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Abstract
We evaluated a method for retrieving vertical temperature and Doppler wind velocity profiles of the Venusian nightside mesosphere from the CO2 absorption line resolved by mid-infrared heterodyne spectroscopy. The achievable sensitive altitude and retrieval accuracy were derived with multiple model spectra generated from various temperature and wind velocity profiles with several noise levels. The temperature profiles were retrieved at altitudes of 70–100 km with a vertical resolution of 5 km and a retrieval accuracy of ± 15 K. The wind velocity was also retrieved at an altitude of approximately 85 km with a vertical resolution of 10 km and a retrieval accuracy of ± 25–50 m/s. In addition, we studied an event and applied our method to spectra obtained by the HIPWAC instrument attached to the NASA/IRTF 3-m telescope on May 19–22, 2012. Retrieved wind velocities in a latitude of 33° S at 3:00 LT were interpreted as subsolar-to-antisolar (SS-AS) flows at altitudes of 84 ± 6 km and 94 ± 7 km, and they were stronger than expected. This result suggested that the transition between the retrograde superrotational zonal (RSZ) wind and SS-AS flow may occur at altitudes below 90 km which previously was predicted to be the transition region. This work provides a basis for our analysis of further observations obtained by a mid-infrared heterodyne spectrometer MILAHI attached to the Tohoku University 60-cm telescope at Haleakalā, Hawaii.[image: A40623_2020_1188_Figa_HTML.png]
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Introduction
The global wind pattern in Venusian mesosphere has often been discussed with two components, that is the subsolar-to-antisolar (SS-AS) flow in upper part and the retrograde superrotational zonal (RSZ) wind in lower part (Bougher et al. 2006; Gérard et al. 2017).
The SS-AS flow is considered to dominate the global circulation pattern in the lower thermosphere at the altitudes above 120 km where the day and night temperature difference becomes significant (> several 10s K) and the wind is driven by such a temperature gradient. Several observations support the presence of SS-AS flows at the altitudes of ~ 95–120 km (Gérard et al. 2017). The SS-AS flow at ~ 97.4 ± 2.5 km was inferred from nightglow tracking of O2 observed by the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) aboard VEX (Drossart et al. 2007; Gorinov et al. 2018). The Doppler wind velocities at the altitudes at ~ 95–115 km were also derived from the CO LTE (local thermodynamic equilibrium) absorption lines observed in the sub-millimeter range (e.g., Lellouch et al. 2008; Moullet et al. 2012; Clancy et al. 2012b, 2015). These sub-millimeter observations showed that the amplitudes of SS-AS and RSZ components are highly variable both in time and space. For example, the non-presence of SS-AS flow was observed in some case for reasons that are still not understood.
For this altitude range, the numerical simulations showed that atmospheric circulation distinctly changes due to the momentum transport from lower atmosphere by an upward propagating gravity wave (GW) (Hoshino et al. 2013; Nakagawa et al. 2013). An improved version of a ground-to-thermosphere Venus general circulation model (GCM) including a non-orographic GW parameterization developed at Institut Pierre Simon Laplace/Laboratoire de Météorologie Dynamique (IPSL/LMD) (Gilli et al. 2017) provides a better representation of temperature profiles at altitudes above 100 km, such as those observed by the SPICAV (Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus) and SOIR (Solar Ocultation at Infrared) instruments on Venus Express.
At lower altitudes, the RSZ wind in the direction of the Venusian rotation maximizes to greater than 100 m/s at approximately the cloud top altitude (~ 70 km), as has been derived from cloud tracking observed by the Venus Monitoring Camera (VMC) aboard Venus Express (VEX) (e.g., Khatuntsev et al. 2013, 2017; Kouyama et al. 2013) and Akatsuki UV Imager (e.g., Horinouchi et al. 2018).
The vertical transition between the SS-AS flow and the RSZ wind was estimated with a thermal wind equation by Seiff et al. (1980) from the pressure gradient in the downside between the Pioneer Venus North probe (59.3° N, LT 3:35) and the Day probe (31.2° S, LT 6:46) to reach altitudes of 100 km. This result showed the presence of RSZ wind with the velocity of greater than 120 m/s at the altitudes of 70–90 km. However, thermal wind derived from the temperature field retrieved from VEX VIRTIS-M data showed a smaller velocity that can reach 0 m/s at the altitude of 80 km at midnight, 23–01 LT (Peralta et al. 2017). Ando et al. (2018) also showed an abrupt decrease of the zonally averaged zonal wind to 44–64 m/s at the altitudes of 75–85 km derived from the dispersion relationship of the internal GWs observed as a vertical wave structure with the Akatsuki radio occultation measurements. However, direct wind observations have not been conducted at altitudes of 70–90 km.
As another observation tool, the Doppler wind velocity was directly derived from the CO2 non-LTE emission lines observed on the dayside by mid-infrared heterodyne spectroscopy (Sornig et al. 2008, 2012, 2013). This method can probe the wind velocity at 110 ± 10 km (López-Valverde et al. 2011). Goldstein et al. (1991) performed the first measurement at this altitude range with heterodyne spectroscopy and obtained a global circulation including SS-AS flow. The dayside non-LTE CO2 emission lines have been used for the retrieval of wind velocity and temperature profiles in the lower thermosphere at the altitude of 110 ± 10 km (e.g., Krause et al. 2018; Nakagawa et al. 2013; Sonnabend et al. 2008, 2010, 2012; Sornig et al. 2008, 2012, 2013).
CO2 LTE absorption lines can be directly detected at altitudes of 60–90 km on the nightside by mid-infrared heterodyne spectroscopy. Stangier et al. (2015) retrieved temperature profiles with the instrument named Heterodyne Instrument for Planetary Wind and Composition (HIPWAC; Kostiuk et al. 2005) attached to the Cassegrain focus of the National Aeronautics and Space Administration (NASA) Infrared Telescope Facility (IRTF) 3-m telescope. Nakagawa et al. (2016) also demonstrated the possibility of the wind velocity retrieval with an accuracy of 15–25 m/s for altitudes of 85–95 km.
This work follows Stangier et al. (2015) and Nakagawa et al. (2016), and presents a new attempt to retrieve Doppler wind velocity as well as temperature profile in the Venusian nightside from the CO2 absorption line resolved by mid-infrared heterodyne spectroscopy. The target sensitivity of the Doppler wind velocity retrieval aims to constrain the vertical transition of RSZ wind at altitudes below 100 km.
The structure of this paper is as follows. First, we describe the retrieval method and validate it in terms of the dependence of the retrieval results on the a priori profile. Next, the sensitive altitude and retrieval accuracy are evaluated using multiple model spectra generated from various temperature and wind velocity profiles with several noise levels. Finally, we apply the method to the Venusian nightside spectra observed by a mid-infrared heterodyne spectrometer HIPWAC attached to IRTF on May 19–22, 2012. The data were reselected and reprocessed from the dataset analyzed by Stangier et al. (2015). We validate our scheme by comparing with both retrieved temperature profiles.
In this work, we aimed to achieve the wind velocity and temperature retrieval requirements with an accuracy better than ± 50 m/s and ± 15 K. For the wind velocity retrieval, a numerical model study showed that the transition between SS-AS flow and RSZ wind occurred at an altitude of ~ 90 km (Alexander 1992). The wind profile in the downside was gradually varied from ~ 50 m/s eastward at 80 km to ~ 50 m/s with westward direction at 100 km. For observational identification of this transition, the accuracy of the wind velocity retrieval should be better than ± 50 m/s. For the temperature retrieval, we used as reference a VEX SPICAV result which showed the warm layer. This is 30–70 K higher than temperature obtained by previous measurements, and it was interpreted to be caused by the adiabatic heating during the air subsidence of the SS-AS flow above 120 km (Bertaux et al. 2007; Gérard et al. 2017). For observational identification of such warming, the retrieved temperature accuracy should be better than ± 15 K.

Sequence of retrieval and dependence on a priori profiles
In this study, we used a model named AMATERASU (Advanced Model for Atmospheric Terahertz Radiation Analysis and Simulation; Baron et al. 2008) for temperature and wind velocity retrievals from the CO2 LTE absorption lines. This model consists of a forward model which synthesizes observation spectra and an inversion model which performs retrieval of physical parameters from observations using a priori values as regularization constraints. It was originally developed for the retrieval of terrestrial atmosphere remote sensing in sub-millimeter wavelength (e.g., Baron et al. 2011), and modified for the application of the Venusian atmosphere. We set a reference Venusian atmosphere model based on the temperature and pressure profile from the Venus International Reference Atmosphere, VIRA (Seiff et al. 1985). The values above 100 km are taken from Seiff and Kirk (1982). In our work, both are connected with spline interpolation in the 95–105 km range (hereafter referred to as “VIRAex”). CO2 line opacity is calculated with spectroscopic database of HITRAN 2012 (Rothman et al. 2013). The absorption coefficient of the cloud was calculated from the particle densities of each cloud mode summarized in Table 2 of Eymet et al. (2009).
Retrieval grid and retrieval sequence
In the forward model of our study, we set the temperature and wind velocity profiles at the altitude range of 0–140 km with 1-km steps (hereafter referred to as “full grid”). In the retrieval process, we use a coarser grid at same altitude range of 0–140 km (hereafter referred to as the “retrieval grid”). For temperature retrieval, we set up 29 layers with 5-km steps which were close to the scale height in the mesosphere. For wind velocity retrieval, the number of layers was reduced to improve the sensitivity of the retrieval, and 15 layers were set up with 10-km steps. The retrieval process was performed in a sequential manner as follows: (1) temperature retrieval was conducted with the retrieval grid (5 km step), with wind velocity fixed to 0 m/s at all altitudes. The retrieved temperature profile was used as an a priori temperature in the next step. (2) Wind velocity retrieval was conducted with the grid size of 10 km, and temperature was also retrieved simultaneously. This is because the best fit spectrum could be achieved not only taking into account the frequency shift due to the wind velocity, but also by considering the radiance change by the temperature.
For the inversion process, the temperature and wind velocity profiles in the forward model with the full grid (1-km steps) were converted to those in the coarser retrieval grid (5-km steps in the temperature case and 10-km steps in the wind case). After the inversion process, the retrieved profile in the retrieval grid was linearly interpolated into the full grid for the next forward calculation to output the synthetic spectrum for the subsequent iteration. For obtaining the coarser retrieval grid, we need to define the grid points of altitudes with a certain step. By prior study, we knew that the different definition of the grid points of altitudes can lead the different wind/temperature in some cases. Therefore, we carefully attempt the grid points of altitudes as a free parameter for retrieval process, in addition to a priori profiles and continuum level. The retrievals are performed with 5 cases for temperature retrieval and 10 cases for wind velocity retrieval by shifting with 1-km step. At last, the profile of the best fit to observed spectrum is determined as the retrieved profile.

Dependence on a priori profiles
In this work, we create a priori temperature profiles based on VIRAex in the altitude of 0–140 km. The retrieved results can be affected by the condition of the a priori profiles. Although our inversion model uses a priori profiles based on VIRAex for regularization of the inverse problem, it is known that the temperature profile in Venusian mesosphere is highly variable, having temporal and spatial variations on the order of 20–30 K (e.g., Clancy et al. 2012a). Wind velocity profiles also show the large vertical gradient changing from the RSZ wind to the SS-AS flow on the order of 200 m/s. The full characteristics of those variabilities are not obtained yet, and the numbers of observational constraints are still limited. These facts make it difficult for us to prepare appropriate a priori profiles for each observation.
We treated the dependences on a priori profiles [image: $$\varepsilon_{\text{AD}}$$] as a part of total retrieval errors [image: $$\varepsilon_{\text{ret}}$$], given by[image: $$\varepsilon_{\text{ret}} = \sqrt {\varepsilon_{\text{noise}}^{2} + \varepsilon_{\text{null}}^{2} + \varepsilon_{\text{AD}}^{2} } ,$$]

 (1)

where [image: $$\varepsilon_{\text{noise}}$$] is the error from the noise in the observed spectrum, and [image: $$\varepsilon_{\text{null}}$$] the error from the components in the null space of the weighting function matrix used in the retrieval. In this subsection, [image: $$\varepsilon_{\text{ret}}$$] was studied, evaluated, and investigated using a priori profiles with various temperature and wind velocity profiles.
For the investigation of the dependence on a priori profiles, we first synthesized 5 model spectra as the emulations of the observed 12C16O2 P(12) absorption line profile at 951.19226 cm−1 (28,516,026.588 MHz) that was used in the event study described in “Retrieval from the CO2 absorption spectra observed by HIPWAC in May 2012” section. Each of these 5 spectra was synthesized using different temperature profiles with specific temperature offsets at all altitudes from VIRAex, i.e., − 30 K (cold case), − 15 K (semi-cold case), 0 K (VIRAex case), +15 K (semi-warm case), and +30 K (warm case). Those offset values covered the observed temperature variation of 20–30 K (e.g., Clancy et al. 2012a). In these model spectra, the wind velocity profiles were commonly assumed as 0 m/s at all altitudes. Figure 1 shows the simulated 5 model spectra. White noise with root mean square (RMS) amplitude of 1.0 erg/s/cm2/str/cm−1 is included as the emulation of the real observed spectrum (corresponds to an integration time of a few hours).[image: A40623_2020_1188_Fig1_HTML.png]
Fig. 1Five model spectra as emulated CO2 absorption line profile. Color lines show the synthesized spectra from the temperature profiles of − 30 K (cold case, blue), − 15 K (semi-cold case, sky blue), + 0 K (VIRAex case, in green), +15 K (semi-warm case, yellow), and + 30 K (warm case, red) cases from VIRAex. For all of these, the wind velocity profiles are set to 0 m/s at all altitudes. White noise with the RMS of 1.0 erg/s/cm2/sr/cm−1 is added. a Black lines show examples of 13 a priori spectra generated from temperature profiles of − 30 ~ + 30 K from VIRAex with 5 K steps at all altitudes. The wind velocity profiles are 0 m/s at all altitudes. b Black lines show examples of 5 a priori spectra generated from the wind velocity profiles of − 200 ~ + 200 m/s at 100-m/s steps at all altitudes. The temperature profiles are VIRAex




Next, we retrieved the temperature and wind velocity profiles from the synthesized spectra with various a priori profiles. For the evaluation of the dependence on the a priori temperature profile, we prepared various a priori temperature profiles, T′(z), as[image: $$T^{\prime}\left( z \right) = \left\{ {\begin{array}{*{20}l} {T\left( z \right) + \Delta T_{0 - 60} \quad \left( {0 < z < 60} \right)} \\ {T\left( z \right) + \frac{{\Delta T_{110 - 140} }}{110 - 60}\left( {z - 60} \right) + \Delta T_{0 - 60} \quad \left( {60 \le z \le 110} \right)} \\ {T\left( z \right) + \Delta T_{110 - 140} \quad \left( {110 < z < 140} \right)} \\ \end{array} } \right.$$]

 (2)

where z is the altitude in km, and T(z) the VIRAex temperature profile. ∆T0–60 and ∆T110–140 are the offset temperature values. For this test, we used a constant ∆T0–60 below 60 km and ∆T110–140 above 110 km, and linearly interpolated between 60 and 110 km. ∆T0–60 and ∆T110–140 were independently set between − 30 K and + 30 K with 5 K steps. Hence, there were 13 cases for ∆T0–60 and ∆T110–140 each, and a total of 169 a priori temperature profiles were prepared. For all profiles, the wind velocity profiles were set to 0 m/s at all altitudes. Some examples of model spectra calculated with these a priori profiles are shown in Fig. 1a (black lines).
For the evaluation of the dependence on the a priori wind velocity profile, we also prepared 41 a priori Doppler wind velocity profiles varied from − 200 m/s to + 200 m/s with 10-m/s steps at all altitudes. (We set negative values for the line-of-sight wind moving away from observer, and positive for moving toward observer). This range covered the annual variation of the RSZ wind velocity within 120 m/s at the cloud top (Khatuntsev et al. 2014) and the enhanced SS-AS flow of 189 ± 11 m/s at the altitude of 110 ± 10 km (Sornig et al. 2013). For all cases, temperature profiles were set as VIRAex. Note that a Doppler shift of ± 100 m/s approximately corresponds to the frequency shift of ± 10 MHz. Some examples of model spectra calculated with these a priori profiles are shown in Fig. 1a (black lines).
Figure 2 shows the temperature profiles retrieved from the model spectrum of the “VIRAex case”, as an example of the retrievals using different conditions for a priori temperature profiles. Figure 3 shows the wind velocity profiles retrieved from the model spectrum of the “VIRAex case” using 41 different a priori wind velocity profiles, as an example of the retrievals using different conditions for a priori wind velocity profiles. We have to note that blue cases and red cases led the different retrieved wind velocity values by ~ 20 m/s at ~ 85 km altitude. As we mentioned in the previous section, this is because of the difference of the defined retrieval grid for each retrieval. In this case, we got the two solutions of the convergence using all a priori wind velocity profiles.[image: A40623_2020_1188_Fig2_HTML.png]
Fig. 2Retrieved temperature profiles from the model spectrum with the temperature of VIRAex and wind velocity of 0 m/s (green line in Fig. 1). a Colored lines show the profiles retrieved with 169 a priori temperature profiles (orange: higher temperature, blue: lower temperature). Black line is the original VIRAex profile. b Temperature differences between the retrieved profiles and the original profiles. Black dashed lines show the standard deviation of the differences with 1-km steps



[image: A40623_2020_1188_Fig3_HTML.png]
Fig. 3Retrieved wind velocity profiles from the model spectrum generated from temperature of VIRAex and wind velocity of 0 m/s (green line in Fig. 1). Colored lines show the profiles retrieved with 41 a priori wind velocity profiles (red: positive wind velocity, blue: negative wind velocity). Black dashed line shows the standard deviation for these profiles




Figure 4 summarizes 5 standard deviations of retrieved temperature profiles (Fig. 4a) and wind velocity profiles (Fig. 4b) retrieved from 5 model spectra shown in Fig. 1 with 169 a priori temperature profiles, and with 41 a priori wind velocity profiles. We interpreted these standard deviations as the error due to a priori profiles, [image: $$\varepsilon_{\text{AD}}$$]. In the temperature retrieval shown in Fig. 4a, [image: $$\varepsilon_{\text{AD}}$$] was lower than 10 K in the 70–100 km altitude range for the VIRAex, semi-warm, and warm cases. In the cold and semi-cold cases, [image: $$\varepsilon_{\text{AD}}$$] less than 10 K were only observed in the 68–75 km and 68–81 km altitude ranges, respectively. (For [image: $$\varepsilon_{\text{AD}}$$] ~ 10 K, [image: $$\sqrt {\varepsilon_{\text{noise}}^{2} + \varepsilon_{\text{null}}^{2} }$$] must be within ± 11 K to achieve the total retrieval errors [image: $$\varepsilon_{\text{ret}}$$] within ± 15 K. This is related to the baseline requirement for the integration time in real observations.) In contrast, in the wind velocity retrieval shown in Fig. 4b, [image: $$\varepsilon_{\text{AD}}$$] of less than 25 m/s can be achieved at around 85 km in the semi-cold, VIRAex, semi-warm, and warm cases. In the cold case, the minimum error was ~ 40 m/s at the altitude of 80 km. (For [image: $$\varepsilon_{\text{AD}}$$] of 25–40 m/s, [image: $$\sqrt {\varepsilon_{\text{noise}}^{2} + \varepsilon_{\text{null}}^{2} }$$] must be within ± 43–30 m/s to achieve the total retrieval errors [image: $$\varepsilon_{\text{ret}}$$] within ± 50 m/s. This is also related to the baseline requirement for the integration time in real observations.)[image: A40623_2020_1188_Fig4_HTML.png]
Fig. 4Standard deviations for the a temperature and b wind velocity in the retrieval results from five model spectra shown in Fig. 1. The meaning of the colored lines is the same as that in Fig. 1. Green lines (VIRAex case) in a and b are the same as the black dashed lines in Figs. 2b and 3, respectively




In both retrievals, [image: $$\varepsilon_{\text{AD}}$$] generally becomes smaller as the temperature becomes warmer probably because the spectra have higher radiance and higher signal-to-noise ratio (SNR) in the sensitive altitude of 70–95 km. The sensitive altitude is described in “Evaluation of the retrieval method” section. (The effect of SNR was also evaluated by the model spectra with the white noise with the RMS intensity of 0.5 and 1.5 erg/s/cm2/str/cm−1, shown in Additional file 1: Figure S1–S4. These noise levels are from the event study cases in “Retrieval from the CO2 absorption spectra observed by HIPWAC in May 2012” section).
In the following sections, we evaluate the retrieval results with the error of [image: $$\varepsilon_{\text{AD}}$$] estimated from one of the 5 model spectra whose radiance is closest to that of the observed spectrum.


Evaluation of the retrieval method
Accuracy of retrieval from model spectra
We evaluated the sensitive altitude regions and accuracies of the retrieved profiles in our retrieval using the model spectra generated from various temperature and wind velocity profiles as the emulated observed spectra. For this purpose, we generated 533 model spectra from the combination of 13 temperature profiles and 41 wind velocity profiles. The 13 temperature profiles were the VIRAex with the uniform bias between − 30 K and + 30 K with 5 K steps at all altitudes. The 41 wind velocity profiles were the uniform wind velocity from − 200 m/s to + 200 m/s with 10-m/s steps at all altitudes. For all cases, we also added white noise with the RMS of 1.0 erg/s/cm2/sr/cm−1. Hereafter, we refer to these assumed profiles as “true” values.
As for the a priori, we use the single profile fixed to VIRAex for the temperature and 0 m/s for the wind velocity in the following sections. As mentioned in “Dependence on a priori profiles” section, it is difficult to prepare appropriate a priori profiles for each observation because we do not have obtained enough characteristics of temperature and wind in Venusian mesosphere. Also, if we use different a priori profiles for different observed spectra, it becomes hard to distinguish whether the retrieved variations are due to actual phenomenon or dependence on a priori profile.
Figure 5 shows two model spectra as examples generated from the true temperature profiles of “VIRAex − 30 K” (the cold case) and “VIRAex + 30 K” (the warm case). The true wind velocity profile was set as + 150 m/s at all altitudes for both spectra.[image: A40623_2020_1188_Fig5_HTML.png]
Fig. 5Examples of the model spectra synthesized from the temperature profiles of a the cold case (VIRAex − 30 K) and b the warm case (VIRAex + 30 K). Upper panels show the model spectra (blue), a priori spectra (black), and retrieved spectra (red). Lower panels show the residuals between the model and retrieved spectra. Model spectra were generated with the wind velocity profile of + 150 m/s at all altitudes, including white noise with the RMS of 1.0 erg/s/cm2/sr/cm−1. In both, the a priori profiles are VIRAex for the temperature and 0 m/s for the wind velocity at all altitudes




Figure 6 shows the temperature profiles of the retrieved spectra, corresponding to the red lines in Fig. 5 with their retrieval errors calculated from Eq. (1) and averaging kernels (AKs). AK shows the altitudes where the retrieved values have sensitivities to true values. The full-width at half-maximum of AK also gives vertical resolution at each altitude. Deviations of the retrieved temperatures from the true profile are generally within the retrieval errors, indicating that the retrieval error estimations are accurate. In the cold case, larger AK peaks were observed at the altitudes of 67–82 km. In the warm case, larger AK peaks were observed at the altitudes of 71–101 km. It is obvious that the warm case had a wider temperature retrieval range with a better precision because of a larger radiance level of the spectrum in the warm case.[image: A40623_2020_1188_Fig6_HTML.png]
Fig. 6Temperature profiles retrieved from the model spectra shown in Fig. 5. In the right panels of a and b, blue, red and black lines represent the retrieved, model, and a priori (VIRAex) profiles, respectively. Blue horizontal lines are the retrieval errors calculated using Eq. 1. Left panels of a and b show the averaging kernels (AKs). The peaks of AKs are the sensitive altitudes, and full-widths at half-maximum are their vertical resolutions




The effect of the radiance level on the retrieval range is more evident in wind velocity retrieval. Figure 7 shows the wind velocity profiles of the retrieved spectra (red lines in Fig. 5) with their retrieval errors and AKs. The differences between the retrieved wind velocities and the true profile are within the retrieval errors. However, for the cold case, we cannot find a sensitive altitude with no evident AK peaks. In the warm case, the retrieved wind velocities in the 83–93 km range have large AK peaks close to 1.[image: A40623_2020_1188_Fig7_HTML.png]
Fig. 7Wind velocity profiles retrieved from the model spectra of a the cold case (VIRAex − 30 K) and b the warm case (VIRAex + 30 K). Other symbols are the same as those in Fig. 6




Figure 8 shows the statistical results for the retrieved temperature (Fig. 8a, b) and wind velocity (Fig. 8c, d) profiles retrieved from the model spectra of 41 wind velocity profiles for the cold case (Fig. 8a, c) and the warm case (Fig. 8b, d). In Fig. 8, the standard deviations for the altitudes in the 60–100 km range were not larger than the mean retrieval errors in all cases. In particular, for the sensitive altitude regions with the AK close to 1, the standard deviations are close to the mean retrieval errors, and the true values are included within the mean retrieval errors at almost all the altitudes. These characteristics are also observed in the other temperature cases (VIRAex − 25 K ~ VIRAex + 25 K, not shown here). We concluded that the retrieval errors calculated using Eq. (1) can be used as retrieval accuracies.[image: A40623_2020_1188_Fig8_HTML.png]
Fig. 8Statistical results for a, b the retrieved temperatures and c, d wind velocities from the model spectra with 41 wind velocity profiles of − 200 to + 200 m/s at all altitudes and white noise with the RMS of 1.0 erg/s/cm2/sr/cm−1. The cold case results are shown in a and c, and the warm case results are shown in b and d. In the right panels of a–d, red lines are the mean differences between the retrieved and model profiles, gray areas are the standard deviations of the differences, and blue dashed lines are the mean retrieval errors. Left panels a–d show the same AKs in Figs. 6a, b, 7a, and b, respectively, as examples




We note that there are some exceptions in the temperature retrieval. In Fig. 8a, the retrieved temperature plus retrieval error at 72 km is slightly lower than the true value. In Fig. 8b, the retrieved temperature minus retrieval error at approximately 76 km is the same as the true value. In both cases, the retrieved temperature at the altitudes in the approximately 70–75 km range (close to the lower limit of the sensitive altitude region) appears to be affected by the large discrepancy between the retrieved and true profiles in the lower altitude region with insufficient sensitivity. Therefore, the retrieved temperature in the lower end of the sensitive altitude region should be treated carefully.
Figure 9 shows the mean errors in the retrieved temperature and wind velocity profiles from the model spectra with 41 wind velocity profiles in the cold, VIRAex, and warm cases. The errors for the intermediate temperature cases are between the errors of these cases (not shown here). Figure 9a shows that the temperature can be retrieved with the accuracy of ± 15 K at the altitudes of 70–75 km in the cold case, 70–95 km in the VIRAex case, and 75–100 km in the warm case. However, as shown in Fig. 9b, wind velocities can be retrieved with sufficient accuracy only for a limited range of altitudes. If accuracy worse than ± 50 m/s is unacceptable, wind velocity can only be retrieved at the altitude of 85 km for the VIRAex case and for the altitudes in the 85–95 km range for the warm case. We conclude that the wind velocity can be retrieved with the accuracy of ± 50 m/s for the 85–95 km altitude range in the ‘VIRAex − 20 K’ or higher temperature cases. For the ‘VIRAex − 25 K’ and ‘VIRAex − 30 K’ cases, the accuracies are worse than ± 50 m/s.[image: A40623_2020_1188_Fig9_HTML.png]
Fig. 9Mean retrieval errors in the a temperature and b wind velocity profiles. Color lines show the errors in the retrieval from the model spectra in the cold case (blue), VIRAex case (green), and warm case (red), with 41 wind velocity profiles and white noise with the RMS of 1.0 erg/s/cm2/sr/cm-1





Effect of the noise level on the retrieval accuracies
In “Dependence on a priori profiles” and “Accuracy of retrieval from model spectra” sections, we evaluated our retrieval tool for the observational data with the white noise with the RMS of 1.0 erg/s/cm2/sr/cm−1. We also evaluated the sensitive altitude regions and retrieval accuracy under two other noise cases, namely the RMS of 0.5 erg/s/cm2/sr/cm−1 (smaller noise level) and of 1.5 erg/s/cm2/sr/cm−1 (larger noise level). We applied these noise levels to the 533 model spectra, as shown in “Accuracy of retrieval from model spectra” section. Figure 10 shows the model spectra as examples generated from the temperature of VIRAex and wind velocity of + 150 m/s with smaller and larger noise levels, and the retrieved spectra. The a priori spectra with VIRAex for the temperature and 0 m/s for all altitudes for the wind velocity are shown by black lines but overlap the retrieved spectra almost exactly.[image: A40623_2020_1188_Fig10_HTML.png]
Fig. 10Model spectra generated from the temperature profile of the VIRAex case and the wind velocity profile of + 150 m/s at all altitudes a with small noise level (0.5 erg/s/cm2/sr/cm−1 RMS) and b with large noise level (1.5 erg/s/cm2/sr/cm−1 RMS). Upper panels show the model spectra (blue) and retrieved spectra (red). A priori spectra (black) are overlapped almost exactly with the red lines and are not seen well. Lower panels show the residuals of the retrieved spectra from the model spectra




Figure 11 shows the temperature profiles retrieved from the spectra. In the smaller noise case, the upper limit altitude with the AK peak close to 1 is ~ 94 km, ~ 11 km higher than that in the larger noise case (~ 83 km). In the larger noise case, the retrieval error becomes larger than 15 K at the lower limit altitude (~ 68 km). Figure 12 also shows the wind velocity profiles retrieved from the model spectra shown in Fig. 10. In both cases, the retrieval results show the sensitivity at the altitude of approximately 85 km, with the retrieval error of ± 25 m/s in the smaller noise case and of ± 47 m/s in the larger noise case. In the smaller noise case, the AK peak is still high (~ 0.8) at the altitude of ~ 94 km but the retrieval error is ± 74 m/s.[image: A40623_2020_1188_Fig11_HTML.png]
Fig. 11Temperature profiles retrieved from the model spectra with a small noise level (0.5 erg/s/cm2/sr/cm−1 RMS) and b large noise level (1.5 erg/s/cm2/sr/cm−1 RMS) shown as blue lines in Fig. 10. Other symbols are the same as those in Fig. 6



[image: A40623_2020_1188_Fig12_HTML.png]
Fig. 12Wind velocity profiles retrieved from the model spectra with a small noise level (0.5 erg/s/cm2/sr/cm−1 RMS) and b large noise level (1.5 erg/s/cm2/sr/cm−1 RMS) shown as blue lines in Fig. 10. Other symbols are the same as those in Fig. 7




Figure 13 shows the mean retrieval errors in the (a) temperature and (b) wind velocity profiles for the noise levels of 0.5, 1.0, and 1.5 erg/s/cm2/sr/cm−1. The mean retrieval errors in the other temperature cases have similar characteristics (not shown here). In the temperature retrieval (Fig. 13a), the sensitive altitude regions with the accuracy of ± 15 K are 70–100 km, 70–95 km, and 70–90 km for retrieval with the RMS values of 0.5, 1.0, and 1.5 erg/s/cm2/sr/cm−1, respectively. However, in the wind velocity retrieval (Fig. 13b), the retrieval accuracy at the most sensitive altitude of approximately 85 km was ± 25 m/s, ± 37 m/s, and ± 48 m/s for the noise levels of 0.5, 1.0, and 1.5 erg/s/cm2/sr/cm−1, respectively. We conclude that the wind velocity at the altitude of approximately 85 km can be retrieved with the accuracy of better than ± 50 m/s when the noise level is 1.5 erg/s/cm2/sr/cm−1 or less.[image: A40623_2020_1188_Fig13_HTML.png]
Fig. 13Mean retrieval errors in the a temperature and b wind velocity profiles. Color lines show the errors in the noise levels of 0.5 (red), 1.0 (green), and 1.5 (blue) erg/s/cm2/sr/cm−1 RMS, with the temperature profile of the VIRAex case and 41 wind velocity profiles




In this section, we have evaluated our method and its precision using synthetic spectra. Our retrieval method can obtain temperature profiles in the mesosphere above the cloud at altitudes 70–95 km with the vertical resolution of 5 km and the retrieval accuracy of ± 15 K from the spectra of the temperature profile of VIRAex with the noise level of 1.0 erg/s/cm2/sr/cm−1. The retrieval accuracy can be improved and the upper boundary can be extended to 100 km by reducing the noise level. In addition, our retrieval method can obtain wind velocity at altitude 85–95 km with the vertical resolution of 10 km. The retrieval accuracy became better, changing from ± 50 m/s for the noise levels of 1.5 erg/s/cm2/sr/cm−1 to ± 25 m/s for the noise levels of 0.5 erg/s/cm2/sr/cm−1. Our result provides the first theoretical validation of the retrieval method for the wind velocity retrieval at this altitude range, which is important due to the lack of wind measurements in the same time frame, as mentioned below.


Retrieval from the CO2 absorption spectra observed by HIPWAC in May 2012
The retrieved temperature and wind velocity profiles
We applied our retrieval method for real observation spectra from Venusian nightside CO2 absorption line profiles obtained by a mid-infrared heterodyne spectrometer. This event study used the data obtained by HIPWAC attached to NASA/IRTF 3-m telescope on May 19–22, 2012. The dataset was originally analyzed and published by Staingier et al. (2015), and can be used to assess the validity of our retrieval scheme.
Figure 14 shows the observation geometry with the apparent illumination of Venus disk. The data were obtained at two points, namely at 33° S latitude and local time (LT) of 03:30 (hereafter, 33SLT3) and at 67° N latitude and 00:00 LT (hereafter, 67NLT0). The field of view of HIPWAC was 0.9 arcsec on the Venusian apparent angular diameter of 50.4 arcsec on May 19, 2012 and 52.5 arcsec on May 22, 2012.[image: A40623_2020_1188_Fig14_HTML.png]
Fig. 14Observation geometry of Venus during May 2012. Blue cross represents the anti-solar point. Green circles are the observed locations, (left) 33SLT3 (33° S, 3:30 LT) and (top) 67NLT0 (67° N, 00:00 LT). Their sizes are the field of view (0.9 arcsec). The angular diameter of the apparent disc varied between 50.4 arcsec on May 19 (shown in this figure) and 52.5 arcsec on May 22




Figure 15 shows the observed spectra after binning the data with 1 MHz obtained at 33SLT3 with the integration time of 100 min on source on May 19–20, 2012 and at 67NLT0 with the integration time of 30 min on source on May 22, 2012. The RMS noise at 33SLT3 (~ 0.6 erg/s/cm2/sr/cm−1) was three times smaller than that at 67NLT0 (~ 1.9 erg/s/cm2/sr/cm−1) mostly due to its longer integration time. We also note that the mean background radiance at 33SLT3 (~ 14.6 erg/s/cm2/sr/cm−1) is ~ 25% smaller than that at 67NLT0 (~ 19.5 erg/s/cm2/sr/cm−1).[image: A40623_2020_1188_Fig15_HTML.png]
Fig. 15Observed spectra obtained by HIPWAC on May 19–22, 2012 at a 33SLT3 and b 67NLT0. Upper panels in a and b show the observed spectrum (blue), a priori spectrum (black), and retrieved spectrum (red). Lower panels in a and b show the residuals of the observed spectrum relative to the retrieved spectrum. The noise levels are a 0.6 erg/s/cm2/sr/cm−1 (integration time: 100 min on 19–20 May) and b 1.9 erg/s/cm2/sr/cm−1 (integration time: 30 min on 22 May). A priori profiles are based on VIRAex for the temperature and 0 m/s for the wind velocity at all altitudes




Figure 16 shows our retrieved temperature profiles for (a) 33SLT3 and (b) 67NLT0, respectively. The retrieved temperature profiles had sensitivity at the altitudes in the 68–93 km range at 33SLT3 and in the 70–90 km range at 67NLT0, respectively, by judging from the peak value of Aks. The uncertainties of the retrieved temperature profile were less than ~ 13 K at the sensitive altitudes of 73–88 km at 33SLT3 and 75–90 km at 67NLT0. These results are in good agreement with the results described in “Evaluation of the retrieval method” section of this paper and in Fig. 9 of Nakagawa et al. (2016). We note that larger uncertainties (~ 26 K) are found in the vicinity of the lower and upper boundaries of the sensitivity region, at ~ 68 km and ~ 93 km at 33SLT3 and at ~ 70 km at 67NLT0.[image: A40623_2020_1188_Fig16_HTML.png]
Fig. 16Temperature profiles retrieved from the spectra at a 33SLT3 and b 67NLT0 shown in Fig. 15. The symbols are the same as those in Fig. 6




Figure 17 compares our results to the temperature profiles shown in Fig. 7 of Stangier et al. (2015) and to the previously obtained results in order to validate our retrieval tool. Figure 17a compares the retrieved temperature profiles at 33SLT3 with the values retrieved by Stangier et al. (2015). The values derived from VEX Radio Science (VeRa) radio occultation measurements at 33.8° S and 3:49 LT on 20 May 2012 (Stangier, 2015) are also shown in Fig. 17a. The three VeRa profiles have different upper boundary temperatures of 170, 200, and 230 K, respectively. Our results show a good agreement with both temperature profiles of Stangier et al. (2015) and VeRa (except for the altitudes of approximately 68 km and 88 km of Stangier et al. (2015)) and support a gradual temperature decrease at the altitudes from 70 to 90 km. As shown in Fig. 17b, the retrieved temperature at 67NLT0 is also in agreement with the results of Stangier et al. (2015) within the retrieval errors. Figure 17b also presents the temperature profile derived from VEX VeRa obtained at 71° N in 2006 (Pätzold et al. 2007). The gradual temperature decreases at the altitudes from 75 to 90 km are observed for both sets of results. The excellent agreement of temperatures with previous retrieval results provides a good validation of the technique for temperatures.[image: A40623_2020_1188_Fig17_HTML.png]
Fig. 17Retrieved temperature profiles at a 33SLT3 and b 67NLT0. Blue cross lines show the retrieved results with their errors (horizontal) and vertical resolutions (vertical), shown in Fig. 16. Green lines show the values in Fig. 7 of Stangier et al. (2015). Red line shows the VeRa results a at 33.8° S and LT 03:49 on 20 May 2012 (Stangier, 2015) and b at 71° N and solar zenith angle of ~ 100° (Pätzold et al. 2007), derived with three different upper boundary temperature conditions of 170, 200, and 230 K




Figure 18 shows the retrieved wind profiles with the Aks at (a) 33SLT3 and (b) 67NLT0. The retrieved results show that the observed CO2 absorption line profiles are sensitive to the wind velocity at the altitudes of 84 ± 6 and 94 ± 7 km at 33SLT3 and 80 ± 7 and 90 ± 7 km at 67NLT0 in agreement with the results described in “Evaluation of the retrieval method” section above and in Fig. 11 of Nakagawa et al. (2016). The retrieved results at 33SLT3 are + 35 ± 28 m/s at 84 ± 6 km and +144 ± 70 m/s at the altitude of 94 ± 7 km, corresponding to the SS-AS flows at both altitudes. This result is unexpected because it is in the opposite direction of the RSZ wind at the cloud top altitude (~ 70 km). Meanwhile, the retrieved wind velocity at 67NLT0 was 66 ± 73 m/s at 80 ± 7 km and 112 ± 69 m/s at 90 ± 7 km, indicating the potential meridional circulation toward the equator at both altitudes. Retrieval accuracy of ± 28 m/s at 84 ± 6 km at 33SLT3 could satisfy our requirement of ± 50 m/s. The other retrieval accuracies at 94 ± 7 km at 33SLT3, and 80 ± 7 and 90 ± 7 km at 67NLT0 show less sensitive, although the Aks at these altitudes are rather than 0.6. In contrast to temperatures, we have to admit that the wind validation is more difficult due to the lack of wind measurements in the same time frame or location. The newly retrieved winds in this study are compared to previous theoretical models in the next subsection.[image: A40623_2020_1188_Fig18_HTML.png]
Fig. 18Wind velocity profiles retrieved from the spectra at a 33SLT3 and b 67NLT0 shown in Fig. 15. Other symbols are the same as those in Fig. 7





Discussion of wind in the mesosphere
Figure 19 shows the retrieved wind velocity profiles at (a) 33SLT3 and (b) 67NLT0 in comparison with two numerical models by Gilli et al. (2017) for 33SLT3, and 67NLT0 and by Alexander (1992) for 33SLT3. The numerical simulation by Gilli et al. (2017) which is a full self-consistent Venus GCM has addressed physical and photochemical processes at region of ground-to-thermosphere. This model  included a new non-orographic GW parameterization to describe the dynamical effects in the upper mesosphere/lower thermosphere, which is good for comparison with the retrieved wind in this study. In addition, the wind velocity profile of Alexander (1992) is controlled by gravity waves that propagate from the middle atmosphere via momentum deposition in the upper atmosphere, driving wave-induced accelerations in the thermosphere. For the comparison, all of the wind velocities shown in Fig. 19 are converted to the along line-of-sight velocities in the same geometry as that in our analyses as shown in Fig. 14.[image: A40623_2020_1188_Fig19_HTML.png]
Fig. 19Retrieved wind velocity profiles at a 33SLT3 and b 67NLT0. Blue cross lines show the retrieved results with their errors (horizontal) and vertical resolutions (vertical), shown in Fig. 18. Black solid lines are the wind velocity profiles deduced by a GCM study from Gilli et al. (2017). Black dashed lines in a show the model value obtained in Alexander (1992). The zonal and meridional wind velocities are converted to the wind velocities along the line-of-sight of the observing geometries




If we assume the presence of either pure SS-AS flow or pure RSZ wind field, the SS-AS flow yields positive Doppler wind direction at 33SLT3 (eastward wind) while the RSZ wind (westward wind) should appear as negative Doppler wind direction.
Our results added the information for the wind velocities at the altitudes of 84–94 km that showed larger SS-AS flow velocity values than those of the previous observations. In the numerical results of this region in the study by Alexander (1992) and in a GCM study from Gilli et al. (2017), the transition altitude from the RSZ wind to the SS-AS flow is observed at approximately 90 km and wind velocity gradually increases at higher altitudes. Our results suggested that this transient can be shifted to altitudes lower than 90 km.
At 67NLT0, positive Doppler wind velocity (the equatorward movement) can be interpreted as SS-AS flow. The wind found in the GCM study from Gilli et al. (2017) shows the positive wind velocity at the altitudes above 65 km. Our retrieved results are in agreement with the results of this model within the retrieval error margins.
Our results are the first direct wind measurements of the Venusian mesosphere at the altitudes of 85–95 km, and showed a further weakening of the RSZ wind. Although the number of observation points was limited, the retrieved Doppler wind velocity profiles make us think of the presence of SS-AS flow in the altitude of 85–95 km which has never been explained. It is noteworthy that a decrease of the RSZ wind in the mesosphere between the cloud top and 80 km was also observed as thermal winds derived by recent measurement of VIRTIS-M on the nightside (Peralta et al. 2017). At the altitudes, the internal GWs propagating upward may deposit their horizontal momentum into the background mean winds and change the mean wind velocity (Hoshino et al. 2013; Nakagawa et al. 2013). It is noteworthy that a potential convective instability layer was observed by radio occultation measurements by Akatsuki at the altitude around 80–90 km (Imamura et al. 2017). However, we should also note that the wave breaking altitude predicted by GCM, ~ 130 km, was much higher (Hoshino et al. 2013; Nakagawa et al. 2013) than the 85–95 km region. Further investigations are crucial for identifying the transition region from RSZ wind to SS-AS flow.
Another possible explanation for the unexpected strong SS-AS flow at 85–95 km is the advection flow due to improved IR heating and an additional aerosol heating in the dayside atmosphere. A previous GCM study found much lower temperatures than those observed by VEX SOIR, obtaining − 50 K at the altitudes of 85–100 km at the terminator (Bougher et al. 2015); it was claimed that therefore there should be some mechanisms for the heating of the dayside atmosphere. If the dayside atmosphere is additionally heated, the SS-AS flow in the mesosphere will be enhanced. Therefore, further wind distribution information is required to establish appropriate atmospheric waves and heating models. The discovery of an unexpected SS-AS flow at the altitude of 85–95 km would affect our understanding of the Venusian mesosphere.


Summary
We have evaluated a method to retrieve temperature and Doppler wind velocity profiles from CO2 absorption line profiles observed with mid-infrared heterodyne spectroscopy. Based on the errors originating from uncertainties in the a priori profiles, we estimated the achievable sensitive altitude and retrieval accuracy using model spectra generated from various temperature and wind profiles with different noise levels. The evaluation suggested that the temperature profiles can be retrieved at altitudes in the 70–95 km range with a vertical resolution of 5 km and retrieval accuracy of ± 15 K by retrieving model spectra with a temperature profile as given by VIRA (Seiff et al. 1985) and Seiff and Kirk (1982). The assumed nominal noise level was 1.0 erg/s/cm2/sr/cm−1. For data with a higher signal-to-noise ratio (higher radiance and/or lower noise level), the retrieval accuracy can be improved and the upper boundary can be extended to 100 km. By contrast, the wind velocity profile was more difficult to obtain but still could be retrieved at an altitude of approximately 85 km with a vertical resolution of 10 km. For data with a higher signal-to-noise ratio, the retrieval accuracy became better, changing from ± 50 m/s for noise levels of 1.5 erg/s/cm2/sr/cm−1 to ± 25 m/s for noise levels of 0.5 erg/s/cm2/sr/cm−1. The sensitive altitude could also be improved. This result provides the first validation of a method for wind velocity retrieval in the Venusian mesosphere at altitudes of 85–95 km.
We applied our retrieval method using the spectra obtained by HIPWAC observations in May 2012 with data partially in common with the study by Stangier et al. (2015). We confirmed that the retrieved temperature profiles were in good agreement with the results of Stangier et al. (2015) and Pätzold et al. (2007), validating our method. At last, we retrieved the wind velocity at the altitudes of 80–95 km, and showed that the wind velocity at 33° S and 3 LT represented the SS-AS flow at altitudes of 84 ± 6 km and 94 ± 7 km. We also retrieved the wind velocity at 67° N and 0 LT as the meridional circulation toward the equator at the altitudes of 80 ± 7 km and 90 ± 7 km. These velocities were consistent with the wind profile obtained by GCM of Gilli et al. (2017), but the retrieved wind at 33° S was stronger. Our results suggested that the transition region between the RSZ wind and SS-AS flow is found lower than 90 km which had been predicted to be the transition altitude.
Our result is an event study, and does not conclusively resolve whether these mesospheric flows were ‘sporadic and patchy’ or ‘permanent and large’ features. For further observations, we will utilize our mid-infrared heterodyne spectrometer MILAHI (Nakagawa et al. 2016) attached to the Tohoku University 60-cm telescope at the summit of Haleakalā, Hawaii.
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