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Abstract
A feasibility study has been carried out to look for the source of contrast that will be seen in the infrared images of Venus taken by the cameras on board AKATSUKI. This procedure used a cloud model based on the measurements of previous entry probes and radiative transfer calculations. The source of the small contrast expected in the 0.90-/xm dayside image was found to be due to inhomogeneity in the cloud optical thickness, with the variations in cloud altitude and temperature having little effect. The source of the large contrast expected in the 2.26-μm nightside image was also found to be due to inhomogeneity in the cloud optical thickness. We attempted to determine the representative altitude of the cloud layers, but this could not be specified to one particular layer. The brightness expected in the 2.02-μm dayside image was found to be affected by the cloud altitude, as expected since the 2.02-μm is in a moderate CO2 absorption band; however, it is also affected by the cloud optical thickness. The brightness expected in the 10-μm image was found to be affected mostly by temperature; however, the effects due to cloud optical thickness and cloud altitude are also important. It is necessary to use all of the information obtained at various wavelengths to gain a correct understanding of the brightness distribution of the Venus images taken by AKATSUKI.
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1. Introduction
The superrotation of Venus atmosphere is one of the most remarkable and mysterious phenomena in the solar system. Although several theories on its generation have been proposed (e.g., Gierasch, 1975), to date, the exact mechanism has not been identified. The main aim of the Japanese mission AKATSUKI is to elucidate this mechanism, and to this end, five cameras and a radio occultation instrument are on board. Since each camera uses different wavelengths, they are able to observe targets at various altitudes at the same time. The strategy of the AKATSUKI mission is to understand the acceleration mechanism by measuring various meteorological parameters in the acceleration region using cloud tracking and radio occultation techniques at various altitudes. The AKATSUKI mission and the instruments on board have been described in detail by Nakamura et al. (2007). Here, we discuss the contrast sources for the 0.90±0.005-µm dayside image of the 1-µm camera (IR1), the 2.26±0.03-µm nightside image and the 2.02±0.02-µm dayside image of the 2-µm camera (IR2), the 10±2-µm image of the 10-µm camera (LIR) and their representative altitudes.
Figure 1(a) shows a 0.986-µm dayside image of Venus taken by solid state imaging (SSI) of the Galileo spacecraft (obtained from the NASA website). Although it appears almost flat, there are some small-scale (approx. 300 km) features with a contrast of 3% (Belton et al., 1991). Such a faint feature in the 0.90-µm image taken by the IR1 camera must be tracked to determine the meteorological parameters. Consequently, accurate information on the contrast source and of the representative altitude is important. The same may be applicable to the 2.02-µm dayside, 2.26-µm nightside and the 10-µm day- and nightside images. The 10-µm day- and nightside images resemble each other because the scattered sun light is much weaker than the thermal emission in this wavelength region. Figure 1(b) shows a 2.3-µm nightside image of Venus taken by near-infrared mapping spectrometer (NIMS) of Galileo (obtained from the NASA website). There are a lot of features showing a contrast of almost 100% (Tsang et al., 2009). It is also interesting to investigate whether the source of such a large contrast in the nightside image seen in Fig. 1(b) is consistent with the source of small contrast seen in the dayside image in Fig. 1(a). In this study, the contrast is defined as (maximum brightness-minimum brightness)/mean brightness.[image: A40623_2015_630050435_Fig1.jpg]
Fig. 1(a) A 0.986-µm image of Venus dayside taken by SSI on board Galileo (from the NASA website). (b) A 2.3-µm nightside image of Venus taken by the NIMS on board Galileo (from the NASA website).





2. Simulation
A Venus atmosphere model, molecular line databases, a cloud model, and a radiative transfer calculation are necessary to calculate the brightness distribution on the Venus disk.
2.1 Cloud model
A mean cloud model and deviations from the mean were calculated from the measured data collected by previous entry probes, such as the Soviet Veneras series. Figure 2(a-g) represents the optical thickness of the upper, middle, and lower clouds measured by the Pioneer Venus large probe and Veneras 9–14 as summarized in table IVa of James et al. (1997). The mean of seven profiles (Fig. 2(a–g)) is shown in Fig. 2(h). To calculate the mean, we ignore the difference in the measuring wavelengths (630 nm for Pioneer Venus and 920 nm for Veneras; the difference in the optical thickness at these wavelengths is only a few tenths of percent or less, being much smaller than the variance seen in Fig. 2(a–g). An upper haze layer with a total thickness of unity is added to the mean cloud model (see Table 1) following table II of Crisp (1986).[image: A40623_2015_630050435_Fig2.jpg]
Fig. 2Optical thickness of three cloud layers measured by the entry probes summarized by James et al. (1997). (a) Pioneer Venus Large Probe; (b–g) Veneras 9–14; (h): mean of seven profiles (a–g). The upper haze layer is added to the mean following Crisp (1986).



Table 1Mean optical thickness of cloud layers at 920 nm based mainly on Venera entry probe data summarized by James et al. (1997). Upper haze layers based on Pioneer Venus data (Crisp, 1986) are added. The ratios among the particle modes are from Knollenberg and Hunten (1980). The maximum positive and negative deviations are also determined from the same data set; however, those for the upper haze layers are just assumed to be 50%.


	 	Optical thickness
	Maximum
	Maximum

	 	Mode1
	Mode2
	Mode3
	Total
	negative deviation
	positive deviation

	Upper haze (80–90 km)
	0.200
	0.0
	0.0
	0.2
	−50%
	+50%

	Upper haze (70–80 km)
	0.14
	0.66
	0.0
	0.8
	−50%
	+50%

	Upper (57–70 km)
	2.941
	7.059
	0.0
	10.0
	−70%
	+ 100%

	Middle (50–57 km)
	0.490
	5.096
	8.915
	14.5
	−42%
	+86%

	Lower (47.5–50 km)
	0.334
	1.268
	6.898
	8.5
	−76%
	+ 135%

	Total
	 	 	 	34.0
	 	 


Table 2The cloud model used in this study for calculating radiative transfer. Optical thickness of each mode in each layer (2 km thick) at 920 nm is represented.


	Layer center altitude (km)
	Optical thickness per 2 km

	 	Mode1
	Mode2
	Mode3
	Total

	89
	0.013
	0.0
	0.0
	0.013

	87
	0.020
	0.0
	0.0
	0.020

	85
	0.033
	0.0
	0.0
	0.033

	83
	0.052
	0.0
	0.0
	0.052

	81
	0.082
	0.0
	0.0
	0.082

	79
	0.011
	0.052
	0.0
	0.063

	77
	0.015
	0.077
	0.0
	0.093

	75
	0.024
	0.114
	0.0
	0.138

	73
	0.036
	0.168
	0.0
	0.204

	71
	0.053
	0.249
	0.0
	0.302

	69
	0.149
	0.355
	0.0
	0.504

	67
	0.208
	0.495
	0.0
	0.703

	65
	0.290
	0.691
	0.0
	0.981

	63
	0.405
	0.946
	0.0
	1.369

	61
	0.565
	1.346
	0.0
	1.911

	59
	0.789
	1.878
	0.0
	2.667

	57
	0.596
	1.777
	0.819
	3.192

	55
	0.114
	1.186
	2.084
	3.384

	53
	0.146
	1.509
	2.652
	4.307

	51
	0.186
	1.920
	3.374
	5.480

	49
	0.334
	1.268
	6.898
	8.500

	Total
	 	 	 	34.0




The optical thickness of each cloud layer shown in Fig. 2(h) is distributed to three particle modes (mode1, 2, and 3) and shown in Table 1. The ratios among each particle mode are taken from table 5 of Knollenberg and Hunten (1980). The maximum negative and the maximum positive deviations of the seven profiles shown in Fig. 2(a–g) from the mean (Fig. 2(h)) are also shown in Table 1. In order to use this mean cloud model in the radiative transfer calculation using 50 layers of 2-km-thick, the optical thickness of each mean cloud layer in Table 1 is redistributed to the 2-km-thick layers so as to keep a constant mixing ratio of cloud particles within each (middle, upper and upper haze) layer. Data on the modified cloud model is given in Table 2 and the model is illustrated in Fig. 3. The scale heights within each cloud layer, as determined from VIRA 1985 (Keating et al., 1985), for the middle and upper cloud layers and upper haze layers are 8.3, 6.0, 5.1 (bottom upper haze 70–80 km), and 4.3 km (top upper haze 80–90 km), respectively. In this redistribution, the total cloud optical thickness of each layer is kept as shown in Table 1. The lower cloud layer is modified to have an altitude region of 48–50 km instead of 47.5–50 km. At 57 km (the boundary altitude between the upper and middle cloud layers), the optical thicknesses due to the upper and middle layers are combined and set in the 56– to 58-km layer.[image: A40623_2015_630050435_Fig3.jpg]
Fig. 3The cloud model used for the calculation reported here made from the mean profile shown in Fig. 2(h) by adjusting it to a thickness of 2 km and to a constant mixing ratio of particles in each layer; mode1 (short dashed line), mode2 (long dashed line), mode3 (solid line).





2.2 Radiative transfer calculation
Synthetic spectra were calculated by means of line-by-line method using the HITRAN 2004 molecular database (Rothman et al, 2005) and the CO2 HITEMP database (Wattson and Rothman, 1992; Pollack et al., 1993), the VIRA1985 model atmosphere (Keating et al., 1985), and a solar line atlas (Livingston and Wallace, 1991). The sub-Lorentz line shape is applied for CO2 in the same way as in Pollack et al (1993), and the Voigt line shape (Humlicek, 1992) is applied for the other gases. Scattering by the cloud particles is taken into account by using a plane-parallel radiative transfer code RSTAR (Nakajima and Tanaka, 1986) modified for the Venus atmosphere (G. L. Hashimoto, private communication) with the cloud model noted in the previous section (Table 2, Fig. 3). Cloud parameters of three modes, namely, 1, 2, and 3, are calculated by assuming a 75% H2SO4 solution for the particles based on the Mie theory (e.g., Crisp, 1986). In the RSTAR code, the refractive index of H2SO4 is taken from WCP-55 (1983).


3. Results
3.1 Source of the contrast in the 0.90-µm image
Venus dayside spectra in the 0.90-µm region are calculated with various total cloud optical thicknesses. Figure 4(a–d) show examples of calculated brightness Bλand the transmission of filters Tλ (0.90-µm dayside, 2.02-µm dayside, 2.26-µm nightside, and 10-µm day and night-side, respectively). The 0.90-µm region is located in an atmospheric window. The integrated brightness I may be calculated as [image: $$I = \int {{T_\lambda }{B_\lambda }d\lambda },$$]

 (1)

 where λ is wavelength, and the integration is carried out within the passband of the filter. Figure 5 shows integrated brightness I as a function of the entire cloud optical thickness. A 50% increase in the optical thickness is found to cause a 4.1% increase in brightness, while a 50% decrease causes a 8.7% decrease in brightness. As seen in Fig. 2(a– g), this amount of variation in the optical thickness is actually present. A similar procedure was performed with various cloud altitudes; however, this procedure reveals that brightness changes only ±0.2% when the cloud altitudes changes by ±4 km. Since the 0.90-µm region is in a window for CO2 absorption, variation of the CO2 column abundance above the cloud does not greatly affect the calculated brightness. This variation of ±4 km in the Venus cloud altitude may actually be present (see, for example, Iwagami et al, 2008; Ignatiev et al, 2009). A similar procedure is performed by changing the atmospheric temperature, which reveals that changes in temperature scarcely even affect brightness: a ±10 K increase in temperature causes only a ±0.02% change in brightness. This is due to the dependence of the absorption line intensity on temperature. It may be concluded that the source of the contrast of the order of 3% expected in the 0.90-µm image is due to variation in the cloud optical thickness.[image: A40623_2015_630050435_Fig4.jpg]
Fig. 4Examples of calculated brightness (thin solid curve) and the transmission profiles of the filter (thick solid curve); (a) 0.90-µm dayside, (b) 2.02-µm dayside, (c) 2.26-µm nightside, (d) 10-µm dayside and nightside. The maximum transmissions of the filters are 0.27, 7.77, 84.1, and 92.6% for 0.90, 2.02, 2.26, and 10-µm, respectively.



[image: A40623_2015_630050435_Fig5.jpg]
Fig. 5Calculated and normalized 0.90-µm integrated brightness as a function of the normalized total cloud optical thickness (total thickness of 34.0 as a reference).





3.2 Source of the contrast in the 2.26-µm nightside image
The Venus nightside brightness at around 2.26-µm is calculated as the thermal emission of the atmosphere and the surface after scattering by the cloud. The brightness variation with the various total cloud optical thickness is shown in Fig. 6. A 50% increase in the optical thickness is found to cause an 88% decrease in brightness, and a 50% decrease causes an 830% increase in brightness. In comparison, the responses due to changes in cloud altitude and temperature are much less: the brightness changes from + 11.6 to −1.5% when the cloud altitude deviation changes from −4kmto +4 km, and it changes from −22 to +27% when the cloud temperature deviation changes from − 10 K to +10 K. The source of the 100% contrast expected to be seen in the 2.26-µm image is therefore found to be mostly due to variation in the cloud optical thickness.[image: A40623_2015_630050435_Fig6.jpg]
Fig. 6Calculated and normalized 2.26-µm nightside brightness as a function of the normalized total cloud thickness.





3.3 Representative altitude for the 0.90-µmdayside contrast and the 2.26-µm nightside contrast
The source of the small contrast expected to be seen in the 0.90-µm dayside image and the large contrast in the 2.26-µm nightside image are both found to be due to variation in the cloud optical thickness. To determine their representative altitudes, the integrated brightness in the 0.90-µm and 2.26-µm regions are calculated with various sets of optical thickness of layers. The brightness corresponding to the maximum negative deviation and the maximum positive deviation, respectively, at each cloud layer is calculated layer by layer. That is, the responses in brightness are calculated by changing the optical thickness of one region (e.g., middle cloud layer only). The difference between the responses is defined as contrast and is represented in Table 3. For example, in the case of a lower cloud layer with an optical thickness of 8.5 in the mean cloud model, a 135% increase in optical thickness (8.5 × 2.35 = 20.0) is found to cause a 2.4% increase in brightness, while a 76% decrease in the optical thickness (8.5 × 0.24 = 2.04) is found to cause a 1.9% decrease in brightness; therefore, the maximum contrast expected for the 0.90-µm image is 4.3% (= 2.4 + 1.9%).Table 3Maximum contrast expected for the 0.90-µm dayside and 2.26-µm nightside images calculated for the maximum positive and negative deviations in each layer shown in Table 1.


	 	Maximum contrast at 0.90-µm (%)
	Maximum contrast at 2.26-µm (%)

	Upper haze (70-90 km)
	1.0
	7

	Upper (57−70 km)
	5.8
	117

	Middle (50−57 km)
	5.5
	255

	Lower (48−50 km)
	4.3
	289




As seen in Table 3, all layers, with the exception of the upper haze layer, have the potential to cause a contrast of ≥3% in the 0.90-µm dayside image. The data in Table 3 also show that all cloud layers, again with the exception of the upper haze layer, may cause a contrast of ≥100% in the 2.26-µm image.

3.4 The contrast source for the 2.02-µm dayside image and the 10-µm image
Similar procedures to those performed for the 0.90-µm and 2.26-µm calculations in Section 3.1 were also performed for the 2.02-µm dayside image and the 10-µm image. The result of the 2.02-µm calculation is shown in Fig. 7. The brightness changes ±50% when the cloud optical thickness changes ±50% (in the case of no deviation in the cloud altitude). The brightness changes from −60 to + 109% when the cloud altitude deviation changes from −4 to +4 km (in the case of the reference optical thickness). This considerable response to cloud altitude is due to the fact that the 2.02-µm region is not located in an atmospheric window but in a CO2 absorption band (see Fig. 4(b)). A ±10 K change in the temperature causes only a ±0.0035% change in brightness. In summary, the contrast in the 2.02-µm image is found to come from changes in both cloud altitude and cloud optical thickness.[image: A40623_2015_630050435_Fig7.jpg]
Fig. 7Calculated and normalized 2.02-µm dayside brightness as a function of the normalized total cloud optical thickness and cloud altitude deviation.




The result for the 10-µm image is shown in Fig. 8. The brightness changes from +37 to −16% when the cloud optical thickness changes from −50 to +50% (in the case of no deviation in cloud altitude). The brightness changes from +45 to −29% when the cloud altitude deviation changes from − 4to +4 km (in the case of the reference optical thickness). Such a change with the deviation in altitude is due to the fact that the 10μm region is not located in an atmospheric window but in a moderate CO2 absorption band (see Fig. 4(d)). As shown in Fig. 9, a ±10 K change in temperature causes a ±20% change in brightness. In the case of the 10-µm image, the contrast is due not only to temperature change but also to changes in both cloud optical thickness and cloud altitude deviation.[image: A40623_2015_630050435_Fig8.jpg]
Fig. 8Calculated and normalized 10-µm brightness as a function of the normalized total cloud optical thickness and cloud altitude deviation.






4. Discussion
Belton et al. (1991) reported that the contrast source in the 0.986-µm dayside image taken by SSI on board Galileo is located in the bottom of the middle cloud layer. These authors base their conclusion on the fact that the violet tracers show larger zonal wind velocities (101 m s−1) than those of the near-infrared tracers (78 m s−1). By using the average vertical wind shear (approx. 1.5 m s−1 km−1) estimated from the previous entry probes, such as Veneras (figure 9 of Schubert, 1983), they conclude that the violet and near-infrared contrast sources are separated by 15 km in the vertical direction. Since the representative altitude of the violet image is 70 km (Kawabata et al., 1980), the 0.986-µm dayside representative altitude should be 55 km. However, the results of the our study show a possibility that the source may be located in any of the cloud regions (48– 70 km).[image: A40623_2015_630050435_Fig9.jpg]
Fig. 9Calculated and normalized 10-µm brightness as a function of cloud temperature deviation.




Carlson et al. (1991) reported that the contrast source of the 2.3-µm nightside image is located at 50 km. These authors based their conclusion on data obtained by the Galileo NIMS. According to their discussion, the contrast found in the 2.3-µm image (20:1) requires a tenfold change in cloud optical thickness at 2.3 μm. However, the brightness temperature deviation at 3.71 μm exceeds the observed value of 0.13 K if such large change does actually occur in the upper or middle cloud layer. They concluded that only a change in the lower cloud layer at around 50 km may satisfy both conditions. However, our results show a possibility that the contrast source may also be located in the middle or upper cloud region.
The 2.02-µm brightness is found to provide information on both cloud altitude and cloud optical thickness. The 10-µm brightness is found to give information on temperature, cloud optical thickness, and cloud altitude. In order to separate such cloud parameters one by one, it seems necessary to introduce information obtained at other wavelength regions. The cloud altitude deviation is determined from 2.02-µm brightness by using information on cloud optical thickness from the 0.90-µm dayside image; the temperature information may be determined from the 10-µm brightness by using the cloud optical thickness and the altitude information obtained from the 0.90-µm and the 2.02-µm regions.
The error associated with this procedure may be estimated as follows only if the random error of 0.3% in the 0.90-µm dayside image is important. The error in brightness of the 0.90-µm dayside image is expected to be 0.3% (Iwagami et al, in press), which is statistical noise due to fluctuations in photon number. This error corresponds to about unity in the optical thickness in the 0.90-µm image according to Fig. 5. Since the reference value of the total cloud optical thickness is 34, as noted in Table 2, such uncertainties of unity in cloud optical thickness may be converted into an error of 0.03 km in the cloud altitude deviation according to Fig. 7. The error in temperature by the 10-µm data is estimated to be 0.09 K by using the above uncertainties and information shown in Figs. 8 and 9.
It should be noted that the above discussion is the simplest and the most optimistic estimation of errors. The estimate given here means that the error caused by the random noise in the 0.90-µm image is negligible. If possible, we should take into account all uncertainties, such as instrumental errors (calibration errors, nonlinearity, temperature dependences, among others) and model errors (cloud parameters, gas parameters, among others). Also, we should validate the whole procudure with real data and simulataneous measurements from the ground or other missions.

5. Conclusions
A procedure to determine the source and the representative altitude of the contrast seen in infrared images has been carried out. We show that the source of the small contrast expected in the 0.90-µm image is mostly caused by inhomogeneity in cloud optical thickness. We also show that the source of the large contrast expected in the 2.26-µm nightside image is also caused by inhomogeneity in the cloud optical thickness. Our attempt to determine the representative altitudes of these cloud layers revealed that this spectral band is sensitive to any cloud region (upper, middle and lower), but not sensitive to the upper haze region. This result is not always consistent with results reported by other researchers (e.g., Belton et al, 1991; Carlson et al, 1991). Cloud altitude deviation determined from the 2.02-μm brightness may be affected by inhomogeneity in the cloud optical thickness. The temperature deviation determined from the 10-µm brightness was found to be affected by the deviations in cloud optical thickness and cloud altitude. Cloud optical thickness, cloud altitude, and temperature information may be determined separately by introducing information obtained from other wavelength regions. Future studies should consider acidity as a parameter in addition to cloud thickness, height, and temperature, as indicated by Tsang et al. (2010).
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