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Abstract

This work examines the planetary wave-induced Wditp within the upper
mesosphere/lower thermosphere of Venus by utilizihng Venus Thermospheric General
Circulation Model (VTGCM). Rossby and Kelvin waperturbations are driven by variations in
the geopotential height of the VTGCM lower boundéry0 km). A suite of simulations was
conducted to examine the impact of the individuad aombined waves propagating from two
different lower boundary conditions (uniform andrynag). The Kelvin wave is the more
dominant wave which produces the most variabilithhe combination of the Kelvin and Rossby
waves provides a maximum temperature amplitude3dk t 92 km and maximum zonal wind
amplitude of 23 m/s at 102 km. The combined waxesall are able to propagate up to 125 km.
Most of the variation within the temperature, windsd composition occurs between 70 km and
110 km. The varying lower boundary increases tlegmitude of the wave deposition and
atmospheric responses, but weakly changes thegatipa altitude. The thermal variation due to
the planetary waves does not reproduce most olibearations. The simulatecb@R nightglow
emission is sensitive to the waves with respechtiensity and local time, but lacks latitudinal
variation. The integrated intensity ranges fromNIR to 1.65 MR and the local time ranges from
0.33 local time to 23.6 local time. Overall, pltarg waves do affect the atmospheric structure,
but there are still large observed variations hanetary waves alone cannot explain (i.e. thermal

structure).

Plain Language Summary
Venus’ atmosphere has a cloud layer (~40 km - ~7Pthat encompasses the whole planet that
separates the lower atmosphere and upper atmospheaiges of the clouds show planetary

scale wave patterns that exist from the equataritblatitudes and are thought to be a
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combination of Kelvin and Rossby waves. This wexlamines how the Kelvin and Rossby
wave change the upper atmosphere by using a gaexaktion model of the upper atmosphere
(=70 km - ~300 km altitude). More specifically, tipiject analyzes the wave induced
variations in temperature, winds, and a few chehsipacies. This work also examines how a
simplified connection to the lower atmosphere clegritpe behavior of the Kelvin and Rossby
waves and thus variations in the upper atmosphEne.results of this work demonstrate that
waves provide variations between ~70 km and 110lktnge and are sensitive to the simplified
lower atmosphere connection. The wave induceatian does not reproduce observed thermal
variations but it does reproduce observedROnightglow intensity variation. Overall, plangta
waves do affect the upper atmosphere but do ngiggate high enough in the atmosphere to

provide all the observed variations.

1 Introduction

The Pioneer Venus Orbiter (PVO) and Venus Exprég&s<| have been the two longest
missions to orbit Venus and provide the largesiectibn of measurements. These observations
have also been supplemented with observationsgtmrter duration orbiters, fly-bys, and ground
based observations. Certain observed features éramggh data to create averaged profiles or
even statistical averaged maps, such as temperdansity, and nightglow emissions.

Limaye et al. (2017) has organized the availabéential profiles of Venus, from ground-
based observations to probes to orbiters (VEX b#iedatest one). Their work is in support of
upgrading the original empirical models (VIRA an@$3); based mainly upon PVO observations
(Hedin et al., 1983; Keating et al., 1985). Theaations vertically cover altitudes from 40 km
to 180 km and were binned into five latitude bind ¢hree local time bins with the assumption of

hemispheric symmetry. Overall, there i$aege amount of variability in the temperatures and
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densities above ~100 km. However, all the obsematdm demonstrate some consistent features
such as warming and cooling layers. Limaye e(2017) also organized all the total neutral
number density profiles from the various VEX obsgions. The terminator and nightside profiles
extend from 40 km to 140 km, while the dayside fgefrange from 40 km to ~90 km. In general,
when multiple observations overlap vertically tlemsity was in good agreement. Another highly
observed feature in Venus’ atmosphere includegglioiv emissions. From VEX observations, a
statistical averaged map of the @R nightglow emission was created. The B emission
statistically appears near midnight near the equte97 km (e.g. Gérard et al., 2008; Soret et al.,
2012), but the map also shows considerable vaniatidocation and intensity. These averaged
fields are important for understanding the globalam climatology of Venus, while providing a
gauge for comparison with numerical model simulaio

From a modeling approach, itis useful to havegelacollection of observations to provide
statistical means due to the difficulty of simubgtiall the individual sources of temporal and
spatial variability within the Venus atmosphereheTclimatological view of a few key features
(i.e. the nightside warm temperature layer, thel® nightglow emission, and the NO UV
nightglow emission) has been analyzed using nugemodels, specifically general circulation
models (e.g. Bougher et al., 1990; Bougher & Borut®94; Brecht et al., 2011; Gérard et al.,
2017). Our work begins to expand upon climatolafjistudies and investigates sources of
variability, such as planetary waves.

Individual sources of variability are importantunderstand in Venus’ atmosphere to help
guantify the disturbances around the mean obsenstiWaves are abundant and a known source
of variability, but their characteristics and beiloavare not well known in the Venusian

atmosphere. The impact of waves have been obsénvethny ways: neutral density (e.g.
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Kasprzak et al., 1988; Niemann et al., 1980), teatpee (e.g. Counselman et al., 1980; Hinson
& Jenkins, 1995; Kliore & Patel, 1980; Kolosov &t 4980; Seiff et al., 1980; Tellmann et al.,
2012), emissions (non-LTE and nightglow) (e.g. étiteet al., 2014; Garcia Muioza et al., 2009),
and imaging (thermal and cloud) (e.g. Belton et ¥.76; Bertaux et al., 2016; Fukuhara et al.,
2017; Kouyama et al., 2017; Markiewicz et al., 20P@&ralta et al., 2007, 2009; Piccialli et al.,
2014; Rossow et al., 1980; Titov et al., 2012)oudl imaging is a clear way to observe waves
coming from the lower atmosphere or within the didayer and potentially propagating to the
thermosphere.

Mariner 9 was the first tglimpse the unique cloud structure and it wasnttl i?vVO that
observations could glean cloud patterns due to syawainly planetary waves (e.g. Del Genio &
Rossow, 1990; Rossow et al., 1990). PVO obsemsititave been the most complete and
published equatorial planetary wave analysis ablElaDel Genio and Rossow (1990) analyzed
the cloud brightness data obtained by PVO and iiikeshtan equatorial 4-day period and a mid-
latitude 5-day period wave. The waves were cleskis Kelvin and Rossby waves respectively.
The Kelvin wave was found to have a westward plsased of ~15 m/s relative to the wind and
the Rossby wave has westward phase speed ~-32s3eelative to the wind. The Rossby wave
propagation is slower than the background windiarkus retrograding with respect to the flow.
VEX has observed equatorial clouds but has hadmahwave analysis due to the orbital
configuration. Nara et al (2019) utilized obseiwmas from VEX Venus Monitoring Camera
(VMC) to explore the connection between the plaryesagale ultraviolet contrast and the wind
field. They were able to observe 4-day and 5-daoglicities in the brightness variations. These
periodicities were linked to an equatorial Kelviawe and mid-latitude Rossby wave. They found

the Kelvin wave supplied the cloud top equatorgion with dark materials and subsequently the
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dark materials are advected poleward by the Rosslvg and mean meridional circulation. The
mid-latitude jet stretches it to the tilted banaistures.

The JAXA Akatsuki mission has observed the equaltatouds in detail and has performed
wave analysis (Imai et al.,, 2019). Imai et al @Qutilized Akatsuki UV Imager (UVI)
observations to conduct time series analysis ofséenm brightness and cloud-tracking wind
variations. They identified a 5-day periodicitytime winds and brightness variations near mid-
latitudes in both hemispheres with phase velocitiear ~-35 m/s with respect to the wind.
Additionally, a ~3.8-day periodicity in the zonalnali and brightness variations near the equator
was identified with a phase velocity ~+/-15 m/s tiglato the wind. These more recent wave
analysis results are in line with previous studi¢surthermore, Nara et al (2019) utilized the
Akatsuki UVI 365 nm images and Hisaki EXCEED O Bbm dayglow intensities to examine
the vertical coupling between the cloud tops argl ttermosphere. Both datasets revealed
periodicity of ~3.6 days and was attributed to avikelwave. Based upon one-dimensional
modeling they suggest the dayglow periodicity istexl to small-scale gravity waves that are
influenced by Kelvin waves. The simulated Kelviawgs did not propagate into the thermosphere
(above ~110 km) due to radiative damping; in addijtithe gravity waves with ~1,000 km
wavelengths only reached the thermosphere on thadgide.

The first 3D numerical study of planetary waves adal impacts on the upper atmosphere
of Venus was by Hoshino et al (2012). They impleted thermal tides and planetary waves in
their mesosphere/thermosphere general circulatmateirto investigate the influence these waves
have upon the zonal wind and the IB nightglow emission in the upper mesospherelawer
thermosphere. The study concluded that the thetided are damped out below ~80 km and the

Kelvin and Rossby waves could propagate up to kb80However, the Rossby waves were very
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weak compared to the Kelvin waves at the equatdrcaused less than 1 m/s wind velocity
fluctuations. The Kelvin waves could produce a 963¥/s wind velocity change. Neither wave
could support the observed super-rotating windg. @ierasch et al., 1997; Hueso et al., 2015;
Schubert, 1983). Moreover, Hoshino et al. (20E)etbped and utilized a detailed 1-D nightglow
model to understand the impact Kelvin waves hachupe Q IR nightglow. This resulted in
Kelvin waves varying the peak nightglow emissionlagal time and intensity but not to the
magnitudes observed by VEX. Nakagawa et al. (20@8)inued the Hoshino et al. (2012) work
by utilizing the same Kelvin wave and GCM set up blso included gravity waves. They
examined large short-term wind velocity variatiobhy comparing ground-based infrared
heterodyne observations of Doppler wind velociteesd GCM simulations. Their GCM
simulations only included Kelvin waves from Hoshietoal. (2012) because it was suggested the
Rossby wave, diurnal and semidiurnal tides havdigibte influence on the upper atmosphere.
The ground-based observations of a single emissmassociated to a narrow altitude range (~110
km). The GCM comparisons at this single altitueleealed the Kelvin wave wind variability is
much smaller than the observations, but the grawives could produce the larger wind
variability.

Our work presented in the next few sections wilhfoon and extend the work done by
Hoshino et al. (2012) (here after as H12) by utiizhe Venus Thermospheric General Circulation
Model (VTGCM) (e.g. Bougher et al., 1988; Brechtaét 2011). The differences between this
VTGCM work and H12 are summarized as follows: t{@ model vertical domain is larger
(VTGCM is 70 km to 300 km versus 80 km to 180 kntlp) the VTGCM Q IR nightglow is
calculated during run time with a bit lower spatigolution (5° lon by 5° lat versus 5° lon by 10°

lat ) and with finer temporal resolution of 20 seds compared to H12, (c) Kelvin waves and
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Rossby waves are used simultaneously in VTGCM gtian, and (d) there is a spatially varying
lower boundary (versus uniform) applied in the VTI@G&imulation. We want to investigate how
multiple sources of variability potentially withar below the Venusian clouds (~50 km - ~70 km)
can affect the upper mesosphere lower thermosghi#viLT), including temperatures, winds,
densities, and £R nightglow emission. Furthermore, this worklvekamine the combination of
these sources to see if they generate the rangariability that has been observed in the upper

mesosphere.

2 Mode€

The VTGCM is a 3-D finite difference hydrodynamicodel of the Venus upper
atmosphere (e.g. Bougher et al., 1988). It staitech the National Center for Atmospheric
Research (NCAR) terrestrial Thermospheric lonospl@eneral Circulation Model (TIGCM)
(Dickinson et al., 1981). Over the last few decadee VTGCM has been modified and improved
with the details documented in e.g. Bougher e(1#888), Brecht (2011), Brecht et al. (2011),
Brecht and Bougher (2012), Bougher et al. (2015).

The VTGCM spatial dimensions are 5° by 5° latitlolegitude grid, with 69 evenly-
spaced log-pressure levels in the vertical (Zp &—-118), extending from approximately ~70 to
300 km (=70 to 200 km) at local noon (midnight).eNertical resolution is half a pressure scale
height, which equates to ~3-5 km. The model caleslaeutral temperature, zonal velocity,
meridional velocity, mass mixing ratio of speciigecies, vertical motion, and geopotential. The
calculated major species are £Q0, O, N and minor species are;AN(*S), N€D), NO, SO,
SOG. The major species influence the atmospheric nmass, temperature, and global scale
winds, while the minor species are passive (i.endibchange the mean mass, temperature, or

winds). Select dayside photochemical ions areazhto support the neutral chemistry (£QD,",
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O', N2*, and NO). The latest ion-neutral reactions and rates ustite VTGCM are largely taken
from Fox and Sung (2001).

Parametrizations for GOL5-um cooling, near infrared (IR) heating, extremtteaviolet
(EUV) heating, and sub-grid processes (i.e., ediffision, viscosity, and conduction) are
included and discussed in more detail in Breclal.2011) and Brecht and Bougher (2012). The
only update is the usage of near-IR heating ratas Crisp (1986) below 100 km. Lastly, the
VTGCM can capture the full range of EUV-UV flux atitions. For this work, solar minimum
conditions are used (F10.7 = 70), appropriate &olye/Ex conditions.

Rayleigh Friction: Sub-grid scale wave effects are thought to be ecedor decelerating
the Venusian winds and even contributing to zosgihrametry (Bougher et al., 2006). Currently
these effects cannot be captured with the VTGCMatlly and instead are prescribed using a
Rayleigh friction scheme to mimic the first ordesiwe-drag effects on the mean flow (Bougher et
al., 1988; Brecht et al., 2011). Implementing gsawave momentum deposition schemes and
planetary-scale waves is part of the process t@verthe usage of Rayleigh friction (e.g. Brecht
et al., 2019; Gilli et al., 2017; Hoshino et aD]12, 2013; Zalucha et al., 2013; Zhang et al., 1996
For this work, gravity waves are not implemented planetary-scale waves are only utilized to
provide a potential zonal asymmetry to the zonaldwi All of the simulations presented in this
paper utilize Rayleigh friction to provide an oMéranally symmetric “deceleration” of the winds
above ~110 km. The RF is prescribed/ag: = (eP~P9/2) x 1e~* where: Po = Zp=-1.5. This
RF is applied on zonal and meridional winds anftked in time but varies by cos(latitude).

Updated Lower Boundary Conditioithe new lower boundary for the VTGCM is set at a
single pressure slice at 4.44e3 Pa (~69 km) fromCkird Venus GCM (Lee & Richardson,

2010, 2011), hereafter called OXLB. The lower kiany consists of latitude versus longitude
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maps for temperature, zonal wind, meridional wisnald geopotential height. The Oxford output
is zonally averaged and is temporally averaged &vsolar days so that each longitude point
represents a diurnal average of the data at tked fongitude (Figure 1). This is the varying lower
boundary condition. This lower boundary changey amipacts the temperature and winds up to
80 km, where the largest difference is at 70 krhe Temperatures are ~8 K cooler with OXLB at
the equator at 70 km, while the zonal winds are m@®faster with the OXLB.

Planetary Wave ImplementatioRlanetary waves are prescribed within the VTGCM by
specifying periodic perturbations in geopotentiaight at the lower boundary (Zp=-16 or ~69

km). The geopotential height perturbation for Kelwaves is prescribed as:

Oy = Z, exp (— <%>2> sin(wgwt + kgwd) (1 —exp (— é))

where d,,, is geopotential height, is the initial amplitudep is the latitudey is longitude;
wyw is frequency Zr/345600 [rad/s))kky is wave number (n*2/360; n=1 [rad/degree]); t is
time; andt, is the ramp up time (6.91 x A(s]). The utilization of a ramp up time gradually
(approximately double the wave period) prescrilies glanetary wave amplitudes to mitigate

numerical instabilities. The geopotential heigéttprbation for Rossby waves is prescribed as:

2

T t
®pyy = Z,| sin | (8 —15) 5 "%0 cos(wrywt + kg — m) (1 — exp (— —))
60 — — o

where®y,, is geopotential heighf, is the initial amplitudeg is the latitude (limited t@2° —
72° in the Northern hemisphere ariz? — —72° in the Southern hemisphere with a maximum
~+47°);  kgy is wave number (n * 2 7/360; n = 1 [rad/degree]); wgy IS  frequency

(2m/432000 [rad/s]); t is time; ang is the ramp up time (8.64 x 1[¥]). Moreover, the Rossby
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wave prescription is utilized in the Northern anautern hemisphere by using the prescribed
latitude ranges.

The initial amplitudes 4,) for Kelvin and Rossby waves are tuned to caleulat
geopotential height similar to H12. H12 derivepesturbed geopotential height fididm PVO
observations at the cloud top (Del Genio & Rossb®80; Rossow et al., 1990). The maximum
derived geopotential height fluctuation for the Bms and Kelvin wave is 10 m and 110 m
respectively (see H12 Figure 1). However, the dé&&vation of the Kelvin wave geopotential
height fluctuation depended on a zero backgrounudvepeed due to the H12 model lower
boundary wind being set to zero. The VTGCM hag®arero wind lower boundary due to the
implementation of the OXLB, thus 60 m/s for the kground wind speed was used in the
derivation (based on average wind speed near that@gof the OXLB zonal wind) of a new
perturbed geopotential height field to provide asistency with the background wind speed.
From the new derived geopotential height field, 0is the maximum geopotential height
fluctuation for the Kelvin wave.

The Rossby wave is a westward (Venus rotates eagest, westward; Sun comes up in
the west and sets in the east) ~5 Earth day propggatve bound to the mid-latitudes (~20 deg
to ~70 deg North and South). The Kelvin wave isestward ~4 Earth day propagating wave

contained near the equator.

3 Reaults

For this work, a total of five simulations were doeted to examine the individual waves
and different lower boundary conditions (uniformrsues varying). These simulations are listed in
Table 1 with their associated conditions/parametesinges. The wave propagation within

simulations #1 through #4 will be briefly discuss$edusing on the fluctuations of the thermal and
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zonal wind due to the individual planetary wavegwever, the main emphasis of discussion and
analysis for this paper will be done with simulati#b. Each simulation was run for 60 Earth days,
which is sufficient for these studies. The timéssaf the upper atmosphere are much faster than

below the clouds, therefore the model reachesemtist state” within ~50 Earth days.

3.1 Individual Kelvin and Rossby Waves Cases
3.1.1 Temperature and Zonal Wind Fluctuations -ukatons #1 and #2

Results of the independent Kelvin and Rossby wameilation with a uniform lower
boundary (simulations #1 and #2) are briefly disedlssince this case was presented and discussed
in detail in H12. The VTGCM simulations used tlaen® geopotential height amplitudes as H12
for consistency, see Table 1. Examining the flatituns produced about a mean temperature or
zonal wind provides a basis for comparison with ldh#& to evaluate the wave propagation. The
fluctuation calculation is done by calculating tregiation between the wave period and the 60
Earth day mean.

The Rossby wave VTGCM simulation (#1) produced aimam amplitude at the equator
of 0.8 m/s at 81 km and 0.1 K at 92 km for zonaldvand temperature fluctuations respectively.
The Rossby wave case produces small fluctuatiowe $i is a mid-latitude wave and this study is
focusing near the equator and the prescribed geogal height maximum amplitude is smaller
than the Kelvin wave (10 mvs. 110 m). These tagtismall amplitudes are similar to the results
in H12, see Table 2 for comparisons. Though ttiridé of these maximum amplitudes are lower
than H12. These results are expected based upoNTBCM set up with a uniform lower
boundary (LB) and the prescribed geopotential Heigdiximum amplitude set to 10 m, as is done
in H12. The difference in the altitude of the mmaxm amplitude is likely due to the different

background atmosphere (temperature and winds).
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The Kelvin wave VTGCM simulation (#2) produces axmaum amplitude from the zonal
wind fluctuation at the equator around 89 km of/6 and a maximum amplitude from temperature
fluctuation of the equator around 94 km for 3.0d Kelvin waves. The maximum amplitudes
are similar to H12 but the respective altituded@aneer. Nakagawa et al. (2013) had similar results
to H12, where the maximum amplitude of the zonaldMluctuations is ~4-5 m/s and at altitude
of ~105 km. The VTGCM results are summarized inl@@oalong with H12's results.

The overall propagation of the waves in the simaoet (#1 and #2) are also lower than
what H12 simulated. The Rossby wave only propagate 118 km and the Kelvin wave reaches
~125 for simulation #1 and #2 respectively. The kHdsults have the Rossby and Kelvin wave
propagating up to 130 km. The overall low altitypdepagation and the lower maximum amplitude
altitude is most likely due to the difference of tlvave launching altitude (70 km in the VTGCM
versus 80 km in H12) and the atmospheric struciutiein that region. The VTGCM thermal
structure is warmer near the lower boundary andahglgghtly stronger vertical thermal gradient

than H12; see Figure 3 from this work versus Figuime H12.

3.1.2 Temperature and Zonal Wind Fluctuations -Ukations #3 and #4

A new addition to the VTGCM is the ability to utié a self-consistent varying (non-
uniform) lower boundary from another Venus lowemasphere GCM. The inclusion of the
OXLB changes the atmospheric conditions for laumgtand propagating the Kelvin and Rossby
waves.

The Rossby wave simulation (#3) provided a maxinzamal wind fluctuation of 4.8 m/s
at ~91 km and temperature amplitude 3.0 K at ~81Kme. maximum amplitude is higher than

both H12 and simulation #1. However, the altitatlevhich the maximum temperature fluctuation
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occurs is lower than H12 and simulation #1. Theimam zonal wind fluctuation altitude is
higher than simulation #1 but still lower than H12.

The Kelvin wave simulation (#4) utilizes a re-dexdvgeopotential height amplitude, which
was discussed in Section 2. The maximum amplitfdée zonal wind velocity fluctuation is
approximately 23.4 m/s at ~103 km with a westwarassgtshift, while the temperature amplitude
is 13.8 K at ~92 km. These amplitudes are dranibtibayher than Simulation #2 (geopotential
height = 110m with a uniform lower boundary) an®2H#&sults. Showing similar behavior as the
Rossby wave simulations, the altitude of the maximemperature amplitude is lower than H12
and simulation #2, while the maximum zonal wind &tage altitude is higher than simulation #2
but lower than H12. These results from simulati@ahd #4 are summarized in Table 2 in
comparison to H12 and the other VTGCM cases.

Overall, the Rossby and Kelvin waves in simulati#B8sand #4 propagate up to ~118 km
and ~125 km, respectively. These altitudes arerdan the results from H12, where the Rossby
and Kelvin wave would propagate up to 130 km. Havethese altitudes are similar to simulation
#1 and #2.

Table 2 demonstrates the impact the LB has uposiiosnd Kelvin wave propagation.
The maximum amplitudes for temperature and zonatlvincreased with the OXLB, while the
altitude of the maximum amplitudes had oppositedsebetween the temperature and zonal wind.
Temperature maximum amplitudes decreased in adtituthile the zonal wind maximum
amplitudes increased in altitude. The LB did mgpact the overall wave propagation height; these
values stayed constant between the simulationsveMer, these results suggest that both planetary
waves strongly depend on the varying cloud toparegivhich modifies their ability to propagate

and the amount of energy deposited into the atneysph
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3.2 Kelvin and Rossby Waves Combined Case

The most realistic lower boundary the VTGCM canrently provide is to utilize the
OXLB, Rossby waves, and Kelvin waves simultaneobisiged upon observed temperature and
winds near ~70 km. The remainder of the paper wsktuss this case of the VTGCM (simulation
#5). More specifically, the UMLT (70 — 130 km) reg is examined near the equator with a focus
on a few atmospheric features along with fluctuagicaused by the planetary waves. To help
examine this region, the thermal structure, wimdctire, CO and O density, and IR nightglow

emission will be analyzed to understdralv planetary waves temporally affect these feature

3.2.1 Temperature and Zonal Wind Fluctuations -ubations #5

Figure 2 demonstrates the fluctuations in tempegatand zonal wind due to the
combination of Rosshy and Kelvin wave propagatromfthe VTGCM lower boundary near the
equator. The maximum amplitude of the temperatiuetuation is 13.3 K near 92 km. The
amplitude is much larger than the simulations Wit Rossby waves (simulation #3) but about
the same as the Kelvin wave, specifically simulatfd. The altitude of the maximum amplitude
is higher than simulation #3 and the same as stionl#4. The zonal wind fluctuations produce
the same behavior in comparison with the other Eitimns (#3 and #4). The maximum amplitude
from the zonal wind fluctuation is 22.5 m/s at 30R2. These results are summarized in Table 2
with the amplitudes much larger than H12, but thiudes are slightly lower. The H12 results
are replicated in Nakagawa et al. (2013). Theall/peak propagation is near 125 km, again lower

than H12. These simulations confirm what is expeédb be that the Kelvin wave is the more
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dominant wave near the equator and that the Rogalg impacts do not change with the Kelvin

wave impacts because of the peak propagationdatitu

3.2.2 Thermal Structure

The planetary waves and OXLB perturbed the thestratcture between 70 km and 110
km, which is demonstrated in Figure 3. The lefbgla represent the end of a 60 Earth day
simulation, while theight panel is the difference between the endirggrtial structure and the
starting thermal structure for the simulation. faré0 km to 85 km altitude, the temperatures are
cooling at all local times. Above ~85 km the atnioee is heating and cooling dependent on local
time and altitude. However, the vertical impactta planetary waves are minimal above 110 km
which is in agreement with Figure 2 and Table 2oré&bver, single local time (LT) profiles for
dayside (LT = 12), morning terminator (MT; LT = Q@)ghtside (LT = 12), and evening terminator
(ET; LT = 24) are shown in Figure 4 top left pafal simulation #5. Figure 4 top right panel
shows the difference between simulation #5 withegaand without waves (wave minus no wave).
It is clearly demonstrated in Figure 4 the impaeives have upon the thermal structure. The
dayside has the largest difference in magnitudeds the two cases with the temperature ~12 K
warmer in the waves case near ~94 km. The ET osgasatly impacted by the waves at ~87 km
and ~95 km with +/- 9 K difference. The impact loé tvaves is seen up to ~120 km for all local

times.

3.2.3 Wind Structure

The zonal wind structure largely does not changev@ab-130 km between the starting

history and 60 days after near the equator for ksitimn #5. The bottom panels of Figure 3 display
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the resultant zonal wind structure from the 60 dejulation (bottom left) and the difference
between the resultant zonal wind structure andtiweing zonal wind structure for the simulation
(bottom right). Below ~130 km, the waves do pdrtilre winds structure, as suggested by Figure
2 (right panel) with most of the changes occurrrejween ~90 km and 110 km. However,
simulation #5 does not produce an RSZ flow abovedKhi, as shown in the zonal wind profiles
in the bottom left panel of Figure 4. The ET ab k2 is ~20 m/s faster than the MT which is the
same as the simulation #5 without waves. The bot&dt panel is showing the day, night, MT,
and ET vertical profiles at the equator. The buttaght panel of Figure 4 demonstrates the
difference between simulation #5 with waves andeut waves. The peak difference between
the case with and without waves for the MT is & kfn (+17 m/s difference), for the dayside it
is 100 km (+25 m/s difference), the nightsidesibear 85 km (+18 m/s difference), and lastly the

ET which is near 85 km (-18 m/s difference).

3.2.4 Q IR Nightglow

The @ IR nightglow emission is an effective tracer ok tAtmospheric circulation
(Bougher et al., 2006; Geérard et al., 2017). Thentcal sources of R nightglow emission
(atomic O) are created on the dayside and arepoaiesl to the nightside where three-body
recombination takes place. The strength and d#ittariation of the winds controls the intensity
of the emission. With the current simulation irgpaind the parameters set as in Brecht and
Bougher (2012), the R volume emission rate (VER) is 2.13 X Jhotons cris? at 100 km at
midnight. The four panels of Figure 5 represefiedknt slices of the simulatecb @R nightglow
emission from the end of simulation #5. The tdp panel of Figure 5 is a latitude versus local

time map showing the peak horizontal location. Tdy right panel shows altitude versus log
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emission rate to demonstrate the vertical exteti@emission. The bottom two panels represent
the VER at the equator (left) and at midnight (tfjgiThe peak VER is relatively broad with respect
to latitude and local time. The peak integratedioal intensity is 1.4 MR (R = Rayleigh =40
photons crit st into 4t sr), which is close to the statistical peak intgnebserved by VEX

VIRTIS (1.6 MR) (Soret et al., 2012).

3.2.5 Atmospheric Composition — G, CO

Figure 6 shows the CGQlensity profile for a latitude bin of 0° — 30°ddy time (LT=12)
and night time (LT=00). At 70 km, the density does vary with local time. Around 110 km the
density profiles start to diverge (mixing ratiocstgly diverges above ~130 km). The VTGCM
CO, density profiles compare reasonably with Limayealet(2017) Figure 20, where multiple
VEX instrument observations have been combineddarparison. Figure 6 left panel represents
COe as number density and has the night time prdfites VEX SPICAV and VeRa observations
(Bertaux et al., 2007; Piccialli et al., 2015; Tiedinn et al., 2012). The VTGCM night time profile
is larger tharthe observed SPICAV above ~100 km by ~5% near I*mifar.

The O and CO density profiles are shown in Figyrehere the vertical region spans the
area most impacted by the planetary waves (70 KiBidkm). The top left panel is atomic oxygen
number density at the equator for specific LT (08, 18, 00/24). The top right panel is carbon
monoxide number density for a latitude bin 10S N a@d four LT bins (04-08, 10-14, 16-20, 02-
22). This was done to be consistent with obsesmatshown in those panels. The bottom two
panels show the chemical speciesass mixing ratio and volume mixing ratio, respesii. All

four panels have profiles to represent simulatidnvith waves.
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The maximum density of atomic oxygen for LT = 18i8 x 16° cm® at ~93 km, while
the maximum density for LT=00 is 5.8 x1@ni3 at 100 km. These maximum values are higher
than past simulations (Brecht et al., 2011; Bresthal., 2012) due to neglecting the additional
asymmetric Rayleigh friction to force an RSZ wirabge ~110 km, which in turn modifies the
transport toward the nightside. The nightside dgsseeply drops off below 100 km until about
~87 km. This is due to prescribed trace chemicatigs on the nightside regulating atomic oxygen
and the newly implemented sulfur chemistry (Breehal., 2011; Parkinson et al., 2019). The
terminator profiles peak at similar altitudes aagdsimilar profile shapes. There is very minimal
difference between simulation #5 with waves andhaut waves for atomic oxygen. The percent
difference of the log density is less than a pera@tcept for all local times near 90 km it is ~1%.

Carbon monoxide profiles for the dayside and nidlet& T bins have a small “bulge” near
the same peak altitude as the atomic oxygen. Agiday(LT = 10-14) the slight “bulge” is near 96
km with a value of 2.2 x & cn®, while the nightside (LT = 2-22) has a more dedifleulge” at
96 km with a density of 8.2 x ¥bcmi®. The nightside profile also shows a defined lopeak
with a maximum density of is 1.2 x ¥cm? at ~83 km. The overall nightside profile is larger
than other local times from ~80 km to ~120 km, whigldue to the strong day-to-night zonal
circulation. The evening terminator profile and thorning terminator profiles have lower peaks
at different vertical locations, ~90 km and ~80 knspextively, but are similar magnitudes
between ~100 km and ~120 km. The 10 km differende/d®en these peak CO densities is
unexpected and demonstrates the CO density istisertsi the planetary waves. Furthermore, as
it is with the atomic oxygen, CO has minimal vagatbetween simulation #5 with and without
waves. The maximum variation was near 90 km flot Bl with 7% being the largest log density

percent difference for the ET (LT=16-20). Thiglise to the wave propagation going westward.
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The westward propagation is in the same directstina planet solid-body rotation and cloud top
winds. Wave damping would be minimal on the ET tlusame direction (less critical layers)
while the MT has opposing wind direction to cloog tvinds which creates damping (more critical

layers).

4 Discussion
4.1 Comparisons of Simulation #5 with Observatieris O, CO

The thermal structure is not only sensitive to atide affects, but also dynamical. The
current understanding of the Venusian thermal siredrom observations is discussed in Limaye
et al. (2017), where details of the upcoming dismrs about observations and binning can be
found. Simulated thermal structure changes inaespto the planetary waves are shown in Figure
8 and 9. Figure 8 compares the VTGCM simulationatiemn with some of the datasets discussed
within Limaye et al. (2017), while Figure 9 demaagts the percent relative difference within the
last four days of simulation. Model versus obstoves comparisons are made with ground based
Heinrich Hertz Submillimeter Telescope (HHSMT) (Rehet al., 2008), ground based James
Clark Maxwell Telescope (JCMT) (Clancy et al., 2B}, 2Heterodyne Instrument for Planetary
Wind and Composition (HIPWAC-THIS) (Kostiuk et aR006; Kostiuk & Mumma, 1983;
Sonnabend et al., 2010; Sornig et al., 2008, 20¥E)X instrument Visible and InfraRed
Thermal Imaging Spectrometer H and M channels (V&M and VIRTIS-M) (Arnold et al.,
2012; Garate-Lopez et al., 2015; Gilli et al., 20@&sassi et al., 2008, 2010, 2014; Haus et al.,
2014; Migliorini et al., 2012),VEX Radio Sciencegeriment (VeRa) (Hausler et al., 2006, 2007),

VEX instrument Solar Occultation Infrared (SOIR) dMeux et al., 2008, 2012, 2015a, 2015b;
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Vandaele et al., 2013), and VEX instrument Spectpg for Investigation of Characteristics of
the Atmosphere of Venus (SPICAV) (Bertaux et 8002, Piccialli et al., 2015).

The VTGCM is able to reproduce the general obseprefile trends for the three LT
presented in Figure 8. The solid lines repredentiiean of the last four days of the simulation or
the actual observation. The shadowing represkatmtnimum value and maximum value during
the last four days of the simulation or the vaoiaterror bars of the observations. The top panel
is nightside, the middle panel is both morning amdning terminators, and the bottom panel is
dayside.

Day TemperaturesThere are a minimal number of datasets for tlysida of Venus and
a few of those datasets are presented in Figupet8&m panel) with the VTGCM simulation #5.
Below 90 km the VTGCM is colder than both HHSMT areRa. The VeRa observations do have
a ~40 K temperature variation near 90km and the VW&Bnulation is within the lower end of
the range but only has ~15 K temperature varigisee Figure 9, top left panel). However, the
VTGCM is in great agreement with the HHSMT betwe®@ km and ~105 km. Above ~105 km
the VTGCM is much warmer than the observations ftbm VIRTIS-H and HHSMT, though
within the very large error bars of VIRTIS-H and®WAC-THIS.

Terminator TemperaturesThe largest dataset at the terminators is frofRS@revious
VTGCM simulations have been compared to SOIR irmitdély Bougher et al. (2015) and the
current simulation compared to the profiles in Lymat al. (2017) produce similar results (Figure
8 middle panel). The SOIR observations are magdlgmer than the VTGCM simulation. The
VeRa observations are warmer too but the VTGCM Htman overlaps VeRa's observed
variation around 90km. The VeRa observatioage ~50 K temperature variation at 90 km, while

SOIR temperatures vary ~30 K and ~50 K for the MT Biidespectively. The planetary waves
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within the simulation do not provide as large ofigaons as seen in the observations. This could
be due to other missing wave mechanisms (e.g.tgraxaves) and not properly accounting for a
combination of source variability, background steégiability, and interaction among various
wave components. At 90 km the simulation produée& and ~15 K temperature variation for
the MT and ET respectively. However, the simulai® consistent with the observed ET having
larger variations than the MT. This is also shawRigure 9, top left panel, where the ET percent
relative difference change peaks ~10% at ~90 km la@dWT is about half the difference at 90
km.

Night TemperaturesThe nightside thermal structure of the VenusidLW was thought
to be most dominated by radiative cooling and wassitlered a “cryosphere”. However, VEX
observations began augmenting this notion withSR&AYV instrument observing a warm layer
at ~100 km (Bertaux et al., 2007); shown in Figuréop panel. In other observations, HHSMT
shown in Figure 8 top panel, have also observedawayer around 100 km but the average
magnitude is not consistent across the differesepfations (Bailey et al., 2008a; Clancy et al.,
2008; Rengel et al., 2008). Brecht et al. (201dfexdnined through VTGCM simulations the
nightside warm layer was due to the adiabatic hgdtom the enhanced day-to-night winds driven
by the 4.3 um heating on the dayside. The nightsiarm layer continues to be reproduced within
the VTGCM with a peak temperature of 195 K at 160 Krevious VTGCM simulation in Brecht
et al. (2011) had a warm layer peak of 188 K atlih3 These values, temperature and altitude,
are within the observational range summarized @cBret al. (2011) Table 5. Moreover, the peak
can be directly compared to HHSMT and SPICAYV obagows in Figure 8. As with the dayside,
the VTGCM simulation and HHSMT observations argaod agreement between ~90 km and

~110 km. The SPICAV observations are warmer anatitaw altitude (peak mean temperatures
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are ~215 K and 209 K at ~0.2 mbar (~90 km)) comparetd simulation. Above ~110 km, the
simulation is cooler than SPICAV but within the ebstional variation. In addition, the
simulation is cooler than the HHSMT observationg, Wwarmer than JCMT observations above
~110 km. Below 90 km, the simulation is 20 — 50d$ler than the observations but overlaps the
VeRa observed variation at ~90 km. The cooler samh temperatures below ~85 km are
thought to be due to missing radiative effects fiamrosols (see Gilli et al., 2015).

Oz IR nightglow The Q IR nightglow emission has been observed by groomskd
telescopes (Allen et al., 1992; Bailey et al., 2dBonnes et al., 1979; Crisp, 1996; Ohtsuki et al.
2005, 2008), but the VEX VIRTIS has provided thestnmbmprehensive dataset (e.g. Drossart et
al., 2007; Gérard et al., 2008; Piccioni et alQ@0 Soret et al. (2012) created the most complete
statistical emission map of the @R nightglow from the available nadir and limb ebsations.
The statistical peak intensity observed by VIRTI&W.6 MR, which is stronger than the VTGCM
simulation mean (1.4 MR). However, the current kpgategrated intensity and VER are
comparable to the results in Brecht et al. (204} the differences are largely due to the zonal
wind. The VTGCM peak altitude is 3 km higher thhe statistically observed average of 97 km.

O and CO:The atomic oxygen density was largely discusseédcampared to observations
in Brecht et al., 2011 and Brecht et al., 2012. Gilmeent simulated maximum density of atomic
oxygen for LT = 12 is 8.3 x Bcn® at ~93 km, while the maximum density for LT=00 i8 %
10 cm® at 100 km. The dayside peak altitude is abousémee as previous simulations (94 km)
but the current magnitude is larger @80%). The current nightside peak is 4 km lowehvait
larger magnitude (by ~70%). These differences aeetd the different wind structure produced
by the planetary waves and the removal of asymoattRayleigh friction. Figure 7, top left,

displays the VTGCM atomic oxygen profiles at diéfet local times and it also shows the derived
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atomic oxygen profile from the VEX instrument VIRF Soret et al., 2012). Atomic oxygen
density was derived fromz0R nightglow statistical maps from VEX nadir amthlb observations
with the VIRTIS instrument (Gérard et al., 2008 dtoni et al., 2009). The simulation peaks at a
near the same altitude and has a larger magnihgatethe observationally derived profile (2.86 x
10 cm® at 102 km). The simulation does have a largep dfbbelow the peak compared to the
VIRTIS profile. This suggests a need for a mortaitkd look at the sulfur chemistry and trace
chemical species because the chemical timescailessa altitudes become competitive or shorter
than the dynamics timescales. However, the VTGEBill within the observations range, which
was deduced to be between 1 *44nd 5 x 16 cm® at 95 to 115 km range by Gérard et

al. (2009). Along with the observed range, thevdtion technique error is ~30% (see Gérard et
al., 2009 for more details).

The CO VMR day and night profiles are compared vgtbund based observations in
Figure 7, bottom right panel. Clancy et al. (2012anducted two ground based observing
campaigns; one from 2007-2009 and another from -2002. Both produced disk averaged day
and nightside profiles. They found two distincgonetween the observation’s periods: (1) the
2007-2009 VMR observations were a factor-of-two éowhan the 2000-2002 observations and
(2) VMR diurnal variations in the lower thermospierere roughly half as large in the 2007-2009
versus the 2000-2002 observations. Lellouch €1804) had a 6-day observing period in August
of 1991 where the majority of the observations warehe nightside (LT range of 17.3 to 5.3),
however Figure 7 shows only two beam positionsesggmting LT = 23 at latitude 8° and LT = 22
at latitude -10°. The nightside VTGCM resultswWithin the range of ground based observations,
while the dayside VTGCM profile is less then obgserbelow 95 km. The decrease on the dayside

below 95 km and the increase on the nightside b&bwm is connected to the strength of the

This article is protected by copyright. All rights reserved.



zonal wind and the effects of trace species cheyisihe trace species chemistry has only been
included on the nightside for O and CO as presdripm®files from the 1-D KINETICS model
(Brecht et al., 2011). VEX has made CO observatithat have been discussed in Gilli et al.
(2015) and Vandaele et al. (2015). Figure 7 (igpty shows the VIRTIS-H CO observations for
their box of Latitude = 10S to 10N and LT = 10-1#he VTGCM dayside profile is less then
observed by VIRTIS-H, which is thought to be caulgdhe cooler temperatures between 70-95
km. However, the VIRTIS-H observations showed adgnt from dayside to the terminators at
the equator of a factor ~2. While the VTGCM gradlieom dayside to the terminators is less, the
day to night gradient can be as large as an ofdaagnitude. A detailed data-model comparison
has been discussed in detail within Gilli et aDX®). Gilli et al. (2017) presents overall results
from their full atmosphere Venus GCM (Laboratoiee Météorologie Dynamique (LMD)), but
plots from 90 km to 150 km. The LMD-VGCM and VTGCafe in reasonable agreement based
on the vertical variation trend and magnitude. ldegr, their night time bulge is slightly larger
and seems more pronounced then the VTGCM, butigheef cuts off at 90 km. Vandaele et al.
(2015) focused only on observations near the fiedid determine CO densities and VMR have
high variability on relatively short-term period$af/s to months). Vandaele et al. (2016) extended
their previous work with more observations and pied an update to a Venus empirical model
with the VEX SOIR observations. The SOIR obserorly on the terminators, thus the profiles
are at LT=6 and LT=18. For a latitude bin 0b®0D, the profiles start ~70 - 80 km and reach up
to ~135 - 140 km. Vandaele et al. (2016) foundNfieto have larger values than the ET below
105 km while the trend reversed above 105 km. TR&E8M results in Figure 7 demonstrate the
MT being larger than the ET from ~75 — ~87 km andvalibey terminators have similar values.

Again, this is due to the minimal zonal wind di#face at the higher altitudes in the current model.
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However, the SOIR observations show vertical valitgtthat is similar to the VTGCM lower
peak and “bulge”. For the MT the lower peak rangesveen 80 and 85 km while the “bulge” is
near 105 km. The ET lower peak ranges from 900-kKb0 and the “bulge” is near ~115 km. The
VTGCM results are in line with these observatidrgre 7).

The CO latitude variation within the VTGCM simulatiis largest at LT=02-22 (NT) from
80 km to 115 km, where it changes by a factor b6frigar 100 km. This is shown in Figure 10.
The left four panels show CO VMR versus simulatiome (last 10 days of simulation #5) at four
different altitudes and the right panel demonsgréite vertical profiles of CO density for the last
time of simulation #5. The NT latitude variationpgoduced without planetary waves and OXLB
but the planetary waves create the slight depnes998 km and slight bulge ~97 km. This is due
to the day to night zonal winds and the Rayleigttibn cos(lat) dependence. The LT=16-20 (ET)
has a smaller altitude range where CO varies thtid around a factor of 2 near 95 km. The
planetary waves enhance the ET latitude variatear 85 km but the dynamical response to the
OXLB produces the minimum near 81 km. The LTHH0(DT) and LT=04-08 (MT) latitude
variations are due to dynamical response to OXL& demonstrate minimal changes from the
planetary waves (< factor of 2). The time seriasgls of Figure 10 clearly show wave structure
which is driven by the planetary waves. The planetvaves do provide a small increase (~factor
of 2) in latitudinal variation for the DT, MT, andT compared to no planetary waves. These
results are in line with VIRTIS-H observations teatend from ~105 km to 145 km (Gilli et al.,
2015). The equatorial values were found to bectofaof 2 larger than the high latitudes around
mid-day. This latitude trend was observed at tAedvid ET but with a smaller gradient. Vandaele
et al. (2016) were able to perform a latitude stbhdged on their SOIR CO observations. They

noticed a general trend of CO decreasing from thuat@r to the pole above 100 km (factor of 2 -
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4 difference ~130 km), while below 100 km the tresdeversed and weaker. The VTGCM
simulation only slightly replicates this trend the NT but the cross over altitude is near 120 km.
Again, the influence of the planetary waves is dsaw ~110 km, suggesting observed variations
above ~110 km are due to smaller scale waves. Ae metailed study needs to be conducted
between the VTGCM simulations and observationsisctirrently beyond the scope of this work.
To help understand the behavior of O and CO, asgp#ise timescales of dynamics,
mixing, and chemistry are shown in Figure 11. H®hisews the time scales of the chemistry, eddy
mixing, and dynamics for four LTocations (06, 12, 18, 24) near the equator. Thengcal
lifetime is calculated as the inverse of the l@sgtfiency with O or CO being the chemical species
of concern. Eddy diffusion lifetime is estimatedy 4, = HZ/Keddy, whereH is the mean scale
height (H=RT/mg, wher® is the universal gas constaiits neutral temperaturen is mean
molecular weight,g is gravity). And Keqday is the eddy diffusion coefficient. The lifetime

corresponding to the horizontal wind (motion ofaaqgel of air) utilizes the wind velocity of the

specific LT, wherery, o izontar = . Rvis Venus radius (6.052 x $6m), Z is altitude, and

n(Rv+2)
n

Un is the zonal wind at a specific LT. It shouldraed that the horizontal velocity at LT = 12
and 24 is very small (and dynamical timescales )losigce these are the symmetric circulation
divergence and convergence points, respectivelgrefre, the LT=12 panel does not show a
horizontal wind lifetime and at LT = 24 the horizahwind is represented by the horizontal wind
at LT=18, as has been done in previous work. Thiece¢wind lifetime ist,erticar = H/w, Where
w vertical motion is in units of cm/sec.

It is clear the chemical lifetime of atomic oxygemmuch shorter than the dynamics (<100
km) at all LT locations, thus changes within atoroxygen are driven by chemistry and not the

dynamics. Above 100 km, atomic oxygen is controlbgddynamics. This was shown in Brecht
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et al. (2011). For carbon monoxide, its chemidatiline is only competitive with the dynamics on
the nightside (at LT=24) below 80 km and at othees it is greatly longer than the dynamics
(LT=06, 12, 18). Therefore, CO is mainly driventhye dynamics. It is noteworthy that the 3-
body reaction (CO+O+M), is a major loss mechaniemdO near ~100 km nightside altitudes,
and HOx and ClOx species seem to control the cherimescale for CO below 100 km, in part
due to the declining abundance of oxygen at thasesltitudes. These timescales explain why
O does not demonstrate as large of variation ab&@wv ~90 km (see Figure 9). The planetary
waves are most dominant below 100 km, where O m¢ralbed by chemistry and CO is mostly

controlled by dynamics (i.e. influenced by waves).
4.2 Temporal Variation

From the results section, it has been shown thamebhry waves change the upper
mesosphere structure (<110 km) substantially whamparing the start and end of a 60-day
simulation (this paper) and from previous simulasi¢Brecht et al., 2011). For temporal variation
(such as day to day), Figure 9 has four panels sigotiie percent relative difference of change in
temperature, zonal wind, atomic oxygen, and carbonoxide to demonstrate temporal variation

over 4 Earth days. The percent relative differenacke change is calculated by:

max value—min value . ..
( | , ' ) * 100. The maximum value and minimum value are ovetabsed Earth
|max value+min value|/2

days of the 60-day simulation at each altitude.e Pphofiles represent a specific time of day
(daytime, nighttime, ET, and MT) averaged overd®3®° latitude to be consistent with Figure 8
and observations.

The thermal profiles are largely changing betwe@ki@ and 110km altitude range which
is consistent with the thermal fluctuations in Fg@. At all local times, the effects of the waves

are gone above 120 km. The waves seem to propdgai®ost in the evening terminator and
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daytime, with the highest altitudes during the daye dayside has the largest change with 14%
near 98 km, with the ET being the second largesLa% near 90km. This suggests the planetary
waves are propagating to higher altitudes on tlysida and creating dynamical feedbacks to the
thermal structure. The temperature variation wittiie simulation is small compared to most
observations. By examining the observations inufgg8, along with Figure 15 in Limaye et al.
(2017), the dayside observations suggest ~40 K eaegr 85 km, ~10-15 K change near 90 km,
and ~100 K change near 110 km. The observed evéaingnator has even larger variations,
especially by the VEX SOIR instrument. SOIR oba#ibns are warmer at the ET than the other
observations by ~50 K near 85 km. Though, SOIR ssigga variation of around 20 K near 85
km, while the other observations produce approxetyatO K variation near 85 km. Near 105 km,
SOIR has observed ~100 K change while the othemedisens suggest ~10 K. Planetary waves
do provide substantial variation within the VTGCMjwever, it seemsot to be as large a source
as has been observed in SOIR datasets.

The planetary waves affect the zonal wind profitesn 75 km to ~130 km (Figure 9, top
right). All four local times show large variatianBetween 80 km and 90 km; the dayside,
nightside, and MT vary the most. While betweenk®® and ~100 km, ET have the largest
variation. This is consistent with the locatiorflotctuations as shown in Figure 2.

The atomic oxygen profiles vary the most betweerk®0and 100 km, with the largest
variation on the nightside and ET (Figure 9, bottlefit). The atomic oxygen peak at 90 km
changes ~8% at night time and ~7% at ET. This iagreement with the largest zonal wind
variation near 90 km, which is also the nightsidd &T. Moreover, this is near the O timescale
boundary of when chemistry and dynamics are comgetiCarbon monoxide, however, has

significant variation between ~80 km and 100 km amiythe ET (Figure 9, bottom right). There
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are small variations (<4%) in carbon monoxide am tightside, dayside, and MT between ~80
km and 100 km. This is due to the direction of ph@pagating waves (westward).

Figure 12 demonstrates how the nightglow emissamrvary within many Earth days. The
left panel is a series of vertical profiles of gheak QIR nightglow VER. The colors represent
every 6 hours over the last 4 Earth days of simara#5. It shows the peak altitude changing 2
km over the 4 days and the magnitude of the intgnsiries ~30% near 98 km. This behavior
again shows the planetary wave impact is strongeawb 100 km. The peak emission varies
between 2 x 10photons criis® and 2.6 x 1®photons cii s. Figure 12 (top right panel) shows
the Q IR integrated intensity variation for the last Rarth days of the simulations. The green
line is simulation #5 without planetary waves alnel black line represents the simulation with the
planetary waves. The variation in the green lgndue to the OXLB. The simulation has nearly a
4-day periodicity. The OXLB and Rossby wave altiies variation minimally compared to the
Kelvin wave. The intensity does vary between 1R #d 1.65 MR. The intensity range is wider
than what was presented in H12 (1.11 MR to 1.32 MR)ever it is similar to the VIRTIS
observations shown in Soret et al. (2012). TheN&observations show a range from ~0.79 MR
to 1.58 MR. The reason simulation #5 has a widage than H12 is because of the OXLB. In
comparison to simulation #2 (uniform LB with Kelwvaves), the VTGCM reproduces a similar
intensity range as H12. The bottom right pandligtire 12 is the LT variation over 20 Earth days.
The planetary waves vary the LT between ~0.33 L¥28 LT. This variation is slightly larger
than H12 results, but Soret et al. (2012) statiificshows the LT variation to be wider (~0h1 -

~23h).
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5 Conclusions

In this paper it has been demonstrated that inctuglanetary waves (Kelvin and Rossby
waves) within the VTGCM provides variability withihe UMLT of Venus. The thermal structure
and zonal winds largely do not change above ~120tkough below ~120 km the Kelvin wave
is the dominant source of variation. This is ineliwith previous modeling work by H12.
Moreover, the VTGCM simulations were able to reqiiécthe thermal and zonal wind fluctuations
presented in H12. The model improvement in thigepas the additional inclusion of a varying
lower boundary (OXLB). The OXLB is from a lowernasphere GCM and consists of
temperature, zonal wind, meridional wind, and ge¢epiial height fields at a constant pressure
(44.4 mbar), which provides a pseudo connectiahedower atmosphere. The OXLB creates a
favorable environment to launch waves and increi@esave strength but not propagation height.
Temperature and zonal wind fluctuations in simolat#5 are higher than H12 but the impacting
altitude is lower than H12, which could be due iftedent background atmospheres (thermal and
zonal wind structure). Temperature fluctuations tlu Kelvin waves within the VTGCM were
~13 K versus 2.5 K in H12. The thermal variatioonfr simulation #5 did not fully reproduce
observed variations. This suggests the model ssing other wave mechanisms and not fully
capturing interaction between various wave comptsnand the varying background state. Zonal
wind fluctuations due to Kelvin waves within the 8CM are ~23 m/s versus 6 m/s in H12.
However, having Kelvin and Rossby waves with theL®BXlo not produce a strong retrograde
wind in the VTGCM simulations.

The atmospheric composition also varies due tpldugetary waves, but most strongly CO
(~12% relative difference over 4 Earth days on thg E'he CO variation is comparable to SOIR

observations (Vandaele et al., 2016). The simdl@dR nightglow emission integrated intensity
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varies with a ~4-day period from 1.2 MR to 1.65 MRhe intensity range is very similar to VEX
observation$0.8 MR to 1.6 MR). The local time of the pealemmsity has a small variation, while
there is no variation in latitude. The lack of tiglavariation is most likely due to the nightglow
concentration near the equator and VTGCM modelluéso. Atomic oxygen and carbon
monoxide both demonstrated variations caused hyepday waves, but these are confined to a
small altitude range (80 km — 100 km). The favtedbcal time for the chemical variation is
mainly the ET.

The role of planetary waves in the Venusian UMLTingortant to understand, but
planetary waves are only one piece of the puzltles also important to examine waves that do
propagate from below the clouds up to thermosphatitudes (unresolved variations). The
planetary waves do affect the atmospheric strudiutéhere are still observed large variations the
planetary waves cannot explain (i.e. thermal stmegt A few VTGCM model improvements that
need to be addressed to help further advance testigation of variability in Venus’ atmosphere
include: (1) increasing model resolution (horizéraiad vertical), (2) lowering the model lower
boundary altitude, (3) examining the more compleraspheric variations due to small-scale
waves (i.e. gravity waves) combined with planetargves, and (4) the inclusion of aerosol

radiative feedbacks, particularly below ~85 km.
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Simulation # L ower Wave Wave GH [m]

Boundary
1 uniform Rossby 10
2 uniform Kelvin 110
3 OXLB Rossby 10
4 OXLB Kelvin 50
5 OXLB Rossby + Kelvin 10/50

Table 1: Summary of VTGCM simulations and their conditions/parameters. The uniform is related
to the VTGCM simulations lower boundary conditions being T= 250K and U=V=0. The OXLB is
related to the VTGCM simulations with the Oxford GCM T, U, V, GH output at a given pressure
slice as the lower boundary. See section 2 for more details.

Rossby Wave Cases Kelvin Wave Cases

sim Tmax Alt Umax Alt E(raglp()ag Sm Tmax Alt Umax Alt E??p()ag
' () km) iy km) e [T ()  (km) (i km) e

H12 0.4 95 0.6 105 130 H12 25 95 6.0 105 130

1 0.1 92 0.8 81 118 2 3.0 94 6.0 89 125

3 3.0 81 4.8 91 118 4 13.8 92 23.4 103 125

5 5

(RW+KW) 13.3 92 225 102 125 (RW+KW) 13.3 92 225 102 125

Table 2: Summary of maximum fluctuations in tempae (K) and zonal wind (m/s) and their
respective altitude near the equator. See texddscription of calculating these values from 60
Earth day simulations. The left 6 columns areRbssby wave cases, where “Tmax” is the
maximum temperature amplitude with its respectitieude (“Alt”), “Umax” is the maximum
zonal wind amplitude with its respective altitudal(’), and “Peak Propag. Alt” is the highest
altitude of wave propagation. The right 6 columgresent the Kelvin waves cases. The
bottom row of both sides represents the simulatith both Rossby and Kelvin waves (#5).
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Figure 1: VTGCM lower boundary; zonally and 5 dagraged pressure slices (4.44 % P@)
for temperature (K), geopotential height (km), Zomimd (m/s), and meridional wind (m/s).
From the Oxford Venus GCM (Lee and Richardson, 2Q001).
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Figure 7: Vertical profiles of atomic oxygen anahzzn monoxide from simulation #5
(simulation #5 without waves are not representedifarity purposes). [Top left] Vertical

profiles of atomic oxygen in number density (&nat the equator at LT = 06, 12, 18, 24 with the
derived [O] profile from VIRTIS VEX QIR nightglow observations at LT = 24 and Lat = 0°
(Soret et al., 2012). [Top right] Vertical profile§ carbon monoxide in number density (&m

are averaged over 10°S - 10°N for LT bins as sfetih the legend. The VIRITS-H
observations from Gilli et al. 2015 (purple dotlwespective error bars) for the averaged box of
Latitude = 10S — 10N and LT = 10hr — 14hr is repnésd for comparisons. [Bottom left]
Vertical profiles of atomic oxygen in mass mixiradio at the equator at LT = 06, 12, 18, 24.
[Bottom right] Vertical profiles of carbon monoxidéservations in volume mixing ratio
averaged over 10°S - 10°N for LT bins as speciineithe legend. Clancy et al. (2012) CO
observations are dashed and solid for the tworeiffieobserving campaigns and the profiles
represent disk averages. The two solid orange te@®sent two different beam positions (LT =
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Figure 12: O3 IR nightglow volume emission rate (VER) variations. The left panel is vertical
profiles of the peak VER for the last four days of simulation #5. The colors are associated to the
time (hours) and are correlated to the x-axis of the two panels on the right. The VER unit is
(x10° photons cm™ s1). The top right panel shows temporal variations of the peak O IR
nightglow integrated intensity (MR) over the last 20 of 60 day simulation #5. The bottom right
panel shows the temporal variations of the peak VER local time (hours). The cyan-diamond line
is the case without planetary waves. The grey star line represents the case with planetary
waves.
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