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The first assimilation of Akatsuki
single-layer winds and its validation
with Venusian atmospheric waves
excited by solar heating
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Takeshi Imamura®, Takeshi Horinouchi®, George L. Hashimoto’, Masaki Ishiwatari®,
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The planetary missions including the Venus Climate Orbiter ‘Akatsuki’ provide new information on
various atmospheric phenomena. Nevertheless, it is difficult to elucidate their three-dimensional
structures globally and continuously only from observations because satellite observations are
considerably limited in time and space. We constructed the first ‘objective analysis’ of Venus’
atmosphere by assimilating cloud-top horizontal winds on the dayside from the equator to
mid-latitudes, which is frequently obtained from Akatsuki’s Ultraviolet Imager (UVI). The three-
dimensional structures of thermal tides, found recently to play a crucial role in maintaining the super
rotation, are greatly improved by the data assimilation. This result is confirmed by comparison with
Akatsuki's temperature observations. The momentum transport caused by the thermal tides and other
disturbances are also modified by the wind assimilation and agrees well with those estimated from
the UVl observations. The assimilated dataset is reliable and will be open to the public along with the
Akatsuki observations for further investigation of Venus’ atmospheric phenomena.

The Venus orbiter Akatsuki has observed Venus with several wavelengths since December 20152 Its data provide
new information on various atmospheric phenomena, including the superrotation®>, streak structures®’, bow-shaped
patterns®’, thermal tides''*, planetary-scale short-period waves, such as Rossby waves'*~'® and gravity waves'*-**.
These phenomena are crucial to understanding the atmospheric general circulation of Venus®. Nevertheless, elucidat-
ing their three-dimensional structures globally and continuously only from observations is difficult because satellite
observations are limited in time and space. To obtain spatiotemporally homogeneous three-dimensional data, called
objective analysis (e.g.%°), assimilation methods, which incorporate observations into a numerical model, have been
developed for the Earth atmosphere to perform numerical weather forecast. The objective analysis has also been
developed for the Martian atmosphere (e.g.*’), and its products are widely used in planetary science studies. Never-
theless, for the atmosphere of Venus, the application of data assimilation remains at the initial stage compared to the
Earth and Martian atmosphere cases, because of limited observational coverage and premature atmospheric models.
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Figure 1. Local time and latitudinal distributions of (a-c) zonal winds (m s™') and (d-f) meridional winds

(m s7!) associated with thermal tides at the cloud-top (~70 km) level: (a, d) observation, (b, ) FR and (¢, f)
analysis. These distributions are averaged for the two Earth months from 1 October to 30 November 2018 in a
reference frame moving with the Sun to extract the structures associated with thermal tides. Deviations from the
zonal means of zonal and meridional winds are shown in (b, ¢) and (e, f), respectively.

Recently, based on a data assimilation scheme named local ensemble transform Kalman filter (LETKF)***
and the general circulation model (GCM) named atmospheric GCM for the Earth Simulator for Venus (AFES-
Venus)*?, the first data assimilation system for the atmosphere of Venus, named AFES-LETKF data assimilation
system for Venus (ALEDAS-V)?!, was developed. Using ALEDAS-V, Sugimoto et al.*? succeeded in demonstrating
improvement of the spatial structure of the thermal tides by assimilating cloud-top horizontal winds derived
from ultraviolet images obtained by the Venus Monitoring Camera (VMC) onboard ESA’s Venus Express.

The thermal tides are planetary-scale atmospheric waves excited by the diurnal component of solar heating.
Because approximately 60% of the solar flux incident on Venus is absorbed in the cloud layer (45-70 km)*,
the thermal tides are strongly excited there and are considered to play crucial roles in the atmosphere of Venus
general circulation (e.g.**"*). The ALEDAS-V study*? demonstrated that even highly limited wind data can
profoundly modify the simulated Venus atmosphere through data assimilation. The AFES-Venus version they
applied, which is also used in this study, is a simple GCM without sophisticated cloud and radiation processes,
but the atmosphere is driven by a prescribed profile of solar heating and infrared cooling.

The VMC used in Sugimoto et al.*> mainly observes the southern hemisphere once a day, while the Akatsuki
UVI*, which is used in the present study, specifically observes equatorial latitudes at least once in every 6 h for
the period we used. The reliability of assimilation by the use of Akatsuki UVI data is expected to be better than
Sugimoto et al.** especially for the northern hemisphere where frequent observation covers a wider area from
the equator to mid-latitudes. The good coverage of equatorial latitudes provided by Akatsuki UVI data would
be particularly effective in reproducing thermal tides and produce a consistent estimate of momentum transport
caused by thermal tides. In this study, we employ ALEDAS-V to assimilate horizontal winds derived from the
Akatsuki UVI images to produce the first objective analysis of the atmosphere of Venus and validated against a
free run (FR) and the Akatsuki UVI, Akatsuki Longwave Infrared Camera (LIR), and Radio Occultation (radio
science, RS)>'**! observations with a focus on the thermal tides. See Methods for details.

Results

Structure of horizontal winds associated with thermal tides. We assimilate cloud-top zonal and
meridional winds obtained by tracking small-scale clouds using UVI data* from 1 September to 31 December in
2018 and analyse the assimilated data from 1 October to 30 November 2018, in which values of the root-mean-
square-deviation (RMSD) from FR are stable (see Methods). Figure 1a and d show the zonal and meridional
winds obtained from the Akatsuki UVI images, respectively. They are averaged for the 2 months in a reference
frame moving with the Sun and hence mainly include the zonal-mean and thermal-tide components. Note that
the direction of the planetary rotation is set to be eastward (negative) following the convention of geophysical
fluid dynamics, and consistently the zonal mean flow and the movement of the Sun are all opposite to the real
Venus. This is the setting convenient for those familiar with the Earth’s atmospheric dynamics. The magnitude of
the zonal wind has a local minimum near the equator around 11 LT. This minimum is located around 20°N and
the distribution of the zonal-mean wind is not slightly symmetric about the equator (Fig. 1a). The meridional
winds are poleward, and their magnitude increases with latitude and are longitudinally centred around noon
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Figure 2. (a, b) Local time and latitudinal distributions at the cloud-top altitudes and (c, d) local time and
vertical distributions at the equator of temperature (K) associated with the thermal tides: (a, ¢) FR and (b, d)
analysis. (a, b) Vertically averaged distributions with the weighting function®® are plotted to compare with the
results of LIR observations. (¢, d) Amplitudes are scaled with the square root of the density at each altitude
divided by the density at 70 km altitude for visibility. Data are averaged for the two Earth months at each altitude
in a reference frame moving with the Sun to extract the structures associated with thermal tides. Deviations
from the zonal means of temperature are shown.

(Fig. 1d)'>*%-%5, Note that the wind observations cover only the dayside of about 7-15 LT equatorward of 50°
latitudes.

Figure 1b and e show the tidal winds defined as deviations from zonal means at 70 km altitude in the FR.
The zonal wind indicates that the diurnal (zonal wavenumber 1) and semi-diurnal (zonal wavenumber 2) tides
are predominant*® at latitudes poleward and equatorward of 30°, respectively (Fig. 1b). The phase difference
in the equatorial region between the UVI observations and the FR is prominent. The zonal wind deviation of
FR disappears around noon, and it has a local minimum at 14-15 LT, which is delayed by approximately 2 h in
comparison with that of the UVI observations (Fig. 1a and b). The meridional winds, which are dominated by
the diurnal tide (Fig. le), are poleward and equatorward in the dayside and nightside, respectively. This distri-
bution is consistent with the Akatsuki observations (Fig. 1d)*, suggesting that the phase of the diurnal tide is
well reproduced in the FR.

Figure 1c and f show the tidal winds in the analysis (obtained by assimilating the UVT horizontal winds).
Now, the zonal winds in the equatorial region have a local minimum around 11 LT (Fig. 1c). Thus, the assimi-
lation changed the semi-diurnal tide to approach the observations (Fig. 1a), as expected. Moreover, the local
minimum is slightly shifted to the north, with the north-south asymmetry consistent with the observations.
Interestingly, the horizontal wind field is significantly modified, even on the nightside, although the observed
winds are available only in the dayside. Furthermore, the local maximum (minimum) around 40° latitude in the
FR are shifted to around 70° latitude in the analysis, and their structures exhibit slight north-south symmetry
(Fig. 1c). This result suggests that the winds assimilation limited to low latitudes on the dayside strongly affects
global atmospheric motions in the GCM, and the global circulation in the GCM could be improved by assimilat-
ing spatially limited data. Additionally, the amplitudes of the diurnal and semi-diurnal tides increased. In the FR,
the amplitudes are approximately 10 m s™* at the equator, whereas they are approximately 15 m s™* in the analysis.
Their amplitudes in the FR are underestimated compared with the observations. The meridional winds have the
maximum (or minimum) at around 40° latitude in the FR, although it shows a spread towards higher latitudes
in the analysis (Fig. 1f). However, compared with the large modifications in the zonal winds, the assimilation
only slightly changed the meridional winds of the thermal tides. This may be due to the similarity of observations
and FRs at lower latitudes, while there are fewer assimilating observations at around 50° latitude (see Methods).

Structure of temperature associated with thermal tides. Figure 2a and b show the tidal compo-
nents of the temperature obtained in the FR and analysis, respectively, which are vertically averaged with a
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Figure 3. Latitudinal distributions of zonal-mean meridional angular momentum fluxes (m? s™) due to (a, b)
thermal tides and (¢, d) transient disturbances near the cloud-top level averaged for the two Earth months: (a,
¢) FR and (b, d) analysis: The black, red and green lines are shown at 66, 68 and 70 km levels, respectively. Note
that when the flux is positive, the angular momentum is transported northward (see “Methods”).

weighting function of LIR* to compare with the LIR observations'®. As for the zonal winds, the FR temperature
is dominated by the diurnal and semi-diurnal tides at latitudes poleward and equatorward of 30°, respectively
(Fig. 2a). The temperature deviation vanishes around 11 LT and has a local maximum at 14-15 LT in the equato-
rial region. This distribution is not consistent with the LIR observations'*, in which the temperature distribution
has two maxima in the morning (9 LT) and evening (20 LT) regions and two minima at approximately 2 and 15
LT. Namely, the phase distribution of the semi-diurnal tide in the FR is zonally shifted by 6 h from the observa-
tions. By contrast, the temperature in the analysis (Fig. 2b) has a local maximum at around 13 LT, indicating
that the temperature field also improves by the data assimilation, although the temperature observations were
not assimilated.

We also compare the temperature fields with those obtained by RS''*!. Figure 2c and d show the equatorial
vertical cross-sections of the tidal components of temperature in the FR and analysis, respectively, which are
scaled with the square root of density at each altitude divided by the density at 70 km altitude. In both the FR and
analysis, the semi-diurnal tide is dominant, which is consistent with the RS results*'. The phase structures of the
thermal tides are similar between the two cases at around 65 km, where the strong solar heating creates vertical
maxima in the normalised temperature fields. In the FR, the tidal temperature field has an upright structure,
but it is tilted in the analysis. This titled feature is more consistent with Akatsuki RS results*!. These results indi-
cate that the three-dimensional structure of the semi-diurnal tide has been improved by only assimilating the
horizontal winds at the dayside cloud-top. The amplitude of the tidal temperature field is also enhanced by the
horizontal wind assimilation in altitudes of 70-75 km. The magnitude in the analysis at 70 km is approximately
5 K, which is approximately 1 K larger than that in the FR. In contrast, at 80 km, the amplitude of thermal tides
in the analysis is smaller than that in the FR. This result indicates that the thermal tides are more strongly attenu-
ated along their vertical propagation in the real Venus atmosphere than in the GCM.

Angular momentum transport associated with thermal tides. Figure 3 shows the meridional
angular momentum fluxes near the cloud top (66-70 km) averaged over two Earth months (see Methods). For
the angular momentum fluxes associated with the thermal tides (Fig. 3a and b), both FR and analysis fluxes are
negative (positive) in the northern (southern) hemisphere from the equator to approximately 40° N (S) latitudes,
indicating the equatorward transport of prograde angular momentum in both hemispheres. The locations of
negative (positive) peaks depend on altitude but are localised in latitudes between 20 and 40° N (S). These results
agree with those obtained from the UVI observations, where the thermal tides induce equatorward angular
momentum fluxes to contribute to the acceleration of super-rotation®. In contrast, at latitudes between 40 and
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Figure 4. Latitudinal and vertical distributions of temporal and zonal-mean zonal wind (colour, m s™') and
temperature (contour, K) averaged in two Earth months: (a) FR and (b) analysis.

60° N (S) in the FR, the fluxes are largely positive (negative) in the northern (southern) hemisphere. In the
analysis, the momentum fluxes at those latitudes significantly decrease, which is closer to the UVI observations®.

The angular momentum fluxes for transients, which are defined as waves and/or disturbances other than the
thermal tides, are also estimated for both FR and analysis (Fig. 3c and d). The observational study indicates that
short-period disturbances contribute to the deceleration of super-rotation®. The amplitudes of the FR fluxes are
much smaller than those in UVI observations, while those of the analysis fluxes are somewhat increased, indi-
cating that the transients are also improved by analysis. This result is surprising because the non-tidal transient
disturbances are intermittent and less constrained by the observation than the thermal tides.

Zonal-mean zonal wind and temperature. Figure 4 shows latitudinal and vertical cross-sections of the
zonal-mean zonal wind and temperature fields for the FR and analysis averaged for 2 months. They are largely
altered by the data assimilation; the zonal-mean zonal wind of the FR has a maximum of 150 m s™" at 70-75 km
altitudes, whereas it has a maximum of 120 m s™* at 65-70 km altitudes in the analysis. Because the UVI observa-
tions show that the maximum of the zonal wind was at 80-110 m s™* in the low latitudes on the dayside (Fig. 1a),
assimilation of those zonal wind can fairly improve the zonal-mean zonal wind. Correspondingly, because of the
thermal wind relation, the meridional temperature gradient reduces in the analysis, especially in high latitudes
at 65-75 km altitudes. Note that the zonal wind and temperature fields change over wide altitudes beyond 70 km
where the observational data are given. On the equator at 80 km altitude, the zonal wind is strongly decelerated
to 30 m s”! in the analysis from 120 m s™! in the FR at the equator. This deceleration could be explained by the
negative zonal momentum deposit due to the attenuation of the enhanced thermal tides in the analysis. This
result strongly indicates that the thermal tides have a large impact on the general circulation of the atmosphere
of Venus.

Discussions and conclusions. In this study, we produce the objective analysis of the atmosphere of Venus
using ALEDAS-V by assimilating horizontal winds derived from Akatsuki UVI images, the first data assimila-
tion product using the Akatsuki observations. Comparing the LIR and UVI observations with the analysis, the
semi-diurnal tides in the equatorial region were particularly improved. Comparing the RS observation and the
analysis, the tilts of the vertical structures were mainly improved. Although the assimilated observations are lim-
ited to the cloud-top horizontal winds in the dayside, the analysis widely modifies not only the horizontal wind
fields but also the temperature field over a wide vertical range. These results strongly indicate that the improve-
ments of the thermal tides are crucially important to reproduce the realistic general circulation in the Venus
atmosphere because it is strongly affected by angular momentum and heat transports caused by the thermal
tides, which are also modified by the data assimilation.

In the previous test study®? of data assimilation with the VMC, the data coverage was only the southern
hemisphere once a day. It was shown that, in the southern hemisphere, amplitude peaks of zonal winds at the
altitude of 70 km are located at around 40°S in the FR and around 70°S in the assimilation, respectively, while in
the northern hemisphere, the zonal wind patterns in the mid- to high-latitude regions are similar in the FR and
the assimilation. Thus, the assimilation results obtained by the previous study® appear to have a north-south
asymmetry from mid- to high latitudes, indicating low confidence in the results of the northern hemisphere.

The Akatsuki wind data used in the present study covers up to 50°N(S) latitudes on both hemispheres, with
at least one observation every 6 h in the observation period we used. As a result, the analysis shows that the mid-
latitude amplitude peaks are shifted towards higher latitudes and their north-south symmetry is conspicuous
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and hence considered to be reliable (Fig. 1¢). Furthermore, in the Akatsuki observations, the local minimum of
zonal wind is at about 20°N around 11 LT (Fig. 1a), indicating the north-south asymmetry. The analysis shows
that the minimum of the zonal wind is slightly shifted to the north side of the equatorial region, reflecting the
north-south asymmetry in the observations. The analysis obtained in the present study reproduces the observa-
tions more correctly.

While the analysis for the zonal winds is closer to the observations than in the former test study™, the analysis
for the temperature is not sufficiently improved. Comparing the analysis (Fig. 2b) with the LIR observation'%, the
temperature profile has a maximum at 9 LT in the LIR observation and 13 LT in the analysis, with a difference
of 4 LT between them. Comparing the analysis (Fig. 2d) with the RS observations, the observed values are ~ 6
and ~5.7 K at 70 and 79 km respectively in the RS observations, but the analysis values are ~5 and ~0 K at 70
and 80 km, respectively, indicating that the amplitudes of the thermal tides are decayed.

In order to solve these discrepancies in the future, for the data assimilation techniques, further improve-
ments should be made, for example, by adjusting the parameters of the LETKF and improving quality control
of the observations. The LIR and RS data are used for validation in this study, but they can also be assimilated to
provide and additional observational constraints. In this study, we showed that our simple GCM, AFES-Venus,
does not correctly reproduce the observed thermal tides without data assimilation. It is important to improve
the GCM to correctly reproduce the thermal tides and the zonal-mean zonal wind. We are now trying to change
the heating profile and the radiative scheme to improve the tides in FR.

In this study, we mainly focused on the thermal tide in the analysis for just one period. In the previous
data assimilation test studies, it has been reported that the cold collar*’ and planetary-scale Kelvin waves®*"!
could be reproduced with sufficiently frequent observations. We are now planning to produce analyses with
a number of observation periods, with which such kind of short period disturbances can be reproduced and
investigated widely in the Venus research community. The assimilated data would be also helpful to elucidate
the reason for long term variation of the super-rotation through momentum transports of long and/or short
period disturbances®.

Methods

Numerical model and experimental settings. ALEDAS-V uses AFES-Venus and LETKF for ensemble
forecasts and data assimilation, respectively. AFES-Venus solves primitive equations in sigma coordinate on a
sphere, and physical parameters are chosen for the atmosphere of Venus®. The horizontal grids are 128 x 64 at
each level (the triangular truncation number for spherical harmonics is 42). The vertical layers are 60 with a
constant interval of 2 km from the flat ground to 120 km. The eddy diffusion is implemented both vertically and
horizontally, with a constant coefficient of 0.15 m s and the second-order hyper-viscosity with 0.1 Earth days
for a damping time of the maximum wavenumber, respectively. A convective adjustment scheme is also intro-
duced. The surface friction is represented by Rayleigh friction with 0.5 Earth days for a damping time. A sponge
layer is introduced above 80 km only for the eddy components, and its damping times gradually decrease with
altitude. The solar heating is based on Tomasko et al.**. A Newtonian cooling scheme based on Crisp™ is applied
for the infrared radiative process. Horizontally uniform temperature based on the Venus International Reference
Atmosphere™ is set to a relaxing field for Newtonian cooling. As an initial state, an idealised super-rotation in
a solid-body rotation is set. The zonal wind increases linearly with altitude. At 70 km, the equator’s maximum
velocity is 100 m s™!. Temperature is in gradient wind balance with super-rotation. The direction of the planetary
rotation is set to be eastward following the conventional direction of rotation used in geophysical fluid dynamics,
and consistently the zonal mean flow and the movement of the Sun are all opposite to the real Venus. This is the
setting convenient for those familiar with the Earth’s atmospheric dynamics. Non-linear numerical simulations
about four Earth years are performed for spin up. Eight-hourly outputs are used for the initial conditions of each
31-member ensemble forecast.

The LETKEF is based on an ensemble Kalman filter (EnKF)?*%. The ensemble members are 31. The horizontal
and vertical localisation parameters are 400 km and log P=0.4 (where P is pressure), respectively. The inflation
with 10% is set. The six-hourly time interval is set for the four-dimensional LETKF; then, seven-hourly time slots
are used at each analysis. Thus, if the observations exist, they are assimilated every hour. We have also prepared
the case without data assimilation named FR (free run). Details are described in the previous works**-3%>,

Observation data. The observation data used in this study are the zonal and meridional winds obtained
using a cloud tracking technique from images taken by UVI with a 365 nm filter of Akatsuki from September to
December 2018342557 This period includes the intensive observation period in November 2018 and provides
relatively continuous observations over several months. The precision screening parameter e in Ikegawa and
Horinouchi®® is chosen as 10, and this parameter is a threshold value for an uncertainty measure of peak in the
cross-correlation surface; greater value accepts broader tails of the peak. The parameter alpha in Horinouchi
et al.”’ is set to 2, and this parameter is a compatibility parameter used by the relaxation labeling method. These
horizontal winds are obtained only in the dayside region from 60°S to 60°N near the cloud tops (~ 70 km).

The UVT image is obtained once every 2 h. There is no observation period from 26 to 27 November 2018
because the field of view of the camera is full of the nightside of Venus or no limb of Venus in the field of view for
boresight correction associated with the pericenter passage. There are no observation data for some days from
midnight to the morning for communication using a high gain antenna with the ground station on Earth. The
number of observations per day is 6 and 13 at the lowest and highest, respectively (Fig. 5). The area with derived
wind vectors is widest in November 2018, with data present from 7 to 15 LT (Fig. 6). In September 2018, most
observations are in the morning, whereas they are in the afternoon in early December 2018. The spatial resolution
is 120 x 60 horizontal grids, which is close to the resolution of AFES-Venus. It was assimilated at 70 km altitude,
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which is near the cloud top. The observation error was uniformly set to 4 m s™' by simplifying the estimated

latitude-dependent error profile®.

In this paper, only wind data obtained from UVI with 365 nm observations is assimilated. In the same obser-
vation period, there are wind data obtained from UVI with 283 nm observations and temperature data obtained
from LIR observations. We will also proceed LIR temperature assimilation, though there are some difficulties to
determine the sensing altitude. In the future, it will be possible to compare the assimilation of different types of

observation data and to assimilate all these observation data simultaneously.

Assessing the impact of observation on assimilation. To check if the assimilation is properly func-

tioning, RMSD is calculated at a certain altitude as follows:

Scientific Reports |

(2022) 12:14577 | https://doi.org/10.1038/s41598-022-18634-6 nature portfolio



www.nature.com/scientificreports/

(a) zonal wind

50
40

230+
=20

10 -

0 T T T T T T )

1SEP 16SEP 10CT 160CT 1NOV 16NOV 1DEC 16DEC 1JAN
2018 o _ 2019
(b) meridional wind

O T U T T T T T
1SEP 16SEP 10CT 160CT 1NOV 16NOV 1DEC 16DEC 1JAN
2018 2019
(c) temperature
15

104

RMSD

5-

O T T T T T L L5
1SEP 16SEP 10CT 160CT 1NOV 16NOV 1DEC 16DEC 1JAN
2018 Time (day) 2019

Figure 7. RMSD at 70 km altitude: (a) zonal wind, (b) meridional wind and (c) temperature.

N
RMSD = |+ 3 (Xi — x)*> (1)
i=1

where X; and x; are physical values in the FR and analysis for each case, respectively, and N is the total number
of horizontal grid points. Thus, RMSD shows the difference between the FR and assimilation result; large RMSD
indicates that the data assimilation significantly modified the model result.

The RMSD of zonal wind at 70 km altitude, where observations are assimilated, shows that the value increases
after the end of September when observations become more frequent and gradually decreases in December after
maintaining a constant value (Fig. 7a). Although not as prominent as of the zonal wind, the meridional wind has
a similar tendency (Fig. 7b). If there are no observations to assimilate, the RMSD will converge to the natural
ensemble spread of the model with time. On January 1, 2019, the final day of assimilation, the values were 18
and 4 m s™! for the zonal and the meridional winds, respectively, which are not less than the observation error of
4 m s™". Note that assimilation impacts can continue for more than 2 weeks. The temperature changes are similar
to the zonal wind (Fig. 7¢c). Although only the horizontal wind was assimilated, the temperature also changed.
In this study, we focus on the analysis during October-November 2018, when the RMSD values are stable and
the observational data exist.

The data assimilation scheme derives improved estimates by combining observations with short-term forecast
of each ensemble member with the numerical model. The results of short-term forecast are referred to as the
background, and those assimilated with data are referred to as the analysis. Note that, in FR, the analysis and
the background are equivalent. The ensemble spread is an index showing the magnitude of difference among
the ensemble members of the background or the analysis, and is calculated by

1 M 2
SPRD =, 57 3= (% —%)", b))
j=1

where M is the number of ensemble members (in this study, M=31). xj (7 =1....M ) is the state vector (e.g.,
zonal and meridional winds and temperature) of each ensemble member. ¥ is that of the ensemble mean. The
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Figure 8. Local time and latitudinal distributions of ensemble spread (colour, m s™') and ensemble increment
(contour, m s7!) for (a, b, ¢) zonal winds and (d, e, f) meridional winds (m s™!) associated with thermal tides

at the cloud-top (~70 km) level. (a, d) FR spreads, (b, e) background spreads and (c, f) analysis spreads and
increments. The contour intervals of ensemble increment are 0.5 m s™*. These distributions are averaged for the
two Earth months from 1 October to 30 November 2018 in a reference frame moving with the Sun to extract the
structures associated with thermal tides.

ensemble increment is the difference between the ensemble mean for the background and the analysis and
indicates the amount of correction by the data assimilation.

Figure 8a-f show the ensemble spreads and the increments for the zonal and the meridional winds at the
altitude of 70 km. They are averaged for the 2 months in a reference frame moving with the Sun. The FR spreads
show that both zonal winds and meridional winds are larger than 20 m s™! at mid- and high latitudes (Fig. 8a
and d). The large magnitudes are considered to be due to the uncertainty of the baroclinic wave in the model. On
the other hand, they are less than 15 m s™" at low latitudes because the phases of the tidal waves are fairly fixed
to the solar longitude for each ensemble member. Those results are related to the model bias in AFES-Venus
that the phases of the thermal tides are different from observations as shown in Fig. 1a and b. The spreads of the
background (Fig. 8b and e) show that both for the zonal winds and the meridional winds are globally smaller
compared to those of FR, and the analysis spreads are particularly small compared to those of the background
around noon in the equatorial region where the observations are assimilated (Fig. 8c and f). From these results,
it can be assessed that the model bias can be corrected by the assimilation for both zonal winds and meridional
winds, indicating that the model has a certain assimilation impact.

We have also calculated ensemble increment for zonal and meridional winds to see where the assimilation
impact is high. The ensemble increment of the zonal wind has a local maximum of the absolute value at around
8 LT at the equatorial region for zonal winds, where the spread (around 10 m s™') is larger than the observation
error (4 m s™') (Fig. 8c). The ensemble increment of the meridional wind has local maximum of the absolute
value at around 30° N (S) latitude at noon, where the number of observations are large (Fig. 6b and c) and the
spread is relatively large (around 5 m s™*) (Fig. 8f). At around 50° N (S) latitude, although the spread is large
enough (around 10 m s™!), the observation frequency is low (Fig. 6b and c; less than 5 times in October and 10
times in November), which limits the amount of correction by the assimilation. The increments and spreads of
the meridional wind can explain that the meridional wind is more than 20 m s at 50° past noon, with only a
slight difference between the analysis and FR (Fig. le and f), while the observation is around 10 m s}, which is
significantly different from the analysis (Fig. 1d and f).

Estimation of angular momentum flux for tidal and other transient disturbances. The angu-
lar momentum flux in this study is estimated as follows. The direction of rotation in this model is the same as
Earth (opposite to that of Venus), meaning that when the flux is positive, the angular momentum is transported
northward. Note that the angular momentum flux results are opposite to the direction of UVI observations in
Horinouchi et al.°. The total disturbance flux is defined as follows:

(u/‘/)totul = {m} TA ®)

where u and v are the zonal and meridional winds and are functions of latitude, LT, altitude and time, respec-
tively; (-) denotes the LT average, and (-) 74 denotes the time average. The angular momentum flux for thermal
tides is defined as follows:
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W'V )iige = (uTa — UTA) (VTA — VTA)- (4)

Then, the fluxes of transient disturbances other than thermal tides are as given by

1) ) 1)
<” v >transientdisturbances = UVl — Y V4ide (5)

Data availability

The datasets generated or analysed during this study are available from the corresponding author on reasonable
request. The dataset of wind field acquired from the cloud tracking technique is available at https://doi.org/10.
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