA-N) at 95 km with this data setindicate that linear interpolations connect
to construct the day time profile (VIRA-D). VeRa temperatures at 48 km with the
latitude-independent VIRA-2 value at 32 km,
Temperature field retrievals from VIRTIS which is equivalent to VIRA-1 and VIRTIS.
radiance measurements in the 4.3 pm, CO
absorption band were only performed usindpisplays A and B in Fig. 1 illustrate that
nightside data, since it is very difficult to VIRTIS, VeRa, VIRA-1, and VIRA-2
discriminate between thermal radiationtemperatures at low latitudes usually agree
scattered sunlight and GOnon-LTE within 10 K. The same holds true at mid
emission features at these wavelengths fromatitudesup to about 45°. At altitudes above
VIRTIS dayside measurements. Due to/5 km, VeRa temperatures at low and mid
instrumental noise in the main center of thdatitudes are mostly lower than VIRTIS
4.3 um band, the effective upper soundingalues. The differences reach -8 K at 88 km
altitude of VIRTIS-M-IR is 84 km. near the equator. Partly larger temperature
Retrieved temperature profiles above 84 kndifferences occur at altitudes between 52 and
(horizontal broken lines in displays A and B60 km where VIRTIS and VIRA-2
marked by ‘b)) were modified by linear temperatures near 55 km and 60° are 20-25
interpolations between 84 and 90 km wher& lower than VeRa and VIRA-1 results.
the 90 km temperatures correspond to VIRARecall that VIRTIS temperatures below 58-
2 values. VIRA-2 was used as initial60 km (broken lines c) approach VIRA-2
temperature model in the retrieval proceduredata. Compared with VIRA-1, other profiles
Below about 58 km (horizontal broken linesmainly at high latitudes also differ by up to
marked by ‘c’), retrieved VIRTIS 10 K between 65 and 75 km. The
temperatures tend to follow the latitude-comparatively small temperature differences
dependent initial temperature profiles due tmear 100 km and below 45 km are due to the
lacking weighting function information. use of the above described linear temperature
profile interpolations, although low latitude
VeRa measurements provided temperaturéeRa profiles near 40 km still deviate from
profiles at altitudes between 45 and 90 kmthe other ones by up to 4 K.
Nightside data are used here. The upper
altitude bound is determined by assumption$he zonally averaged mean thermal cooling
on the boundary temperature at 100 km thattes in Fig. 1 (displays C and D) are based
may strongly affect the retrieval results dowron the temperature profiles shown in
to 80-90 km. The actual lower bound is dualisplays A and B. Temperature change rates
to the observation geometry that limitedare calculated according to the equations
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given by Haus et al. (2016). Cooling ratedrace gas abundances are included in the
may heavily respond to variations ofpresent study. In contrast with trace gas
atmospheric  thermal  structure.  Purevariations, the observed cloud parameter
temperature effects are strongest pronouncedariability may significantly alter
at altitudes between 60 and 95 km wheréemperature change rates as the unknown
absolute @ values usually increase with UV absorber (UVA) does in case of solar
increasing temperature. Smaller VeR&eating. Cloud and UVA influences are
temperatures between 70 and 90 km at lowescribed in more detail in Section 2.2.
latitudes, for example, result in smaller
absolute & values. Note that cooling ratesFig. 2 illustrates thermal cooling rate
carry a minus sign only per convention. Thalifferences as functions of latitude and
VeRa temperature around 65 km at highealtitude when two different temperature data
latitudes is lower than that of othersets are used in each cas8C(set 1, set 2) =
temperature models, and the VeRa coolin@“(set 1) - O(set 2). Set 2 in displays A-C
rate has consequently also a local (absoluteprresponds to VIRA-1, while set 1 is
minimum there. VIRTIS (A), VeRa (B), and VIRA-2 (C),
respectively. Display D shows the
Heating rates (displays E and F) alsdlifferences AQ%(VeRa, VIRTIS). Positive
strongly depend on latitude. But theydifferences characterize weaker set 1
generally respond much weaker tocooling. Cooling rates for the four
atmospheric temperature changes thatemperature models usually agree within £3
cooling rates do and are almost insensitive ti/day at altitudes below 80 km. Larger
small temperature changes as shown by Haudfferences up to 5-6 K/day occur near 90
et al. (2016). On the other hand, in the thickm, especially when VeRa and VIRA-1 (B)
atmosphere of Venus, decreasing insolatioar VeRa and VIRTIS (D) results are
with increasing distance from equator resultsompared. By analogy with Fig. 2, Fig. 3
in much smaller heating rates at highshows solar heating rate differences. Positive
latitudes that cannot be compensated by thealues characterize stronger set 1 heating.
comparatively stronger absorption due tdBelow about 90 km, they do rarely exceed
longer atmospheric path lengths. +1 K/day. Maximum deviations up to 2.5
K/day are found at mid latitudes near 100
It is important to stress that the depicted Qxm.
results in Fig. 1 for the four temperature
profles are based on cloud mode
abundances, cloud top altitudes, and trac22. Clouds and the unknown UV
gas abundances that were retrieved frorabsorber
VIRTIS-M-IR measurements. The recently
proposed model of the unknown UV The used standard model of cloud mode
absorber (Haus et al., 2016) is utilized asiltitude profiles (Haus et al., 2016) facilitates
standard model. The overall response of thanalytical descriptions of four-modal particle
radiative energy balance to trace gasiltitude distributions (modes 1, 2, 2’, 3)
variations is rather small in the mesospherwhere all modes are assumed to consist of
(Haus et al., 2015b), but variationsspherical HSO, aerosols at 75 wt% solution.
(especially HO and SQ) near the cloud The particle number density altitude profile
base may become more important. Hencé\(z) is calculated according to Eq. (1),
available data on latitudinal variability of

N, (2,) expl- (z—(z, +2.)) | H,], z>(z, +2,)
N (2)=1No(2,), (2,+2)2222,¢. (1)
No(2,) expl-(z,-2) I H,), z<z,

The description of individual quantities and theiode-dependent numbers are given in Table
1.
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transparency window ranges, respectively
(Haus et al., 2016). The lower altitude of
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(in earlier papers also called ‘lower base of
mode 2 peak altitude’) is shifted from 65 km
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IS reduced. These data are summarized in
Table 2

Cloud opacity is the most vigorously varying

mean thermal cooling rates as functions of latitudstate parameter of Venus' atmosphere. Not
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Mode 2 parameters of the standard cloud™™"
as the particle number€trieved, and M{ =1.0 was always used

model as well

densities N for modes 1, 2, and 3 are
in dependence on

additionally modified

only with respect to latitude but also
regarding local time and time, the cloud
formation patterns are very complex.
Variations of cloud opacity were retrieved
from VIRTIS-M-IR data introducing so-

called cloud mode factors MEfor modes 1

and 2, and cloud mode factor Mfer mode

3. The cloud mode factors MIEhange N

and thereby column densities independently
for each cloud mode i, but maintain its
altitude distribution that is determined by the
standard cloud model (Table 1) and the
parameters given in Table 2. Mode 1
aerosols play a minor role at IR wavelengths.
They were treated together with mode 2
aerosols in the MFretrieval procedures.

}lode 2’ abundance changes could not be

assuming that possible changes were
reflected by mode 3 variations. The retrieved

latitude. This was required to fit measuredOnally averaged mean parameters; Mihd

VIRTIS-M-IR spectra in the 4.3 um GO
absorption band and in

MF3 are given in Table.3

the 2.3 um

Table 1. Parameters of the standard cloud modeagjlé&imode characteristics.

Mode 1 2 2 3
Lower aItltudg of constant peak particle 490 65.0 490 490
number density, km]

Layer thlckne'ss of constant peak particle 16.0 1.0 11.0 8.0
number density, .z [km]

Upper scale height i [km] 3.5 3.5%P 1.0 1.0
Lower scale height ki[km] 1.0 3.0 0.1 0.5
Particle number densitydwt z [cm™] 193.5' 10G* 50 14

Values change with latitud€.An upper scale height of 2 km is assumed aboua80
° A lower haze is considered below 45 km using8 km.
The total cloud ensemble yields an opacity of 30 a cloud top altitudge=z70.81 km at 1

jum.
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Table 2. Latitude dependence of mode 2 cloud paeme: Latitude [°], z: Lower altitude
of constant peak particle number density [km],: pper scale height [km].

0] 0-45 50 55 60 65 70 75 80-90
Zy 65.0 65.0 65.0 64.5 63.8 63.1 62.5 62.0
Hup 3.5 3.4 3.2 2.6 2.0 1.0 0.6 0.5

Table 3. Latitude dependence of retrieved clouderetalindance factorg: Latitude [°], MR 2
Mode 1 and 2 factors, MFMode 3 factor.

0] 0-15 20 25 30 35 40 45 50 55 60 65 70 75 9@0-

MFi>, 0.98 0.99 1.00 0.98 0.94 0.86 0.81 0.73 0.67 0.64 0.61 0.59 0.47 0.36
MF; 1.30 1.26 1.23 1.17 1.13 1.06 1.03 1.04 1.09 1.22 1.51 1.82 2.02 2.09

The clouds of Venus strongly influenceheating poleward of about 40° at altitudes
radiative temperature change rates of thbetween 72 and 90 km, and stronger heating
atmosphere. Consideration of latitude-occurs in that latitude range between 60 and
dependent cloud parameters according té2 km. This behavior of both cooling and
Tables 2 and 3 does seriously change botheating rates is mainly due to decreasing
thermal cooling and solar heating ratesloud mode 2 abundances at higher latitudes.
especially at mid and high latitudesCooling rate changes between 55 and 65 km
compared with a neglect of this opacityare additionally forced by increasing cloud
variation. This is visualized in Fig.id terms mode 3 abundances at polar latitudes.
of latitude and altitude-dependent differencesleating rate responses are generally much
AQ(set 1, set 2) = Q(set 1) - Q(set 2) wheremaller than cooling rate responses. Note the
set 1 and set 2 denote actually retrieved ardifferent isoline scales in displays A and B.
latitude-independent model cloud parameter
conditions, respectively. Positive valuesThere is a broad depression in the observed
characterize weaker set 1 cooling (display Aypectral Bond albedo of Venus at
and stronger set 1 heating (display B). Thevavelengths between 0.32 and about 0.8 pm
calculations are based on VIRA-1that cannot be explained by known
temperature profiles. Consideration ofabsorption features of gases or clouds.
retrieved cloud parameters significantlyShortward of 0.32 um, SQUV absorption
reduces thermal cooling poleward of abouprovides sufficient opacity to match the
50° and at altitudes between 65 and 80 km, observed albedo features. A new model for
oo o T T T T T T this additional opacity source (the unknown
coong .. 1 UV absorber), which may be either

1 composed of aerosol particles, gaseous
Soj molecules, solid atom conglomerates, or
70F even mixtures of all these agents, was
col i proposed by Haus et al. (2015b). The
1 | nominal altitude profile N(z) of particle

90[

Altitude [km]
L L L e

0
50> 0 ﬂ W number density peaks at a constant value of
sl O] b L 10 emi® between 58 and 70 km. The profile
0 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 . .
Latitude [] decreases with a scale height of 1 km above

Fig. 4. DifferencesAQ [K/day] of zonally averaged anq below these b9und5 agcordipg to Eq. ().
mean thermal cooling rates (A) and solar heatitgsra Using these profiles, altitude-independent
(B) as functions of latitude and altitude when meamabsorption  cross-section spectra were
Iatltuqdlnald varlailons of cloud parameters arecg|culated (‘retrieved’) that yield good fits of

considered or not. the Bond albedo spectrum presented by

while stronger cooling is observed at olarlvIoroz (1981). This way, the unknown
g 9 P bsorber is not directly linked to cloud

latitudes between 55 and 65 km. The use G- . ;
) article modes 1 or 2 (in contrast with
retrieved cloud parameters also reduces solBf
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assumptions in previous studies, e.g. Crismlistribution. Heating rates 'Q are less
1986; Pollack et al., 1980). This approactsensitive to temperature variations but may
that is based on a suitable parameterizatiosso significantly depend on cloud
of optical properties permits an investigatiordistribution and parameters of the unknown
of the absorber’s radiative effects regardles’V absorber. The study of atmospheric
of its chemical composition and dynamics using General Circulation Models
independently of the used cloud model. (GCMs) requires fast recalculations of
temperature change rates in response to a
Fig. 5 illustrates latitude and altitude- changing atmospheric environment.
dependent heating rate difference®"(set Accurate radiative balance calculations take
1, set 2) when the abundance of the unknowseveral hours (especially in case of solar
UV absorber is doubled (set 1). Set 2 referheating), and it is impossible to incorporate
to the nominal abundance factor of unitythem into GCMs. Thus, a technique that
When the unknown UV absorber ispermits a parameterization of atmospheric
neglected in the simulation, the resulting 20emperature change rates has to be used.
plot looks very similar to Fig. 5 but with
negative numbers. Neglect of UVA would The basic idea to perform a parameterization
reduce solar heating around 70 km by abowf Q° and @' as functions of the atmospheric
4 K/day at the equator (equal to about @&mperature profile is a calculation of Q
halving of overall heating), while doubling responses to certain defined temperature
of UVA abundance provides up to 3.5 K/dayperturbations ¥ at each level of the
more heating. The decrease of UVAatmosphere using an initial (or basis)
influence with increasing latitude (mainly temperature model. Corresponding results
from mid to polar latitudes) is due to thecan then be used to determine actual Q
general decrease of solar heating rates wittalues based on temperature differences
decreasing insolation. Thermal cooling rateetween actual and basis temperature fields.
are not affected by UVA variations, since
significant cooling contributions only occur wof—rrrg T T T

[ A Cooling | [ #B Heating ]
longward of 1.67 um ool 1

gsE T T T T T T T T T T T T T T T T

8ol
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Altitude [km]
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Combined Calculation ]

¥ b e
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o 10 20 30 40 0 s 70 80 Fig. 6. Contributions of individual atmospheric
Latitude [°] components to the total temperature change rates at

Fig. 5. Differences\Q" [K/day] of zonally averaged equatorial latitudes. The components are not aditi

mean solar heating rates as functions of latitut® a _
altitude due to doubling of UVA abundance. Unfortunately, the search for suitable

parameterization approaches is strongly

hampered by the fact that temperature and
3. Parameterization of temperature cloud influences on radiative temperature
change rates as functions of thermal change rates are not additive. This is
structure illustrated in_Fig. 6where thermal cooling
3.1. Description of method rates (display A) and solar heating rates

(display B) at the equator are compared for
Figs. 1-5 have shown that thermal coolinglifferent modeling assumptions. VIRA-1 is
rates O strongly respond to changes ofused as basis temperature model. Case A
atmospheric thermal structure and cloudlescribes results when only gaseous
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absorption and scattering is considered, cas@8 is not linear in general. This means that
B and C characterize pure cloud and pureesponses calculated foP1 K for example
UVA absorption and scattering conditions.cannot be converted to responses when the
The broken lines in each display (case D)emperature perturbation is ten or twenty
result from summing up the threetimes larger or smaller by simply multiplying
components. It is obvious that these profileshe results for ¥=1 K by these factors. This
strongly differ from case E where allis well confirmed by the thick broken line in
components are considered together in tha@isplay A for the 85 km level where such
calculation procedure. Real world Q profilesscaling is illustrated. Scaling may work for
provide less cooling or heating at altitudegerturbations up to 4-5 K but definitely fails
below 75 km. A dramatic example on howfor T° beyond +5 K. The non-linearity effect
separate calculations may distort the resultdecreases with decreasing altitude but occurs
is discernible in case of cooling near theat all altitudes. As a consequence,
cloud base (~48 km). Neglect of gaseouparameterization of ®requires temperature
absorptions produces a cloud base thermgkerturbation calculations for a broad range of
heating that is far away from reality andT® values. A range of +35 K is usually
reaches 150 K/day. adequate to consider observed temperature
variations in the atmosphere of Venus.
Thus, it becomes clear that separatdlevertheless, the lower range was extended
parameterization approaches for temperatuidown to -100 K for other applications (cf.
and cloud / UVA influences are somewhatSection 5).
puzzling. A parameterization based on -2opTrrrrTTTTIT Yy 20T T
changing temperature (T) profiles would not 1
work from the outset without considering 5™ &% g
appropriate cloud parameters. It must not bes | ~¢
limited to pure gas, cloud, or UVA cases. In§ | ==
other words, any T parameterization has tog -
be performed as function of latitude § |

5
I

Heating Rat;e_‘[K/dayL
o
I
|

considering latitude-specific cloud =
parameters (individual mode abundance j/wﬂ/w NI IVE I S I S
factors, scale heights, cloud top altitude) and ™% 290 22 we perorbaton il - 0 20 %

relying on a p_re-specified standard _C_loud:ig. 7. Zonally averaged mean thermal cooling (A)
model (chemical cloud composition, and solar heating (B) rates at the equator asifmst

individual initial mode altitude distributions of temperature perturbation§ &t selected altitudes.
and particle number densities). This
resembles a Taylor expansion centered at 4a contrast with Q, the heating rate 'Q
evaluation point as close as possible to th@ependence on°Tis almost linear except of
expected target valueSolar heating rates perturbations exceeding -20 K at altitudes
Q" additionally strongly depend on theabove about 80-85 km. Thus, it is sufficient
variation of insolation with latitude, and teststo consider ¥ values of 15, +35, -50, and -
have shown that application of a simplel00 K assuming almost linear conditions
cosine-law to characterize latitude-dependeriietween two adjacent values.
heating does not work.

The proposed parameterization algorithm to
There is another difficulty mainly with calculate altitude profiles of atmospheric
respect to radiative thermal cooling. Fig. 7Aémperature change rates proceeds in the
shows zonally averaged mean thermafollowing seven steps.
cooling (display A) and solar heating
(display B) rates at the equator as function§tep 1
of temperature perturbationéj'rat selected In the first step, accurate calculations of
altitudes. VIRA-1 is used as basisperturbed Q fields Q(ti(z.gn) are
temperature model. The response & © performed. Tiy(z.pn) is the perturbed

10
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temperature  profile that everywhereparameterization procedure to reflect the
coincides with F(z,¢,) except for the spectral grid conditions used to calculate
altitude level j where it attainsO(EMPn) + accurate cooling and heating rate profiles.
TDk(z,-). Index k denotes one of the specific

TP values as discussed abov&.idthe basis Sep 2

latitude-dependent ~ temperature  modeThe second step of the algorithm calculates
(VIRA-1 is selected here) at each of the 119natrices M and M with entries at indices
altitude levels z where Q values are ijin the form

gtenerallﬁl cal(c_:l_ucl)i[\ed lsigrtli(ng) at dthe top of (M) =8Q (TP @1, 60))
atmosphere 1Z m) and moving _ b :
down to 2.0 km using different altitude QT (21 #a)) = Qo @0 0n)
steps Az=1 km: 0-5 km and 40-130 km, The meaning of Q andCoQ/\{as explained
Az=2 km: 6-38 km and 132-140 km). abave.'_Flg._Eillustrates M (d|§play A) and
Numerous test calculations have revealellx (display B) results, that is, temperature
that it is sufficient to consider; devels change rate responses at the equator for a
between 110 km (j=26) and 30 km (j=101) infemperature perturb_atlo_n of the \_/IRA-l
case of cooling and levels between 110 krRrofile of +10 K considering PD=0.1 ij["

and 55 km (j=81) in case of heating. This iase of M~ and PD=1.0 cfin case of M _
due to the facts that mesospheric calculatiorl8 this plot. Different colors have no special
are limited to altitudes below 100 km, angmM€aning here. Mcurves at zlevels of 100,

Q° and @ are almost insensitive to 90_, 80., 70, 60,. and 50 km are highlighted by
temperature changes below the given leveldhick lines. It is interesting fo observe that
The calculation of cooling fields Qncludes the temperature perturbation at level z
18 T° values (22, £5, +10, £15, +20, 25, produces a strong response at leyéizi=

+35, -50, -75, -100 K, and 0 K (k=18) as T~ 1
reference), while O fields contain 6 values | ..,
(the five ones mentioned above plus 0 K assof
reference). The reference cooling/heatingo-
profiles are the profiles without any .| "5

- 90

temperature perturbation and are denoted as| =
Qo(zi, ¢n) in the following. ¢, are the 19 — — o
latitudes (step 5° from 0° to 90°) where Q is ]
calculated for. The 90° value is substituted 2%, s s 2 % o 2 4 605 00 o5 1o is
by 890 to avoid Zero heating. Temperature Change Rate Response [K/day]

Fig. 8. lllustration of matrices Maccording to Eq. (2).
This first step of the parameterization
approach requires huge amounts ofas expected) but additional responses at
processing time on current computedevels z>z and z<z, respectively. These
hardware. For one"Tvalue and 19 latitudes, additional ~ responses  are  usually
it takes about 10 h in case of cooling angharacterized by a ‘swinging’ that leads to
about 50 h in case of heating even when @pposite effects peaking at about 2-3 km
coarse wavenumber grid (‘point distance@away from the actual perturbation level Iz
PD for @: 1 cm?®, PD for @ 10 cm') is was thoroughly checked whether or not a
used in the quasi-monochromatic flux and-hange of vertical resolution in both accurate
temperature change rate calculationsand parameterization calculatiomsmy cause
Heating rate calculations are more expensiva failure of the parameterization approach.
due to a much broader spectral range and dé@art from the fact that a lower vertical
to the required integration over solar zenitdesolution may generally smooth out some
angle. Fortunately, it turned out that spectrafeatures seen for the above described
integration results that are based on thgtandard altitude grid, the agreement of
mentioned coarse wavenumber grids can pesults for the two calculation methods is
successfully corrected at the end of th@ways as good as for the standard grid (as

)

=

Altitude [km]

Latitude 0°

TP=10K

11



Haus, R., et al., ICARUS 284, 216-232 (2017) DOi:1016/j.icarus.2016.11.025 Preprint

shown for the latter in Section 3.2 below).actual temperature conditions determined by

The observed ‘swinging’ appears for eachleq. (3), resulting in only one matrix for

situation. cooling and heating, respectively, denoted as
MTARGET(Zi, on, ATTARGET(ZJ')). These

Temperature perturbations below 40 km immatrices are summed up over level j in the

case of cooling and below 60 km in case ofifth step,

heating only marginally influence the MSTARCET (7. ¢ )=

temperature c_hange rates. This is the reason Z MTARGET (7 ¢ ATTARGET (7 ). 4)

why perturbation calculations can be aborted <

at lower altitude bounds of 30 km (j=101)siep six determines actual cooling and

and 55 km (j=81), respectively, as already,eating rates for the target temperature
mentioned above. Fig. 8 also confirms thaf)rof”e using the relation

the response of atmospheric heating rates to QARGET (7 ¢ )=
a changing thermal structure is rather weak O RGET :
compared with cooling rate responses. Note Qo (i:®n) + MS . ¢n)
the different abscissa scales.

()

Sep 7
The final matrices used in thelt was mentioned above that the time-
parameterization procedure may slightlyconsuming calculation of Q fields in step 1
differ at altitudes above 78 km. First, due td/tilizes a rather coarse wavenumber grid
the coarser wavenumber grid used foespecially in case of solar heating. The
operational calculations as discussed aboveeventh and last step of the temperature
and second, due to a smoothing proceduf@@rameterization algorithm therefore corrects
applied to thermal net flux divergencesthe results from Eq. (5) applying
above 80 km to avoid unphysicaw}?venumber grid correction factos§ and
fluctuations of cooling rate profiles in this @ They are determined from accuraté Q
altitude domain. The smoothing changes thand Q' calculations for VIRA-1 temperature
M, shapes at altitudes between 78 and grofiles using the wavenumber range
km and reduces the response strength #gpendent fine wavenumber grids (point
altitudes above 82 km, while the shapeélistances PD) that were characterized by
below 78 km remain unchanged. Since th&laus et al. (2015b) as the ‘optimum grids’. It
smoothing procedure is always applied eveias carefully checked here that the used
in case when accurate “Qprofiles are basis temperature model does not
calculated, this change of matriceéses not Significantly change these factors. They are
alter the differences between accurate anfplculated according to
parameterization results, that is, the O (@.¢n)= (6)
usefulness and quality of the proposed Q,**"*“(z,d,) / Qu°***@.,)

method do not suffer from theseThe final ¢ and @ fields are then obtained
modifications. from Eq. (7),

QTARGET—cor (Zi ’ q)n) -

TARGET (2.,0,) 0 o (z,0,)

Seps 3-6 (7)
Step three of the parameterization approach Q

determines actual temperature differences

comparing the target temperature profile and@ble Alin the appendix lists tvhe _lised initial
the basis one. VIRA-1 is always used aor basis) temperature model“(T""(z,on)
basis model, while the target model is freelyt altitudes between 100 and 40 km at four

selectable within reasonable limits. selected latitudes and resulting initial
ATTARGET (4 )= (accurate) cooling and heating rates
ir¥n/ ™~

TTARGET (3 ¢ y—TVIRA-L (7 ¢ )’ (3)  Qu**“"™tz,0n).

The fourth step performs a linear
interpolation of M® and M matrices
calculated for different values of°f to the

12
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3.2. Results latitude 65°) is very good again. Fig. 11

illustrates the comparison of zonally
Fig. 9 shows a comparison of zonallyaveraged mean heating rate results when
averaged mean cooling rate results obtainedIRTIS (display A) and VeRa (display B)
from accurate and parameterizatiortemperature profiles at two example latitudes
calculations, respectively. VIRA-1 is theare selected as target. Due to the weak
basis temperature model, VIRTIStemperature dependence of solar heating
temperatures as retrieved from VEXrates, the agreement between accurate and
measurements are the target model. Latitudggmrameterization calculations is almost
of 20° (display A) and 80° (display B) are perfect below 90 km in all cases.

selected. Broken lines result from use of Eq 00— U AL
(5) where the PD correction is not yet ,| o= T | [ Vel ]
applied. The agreement between the two | 3’7\

curves marked by empty and solid symbols * gl ]
in each case is very good indicating that thero \ 185 1
parameterization approach described in_[ ‘%\57 i
Section 3.1 is working very well despite the | —ermon| %1 s
partly large & differences between basis 5 |~vmriaioi’ | f 3
and target model. Accurate calculations of 49 0‘25‘20‘15‘10‘5°0 30‘25‘20‘15‘10‘5'0
the 2D cooling rate field for a certain Cooling Rate [K/day]

temperature model .reqL'ure about 2 hOL.”SFrig. 10. Same as Fig. 9 but A: VeRa, latitude 4&°,
while the parameterization approach usingeRa, latitude 65°.

the pre-calculated M matrix takes only 3 o———n [T
seconds. The gain of processing time o, R I =
becomes much more dramatic in case of | é;f(" 110 //f" 1
heating rates where a full accurate run® ¢ g/ |
requires more than 10 hours compared with7o % el .
again 3 seconds for the parameterization, gf_( - 7%}5‘ S
case. EEEERE | ) DEEERs |
moﬁ*‘ii;c‘;‘“””‘L;@;i;;!‘ RN e | 50§f g

a0 17 % % 0 0 w0 4 s00 5 10 135 20 25 %0

Heating Rate [K/day]

801 R
— Fig. 11. Comparison of zonally averaged mean solar

Altitude [km]
e

701 &% . L heating rates obtained from accurate and
60; . 1= g 1 parameterization (Param.) calculations, respegtivel
[ ] PD is the used point distance [{nA: VIRTIS,

-8~ VIRTIS (Target, PD 0.01) .
—— VIRTIS (Param., PD 1.0) [ »
, PD 0.01) ’ ’

latitude 0°, B: VeRa, latitude 65°.

501

L |[=o= VIRTIS (Param.

“0 25 20 45 10 5 020 25 20 15 0 5 o  Fig. 12 illustrates thermal cooling rate
cooling Rate [1dday] differences as functions of latitude and
F|g 9. Comparison of zonally averaged mean thermaémtude when parameterization (set 1) and

cooling rates obtained from accurate
parameterization (Param.) calculations, respetytlvel accurate calculation (set 2) results are

PD is the used point distance [¢nA: VIRTIS, c%mpared,AQ (Se.tll, set 2) = Wset 1) -
latitude 20°, B: VIRTIS, latitude 80°. Q- (set 2). Positive values characterize

weaker set 1 cooling. Displays A-C refer to
By analogy with Fig. 9, Fig. 18hows the VIRTIS, VeRa, and VIRA-2 temperature
comparison of zonally averaged meamodels. Display D describes the case where
cooling rate results when VeRa temperaturéhe VIRA-1 model was modified by + 10 K
profiles as retrieved from  VEX between 50 and 100 km. As it can already be
measurements are the target model. Thexpected from Figs. 9 and 10, cooling rate
agreement between the two curves markedeviations below 70 km and for cases A-C
by empty and solid symbols in each caseéo not exceed +0.1 K/day. Between 70 and
(display A for latitude 45°, display B for 90 km, they sometimes reach £(0.2-0.3)

13
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K/day at high latitudes (i.e., about 1%).4. Parameterization of temperature
Maximum deviations in the order of +0.5changeratesasfunctions of cloud
K/day are observed near 100 km and 60° iparametersand UVA abundance
case of VIRTIS. Deviations above 70 km in
display D are generally larger compared witht was already outlined in Section 3.1 that
A-C, but they do rarely exceed -1 K/day.separate parameterization approaches for
This means that case D cooling obtainedemperature and cloud / UVA influences are
from the parameterization at altitudesvery difficult to accomplish, since responses
between 70 and 100 km may be up to Df temperature change rates to the different
K/day stronger compared with accuratgparameters are not additive (cf. Fig. 6).
results. The larger differences indicate thalemperature parameterizations described so
the parameterization approach seems to woflar rely on a pre-specified standard cloud
best in cases where the target temperaturaodel (75 wt% HSQ,, initial mode altitude
profiles multiply intersect the basis profile asdistributions and particle number densities
it happens for cases A-C (cf. Figs. 1A andaccording to Table 1)They also consider
1B). This keeps the magnitude oflatitude-specific cloud parameters (changing
perturbations relatively small. 2D solarscale heights and individual mode abundance
heating rate differences are not shown heréactors according to Tables 2 and 3).
They are less than £0.01 K/day below 70 km
and do not exceed 0.1 K/day up to 90 kmNevertheless, it should be possible to
Larger deviations up to 1 K/day may occursubsequently include cloud and UVA
at 100 km. correction  steps into the overall
= = parameterization approach that consider
possible changes of cloud mode factors
MFi, and MR and abundance of the
unknown UV absorber. This would allow
GCMs to consider changing cloud and UVA
opacities. The proposed method is described
below.

100[x
9or”
801
700
60[-
50
40

100
90
80[~
70[
60[-
501

Altitude [km]

40k OO S ] 220 L L L L L B 3.5,‘l\3wwwwwww‘
LA ] r ]
0 10 20 30 40 50 60 70 80 9® 10 20 30 40 50 60 70 80 90 F MF, ,* 1 [ MF3* AE
Latitude [°] r 1.0 1 3.0F 1.0 /A
[ =05 F < 0.5 £

|
Cloud Mode Factor

-~ 1.5 e

Fig. 12. Differencea\Q® [K/day] of zonally averaged =~ 15p~>=""=. [+ 1s
mean thermal cooling rates as functions of latitude [ \
and altitude when parameterization and accurate Juun
calculations are compared. A: VIRTIS, B: VeRa, C: il HJ

K
|- ] F
| ™. 12 1sf
VIRA-2, D: VIRA-1 +10 K between 50 and 100 km. I\[ 13 10
hhgs B

All in all, these results are very satisfying. .. h T
Taking into account the sensitivity analyses®% 10 20 30 40 50 60 70 80 80 *%0 10 20 30 40 50 60 70 80 90

of temperature change rates with respect to _ Latitude ]

spectroscopic and atmospheric paramet?giorls& (,'&‘f"“f\‘/l“%e* deé’,e”,\%‘irl‘;ea‘r’]‘:j ”lﬁzi”r Cg?::d;‘é’de
influences'per'formed by Haus et al. (2015b eviations 'GMFi ;s rétriede from VIRTIS-M-IR
and considering the fact that parametefeasurements and additional modification of mean
retrieval results obtained at regions close t@alues by +50%.

measurement  sensitivity bounds are

especially prone to possible errors, it wasig. 13 visualizes the latitude-dependent
stated by Haus et al. (2016) that calculatethean cloud mode factors M§ (display A)
temperature change rates at altitudes abowmd MR (display B) given in Table 3
90 km are less reliable than for lowertogether with retrieved single standard
altitudes. Increasing parameterization errordeviationsoyr that describe observed real
at these altitudes do not disparage theariations (Haus et al., 2016). The additional
success of the proposed method, therefore. two curves depict the cases when the mean

N
[
T

N
o

[
o

[
o

0.5
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retrieval results are generally reduced ocompared in the two figures. Fig. 4A
enhanced by 50%, that is, applyingillustrates differences of Q fields when
additional (latitude-independent) cloud moddatitudinal variations of cloud parameters
factors Mk of 0.5 and 1.5, respectively. (not only variations of mode factors but also
These factors are quite representative ovehanges of mode 2 altitude distribution and
broad latitude ranges to cover observedloud top altitudes) are considered or
variations even when larger variances (e.gieglected. Fig. 13A reveals that retrieved
2oyr) are considered. The superscripMF; ; values remain almost constant at low
asterisk indicates that these factors arkatitudes and approach the value MF1.0.
additionally employed to the factors given inPoleward of 30°, ME, decreases with
Table 3 (that is, for MF=1.0). increasing latitude reaching values near 0.5
at about 75°. As a consequence, cooling rates
Thermal cooling rates Qstrongly respond to at high latitudes strongly decrease at
temperature profile changes, and it can beltitudes above about 65 km leading to
expected that their response to additiongbositive differences\Q(set 1, set 2) where
cloud parameter changes is different for eachet 1 and set 2 denote actually retrieved and
temperature model. This is illustrated_in Figlatitude-independent model cloud parameter
14 where cooling rate differencesQ (set 1, conditions. In contrast with Fig. 4A, Fig. 14
set 2) = O(set 1) - G(set 2) are shown as relies on the retrieved latitudinal behavior of
functions of latitude and altitude and for thecloud mode parameters (e.g. using data from
four temperature models VIRTIS (displayTables 2 and 3) but describe$ ©hanges
A), VeRa (B), VIRA-2 (C), and VIRA-1 (D). due to the additionally applied mode factor
Sets 1 and 2 correspond to ME1.5 and MF;,=1.5. According to Fig. 13A this
1.0, respectively, and the notation©Y means that final mode factors of about 1.5
T(MF1,) is introduced here instead ofare considered at low latitudes resulting in
AQ“(set 1, set 2). Superscript T refers to onstronger cooling compared with Fig. 4A. At
of the individual temperature fields. Positivehigh latitudes, especially poleward of 70°,
values in Fig. 14 characterize weaker set fleduced Mk, values are now partly
cooling. This means that increasing MF compensated by the additionally considered
values produce more cooling at altitudesViF;,=1.5. This leads again to a cooling
above about 65 km but less cooling at loweexcess, but due to decreasing mode factor

altitudes. differences, high latitude Qchanges in Fig.
of T T T T 14 become smaller compared with low
80 latitudes.

70F
60% Although the general responses in the four
temperature cases in Fig. 14 are similar,
some details are different (e.g. near 80 km).
The four difference fields Y'(MF,,) are

sol now used to calculate an average difference
ol e =] field YS*Y(MF.,) as shown in_Fig. 15
0102030 40 50 60 70 00 M Re [ 20 30 40 50 607080 %0 (display A).In a subsequent step, deviations
Fig. 14. Cooling rate changes [K/day] due to cloud® Of the individual difference fields from this
mode factor ME, increase by 50% using different average difference field are calculated in the
temperature models (A: VIRTIS, B: VeRa, C: VIRA- form § = Y°' - YAV, This allows an

2, D VIRA-D). estimate of approximate errors of cooling

, , , , rate responses to ME changes when this
When Fig. 14 is compared with Fig. 4, theréyeraged data set is utilized in different

seems to be a contradiction at first sight. Figtemperature environments. Results are
4A shows large mode factor influences afjystrated in Fig. 16 The deviations are
high latitudes, while low latitudes are almOStdefiniter much smaller than in case of using

unaffected. Fig. 14 shows a reversed trendq; example VIRA-1 results (the difference
But this is due to different data sets that are

50E
90F ¢

80F
70F
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g T T T T T T T considered. But these four models are

1 regarded to represent reliable data sets that
describe the thermal structure of Venus’
mesosphere and troposphere according to
present knowledge.

(2] ~

o o

u T
|

Altitude [km]

a
o

By anqlogy with Fig. 15A, the average™Y
AV(MF3) for cloud mode factor MF=1.5 is

500 oo O0 0 70 depicted in Fig. 15B. The difference in the
0 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90 . .
Latitude [] ordinate scale considers the fact that mode 3

Fig. 15. Average cooling rate changes [K/day] (&: Y influences only occur at altituFies below
A(MFy,), B: YS*Y(MF;)) due to cloud mode factor about 70 km. As in case of ME increase,

increase by 50% determined from individual changegncreasing ME* factors produce more
for different temperature models. cooling at higher and less cooling at lower

OFal T T ”Wi = 1 altitudes. The ‘response switch’ altitude in
jg@ - B=;® o case of ME is located around 56-57 km
oo ﬁ’;%\;ﬁ compared with 65 km for MR . It slightly

o [ S O, —m__  increases at high latitudes, while it decreases
90F 12,1 poleward of about 55° for MF; . Deviations

80 < == o1 of the four temperature model cases from the
70F — ~“™, = average condition for Mf=1.5 (the error$

60F ST e ... byanalogy with Fig. 16) are not shown here.
500 iO éO éO 40 ‘50 ‘60‘70‘807 90; :IiO éO éO LlO ;0 ‘60‘70‘80 90 MaXImum Q: error88 are r.a'rely larger tha‘n

Latitude [ +0.04 K/day at altitudes around 55 km and
Fig. 16. Deviations of individualk cooling rate much smaller at other altitudes. This
difference fields [K/day] due to MRk increase by indicates that ?AV(MF;) provides a quite
50% from the average difference field. (A: VIRTIS, reliable description of MF influences for

B: VeRa, C: VIRA-2, D: VIRA-1). . .
various temperature conditions.

field Y<V®AY(MF.,)) to model cloud _ - _
parameter influences for the temperaturéccording to theC definition of the cooling
environment determined by VIRTIS. Below raté difference\Q (se_tm}, set 2), the average
70 km, cooling rate deviations (or errays difference fields YH(MFL2) and ¥
rarely exceed +0.1 K/day and quickly further (MFs) can now be used to modify the
decrease with decreasing altitude. Maximunp@rameterized temperature change ratés Q
deviations in the order of +0.3 K/day occurobtained so far from Eq. (7) whenever
between 75 and 80 km. The errors depentjtended or required. For this purpose, the
approximately linearly on the mode factordVerage difference *flelds are*calculated for a
change. An increase or decrease of, My Proad range of Mk, and Mk values (0.0,
10% compared with nominal conditionso-25’ 0.5, 0.75, 0;9’ 1.0, 1.1, 1.25, 1.5, 1.75,
would produce maximum o) 2.0); Actual conditions (e_.g. MR =0.8 a_lnd
parameterization errors of +0.06 K/day. EverMFa =1.4) can be considered applying a
in case of 50% or higher mode factorsf'mple linear interpolation te(_:hnlqge. The
changes, the drawbacks of these errors cdffSt value (0.0) enables consideration of a
be tolerated considering the much smallefyPothetical cloud free atmosphere. Thus,
required computer resources compared witf'€ final  cooling  rates, which  now
accurate calculations. Note that the averagddditionally consider cloud mode abundance
difference field ¥V as the arithmetical changes, are calculated from

mean of the four individual difference fields Q° @, $,)=Q ™ ™" (z;, ¢ ) +

Y©Tfor VIRTIS, VeRa, VIRA-2, and VIRA- YA (MF,,") @, 0,) + YC A (MF, ) (z;, 6,)

1 temperature environments does not provide 8)
‘absolute truth’ information. It may change e summation of the matrices in Eq. (8)

when other temperature models argmpines results of perturbation calculations
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and partly empirical approaches for acalculations of average difference fields as in
subsequent correction of the cloud parametease of thermal cooling are not necessary.
dependent temperature parameterization by a9 [T o T3 T
temperature dependent cloud parameter ! ]
parameterization rather than relying on anso
exact mathematical solution. The practical
usefulness of this method was tested forro
many parameter combinations as | 1
exemplarily demonstrated later on in Fig. 18. so} 1 - 1
This figure also demonstrates that the ! orgy f ]
general non-linearity of the Qresponses to ottt C0E a0l 0
. . 0 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90
perturbations of atmospheric parameters Latitude [°
leads to only small errors in case Ofgjg 17. Heating rate changes [K/day] (AFYR*
(reasonable) simultaneous perturbations O{MF,,), B: Y"™*Y(MF;)) due to cloud mode
both temperature and cloud parameterdactor increase by 50% based on the VIRA-1
Thus, the neglect of non-linear terms is not §mperature model.

potential drawback of the current technique. . . .
Solar heating rates are additionally sensitive

Solar heating rates are much less sensitive {8 @bundance changes of the unknown UV

both temperature profile changes (cf. Figs. 18Psorber (UVA, cf. Fig. 5). Different test

3) and cloud parameter changes (cf. Fig. 4§alculations revealed that responses to these
than thermal cooling rates are” @sponses abundance changes are almost independent

to additional cloud parameter changes vié’f other atmospheric parameter changes, that
MF1, and MR are very similar and often 1S temperature models and cloud parameters
identical for each temperature model. Thdhat are used in the simulations. Maximum

calculation of average difference fields"y deviations in the order of £0.05 K/day near
AV(MF,,) and Y™2Y(MF3") is not required, /0 km were found. As in case of cloud mode

therefore, and calculations for one basiactors M, calculations of UVA factors
temperature model are sufficient. Eq. (8) i§UVAF) for one basis temperature model
modified accordingly in case of solarand_ one basis set of cloud parameters are
heating. Fig. 17shows the results obtained sufficient. Eq. (8) for solar heating rates then
for Y"YRAL(MF, ,'=1.5) (display A) and t@kes the form
YHVRALMES'=15)  (display B) when Q" (@i.¢,) =0Q
VIRA-1 is selected as reference model. The YHVRAT(MEFLL ) @z, 0,) +
reasons for the heating rate response H-VIRA -1 * :
differences in Fig. 4B and Fig. 17 can be YH—VIRA—l(MF3 )@ 0a)*
explained in a similar way as it was Y (UVAF) @i, ¢,)
extensively outlined above with respect to

Fig. 14and the comparison of Figs. 4A, 13A,A graph regarding © responses to 50%
and Fig. 14. UVAF increase is not shown here. It

resembles Fig. 5 where the isoline values

When Figs. 15 and 17 are compared it can d¥alid for UVAF=2.0) can be simply halved.
concluded once more that”Qesponses to The pre-calculated set "V™**(UVAF)
cloud parameter changes are much weak&hcompasses UVAF values of 0.0, 0.25, 0.5,
than @ responses. Note that maximuni Q 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0.

responses to MF changes occur about 5

km higher than maximum Qresponses. By analogy with Figs. 9A and 11A, Fig. 18
Maximum deviations between Fig. 17A andshows a comparison of zonally averaged
plots that use other temperature models thadR€an equatorial cooling rate (display A) and
VIRA-1 (not shown here) are in the order ofheating rate (display B) results obtained from
+0.02 K/day at equatorial latitudes near 78ccurate and parameterization calculations,
km. This confirms the above statement thafiespectively. The thin solid line corresponds

~
(=]
——T—

(2]
(=]

Altitude [km]

ul
o

H-TARGET-cor (Zi , q)n) +

(9)
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to the basis temperature model (VIRA-1)Fig. 19 illustrates the 2D fields of zonally
where nominal cloud and UVA parametersand diurnally averaged mean net radiative
are used (MEz*=1.0, MF*=1.0, heating rates in the mesosphere and upper
UVAF=1.0). VIRTIS temperatures as troposphere of Venus when atmospheric
retrieved from VEX measurements are théemperature profiles according to VIRTIS
target temperature model, and modifieddisplay A), VeRa (B), VIRA-2 (C), and
cloud and UVA parameters are additionallWIRA-1 (D) are utilized. Cloud parameters
applied in this case (ME*=1.8, MR*=2.0, and trace gas abundances are identical in
UVAF=1.7). The agreement between the twaach case. The results for VIRA-1, VIRA-2,
curves marked by empty and solid symboleand VIRTIS are very similar in

in each case is again very good. Thigorrespondence with Figs. 2 and 3. There are
indicates that the parameterization approactwo planet-wide net cooling regions located
to consider both temperature and cloud between 72 and 82 km and between 55 and

UVA changes works well. 62 km, respectively. Both regions show an
RO T [T equator to pole gradient that is especially
ool mmg\ 1t I//‘/ wang | Strong in the upper one. Intermediate layers
I : 117 / | between 62 and 72 km are characterized by
& — gl [/ wwwwwewmes | net heating at low and mid latitudes up to
7o 18F > e 1 45°, while net cooling prevails at higher
ool 127 == | latitudes. Low latitude heating is mainly

forced by the presence of the unknown UV
SOF | = VR e Thmceenmon || absorber.  Atmospheric net heating also
Qbbb B dominates the low and mid latitudes above
-30 -25 -20 -15 -10 -5 O 10 20 30 40 50 . .

Temperature Change Rate [K/day] 82 km, and net cooling occurs at high
Fig. 18. Comparison of zonally averaged meaHat'tU_deS-_BemW about 55 km, very weak net
temperature change rates (A: thermal cooling, Barso heating is observed at all latitudes that
heating) obtained from accurate and parameterizatioresults from thermal heating of the
(Param.) calculations, respectively. PD is the use‘étmosphere near the cloud base (48 km)
point distance [ci]. MFy,, MF;: Cloud mode - o '
factors, UVAF: UV absorber abundance factor. Nearly zero net heating prevails in the deep
atmosphere below 44 km where the

troposphere of Venus is almost in radiative
equilibrium.

S e >

tod
P
— VIRA-L (Basis, PD 0.01) ¥ ‘i — VIRA-L (Basis, PD 0.1)
Il
?
"
0

4

5. Atmospheric radiative equilibrium
conditions

Thermal cooling and solar heating together 28 =
determine the net radiative heating (radiative )=
forcing) of the atmosphere. 2D net heatinguoor
fields, that is, & as functions of latitude and
altitude have been recently calculated by 7=
Haus et al. (2016) based on the atmospherico— —
thermal structure as retrieved from DOth “0%, ", 5o 60 70 80 90 10 20 a0 40 500 70 80 90
VIRTIS-M-IR and VeRa measurements. Latitude [*]

These results included trace gas abundan€&®. 19. Zonally and diurnally averaged mean net

profiles and cloud parameters that were alsfdiative heating rates "QiK/day] as functions of

. latitude and altitude for different temperature adat
retrieved from VIRTIS d.ata. Cloud _ .. (A) VIRTIS, (B) VeRa, (C) VIRA-2, (D) VIRA-
parameters encompassed latitude-dependent

cloud mode factors Mk, MF;, cloud top

altitudes z and cloud optical depth altitude The net heating field that is based on VeRa

profiles u(z). The same data sets are used {Bmperatures (Fig. 19B) exhibits some

the present study. significant differences compared to the other
three plots. Since heating rates based on the
different temperature models are very similar
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(cf. Figs. 1 and 3), net heating rateRadiative equilibrium at each altitude and
differencesAQ" (VeRa, Other) (not shown geographic latitude occurs when the overall
here, but see Figure 30B in Haus et alnet flux divergences approach zero,
(2016) forAQ" (VeRa, VIRTIS)) are almost dF'(z,p)/dz=0, leading to net radiative
exclusively determined by cooling rateheating rates &5(z,0)=0. The radiative
differences. Compared with otherequilibrium temperature profile is
temperature models, a planet-wide netletermined by repeated modifications of the
heating excess is observed in case of VeRaasis temperature value at each level of the
temperatures at altitudes around 90 kmatmosphere by small perturbation steps (x1
VeRa net heating is also larger around 80 k' or 0.1 K) until convergence (i.e.,
at equatorial and mid latitudes. This cause®“""=0) is achieved at each grid point in the
the loss of the broad, planet-wide net coolingltitude-latitude space.
region between 72 and 82 km obtained for

the other temperature fields. Low latitudes at,,,____ ‘Tewesuechmeraeiga
these altitudes are now characterized by a9l 1% T g fomm 31
small net heating. 70 / ]

ks Latitude 20° |
60

[ Cooling Heating

Latitude 65°

T T 11T
Altitude [km]
T T 1T
| I |

50[ ] [
Despite the described net radiative forcing ;s 5.20-10 0 10 20 30 40 505040-30-20-10 0 10 20 30 40 50

variability for different temperature models ;oo —
and despite the existence of comparativelyggvC e 1 Y R
narrow layers where net radiative cooling 7o

occurs at all latitudes, a general conclusion Jof - .
can be drawn. Low latitudes at MeSOSPNEric 955 5% 5 sso 100 4sass 200 250 300 550 400 450
levels are mainly determined by radiative netig. 20. Comparison of zonally averaged mean
heating, while dominant net cooling prevailssemperature change rates and corresponding
at mid and especially high latitudes.temperature profiles at 20° (A and C) and 65° (B an
Proceeding in time, this would lead to lower®) for VIRA-1 and radiative equilibrium (RE)
atmospheric temperatures at polar latitude®nditions.

compared to the tropics. It can be expectegi 20 compares basis and radiative
therefore  that radiative equilibrium—g'— b

temperatures at the poles are significantgequlllbrlum (RE) temperature change rates

Temperature [K]
T T

Legend for A-D ]
——VIRAT 1
-e= RE
-O- RE no Cloud/uva| ]

Altitude [km]

lower than observed temperatures. T cooling, heating, net heating) at 20 and 65

maintain the observed thermal structure displays A anc! B) z_and corresponding
) . ) : . —temperature profiles (displays C and D).
which is characterized by increasing

. E .
temperatures with (absolute) latitude anci_I eating rates ' only marginally change

; as expected, but cooling rate§"® heavily
temperature maxima near the poles, non; . . ;
qewate from the basis profiles that refer to

radla}tlve processes must play an IrnpOrt"ir{emperature conditions according to VIRA-
role in the mesosphere of Venus that cool th? At low latitudes and for nominal cloud

low IatltUQe belts and concurrently warm theand UVA distribution, much stronger
polar regions.

thermal cooling occurs in RE at most
altitudes (mainly above 80 km and near 70
km), while much weaker cooling prevails at
%5°. The corresponding radiative equilibrium
temperature = at 20° is higher than VIRA-

1 above about 63 km but slightly lower at

b
and T 129), th_e _ob_served thermal levels between 63 and 55 km. In contrast, a
structure, are very indicative for the role ofh i
eypothetlcal cloud and UVA free

dynamical processes that act to destroy thatmosphere would exhibit higheFTvalues
thermal structure primarily induced by pure

radiation processes even below 63 km but sma_lllerRﬁ'values

' below 55 km. At 65° latitude and for
nominal cloud and UVA distribution, °f is
significantly lower than VIRA-1 at all

Thus, it is a very interesting task to
determine latitude-dependent  radiativ
equilibrium temperatures "f(z,p) of the
atmosphere. Differences betweef5(E,p)
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altitudes above 55 km. Maximum deviations 100 5 s —————
reach -55 K near 75 km. Neglect of cloud _ |
and UVA influences would produce higher
TRE values between 55 and 67 km and *|
smaller ones below 55 km. The partly large of
differences between the ‘RE’ and ‘RE no
cloud/UVA’ curves in all four displays

Altitude [km]

. 50[po=vo- - - < oe r
accentuates the large influence of clouds and” |;F————""% —_—
H 1 403‘\‘\‘\‘\‘\‘\‘\‘\" Y Y A M PR O B
the UV absorb?r on the ra.d|at|Ve energy 0 10 20 30 40 50 60 70 80 900 10 20 30 40 50 60 70 80 90
budget of Venus’ atmosphere. Latitude [*]

) _ _ Fig. 21. Zonally averaged mean cooling ratésfq
Fig. 21 provides the complete 2D picture ofVVIRA-1 temperature structure (A) and cooling rate

zonally averaged mean cooling rates or changesAQ° for radiative equilibrium conditions vs.
VIRA-1 (display A) and resulting ChangeSV|RA'1c(B) as fun_ctions of latitude and altitude® Q
AQC(RE, VIRA-1) = Q:(RE) _ Q:(VIRA-l) andAQ~ are given in [K/day].

(display B) when radiative equilibrium
conditions are attained. Positive values" |
characterize weaker RE cooling. Fig. 22 <o
shows the corresponding 2D temperature,,
field (display A) and differenceT(RE,
VIRA-1) = T(RE) - T(VIRA-1) (display B).
Positive values indicate higher temperatures®:

Altitude [km]
v

for the equilibrium case. As already pointed so e
out above, radlatlve_equmbrlum c_ondltlons T e
are almost exclusively determined by o 1020 30 40 50 60 70 80 900 10 20 30 40 50 60 70 80 90
changes of thermal cooling rates. The zero Latitude []

isoline for both AQC and AT at altitudes Fi9- 22. Zonally averaged mean atmospheric

. mperatures (VIRA-1) (A) and temperature changes
between 65 and 95 km is located between for radiative equilibrium conditions vs. VIRA-1

and 60°. Stronger RE COO"“_Q and higher REB) as functions of latitude and altitude. T asfare
temperatures compared with observationajiven in [K].

data are found equatorward of the zero

isolines, while less cooling and much lowerCrisp (1989) already concluded that this

RE temperatures determine the polewardtructure can only be maintained by

directed branch. There is an exception neatynamical processes. A possible mechanism

60 km where a narrow range of colder aiwould involve a meridional circulation

extends equatorward to 25°. Polar REharacterized by rising motion at low

temperatures above the cloud top (60-70 kmatitudes, poleward heat flow, and

are up to 70 K lower and equatorialsubsidence at high latitudes. According to

temperatures near the mesopause up to 10Mg. 22B, the poleward flow would be

higher than observed values. Averaging REespecially strong near 75 km.

temperatures at the equator and at the pole at

altitudes between 65 and 100 km, polar

temperatures would be about 35 K lowe. Summary and conclusions

than in the tropics. The values of 70 K and

35 K are similar to the results reported byrhermal cooling rates Qand solar heating

Crisp (1989) who found 60 and 40 K,rates @ in the atmosphere of Venus at

respectively. altitudes between 0 and 100 km are
investigated using the radiative transfer and

Since the observed atmospheric thermakdiative balance simulation techniques

structure in the wupper mesosphere islescribed by Haus et al. (2015b, 2016). The

characterized by increasing temperaturesalculations are separately performed for

with latitude with maxima near the pole,

20



Haus, R., et al., ICARUS 284, 216-232 (2017) DOi:1016/j.icarus.2016.11.025 Preprint

thermal (1.67-1000 pum) and solar (0.125¢Fig. 8). Actual latitude and altitude-
1000 pm) flux components. dependent Q values are calculated
considering the differences between actual
Pure temperature effects on zonally averageshd basis temperature fields and summing up
thermal cooling rates Q are strongest the temperature perturbationmatrices.
pronounced at altitudes above 60 km wher€ooling rate errors of the procedure do not
Q% wusually increases with increasingexceed +0.1 K/day at altitudes below 70 km
temperature (Figs. 1 and 2). Cloud influencefor the investigated cases where VIRA-1
may additionally alter these results betweetemperature profiles are substituted by
55 and 85 km (Figs. 4A and 15) wher&é Q VIRA-2 profiles or by retrieved profiles
usually increases with increasing cloud modebtained from VIRTIS and VeRa data
2 abundance at altitudes above 65 km. Solanalyses (Figs. 9, 10, and 12). They
heating rates © also strongly depend on sometimes reach +(0.2-0.3) K/day between
latitude, but mainly due to decreasing70 and 90 km. Synthetic temperature profiles
insolation with increasing distance from(e.g. VIRA-1 +10 K) produce slightly larger
equator resulting in much smaller heatingparameterization errors above 70 km. This
rates at high latitudes. Heating ratesnay indicate that the parameterization
generally respond much weaker toapproach works best in cases where the
temperature and cloud parameter changearget temperature profiles multiply intersect
than cooling rates do (Figs. 1 and 3). Theyhe basis profile. Solar heating rate errors are
are almost insensitive to small temperaturéess than £0.01 K/day below 70 km and do
changes below 70 km. As in case of coolingnot exceed +0.1 K/day up to 90 km. Larger
cloud influences occur at altitudes betweemleviations up to *1 K/day may occur near
55 and 85 km (Figs. 4B and 17) wherel00 km.
increasing cloud mode 2 abundance slightly
intensifies @ at altitudes above 70 km. The cloud response parameterization is based
Variations of the unknown UV absorberon accurate calculations for a range of cloud
abundance may additionally alteF @rofiles mode factors (ME, for modes 1 and 2,
(Fig. 5). The nominal model doubles heatindViF; for mode 3) that additionally change
at 70 km and low latitudes compared with aloud optical depths as determined by the
neglect of this opacity source. initial latitude-dependent model. In case of
thermal cooling, calculations are performed
Accurate radiative cooling and heatingfor different temperature models (Fig. 14).
calculations require huge amounts ofAverage response matrices (Fig. 15) are
processing time in the order of hourseventually used. They produce maximum
(especially in case of solar heating). It iscooling rate errors of £0.3 K/day near 75 km
impossible to incorporate them into Generain case of ME,=1.5 (Fig. 16) and +0.04
Circulation Models (GCMs) that are appliedK/day near 55 km in case of ME1.5. Such
to study atmospheric circulation processes. &rrors can be well tolerated considering the
parameterization approach is developed thaichieved saving of required computer
permits a fast calculation of“‘Qand Q' at resources compared with accurate
altitudes between 0 and 100 km separatingalculations. Moreover, these errors depend
temperature, cloud parameter, and unknowapproximately linearly on the mode factor
UV absorber influences. change and become much smaller for mode
factor variations in the order of 10-20%.
The temperature response parameterizatiddince solar heating rates generally respond
relies on a pre-described altitude andnuch weaker to temperature and cloud
latitude- dependent cloud model. It is basegarameter changes than cooling rates do, the
on an algorithm that characterizes cloud parameter response parameterization
responses to a broad range of temperatudé Q7 only considers the VIRA-1
perturbations at each level of the atmosphetemperature model (Fig. 17). Maximum
using VIRA-1 as basis temperature modekrrors due to other temperature models are in
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the order of £0.02 K/day near 75 km. Th& Q (Figs. 20-22). Mesospheric RE temperatures

response parameterization for abundancabove the cloud top at the poles are up to 70

changes of the unknown UV absorber iK lower and equatorial temperatures up to 10

performed in a similar way. Maximum errorsK higher than observed values (e.g. VIRA-1)

due to the use of other temperature models oesulting in an average equator to pole

other cloud parameters do not exceed +0.0§radient of about 35 K. The observed

K/day near 70 km. thermal structure can only be maintained by
dynamical processes.

The proposed approach to parameterize

thermal cooling and solar heating rates in the

atmosphere of Venus considerably differs

from that used by Mendonca et al. (2015).

These authors have developed a fast single-

column radiative transfer model that is veryAppendix

suitable for GCM applications with

temperature change rate (Q) computationalable Al displays the initial or basis

times much shorter than 1 s for oneemperature model (VIRA-1) at altitudes

atmospheric column in both the solar andetween 100 and 40 km at four selected

thermal ranges. The method is based on latitudes and resulting initial cooling rates

number of quite rough radiative transferQ® and heating rates Q Note that & and

approximations that nevertheless achiev®" in the table reflect values obtained from

accuracies of computed Q’s in the order o&ccurate calculations. They correspond to the

10-20%. Present calculations require a hugeorrected values® Qu“M*™ anda Qy™Ma"™

(but onetime) amount of computationalaccording to Eqg. (6). The data required to

effort to determine sets of Q perturbationapply the parameterization method are

matrices that are based on accurate aralailable from the authors upon request.

spectrally highly resolved radiative transfer

flux  calculations. The  subsequently

developed parameterization  techniqueAcknowledgments

however, produces Q tables where the

deviations between accurate calculation anBR.H. is funded by the German Research

parameterization results are in the order of Roundation under grant number HA 2887/2-

few tenths of K/day at altitudes below 90 km2. We acknowledge the work of the

at typical processing times of 3 s for theVIRTIS/VEX and VeRa/VEX teams and

complete latitude-altitude 2D field. also the entire Venus Express team of ESA
and Astrium, who made the measurement

The parameterization algorithm is used talata available that were used in this study.

calculate radiative equilibrium  (RE)

temperatures in the atmosphere of Venus
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Table Al. Temperature model (T [K]) according tdRA-1 and accurate calculation results for
thermal cooling rates (Q[K/day]) and solar heating rates {QK/day]). Temperature profiles
above 90 km result from linear interpolations besw®IRA-1 at 90 km and a fixed value of 165
K at 100 km. z: altitude [km}p: latitude [°].

2lp 20 45 80

65
T ¢ ¢ 1T ¢ Jd T ¢ Jd T Qg g

100 165.0 -32.4 53.0 165.0-31.3 44.0 165.0-30.2 31.8 165.0-28.3 18.1
98 1659 -27.8 423 166.5-274 354 167.1-27.1 259 168.0-26.3 15.1
96 166.8 -23.9 346 167.9-243 292 169.1-246 215 170.8-25.0 125
94 167.6 -20.8 28.8 169.4-21.6 243 171.2-226 17.8 173.8-23.9 10.1
92 1685 -17.8 237 170.8-189 199 173.2-20.3 144 176.8-225 8.05
90 1694 -153 191 1723-165 16.0 1v53-178 115 179.7-20.5 6.60
88 173.6 -13.3 159 176.6-145 134 179.7-15.7 9.67 184.4-18.1 5.54
86 178.2 -11.0 13.6 181.8-12.7 115 185.1-14.1 8.18 189.6-15.8 4.51
84 1838 -866 11.6 188.6-109 9.79 193.2-12.7 6.70 197.4-13.9 3.58
82 1899 -6.90 9.68 1955-9.38 8.18 201.6-11.6 5.33 205.8-123 2.89
80 197.1 -5.98 8.21 2025-8.33 7.00 210.4-10.7 432 2143-109 241
78 2053 -6.18 7.19 2104-8.49 6.17 219.5-10.3 3.68 2245-11.0 2.05
76 2121 -6.27 6.54 216.2-8.20 5.58 227.6-9.77 3.25 235.0-11.4 1.75
74 2186 -6.20 6.21 221.0-7.44 522 2324-8.14 3.06 240.4-9.26 1.59
72 2241 -6.10 6.86 2246-6.71 5.66 235.1-6.75 3.77 2426-651 2.04
70 2298 -6.14 857 228.2-6.19 6.87 236.0-6.28 5.27 243.8-5.01 2.93
68 2354 -590 7.72 231.9-553 5.83 234.7-6.15 455 243.1-402 2.30
66 2410 -4.30 555 235.8-4.06 393 231.4-538 299 240.2-3.27 1.36
64 2454 -1.87 3.38 240.7-2.27 233 2284-3.04 166 239.6-4.12 0.84
62 2545 -1.87 2.04 246.2-1.74 140 230.4-1.52 0.87 240.1-5.57 0.47
60 2628 -2.33 142 253.3-1.60 0.97 241.2-2.05 0.58 240.0-4.28 0.23
58 2752 -1.90 0.97 267.4-140 0.65 256.8-2.08 0.39 244.1-2.01 0.15
56 2918 -0.50 0.48 290.2-0.75 0.33 278.5-0.74 0.20 263.8-0.45 0.07
54 3128 -0.04 0.21 312.3-0.19 0.15 300.0-0.08 0.08 285.2-0.02 0.03
52 3222 -0.08 0.11 332.5-0.01 0.08 320.8-0.09 0.04 305.6-0.03 0.01
50 350.5 +0.46 0.05 349.7 +0.41 0.04 337.7 +0.48 0.02 323.2 +0.52 0.01
48 366.4 +0.60 0.02 364.6 +0.52 0.02 352.5 +0.76 0.01 340.3 +0.86 0.00
46  379.7 +0.03 0.01 376.1 +0.07 0.01 367.1 +0.12 0.00 357.0 +0.17 0.00
44  391.2 -0.02 0.01 388.3+0.00 0.01 382.1 -0.00 0.00 375.0-0.02 0.00
42 4035 +0.01 0.01 4016 -0.01 0.01 397.8-0.03 0.00 292.4-0.04 0.00
40 4176 +0.00 0.01 4155 +0.00 0.01 4135 -0.02 0.00 409.9-0.04 0.00
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