JGR Planets

RESEARCH ARTICLE
10.1029/2020JE006587

Key Points:

« Simulated planetary waves affect the
atmospheric structure between 70
and 110 km, with the Kelvin wave
being dominant near the equator

« The addition of planetary waves
and a varying lower boundary can
reproduce observed O, IR nightglow
emission variability in local time

« The simulated thermal variation
due to the planetary waves does not
reproduce most observed variations

Correspondence to:

A. S. Brecht,
Amanda.s.brecht@nasa.gov

Citation:

Brecht, A. S., Bougher, S. W,, Shields,
D., & Liu, H.-L. (2021). Planetary-scale
wave impacts on the Venusian upper
mesosphere and lower thermosphere.
Journal of Geophysical Research:
Planets, 126, e2020JE006587. https://
doi.org/10.1029/2020JE006587

Received 19 JUN 2020
Accepted 1 DEC 2020

© 2020. American Geophysical Union.
All Rights Reserved.

Y ad B s
AT D seacescience

Planetary-Scale Wave Impacts on the Venusian Upper
Mesosphere and Lower Thermosphere
A.S. Brecht'

,S. W. Bougher” ©©, D. Shields®, and H.-L. Liu®

INASA Ames Research Center, Moffett Field, CA, USA, *CLaSP, University of Michigan, Ann Arbor, M1, USA, 3High
Altitude Observatory, NCAR, Boulder, CO, USA

Abstract This work examines the planetary wave-induced variability within the upper mesosphere/
lower thermosphere of Venus by utilizing the Venus Thermospheric General Circulation Model (VIGCM).
Rossby and Kelvin wave perturbations are driven by variations in the geopotential height of the VTGCM
lower boundary (~70 km). A suite of simulations was conducted to examine the impact of the individual
and combined waves propagating from two different lower boundary conditions (uniform and varying).
The Kelvin wave is the more dominant wave which produces the most variability. The combination of the
Kelvin and Rossby waves provides a maximum temperature amplitude of 13 K at 92 km and maximum
zonal wind amplitude of 23 m/s at 102 km. The combined waves overall are able to propagate up to

125 km. Most of the variation within the temperature, winds, and composition occurs between 70 and
110 km. The varying lower boundary increases the magnitude of the wave deposition and atmospheric
responses, but weakly changes the propagation altitude. The thermal variation due to the planetary waves
does not reproduce most observed variations. The simulated O, IR nightglow emission is sensitive to the
waves with respect to intensity and local time, but lacks latitudinal variation. The integrated intensity
ranges from 1.2 MR to 1.65 MR and the local time ranges from 0.33 local time to 23.6 local time. Overall,
planetary waves do affect the atmospheric structure, but there are still large observed variations that
planetary waves alone cannot explain (i.e., thermal structure).

Plain Language Summary Venus’ atmosphere has a cloud layer (~40-~70 km) that
encompasses the whole planet that separates the lower atmosphere and upper atmosphere. Images of the
clouds show planetary scale wave patterns that exist from the equator to mid-latitudes and are thought

to be a combination of Kelvin and Rossby waves. This work examines how the Kelvin and Rossby waves
change the upper atmosphere by using a general circulation model of the upper atmosphere (~70 to
~300 km altitude). More specifically, this project analyzes the wave induced variations in temperature,
winds, and a few chemical species. This work also examines how a simplified connection to the lower
atmosphere changes the behavior of the Kelvin and Rossby waves and thus variations in the upper
atmosphere. The results of this work demonstrate that waves provide variations between ~70 and 110 km
altitude and are sensitive to the simplified lower atmosphere connection. The wave-induced variation
does not reproduce observed thermal variations but it does reproduce observed O, IR nightglow intensity
variation. Overall, planetary waves do affect the upper atmosphere but do not propagate high enough in
the atmosphere to provide all the observed variations.

1. Introduction

The Pioneer Venus Orbiter (PVO) and Venus Express (VEX) have been the two longest missions to orbit Ve-
nus and provide the largest collection of measurements. These observations have also been supplemented
with observations from shorter duration orbiters, fly-bys, and ground based observations. Certain observed
features have enough data to create averaged profiles or even statistical averaged maps, such as temperature,
density, and nightglow emissions.

Limaye et al. (2017) have organized the available thermal profiles of Venus, from ground-based observa-
tions to probes to orbiters (VEX being the latest one). Their work is in support of upgrading the original
empirical models (Venus International Reference Atmosphere and VTS3); based mainly upon PVO obser-
vations (Hedin et al., 1983; Keating et al., 1985). The observations cover altitudes from 40 to 180 km and
were binned into five latitude bins and three local time bins with the assumption of hemispheric symmetry.
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Overall, there is a large amount of variability in the temperatures and densities above ~100 km. However,
all the observations do demonstrate some consistent features such as warming and cooling layers. Limaye
et al. (2017) also organized all the total neutral number density profiles from the various VEX observations.
The terminator and nightside profiles extend from 40 to 140 km, while the dayside profiles range from 40 to
~90 km. In general, when multiple observations overlap vertically the density was in good agreement. An-
other highly observed feature in Venus’ atmosphere includes nightglow emissions. From VEX observations,
a statistical averaged map of the O, IR nightglow emission was created. The O, IR emission statistically
appears near midnight near the equator at ~97 km (e.g., Gérard et al., 2008; Soret et al., 2012), but the map
also shows considerable variation in location and intensity. These averaged fields are important for under-
standing the global mean climatology of Venus, while providing a gauge for comparison with numerical
model simulations.

From a modeling approach, it is useful to have a larger collection of observations to provide statistical
means due to the difficulty of simulating all the individual sources of temporal and spatial variability within
the Venus atmosphere. The climatological view of a few key features (i.e., the nightside warm temperature
layer, the O, IR nightglow emission, and the NO UV nightglow emission) has been analyzed using numeri-
cal models, specifically general circulation models (e.g., Bougher & Borucki, 1994; Bougher et al., 1990; Bre-
chtetal., 2011; Gérard et al., 2017). Our work begins to expand upon climatological studies and investigates
sources of variability, such as planetary waves.

Individual sources of variability are important to understand in Venus’ atmosphere to help quantify the
disturbances around the mean observations. Waves are abundant and a known source of variability, but
their characteristics and behavior are not well known in the Venusian atmosphere. The impact of waves
has been observed in many ways: neutral density (e.g., Kasprzak et al., 1988; Niemann et al., 1980), tem-
perature (e.g., Counselman et al., 1980; Hinson & Jenkins, 1995; Kliore & Patel, 1980; Kolosov et al., 1980;
Seiff et al., 1980; Tellmann et al., 2012), emissions (non-LTE and nightglow) (e.g., Altieri et al., 2014; Garcia
Muiioza et al., 2009), and imaging (thermal and cloud) (e.g., Belton et al., 1976; Bertaux et al., 2016; Fuku-
hara et al., 2017; Kouyama et al., 2017; Markiewicz et al., 2007; Peralta et al., 2009, 2007; Piccialli et al., 2014;
Rossow et al., 1980; Titov et al., 2012). Cloud imaging is a clear way to observe waves coming from the lower
atmosphere or within the cloud layer and potentially propagating to the thermosphere.

Mariner 9 was the first to glimpse the unique cloud structure and it wasn't until PVO that observations
could glean cloud patterns due to waves, mainly planetary waves (e.g., Del Genio & Rossow, 1990; Rossow
et al., 1990). PVO observations have been the most complete and published equatorial planetary wave anal-
ysis available. Del Genio and Rossow (1990) analyzed the cloud brightness data obtained by PVO and iden-
tified an equatorial 4-day period and a mid-latitude 5-day period wave. The waves were classified as Kelvin
and Rossby waves respectively. The Kelvin wave was found to have a westward phase speed of ~15 m/s
relative to the wind and the Rossby wave had a westward phase speed approximatley —32 to —34 m/s rela-
tive to the wind. The Rossby wave propagation is slower than the background wind and is thus retrograding
with respect to the flow. VEX has observed equatorial clouds but has had minimal wave analysis due to the
orbital configuration. Nara et al (2019) utilized observations from VEX Venus Monitoring Camera (VMC)
to explore the connection between the planetary-scale ultraviolet contrast and the wind field. They were
able to observe 4-days and 5-day periodicities in the brightness variations. These periodicities were linked
to an equatorial Kelvin wave and mid-latitude Rossby wave. They found the Kelvin wave supplied the cloud
top equatorial region with dark materials and subsequently the dark materials are advected poleward by
the Rossby wave and the mean meridional circulation. The mid-latitude jet stretches it to the tilted band
structures.

The JAXA Akatsuki mission has observed the equatorial clouds in detail and has performed wave analy-
sis (Imai et al., 2019). Imai et al (2019) utilized Akatsuki UV Imager (UVI) observations to conduct time
series analysis of the 365-nm brightness and cloud-tracking wind variations. They identified a 5-day peri-
odicity in the winds and brightness variations near mid-latitudes in both hemispheres with phase veloci-
ties near ~ —35 m/s with respect to the wind. Additionally, a ~3.8-day periodicity in the zonal wind and
brightness variations near the equator was identified with a phase velocity ~+15 m/s relative to the wind.
These more recent wave analysis results are in line with previous studies. Furthermore, Nara et al (2019)
utilized the Akatsuki UVI 365 nm images and Hisaki EXCEED O 135.6 nm dayglow intensities to examine
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the vertical coupling between the cloud tops and the thermosphere. Both datasets revealed periodicity of
~3.6 days and was attributed to a Kelvin wave. Based upon one-dimensional modeling they suggest the
dayglow periodicity is related to small-scale gravity waves that are influenced by Kelvin waves. The simu-
lated Kelvin waves did not propagate into the thermosphere (above ~110 km) due to radiative damping; in
addition, the gravity waves with ~1,000 km wavelengths only reached the thermosphere on the dawnside.

The first three-dimensional numerical study of planetary waves and tidal impacts on the upper atmos-
phere of Venus was by Hoshino et al (2012). They implemented thermal tides and planetary waves in their
mesosphere/thermosphere general circulation model to investigate the influence these waves have upon
the zonal wind and the O, IR nightglow emission in the upper mesosphere and lower thermosphere. The
study concluded that the thermal tides are damped out below ~80 km and the Kelvin and Rossby waves
could propagate up to ~130 km. However, the Rossby waves were very weak compared to the Kelvin waves
at the equator and caused less than 1 m/s wind velocity fluctuations. The Kelvin waves could produce a
~6-10 m/s wind velocity change. Neither wave could support the observed super-rotating winds (e.g., Gier-
asch et al., 1997; Hueso et al., 2015; Schubert, 1983). Moreover, Hoshino et al. (2012) developed and utilized
a detailed one-dimensional nightglow model to understand the impact Kelvin waves had upon the O, IR
nightglow. This resulted in Kelvin waves varying the peak nightglow emission in local time and intensity
but not to the magnitudes observed by VEX. Nakagawa et al. (2013) continued the Hoshino et al. (2012)
work by utilizing the same Kelvin wave and general circulation model (GCM) set up but also included grav-
ity waves. They examined large short-term wind velocity variations by comparing ground-based infrared
heterodyne observations of Doppler wind velocities and GCM simulations. Their GCM simulations only
included Kelvin waves from Hoshino et al. (2012) because it was suggested the Rossby wave, diurnal, and
semidiurnal tides have negligible influence on the upper atmosphere. The ground-based observations of a
single emission are associated to a narrow altitude range (~110 km). The GCM comparisons at this single
altitude revealed that the Kelvin wave wind variability is much smaller than the observations, but the grav-
ity waves could produce the larger wind variability.

Our work presented in the next few sections will confirm and extend the work done by Hoshino et al. (2012)
(here after as H12) by utilizing the Venus Thermospheric General Circulation Model (VTGCM) (e.g., Bough-
er et al., 1988; Brecht et al., 2011). The differences between this VTGCM work and H12 are summarized as
follows: (a) the model vertical domain is larger (VTGCM is 70-300 km vs. 80-180 km), (b) the VTGCM O, IR
nightglow is calculated during run time with a bit lower spatial resolution (5° lon by 5° lat vs. 5° lon by 10°
lat) and with finer temporal resolution of 20 s compared to H12, (c) Kelvin waves and Rossby waves are used
simultaneously in VTGCM simulation, and (d) there is a spatially varying lower boundary (vs. uniform)
applied in the VTGCM simulation. We want to investigate how multiple sources of variability potentially
within or below the Venusian clouds (~50-~70 km) can affect the upper mesosphere lower thermosphere
(UMLT), including temperatures, winds, densities, and O, IR nightglow emission. Furthermore, this work
will examine the combination of these sources to see if they generate the range of variability that has been
observed in the upper mesosphere.

2. Model

The VTGCM is a 3-D finite difference hydrodynamic model of the Venus upper atmosphere (e.g., Bougher
et al., 1988). It started from the National Center for Atmospheric Research (NCAR) terrestrial Thermo-
spheric Ionosphere General Circulation Model (TIGCM) (Dickinson et al., 1981). Over the last few dec-
ades, the VTGCM has been modified and improved with the details documented in for example, Bougher
et al. (1988), Brecht (2011), Brecht and Bougher (2012), Brecht et al. (2011), Bougher et al. (2015).

The VTGCM spatial dimensions are 5° by 5° latitude-longitude grid, with 69 evenly-spaced log-pressure lev-
els in the vertical (Zp = —16 to 18), extending from approximately ~70-300 km (~70-200 km) at local noon
(midnight). The vertical resolution is half a pressure scale height, which equates to ~3-5 km. The model
calculates neutral temperature, zonal velocity, meridional velocity, mass mixing ratio of specific species,
vertical motion, and geopotential. The calculated major species are CO,, CO, O, N,, and minor species are
0,, N (‘S), N (*D), NO, SO, and SO,. The major species influence the atmospheric mean mass, temperature,
and global scale winds, while the minor species are passive (i.e., do not change the mean mass, temperature,
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or winds). Select dayside photochemical ions are carried to support the neutral chemistry (CO,*, 0,", O,
N,*, and NO*). The latest ion-neutral reactions and rates used in the VIGCM are largely taken from Fox
and Sung (2001).

Parametrizations for CO, 15-pum cooling, near infrared (IR) heating, extreme ultraviolet (EUV) heating, and
sub-grid processes (i.e., eddy diffusion, viscosity, and conduction) are included and discussed in more detail
in Brecht et al. (2011) and Brecht and Bougher (2012). The only update is the usage of near-IR heating rates
from Crisp (1986) below 100 km. Lastly, the VTGCM can capture the full range of EUV-UV flux conditions.
For this work, solar minimum conditions are used (F10.7 = 70), appropriate for early VEx conditions.

Rayleigh friction: Sub-grid scale wave effects are thought to be a source for decelerating the Venusian winds
and even contributing to zonal asymmetry (Bougher et al., 2006). Currently these effects cannot be captured
with the VTGCM directly and instead are prescribed using a Rayleigh friction scheme to mimic the first
order wave-drag effects on the mean flow (Bougher et al., 1988; Brecht et al., 2011). Implementing gravity
wave momentum deposition schemes and planetary-scale waves is part of the process to remove the usage
of Rayleigh friction (e.g., Brecht et al., 2019; Gilli et al., 2017; Hoshino et al., 2013, 2012; Zalucha et al., 2013;
Zhang et al., 1996). For this work, gravity waves are not implemented and planetary-scale waves are only
utilized to provide a potential zonal asymmetry to the zonal wind. All of the simulations presented in this
paper utilize Rayleigh friction to provide an overall zonally symmetric “deceleration” of the winds above

~110 km. The RF is prescribed as: Azr =(e(P_P”)/2) * le™* where: Po = Zp = —1.5. This RF is applied on

zonal and meridional winds and is fixed in time but varies by cos (latitude).

Updated lower boundary condition: The new lower boundary for the VTGCM is set at a single pressure
slice at 4.44e3 Pa (~69 km) from the Oxford Venus GCM (Lee & Richardson, 2010, 2011), hereafter this
boundary condition is called OXLB. The lower boundary consists of latitude versus longitude maps for
temperature, zonal wind, meridional wind, and geopotential height. The Oxford output is zonally averaged
and is temporally averaged over 5 solar days so that each longitude point represents a diurnal average of the
data at that fixed longitude (Figure 1). This is the varying lower boundary condition. This lower boundary
change only impacts the temperature and winds up to 80 km, where the largest difference is at 70 km. The
temperatures are ~8 K cooler with OXLB at the equator at 70 km, while the zonal winds are ~60 m/s faster
with the OXLB.

Planetary wave implementation: Planetary waves are prescribed within the VTGCM by specifying periodic
perturbations in geopotential height at the lower boundary (Zp = —16 or ~69 km). The geopotential height
perturbation for Kelvin waves is prescribed as:

2
DOy =2, exp[—(%) ]sin(a)KWt + kKW¢) [1 - exp[—%)]

where @ is geopotential height; Z, is the initial amplitude; @ is the latitude; ¢ is longitude; @k is fre-
quency ( 2z /345600 [rad/s]); kxy is wave number (n*2 7 /360; n = 1 [rad/degree]); ¢ is the time; and ¢, is
the ramp up time (6.91 x 10° [s]). The utilization of a ramp up time gradually (approximately double the
wave period) prescribes the planetary wave amplitudes to mitigate numerical instabilities. The geopotential
height perturbation for Rossby waves is prescribed as:

2

(DRW :Zo sin (Q— 15)% COS(CUth + kRW¢_ 72'){1 - exp[—%JJ
60 - 2= o
3

where @y is the geopotential height; Z,is the initial amplitude; @ is the latitude (limited to 22° — 72°
in the Northern hemisphere and -22°—72° in the Southern hemisphere with a maximum ~+47°);
kg 1s the wave number (n *27x/360;n = l[rad / degree]); gy 1s the frequency (277/432,000 [rad/s]); t is the
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Figure 1. VTGCM lower boundary; zonally and 5 days averaged pressure slices (4.44 x 10° Pa) for temperature (K),
geopotential height (km), zonal wind (m/s), and meridional wind (m/s). From the Oxford Venus GCM (Lee and
Richardson, 2010, 2011).

time; and ¢, is the ramp up time (8.64 x 10 [s]). Moreover, the Rossby wave prescription is utilized in the
Northern and Southern hemisphere by using the prescribed latitude ranges.

The initial amplitudes (Z,) for Kelvin and Rossby waves are tuned to calculate a geopotential height simi-
lar to H12. H12 derived a perturbed geopotential height field from PVO observations at the cloud top (Del
Genio & Rossow, 1990; Rossow et al., 1990). The maximum derived geopotential height fluctuation for the
Rossby and Kelvin wave is 10 and 110 m, respectively (see H12 Figure 1). However, the H12 derivation of
the Kelvin wave geopotential height fluctuation depended on a zero background wind speed due to the H12
model lower boundary wind being set to zero. The VTGCM has a non-zero wind lower boundary due to the
implementation of the OXLB, thus 60 m/s for the background wind speed was used in the derivation (based
on average wind speed near the equator of the OXLB zonal wind) of a new perturbed geopotential height
field to provide a consistency with the background wind speed. From the new derived geopotential height
field, 50 m is the maximum geopotential height fluctuation for the Kelvin wave.

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

3. Results

For this work, a total of five simulations were conducted to examine the individual waves and different
lower boundary conditions (uniform vs. varying). These simulations are listed in Table 1 with their associ-
ated conditions/parameter changes. The wave propagation within Simulations #1 through #4 will be briefly
discussed focusing on the fluctuations of the thermal and zonal wind due to the individual planetary waves.
However, the main emphasis of discussion and analysis for this paper will be done with Simulation #5.
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Each simulation was run for 60 Earth days, which is sufficient for these

Table 1

Summary of VTIGCM Simulations and Their Conditions/Parameters studies. The timescales of the upper atmosphere are much faster than

Simulation # S Wave Wave GH [m] below the clouds, therefore the model reaches a “steady state” within ~50
Earth days.

1 uniform Rossby 10

2 uniform Kelvin 110

3 OXLB Rossby 10 3.1. Individual Kelvin and Rossby Waves Cases

4 OXLB Kelvin 50 3.1.1. Temperature and Zonal Wind Fluctuations—Simulations

5 OXLB Rossby + Kelvin 10/50 #1 and #2

Note. The uniform is related to the VIGCM simulations lower boundary ~ Results of the independent Kelvin and Rossby wave simulation with a

conditions being T = 250 K 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.

uniform lower boundary (Simulations #1 and #2) are briefly discussed
since this case was presented and discussed in detail in H12. The VTG-
CM simulations used the same geopotential height amplitudes as H12
for consistency, see Table 1. Examining the fluctuations produced about
a mean temperature or zonal wind provides a basis for comparison with
H12 and to evaluate the wave propagation. The fluctuation calculation
is done by calculating the variation between the wave period and the 60
Earth day mean.

The Rossby wave VTGCM Simulation (#1) produced a maximum amplitude at the equator of 0.8 m/s at
81 km and 0.1 K at 92 km for zonal wind and temperature fluctuations respectively. The Rossby wave case
produces small fluctuations since it is a mid-latitude wave and this study is focusing near the equator and
the prescribed geopotential height maximum amplitude is smaller than the Kelvin wave (10 vs. 110 m).
These resultant small amplitudes are similar to the results in H12, see Table 2 for comparisons. Though
the altitude of these maximum amplitudes are lower than H12. These results are expected based upon the
VTGCM set up with a uniform lower boundary (LB) and the prescribed geopotential height maximum am-
plitude set to 10 m, as is done in H12. The difference in the altitude of the maximum amplitude is likely due
to the different background atmosphere (temperature and winds).

The Kelvin wave VTGCM Simulation (#2) produces a maximum amplitude from the zonal wind fluctuation
at the equator around 89 km of 6 m/s and a maximum amplitude from temperature fluctuation of the equa-
tor around 94 km for 3.0 K for Kelvin waves. The maximum amplitudes are similar to H12 but the respective
altitudes are lower. Nakagawa et al. (2013) had similar results to H12, where the maximum amplitude of
the zonal wind fluctuations is ~4-5 m/s and at altitude of ~105 km. The VTGCM results are summarized
in Table 2 along with H12's results.

The overall propagation of the waves in the simulations (#1 and #2) are also lower than what H12 simulat-
ed. The Rossby wave only propagates to ~118 km and the Kelvin wave reaches ~125 for Simulations #1 and
#2 respectively. The H12 results have the Rossby and Kelvin wave propagating up to 130 km. The overall
low altitude propagation and the lower maximum amplitude altitude is most likely due to the difference of
the wave launching altitude (70 km in the VTGCM vs. 80 km in H12) and the atmospheric structure within
that region. The VTGCM thermal structure is warmer near the lower boundary and has a slightly stronger
vertical thermal gradient than H12; see Figure 3 from this work versus Figure 2 in H12.

3.1.2. Temperature and Zonal Wind Fluctuations - Simulations #3 and #4

A new addition to the VTGCM is the ability to utilize a self-consistent varying (non-uniform) lower bound-
ary from another Venus lower atmosphere GCM. The inclusion of the OXLB changes the atmospheric con-
ditions for launching and propagating the Kelvin and Rossby waves.

The Rossby wave Simulation (#3) provided a maximum zonal wind fluctuation of 4.8 m/s at ~91 km and
temperature amplitude 3.0 K at ~81 km. The maximum amplitude is higher than both H12 and Simulation
#1. However, the altitude at which the maximum temperature fluctuation occurs is lower than H12 and Simu-
lation #1. The maximum zonal wind fluctuation altitude is higher than Simulation #1 but still lower than H12.
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:er:;zw of Maximum Fluctuations in Temperature (K) and Zonal Wind (m/s) and Their Respective Altitude Near the equator
Rossby wave cases Kelvin wave cases
Tnax Alt Upnax Alt Peak propag. Upnax Peak propag. alt
Sim. (K) (km) (m/s) (km) alt (km) Sim. Tnax (K) Alt (km) (m/s) Alt (km) (km)
H12 0.4 95 0.6 105 130 H12 255 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
2 133 92 225 102 125 ° 13.3 92 225 102 125
(RW + KW) (RW + KW)

Note. See text for description of calculating these values from 60 Earth day simulations. The left six columns are the Rossby wave cases, where “Ty,,,” is the
maximum temperature amplitude with its respective altitude (“Alt”), “Upay” is the maximum zonal wind amplitude with its respective altitude (“Alt”), and
“Peak Propag. Alt” is the highest altitude of wave propagation. The right six columns represent the Kelvin waves cases. The bottom row of both sides represents
the simulation with both Rossby and Kelvin waves (#5).

The Kelvin wave Simulation (#4) utilizes a re-derived geopotential height amplitude, which was discussed
in Section 2. The maximum amplitude of the zonal wind velocity fluctuation is approximately 23.4 m/s at
~103 km with a westward phase shift, while the temperature amplitude is 13.8 K at ~92 km. These am-
plitudes are dramatically higher than Simulation #2 (geopotential height = 110m with a uniform lower
boundary) and H12 results. Showing similar behavior as the Rossby wave simulations, the altitude of the
maximum temperature amplitude is lower than H12 and Simulation #2, while the maximum zonal wind
amplitude altitude is higher than Simulation #2 but lower than H12. These results from Simulations #3 and
#4 are summarized in Table 2 in comparison to H12 and the other VTGCM cases.

Overall, the Rossby and Kelvin waves in Simulations #3 and #4 propagate up to ~118 km and ~125 km,
respectively. These altitudes are lower than the results from H12, where the Rossby and Kelvin wave would
propagate up to 130 km. However, these altitudes are similar to Simulation #1 and #2.

Table 2 demonstrates the impact the LB has upon Rossby and Kelvin wave propagation. The maximum
amplitudes for temperature and zonal winds increased with the OXLB, while the altitude of the maximum
amplitudes had opposite trends between the temperature and zonal wind. Temperature maximum ampli-
tudes decreased in altitude while the zonal wind maximum amplitudes increased in altitude. The LB did not
impact the overall wave propagation height; these values stayed constant between the simulations. Howev-
er, these results suggest that both planetary waves strongly depend on the varying cloud top region, which
modifies their ability to propagate and the amount of energy deposited into the atmosphere.

3.2. Kelvin and Rossby Waves Combined Case

The most realistic lower boundary the VTGCM can currently provide is to utilize the OXLB, Rossby waves, and
Kelvin waves simultaneously based upon observed temperature and winds near ~70 km. The remainder of the
paper will discuss this case of the VTGCM (Simulation #5). More specifically, the UMLT (70-130 km) region
is examined near the equator with a focus on a few atmospheric features along with fluctuations caused by the
planetary waves. To help examine this region, the thermal structure, wind structure, CO and O density, and O,
IR nightglow emission will be analyzed to understand how planetary waves temporally affect these features.

3.2.1. Temperature and Zonal Wind Fluctuations—Simulations #5

Figure 2 demonstrates the fluctuations in temperature and zonal wind due to the combination of Rossby
and Kelvin wave propagation from the VTGCM lower boundary near the equator. The maximum amplitude
of the temperature fluctuation is 13.3 K near 92 km. The amplitude is much larger than the simulations
with just Rossby waves (Simulation #3) but about the same as the Kelvin wave, specifically Simulation #4.
The altitude of the maximum amplitude is higher than Simulation #3 and the same as Simulation #4. The
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Figure 2. Fluctuations of zonal wind and temperature at the equator caused by Kelvin and Rossby waves combined,
simulation #5. Positive and negative values of the zonal wind contour indicate westward and eastward directions,

respectively (Venus convention).

zonal wind fluctuations produce the same behavior in comparison with the other simulations (#3 and #4).
The maximum amplitude from the zonal wind fluctuation is 22.5 m/s at 102 km. These results are summa-
rized in Table 2 with the amplitudes much larger than H12, but the altitudes are slightly lower. The H12
results are replicated in Nakagawa et al. (2013). The overall peak propagation is near 125 km, again lower
than H12. These simulations confirm what is expected to be that the Kelvin wave is the more dominant
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Figure 3. Temperature (K) (top) and zonal wind (m/s) (bottom) equatorial slices from simulation #5 of the last timestep (left two panels). The right two panels
are the difference between the last timestep of Simulation #5 and the starting history. Longitude-height cross section at 2.5°N (local time vs. height). Positive
zonal wind values are westward and negative zonal wind values are eastward (Venus convention). Contour line intervals going clockwise starting at top left

panel: 10 K, 5 K, 20 m/s, and 20 m/s.
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Figure 4. Temperature (K) (top) and Zonal wind (m/s) (bottom) vertical profiles at the equator (Lat = 0°) from
Simulation #5. The left panels are dayside (LT = 12), nightside (LT = 00), evening terminator (ET), and morning
terminator (MT) profiles. The right panels show the difference between simulation #5 with planetary waves and
without planetary waves for all four local times. For zonal wind, the absolute value was taken before subtracting them.
The positive values represent the wave case is faster and the negative represents the no wave case is faster.

wave near the equator and that the Rossby wave impacts do not change with the Kelvin wave impacts be-
cause of the peak propagation latitude.

3.3. Thermal Structure

The planetary waves and OXLB perturbed the thermal structure between 70 and 110 km, which is demon-
strated in Figure 3. The left panels represent the end of a 60 Earth day simulation, while the right panel is
the difference between the ending thermal structure and the starting thermal structure for the simulation.
From 70 to 85 km altitude, the temperatures are cooling at all local times. Above ~85 km the atmosphere
is heating and cooling dependent on local time and altitude. However, the vertical impact of the planetary
waves are minimal above 110 km which is in agreement with Figure 2 and Table 2. Moreover, single local
time (LT) profiles for dayside (LT = 12), morning terminator (MT; LT = 06), nightside (LT = 12), and
evening terminator (ET; LT = 24) are shown in Figure 4 top left panel for Simulation #5. Figure 4 top right
panel shows the difference between Simulation #5 with waves and without waves (wave minus no wave). It
is clearly demonstrated in Figure 4 the impact waves have upon the thermal structure. The dayside has the
largest difference in magnitude between the two cases with the temperature ~12 K warmer in the waves
case near ~94 km. The ET is also greatly impacted by the waves at ~87 km and ~95 km with +/—-9 K differ-
ence. The impact of the waves is seen up to ~120 km for all local times.

3.4. Wind Structure

The zonal wind structure largely does not change above ~130 km between the starting history and 60 days
after near the equator for simulation #5. The bottom panels of Figure 3 display the resultant zonal wind
structure from the 60 days simulation (bottom left) and the difference between the resultant zonal wind
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Figure 5. O, IR nightglow volume emission rate (VEM) close to midnight from the end of Simulation #5. The emission
rate unit is Log;o (photons cm ™ s™). Left panel is local time-latitude cross section at 2.5°N at ~100 km. The maximum
emission is equal to 2.13e6 photons cm™ s™". The right side is emission-height profile, where the peak emission occurs
at ~100 km. Bottom left panel is VEM on an altitude versus LT cross section (constant LAT = 2.5 N), while bottom right
panel is VEM on an altitude versus Latitude slice (constant LT = 0.0).

structure and the starting zonal wind structure for the simulation (bottom right). Below ~130 km, the waves
do perturb the winds structure, as suggested by Figure 2 (right panel) with most of the changes occurring
between ~90 km and 110 km. However, Simulation #5 does not produce an retrograde super-rotating zonal
flow (RSZ) above ~110 km, as shown in the zonal wind profiles in the bottom left panel of Figure 4. The
ET at 120 km is ~20 m/s faster than the MT which is the same as the Simulation #5 without waves. The
bottom left panel is showing the day, night, MT, and ET vertical profiles at the equator. The bottom right
panel of Figure 4 demonstrates the difference between Simulation #5 with waves and without waves. The
peak difference between the case with and without waves for the MT is at 110 km (+17 m/s difference), for
the dayside it is 100 km (+25 m/s difference), the nightside it is near 85 km (+18 m/s difference), and lastly
the ET which is near 85 km (—18 m/s difference).

3.5. 0, IR Nightglow

The O, IR nightglow emission is an effective tracer of the atmospheric circulation (Bougher et al., 2006;
Gérard et al., 2017). The chemical sources of O, IR nightglow emission (atomic O) are created on the day-
side and are transported to the nightside where three-body recombination takes place. The strength and
altitude variation of the winds controls the intensity of the emission. With the current simulation inputs
and the parameters set as in Brecht and Bougher (2012), the O, IR volume emission rate (VER) is 2.13 x 10°
photons cm? s™* at 100 km at midnight. The four panels of Figure 5 represent different slices of the simu-
lated O, IR nightglow emission from the end of simulation #5. The top left panel of Figure 5 is a latitude
versus local time map showing the peak horizontal location. The top right panel shows altitude versus log
emission rate to demonstrate the vertical extent of the emission. The bottom two panels represent the VER
at the equator (left) and at midnight (right). The peak VER is relatively broad with respect to latitude and
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Figure 6. Vertical profiles of carbon dioxide for an equatorial latitude bin 0°-30° for different times of day; day (DT)
LT = 12, night (NT) LT = 24. Simulation #5 is represented in both panels, left being density and the right being mass
mixing ratio. The left panel also includes VEX observations from the SPICAV and VeRa instruments for an equatorial
latitude bin 0°-30° (Bertaux et al., 2007; Hausler et al., 2006, 2007; Piccialli et al., 2015; Tellmann et al., 2009).

local time. The peak integrated vertical intensity is 1.4 MR (R = Rayleigh = 10° photons cm™ s™" into 47
sr), which is close to the statistical peak intensity observed by VEX Visible and Infrared Thermal Imaging

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

3.5.1. Atmospheric Composition—CO,, O, CO

Figure 6 shows the CO, density profile for a latitude bin of 0-30° at day time (LT = 12) and night time
(LT = 00). At 70 km, the density does not vary with local time. Around 110 km the density profiles start to
diverge (mixing ratio strongly diverges above ~130 km). The VTGCM CO, density profiles compare reason-
ably with Limaye et al. (2017, Figure 20), where multiple VEX instrument observations have been combined
for comparison. Figure 6 left panel represents CO, as number density and has the night time profiles from
VEX SPICAV and VeRa observations (Bertaux et al., 2007; Piccialli et al., 2015; Tellmann et al., 2012). The
VTGCM night time profile is larger than the observed SPICAV above ~100 km by ~5% near 1 x 10~* mbar.

The O and CO density profiles are shown in Figure 7, where the vertical region spans the area most impact-
ed by the planetary waves (70-130 km). The top left panel is atomic oxygen number density at the equator
for specific LT (06, 12, 18, 00/24). The top right panel is carbon monoxide number density for a latitude bin
10S-10N and four LT bins (04-08, 10-14, 16-20, 02-22). This was done to be consistent with observations
shown in those panels. The bottom two panels show the chemical species as mass mixing ratio and volume
mixing ratio, respectively. All four panels have profiles to represent simulation #5 with waves.

The maximum density of atomic oxygen for LT = 12 is 8.3 X 10" cm™ at ~93 km, while the maximum
density for LT = 00 is 5.8 x 10" cm™ at 100 km. These maximum values are higher than past simulations
(Brecht et al., 2011, 2012) due to neglecting the additional asymmetric Rayleigh friction to force an RSZ
wind above ~110 km, which in turn modifies the transport toward the nightside. The nightside density
steeply drops off below 100 km until about ~87 km. This is due to prescribed trace chemical species on the
nightside regulating atomic oxygen and the newly implemented sulfur chemistry (Brecht et al., 2011; Par-
kinson et al., 2019). The terminator profiles peak at similar altitudes and have similar profile shapes. There
is very minimal difference between Simulation #5 with waves and without waves for atomic oxygen. The
percent difference of the log density is less than a percent, except for all local times near 90 km it is ~1%.

Carbon monoxide profiles for the dayside and nightside LT bins have a small “bulge” near the same peak
altitude as the atomic oxygen. At dayside (LT = 10-14) the slight “bulge” is near 96 km with a value of
2.2 x 10" cm™, while the nightside (LT = 2-22) has a more defined “bulge” at 96 km with a density
of 8.2 x 10" cm™. The nightside profile also shows a defined lower peak with a maximum density of
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Figure 7. Vertical profiles of atomic oxygen and carbon monoxide from Simulation #5 (Simulation #5 without waves
are not represented for clarity purposes). (Top left) Vertical profiles of atomic oxygen in number density (cm™?) at

the equator at LT = 06, 12, 18, 24 with the derived (O) profile from VIRTIS VEX O, IR nightglow observations at

LT = 24 and Lat = 0° (Soret et al., 2012). (Top right) Vertical profiles of carbon monoxide in number density (cm™)
are averaged over 10°S-10°N for LT bins as specified in the legend. The VIRITS-H observations from Gilli et al. (2015)
(purple dot with respective error bars) for the averaged box of Latitude = 10S-10N and LT = 10 -14 hr is represented
for comparisons. (Bottom left) Vertical profiles of atomic oxygen in mass mixing ratio at the equator at LT = 06, 12, 18,
24. [Bottom right] Vertical profiles of carbon monoxide observations in volume mixing ratio averaged over 10°S-10°N
for LT bins as specified in the legend (Clancy et al., 2012a, 2012b). CO observations are dashed and solid for the two
different observing campaigns and the profiles represent disk averages. The two solid orange lines represent two
different beam positions (LT = 23, Lat = 8 and LT = 22, Lat = —10) from Lellouch et al. (1994).

is 1.2 x 10" cm™ at ~83 km. The overall nightside profile is larger than other local times from ~80 to
~120 km, which is due to the strong day-to-night zonal circulation. The evening terminator profile and the
morning terminator profiles have lower peaks at different vertical locations, ~90 and ~80 km respectively,
but are similar magnitudes between ~100 and ~120 km. The 10 km difference between these peak CO den-
sities is unexpected and demonstrates the CO density is sensitive to the planetary waves. Furthermore, as it
is with the atomic oxygen, CO has minimal variation between Simulation #5 with and without waves. The
maximum variation was near 90 km for all LT, with 7% being the largest log density percent difference for
the ET (LT = 16-20). This is due to the wave propagation going westward. The westward propagation is in
the same direction as the planet solid-body rotation and cloud top winds. Wave damping would be minimal
on the ET due to same direction (less critical layers) while the MT has opposing wind direction to cloud top
winds which creates damping (more critical layers).

4. Discussion
4.1. Comparisons of Simulation #5 with Observations—T, O, CO

The thermal structure is not only sensitive to radiative affects, but also dynamical. The current under-
standing of the Venusian thermal structure from observations is discussed in Limaye et al. (2017), where
details of the upcoming discussion about observations and binning can be found. Simulated thermal struc-
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ture changes in response to the planetary waves are shown in Figures 8 and 9. Figure 8 compares the
VTGCM simulation variation with some of the datasets discussed within Limaye et al. (2017), while Fig-
ure 9 demonstrates the percent relative difference within the last four days of simulation. Model versus
observations comparisons are made with ground based Heinrich Hertz Submillimeter Telescope (HHSMT)
(Rengel et al., 2008), ground based James Clark Maxwell Telescope (JCMT) (Clancy et al., 2012b), Hetero-
dyne Instrument for Planetary Wind and Composition (HIPWAC-THIS) (Kostiuk & Mumma, 1983; Kostiuk
et al., 2006; Sonnabend et al., 2010; Sornig et al., 2008, 2012), VEX instrument Visible and InfraRed

Thermal Imaging Spectrometer high spectral resolution (H) and mapping (M) channels (VIRTIS-H and
VIRTIS-M) (Arnold et al., 2012; Garate-Lopez et al., 2015; Grassi et al, 2008, 2010, 2014; Gilli et al., 2015;
Haus et al., 2014; Migliorini et al., 2012),VEX Radio Science Experiment (VeRa) (H&usler et al., 2006, 2007),
VEX instrument Solar Occultation Infrared (SOIR) (Mahieux et al, 2008, 2012, 2015a, 2015b; Vandaele
et al., 2013), and VEX instrument Spectroscopy for Investigation of Characteristics of the Atmosphere of
Venus (SPICAV) (Bertaux et al., 2007; Piccialli et al., 2015).

The VTGCM is able to reproduce the general observed profile trends for the three LT as presented in Fig-
ure 8. The solid lines represent the mean of the last 4 days of the simulation or the actual observation. The
shadowing represents the minimum value and maximum value during the last four days of the simulation
or the variation/error bars of the observations. The top panel is nightside, the middle panel is both morning
and evening terminators, and the bottom panel is dayside.

Day temperatures: There are a minimal number of data sets for the dayside of Venus and a few of those da-
tasets are presented in Figure 8 (bottom panel) with the VTGCM Simulation #5. Below 90 km, the VTGCM
is colder than both HHSMT and VeRa. The VeRa observations do have a ~40 K temperature variation near
90 km and the VTGCM simulation is within the lower end of the range but only has ~15 K temperature var-
iation (see Figure 9, top left panel). However, the VTGCM is in great agreement with the HHSMT between
~90 and ~105 km. Above ~105 km the VTGCM is much warmer than the observations from the VIRTIS-H
and HHSMT, though within the very large error bars of VIRTIS-H and HIPWAC-THIS.

Terminator temperatures: The largest dataset at the terminators is from SOIR. Previous VIGCM simulations
have been compared to SOIR in detail by Bougher et al. (2015) and the current simulation compared to
the profiles in Limaye et al. (2017) produce similar results (Figure 8 middle panel). The SOIR observations
are mostly warmer than the VTGCM simulation. The VeRa observations are warmer too but the VIGCM
simulation overlaps VeRa's observed variation around 90 km. The VeRa observations have ~50 K tempera-
ture variation at 90 km, while SOIR temperatures vary ~30 and ~50 K for the MT and ET respectively. The
planetary waves within the simulation do not provide as large of variations as seen in the observations.
This could be due to other missing wave mechanisms (e.g., gravity waves) and not properly accounting
for a combination of source variability, background state variability, and interaction among various wave
components. At 90 km the simulation produces ~8 and ~15 K temperature variation for the MT and ET
respectively. However, the simulation is consistent with the observed ET having larger variations than the
MT. This is also shown in Figure 9, top left panel, where the ET percent relative difference change peaks
~10% at ~90 km and the MT is about half the difference at 90 km.

Night temperatures: The nightside thermal structure of the Venusian UMLT was thought to be mostly dom-
inated by radiative cooling and was considered a “cryosphere”. However, VEX observations began augment-
ing this notion with the SPICAV instrument observing a warm layer at ~100 km (Bertaux et al., 2007); shown
in Figure 8, top panel. In other observations, HHSMT shown in Figure 8 top panel, have also observed a
warm layer around 100 km but the average magnitude is not consistent across the different observations
(Bailey et al., 2008a; Clancy et al., 2008; Rengel et al., 2008). Brecht et al. (2011) determined through VTG-
CM simulations the nightside warm layer was due to the adiabatic heating from the enhanced day-to-night
winds driven by the 4.3 um heating on the dayside. The nightside warm layer continues to be reproduced
within the VTGCM with a peak temperature of 195 K at 100 km. Previous VTGCM simulation in Brecht
et al. (2011) had a warm layer peak of 188 K at 103 km. These values, temperature and altitude, are within
the observational range summarized in Brecht et al. (2011, Table 5). Moreover, the peak can be directly
compared to HHSMT and SPICAV observations in Figure 8. As with the dayside, the VTGCM simulation
and HHSMT observations are in good agreement between ~90 and ~110 km. The SPICAV observations
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Figure 9. The percent relative difference between the minimum and maximum value at each altitude over 4 Earth days near the equator from Simulation #5.
The top left is the temperature, top right is the zonal wind, bottom left is the atomic oxygen, and bottom right is the carbon monoxide. Each panel represents
daytime (DT), nighttime (NT), evening terminator (ET), and morning terminator (MT) for an averaged latitude bin of 0°-30°.

are warmer and lower in altitude (peak mean temperatures are ~215 and 209 K at ~0.2 mbar [~90 km])
compared to the simulation. Above ~110 km, the simulation is cooler than SPICAV but within the obser-
vational variation. In addition, the simulation is cooler than the HHSMT observations, but warmer than
JCMT observations above ~110 km. Below 90 km, the simulation is 20-50 K cooler than the observations
but overlaps the VeRa observed variation at ~90 km. The cooler simulation temperatures below ~85 km are
thought to be due to missing radiative effects from aerosols (see Gilli et al., 2015).

O; IR nightglow: The O, IR nightglow emission has been observed by ground based telescopes (Allen
et al., 1992; Bailey et al., 2008b; Connes et al., 1979; Crisp, 1996; Ohtsuki et al., 2005, 2008), but the VEX
VIRTIS has provided the most comprehensive dataset (e.g., Drossart et al., 2007; Gérard et al., 2008; Pic-
cioni et al., 2009). Soret et al. (2012) created the most complete statistical emission map of the O, IR night-
glow from the available nadir and limb observations. The statistical peak intensity observed by VIRTIS was
1.6 MR, which is stronger than the VTGCM simulation mean (1.4 MR). However, the current peak integrat-
ed intensity and VER are comparable to the results in Brecht et al. (2011), and the differences are largely due
to the zonal wind. The VTGCM peak altitude is 3 km higher than the statistically observed average of 97 km.

O and CO: The atomic oxygen density was largely discussed and compared to observations in Brecht
etal. (2011, 2012). The current simulated maximum density of atomic oxygen for LT = 121is 8.3 x 10'° cm™

Figure 8. Combined temperature profiles from the VTGCM and observations near the equator (Lat = 0-30 N + S). Top panel is the night side, middle panel is
the terminator, and bottom panel is the day side. The VTGCM profile is the mean of the last 4 days of the “combined case” with the shadowing representing the
maximum and minimum value during the last 4 days at that specific vertical level. The observations are from the Venus Express instruments and ground-based
observations. The shadowing around the observation profiles represent averaged profiles uncertainties, while the error bars are used for individual observations

uncertainties.
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at ~93 km, while the maximum density for LT = 00 s 5.8 x 10"' cm™ at 100 km. The dayside peak altitude is
about the same as previous simulations (94 km) but the current magnitude is larger (by ~50%). The current
nightside peak is 4 km lower with a larger magnitude (by ~70%). These differences are due to the different
wind structure produced by the planetary waves and the removal of asymmetrical Rayleigh friction. Fig-
ure 7, top left, displays the VTGCM atomic oxygen profiles at different local times and it also shows the
derived atomic oxygen profile from the VEX instrument VIRTIS (Soret et al., 2012). Atomic oxygen density
was derived from O, IR nightglow statistical maps from VEX nadir and limb observations with the VIRTIS
instrument (Gérard et al., 2008; Piccioni et al., 2009). The simulation peaks at a near the same altitude and
has a larger magnitude then the observationally derived profile (2.86 X 10" cm™ at 102 km). The simulation
does have a larger drop off below the peak compared to the VIRTIS profile. This suggests a need for a more
detailed look at the sulfur chemistry and trace chemical species because the chemical timescales at these
altitudes become competitive or shorter than the dynamics timescales. However, the VTGCM is still within
the observations range, which was deduced to be between 1 x 10" and 5 x 10" cm™ at 95-115 km range
by Gérard et al. (2009). Along with the observed range, the derivation technique error is ~30% (see Gérard
et al., 2009 for more details).

The CO volume mixing ratio (VMR) day and night profiles are compared with ground based observations
in Figure 7, bottom right panel. Clancy et al. (2012a) conducted two ground based observing campaigns;
one from 2007 to 2009 and another from 2000 to 2002. Both produced disk averaged day and nightside pro-
files. They found two distinctions between the observation's periods: (1) the 2007-2009 VMR observations
were a factor-of-two lower than the 2000-2002 observations and (2) VMR diurnal variations in the lower
thermosphere were roughly half as large in the 2007-2009 versus the 2000-2002 observations. Lellouch
et al. (1994) had a 6-days observing period in August of 1991 where the majority of the observations were
on the nightside (LT range of 17.3-5.3), however Figure 7 shows only two beam positions representing
LT = 23 at latitude 8° and LT = 22 at latitude —10°. The nightside VTGCM results fit within the range
of ground based observations, while the dayside VTGCM profile is less then observed below 95 km. The
decrease on the dayside below 95 km and the increase on the nightside below 95 km is connected to the
strength of the zonal wind and the effects of trace species chemistry. The trace species chemistry has only
been included on the nightside for O and CO as prescribed profiles from the 1-D KINETICS model (Brecht
et al., 2011). VEX has made CO observations that have been discussed in Gilli et al. (2015) and Vandaele
et al. (2015). Figure 7 (top right) shows the VIRTIS-H CO observations for their box of Latitude = 10S-10N
and LT = 10-14. The VTGCM dayside profile is less then observed by VIRTIS-H, which is thought to be
caused by the cooler temperatures between 70 and 95 km. However, the VIRTIS-H observations showed
a gradient from dayside to the terminators at the equator of a factor ~2. While the VTGCM gradient from
dayside to the terminators is less, the day to night gradient can be as large as an order of magnitude. A
detailed data-model comparison has been discussed in detail within Gilli et al. (2015). Gilli et al. (2017)
present overall results from their full atmosphere Venus GCM (Laboratoire de Météorologie Dynamique
(LMD)), but plots from 90 to 150 km. The LMD-VGCM and VTGCM are in reasonable agreement based
on the vertical variation trend and magnitude. However, their night time bulge is slightly larger and seems
more pronounced then the VTGCM, but the figure cuts off at 90 km. Vandaele et al. (2015) focused only
on observations near the pole, but did determine CO densities and VMR have high variability on relatively
short-term periods (days to months). Vandaele et al. (2016) extended their previous work with more obser-
vations and provided an update to a Venus empirical model with the VEX SOIR observations. The SOIR
observed only on the terminators, thus the profiles are at LT = 6 and LT = 18. For a latitude bin of 0-30, the
profiles start ~70-80 km and reach up to ~135-140 km. Vandaele et al. (2016) found the MT to have larger
values than the ET below 105 km while the trend reversed above 105 km. The VTGCM results in Figure 7
demonstrate the MT being larger than the ET from ~75 to ~87 km and above they terminators have similar
values. Again, this is due to the minimal zonal wind difference at the higher altitudes in the current model.
However, the SOIR observations show vertical variability that is, similar to the VTGCM lower peak and
“bulge”. For the MT the lower peak ranges between 80 and 85 km while the “bulge” is near 105 km. The
ET lower peak ranges from 90 to 100 km and the “bulge” is near ~115 km. The VTGCM results are in line
with these observations (Figure 7).

The CO latitude variation within the VTGCM simulation is largest at LT = 02-22 (NT) from 80 to 115 km,
where it changes by a factor of 3.5 near 100 km. This is shown in Figure 10. The left four panels show CO
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Figure 10. Four left panels represent CO volume mixing ratio versus simulation time (last 10 days of Simulation #5).
The right panel is altitude versus log10(CO) density (cm™?). The colors represent average local time (LT) bins: DT = 10-
14 hr, NT = 02-22 hr, MT = 04-08 hr, ET = 16-20 hr. The symbols represent averaged latitude bins as marked in the
legend of the right panel.

VMR versus simulation time (last 10 days of Simulation #5) at four different altitudes and the right panel
demonstrates the vertical profiles of CO density for the last time of Simulation #5. The NT latitude varia-
tion is produced without planetary waves and OXLB but the planetary waves create the slight depression
~93 km and slight bulge ~97 km. This is due to the day to night zonal winds and the Rayleigh friction cos
(lat) dependence. The LT = 16-20 (ET) has a smaller altitude range where CO varies latitudinal around a
factor of 2 near 95 km. The planetary waves enhance the ET latitude variation near 95 km but the dynami-
cal response to the OXLB produces the minimum near 81 km. The LT = 10-14 (DT) and LT = 04-08 (MT)
latitude variations are due to dynamical response to OXLB and demonstrate minimal changes from the
planetary waves (<factor of 2). The time series panels of Figure 10 clearly show wave structure which is
driven by the planetary waves. The planetary waves do provide a small increase (~factor of 2) in latitudinal
variation for the DT, MT, and ET compared to no planetary waves. These results are in line with VIRTIS-H
observations that extend from ~105 to 145 km (Gilli et al., 2015). The equatorial values were found to be
a factor of two larger than the high latitudes around mid-day. This latitude trend was observed at the MT
and ET but with a smaller gradient. Vandaele et al. (2016) were able to perform a latitude study based on
their SOIR CO observations. They noticed a general trend of CO decreasing from the equator to the pole
above 100 km (factor of 2—4 difference ~130 km), while below 100 km the trend is reversed and weaker. The
VTGCM simulation only slightly replicates this trend for the NT but the cross over altitude is near 120 km.
Again, the influence of the planetary waves is seen below ~110 km, suggesting observed variations above
~110 km are due to smaller scale waves. A more detailed study needs to be conducted between the VTGCM
simulations and observations, but is currently beyond the scope of this work.

To help understand the behavior of O and CO, assessing the timescales of dynamics, mixing, and chemistry
is shown in Figure 11. This shows the time scales of the chemistry, eddy mixing, and dynamics for four
LT locations (06, 12, 18, 24) near the equator. The chemical lifetime is calculated as the inverse of the loss
frequency with O or CO being the chemical species of concern. Eddy diffusion lifetime is estimated by

BRECHT ET AL.

17 of 24



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets

10.1029/2020JE006587

Timescale LT=24 Timescale LT=12
140 ~ 140 - ==
/ — co —— CO/le7 I T~
130 / - 130{ ¢ ! -
I —— Eddy —— Eddy N
\\ —8— Horizontal —— Vertical
- 120 S~ B Vertical _ 120
£ £
=110 =110
$ 2 -
2 100 2 100
= =
< <
90{ __.—— 90
- -
-
80 80
70 70
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Time [Day] Time [Day]
Timescale LT=06 Timescale LT=18
140 T 140
/
130 I 130 lI
\\
120 120
£ —— CO/le7 £ — CO/le7
Z110{ —- o Z110{ —- o
3 —— Eddy 3 —— Eddy
g 100{ —® Horizontal g 100{ —® Horizontal
= —— Vertical = —— Vertical
< <
90 . 90 .
,'/". /./"'—
80 80
70 70
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Time [Day]l Time [Day]l

Figure 11. Timescales profiles at 2.5°N (time (day) versus height (km)) for LT = 06, 12, 18, and 24.

Teady =H 2y K.44y» Where H is the mean scale height (H = RT/mg, where R is the universal gas constant, T
is neutral temperature, m is mean molecular weight, g is gravity). And K.qa, is the eddy diffusion coefficient.
The lifetime corresponding to the horizontal wind (motion of a parcel of air) utilizes the wind velocity of the
ir(Rv +Z )
Un
the zonal wind at a specific LT. It should be noted that the horizontal velocity at LT = 12 and 24 is very small
(and dynamical timescales long), since these are the symmetric circulation divergence and convergence
points, respectively. Therefore, the LT = 12 panel does not show a horizontal wind lifetime and at LT = 24
the horizontal wind is represented by the horizontal wind at LT = 18, as has been done in previous work.
The vertical wind lifetime is 7.0 = H / @, Where @ vertical motion is in units of cm/sec.

specific LT, where 7, i, i = . Rvis the Venus radius (6.052 x 10° cm), Z is the altitude, and Un is

It is clear the chemical lifetime of atomic oxygen is much shorter than the dynamics (<100 km) at all LT
locations, thus changes within atomic oxygen are driven by chemistry and not the dynamics. Above 100 km,
atomic oxygen is controlled by dynamics. This was shown in Brecht et al. (2011). For carbon monoxide, its
chemical lifetime is only competitive with the dynamics on the nightside (at LT = 24) below 80 km and at
other times it is greatly longer than the dynamics (LT = 06, 12, 18). Therefore, CO is mainly driven by the
dynamics. It is noteworthy that the 3-body reaction (CO + O + M), is a major loss mechanism for CO near
~100 km nightside altitudes, and HOx and ClOx species seem to control the chemical timescale for CO
below 100 km, in part due to the declining abundance of oxygen at these same altitudes. These timescales
explain why O does not demonstrate as large of variation as CO below ~90 km (see Figure 9). The planetary
waves are most dominant below 100 km, where O is controlled 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 that planetary waves change the upper mesosphere structure
(<110 km) substantially when comparing the start and end of a 60-days simulation (this paper) and from
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previous simulations (Brecht et al., 2011). For temporal variation (such as day-to-day), Figure 9 has four
panels showing the percent relative difference of change in temperature, zonal wind, atomic oxygen, and
carbon monoxide to demonstrate temporal variation over 4 Earth days. The percent relative difference of

‘max value — min Value‘

change is calculated by: *100. The maximum value and the minimum value

max value + min Value‘ /2

are over the last 4 Earth days of the 60-days simulation at each altitude. The profiles represent a specific
time of day (daytime, nighttime, ET, and MT) averaged over 0°-30° latitude to be consistent with Figure 8
and observations.

The thermal profiles are largely changing between 80 and 110 km altitude range which is consistent with
the thermal fluctuations in Figure 2. At all local times, the effects of the waves are gone above 120 km.
The waves seem to propagate the most in the evening terminator and daytime, with the highest altitudes
during the day. The dayside has the largest change with 14% near 98 km, with the ET being the second
largest at ~11% near 90 km. This suggests the planetary waves are propagating to higher altitudes on
the dayside and creating dynamical feedbacks to the thermal structure. The temperature variation with-
in the simulation is small compared to most observations. By examining the observations in Figure 8,
along with Figure 15 in Limaye et al. (2017), the dayside observations suggest ~40 K change near 85 km,
~10-15 K change near 90 km, and ~100 K change near 110 km. The observed evening terminator has
even larger variations, especially by the VEX SOIR instrument. SOIR observations are warmer at the ET
than the other observations by ~50 K near 85 km. Though, SOIR suggests a variation of around 20 K near
85 km, while the other observations produce approximately 40 K variation near 85 km. Near 105 km,
SOIR has observed ~100 K change while the other observations suggest ~10 K. Planetary waves do pro-
vide substantial variation within the VTGCM; however, it seems not to be as large a source as has been
observed in SOIR datasets.

The planetary waves affect the zonal wind profiles from 75 to ~130 km (Figure 9, top right). All four local
times show large variations. Between 80 and 90 km; the dayside, nightside, and MT vary the most. While
between 90 and ~100 km, ET have the largest variation. This is consistent with the location of fluctuations
as shown in Figure 2.

The atomic oxygen profiles vary the most between 90 and 100 km, with the largest variation on the nightside
and ET (Figure 9, bottom left). The atomic oxygen peak at 90 km changes ~8% at night time and ~7% at ET.
This is in agreement with the largest zonal wind variation near 90 km, which is also the nightside and ET.
Moreover, this is near the O timescale boundary of when chemistry and dynamics are competing. Carbon
monoxide, however, has significant variation between ~80 and 100 km only on the ET (Figure 9, bottom
right). There are small variations (<4%) in carbon monoxide on the nightside, dayside, and MT between ~80
and 100 km. This is due to the direction of the propagating waves (westward).

Figure 12 demonstrates how the nightglow emission can vary within many Earth days. The left panel is a
series of vertical profiles of the peak O, IR nightglow VER. The colors represent every 6 h over the last 4
Earth days of Simulation #5. It shows the peak altitude changing 2 km over the 4 days and the magnitude
of the intensity varies ~30% near 98 km. This behavior again shows the planetary wave impact is stronger
below 100 km. The peak emission varies between 2 X 10° photons cm®s™* and 2.6 x 10° photons cm™>s™".
Figure 12 (top right panel) shows the O, IR integrated intensity variation for the last 20 Earth days of the
simulations. The green line is Simulation #5 without planetary waves and the black line represents the
simulation with the planetary waves. The variation in the green line is due to the OXLB. The simulation
has nearly a 4-day periodicity. The OXLB and Rossby wave alters the variation minimally compared to the
Kelvin wave. The intensity does vary between 1.2 and 1.65 MR. The intensity range is wider than what
was presented in H12 (1.11-1.32 MR), however it is similar to the VIRTIS observations shown in Soret
et al. (2012). The VIRTIS observations show a range from ~0.79 to 1.58 MR. The reason Simulation #5 has
awider range than H12 is because of the OXLB. In comparison to Simulation #2 (uniform LB with Kelvin
waves), the VTGCM reproduces a similar intensity range as H12. The bottom right panel of Figure 12 is
the LT variation over 20 Earth days. The planetary waves vary the LT between ~0.33 and ~23 LT. This
variation is slightly larger than H12 results, but Soret et al. (2012) statistically show the LT variation to
be wider (~0h1-~23h).
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Figure 12. O, 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 ™ s™"). The top
right panel shows temporal variations of the peak O, IR nightglow integrated intensity (MR) over the last 20 of 60 days 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 gray star line represents the

case with planetary waves.

5. Conclusions

In this paper, it has been demonstrated that including planetary waves (Kelvin and Rossby waves) within
the VTGCM provides variability within the UMLT of Venus. The thermal structure and zonal winds largely
do not change above ~120 km, though below ~120 km the Kelvin wave is the dominant source of varia-
tion. This is in line with previous modeling work by H12. Moreover, the VTGCM simulations were able
to replicate the thermal and zonal wind fluctuations presented in H12. The model improvement in this
paper is the additional inclusion of a varying lower boundary (OXLB). The OXLB is from a lower atmos-
phere GCM and consists of temperature, zonal wind, meridional wind, and geopotential height fields at a
constant pressure (44.4 mbar), which provides a pseudo connection to the lower atmosphere. The OXLB
creates a favorable environment to launch waves from and increases the wave strength but not propagation
height. Temperature and zonal wind fluctuations in Simulation #5 are higher than H12 but the impacting
altitude is lower than H12, which could be due to different background atmospheres (thermal and zonal
wind structure). Temperature fluctuations due to Kelvin waves within the VTGCM were ~13 K versus 2.5 K
in H12. The thermal variation from Simulation #5 did not fully reproduce observed variations. This suggests
the model is missing other wave mechanisms and not fully capturing interaction between various wave
components and the varying background state. Zonal wind fluctuations due to Kelvin waves within the
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VTGCM are ~23 m/s versus 6 m/s in H12. However, having Kelvin and Rossby waves with the OXLB does
not produce a strong retrograde wind in the VTGCM simulations.

The atmospheric composition also varies due to the planetary waves, but most strongly CO (~12% relative
difference over 4 Earth days on the ET). The CO variation is comparable to SOIR observations (Vandaele
et al., 2016). The simulated O, IR nightglow emission integrated intensity varies with a ~4-day period from
1.2 to 1.65 MR. The intensity range is very similar to VEX observations (0.8-1.6 MR). The local time of the
peak intensity has a small variation, while there is no variation in latitude. The lack of spatial variation is
most likely due to the nightglow concentration near the equator and VTGCM model resolution. Atomic ox-
ygen and carbon monoxide both demonstrated variations caused by planetary waves, but these are confined
to a small altitude range (80-100 km). The favorable local time for the chemical variation is mainly the ET.

The role of planetary waves in the Venusian UMLT is important to understand, but planetary waves are only
one piece of the puzzle. It is also important to examine waves that do propagate from below the clouds up
to thermospheric altitudes (unresolved variations). The planetary waves do affect the atmospheric structure
but there are still observed large variations that the planetary waves cannot explain (i.e., thermal structure).
A few VTGCM model improvements that need to be addressed to help further advance the investigation
of variability in Venus’ atmosphere include (1) increasing model resolution (horizontal and vertical), (2)
lowering the model lower boundary altitude, (3) examining the more complex atmospheric variations due
to small-scale waves (i.e., gravity waves) combined with planetary waves, and (4) the inclusion of aerosol
radiative feedbacks, particularly below ~85 km.

Data Availability Statement

The VIGCM simulations are available at the Deep Blue Data repository at the University of Michigan Li-
brary (Bougher & Brecht, 2020).
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