
地上分光観測による金星昼面の大気波動現象へのアプローチ
細内麻悠・岩上直幹(東大理)、大月祥子(ISAS / JAXA)

1.概要
　金星の大気は、地球のものと大きく異なる姿を持つ。例えば、スーパーローテーションなどの特異
な現象が起こっていると言われている。波動現象を解明することから、そういった現象の解明にもつ
ながることも期待できる。
　本研究では、近赤外域の地上分光観測から、波動現象を捉えることを目標としている。 過去、金星
の観測は主に紫外域で行われ、紫外域では波動現象の発見もされてきた。波長域が違うと、見えるも
のも異なるため、今まで発見されなかった波動現象が捉えられる可能性があり、そういったことから
金星の大気について理解を深めることが本研究のねらいである。

2.背景
　1.でも述べたが、過去の金星観測は主に紫外域で行われてきた。スーパーローテーションを確認し
たMariner 10も紫外線フィルタによる撮像で、よく知られるPioneer Venusによる画像(図1)も紫
外光によるものである。
 紫外光による4日波や5日波の観測例はある。Pioneer Venusの観測に対して、輝度値や雲画像の解
析が行われ、熱潮汐波、赤道ケルビン波に由来すると思われる構造を見出した(Del Genio et al 
1982,1990)。

　熱潮汐波・ケルビン波が担う鉛直角運動量輸送がスーパーローテーションの維持に寄与する可能性に
ついては以前から指摘されている。よって波動現象の理解を深めることで、スーパーローテーションや
雲の構造など、金星の大気についての理解につながる可能性があると言える。
　波長域が違うと、見えるものも異なる(図3)ため、今まで発見されなかった波動現象が捉えられる可
能性があり、より金星の大気について理解を深めることができると考えられる。それが、今回、赤外
域で波動現象を捉えようとする背景である。 分光観測による半球分布図の作成例は少なく、赤外域の
分光による半球分布図から波動現象を検出する試みは今回初めてである。
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This led to the suggestion that the global 
patterns are actually the manifestation of  
planetary-scale waves propagating slowly 
relative to the winds at - 5 - 1 5  m/sec west- 
ward near the equator  and - 2 0 - 3 0  m/sec 
eastward at midlatitudes (Belton et al., 
1976a,b). Two separate waves were pro- 
posed, but a single nonlinear wave of  per- 
manent shape has also been proposed to ex- 
plain the observations (Rossow and 
Williams, 1979). 

The conclusions drawn from Mariner 10 
are tentative because wind measurements 
were acquired for less than 4 days and im- 
ages for only 8 days, less than two rotation 
periods of  the atmosphere at cloud levels. 
The OCPP data set is bet ter  suited to deter- 
mining the rotation periods of  large-scale 
features because of  its length; its temporal 
resolution, while not as good as that of the 
Mariner 10 data, is sufficient to resolve peri- 
ods >2  days. The comparison of  the two 
data sets is of  interest because the OCPP 
nominal mission cloud-tracked wind profile 
is very close to solid-body rotation (Rossow 
et al., 1980), in striking contrast  to the Mar- 
iner 10 profile. To characterize the large- 
scale wave properties,  we consider both ob- 
ject ive quantitative estimates and the more 
subjective visual evidence of  the image pat- 
terns themselves.  

A. Time Series Analysis o f  Large-Scale 
Brightness 

Time series of  normalized brightness, av- 
eraged over  all longitudes observed in each 
image, 4 were assembled for the 66 days of  
continuous imaging for latitudes from 70°S 
to 59°N and were subjected to Fourier anal- 
ysis, using the procedure described in Ros- 

4 Using the longitudinal average brightness ensures 
that only features with zonal wavenumbers <4 contrib- 
ute to time variations. The variation of phase angle 
over 66 days only changes the averaging length scale 
by -35%.  Fourier analysis of brightness variations 
along latitude circles shows that the variations are 
dominated by the very largest scales (see Fig. 4; also 
Rossow et al., 1980), so that the phase angle variation 
will not affect the results. 

sow et al. (1980). Two examples of  these 
time series, at the equator  and 45°S, are 
shown in Fig. I. The resulting power spec- 
trum estimates were averaged logarithmi- 
cally over  20 ° latitude bands starting at 70°S 
to increase statistical significance and iso- 
late large-scale features. The shortest re- 
solvable (Nyquist) period is 2 days, twice 
the temporal resolution. The longest re- 
solved time scale is identical to the length of  
the data set, 65 days [prewhitening reduces 
the length of  the original data set by 1 day; 
see Rossow et al. (1980)]. 

The statistical significance of  peaks in the 
spectra can be determined by comparison 
to the power levels of  an appropriate spec- 
trum which estimates the background 
power remaining in the absence of  any peri- 
odicities. Since images on adjacent days are 
significantly correlated with each other,  a 
white noise spectrum is not appropriate.  In- 
stead, a red noise continuum, which repre- 
sents the characteristics of  time series with 
both persistence and randomness,  was used 
(Bartlett, 1960; Mitchell, 1966). The " r a w "  
spectral estimates have 2 degrees of free- 
dom apiece. Averaging of  power over  20 ° 
latitude bands was estimated to further in- 
crease this by a factor  of  at least 2, since 
time series at adjacent latitudes are neither 
perfectly correlated nor completely inde- 
pendent.  Confidence levels were finally 
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FIO. 1. Two examples of nominal mission time series 
of large-scale normalized uv brightness used in the 
power spectrum analysis. 

図1 Pioneer Venusによる金星の
画像。紫外撮像では、横Y字模様が
見られるのが特徴である。

図2 Del Genio et al 1982より。45°S、赤道
での紫外輝度値平均の日による変化。フーリ
エ解析により、4日・5日成分が得られる。

level (2 bar; 370 K). There are three domi-
nant layers (7) with additional thin, highly
stratified haze layers found at great heights
above the main cloud deck (8, 9). Features
in the ultraviolet show variable zonal mo-
tions of -100 m s` over the planet's
equator. This "super"-rotation is in the same
direction as that of the solid planet but is
about 50 times faster; it is also found to be
variable on time scales of years. At high
latitudes there are large-scale jets with am-
plitudes that also vary; these jets sometimes
are absent, causing the cloud tops to follow
a rigid-body rotation profile. Poleward me-
ridional motions (up to -10 m sol) have
consistently been measured, and there is
evidence for a solar-locked pattern in the
markings that indicates strong horizontal
divergence in the flow related to the subsolar
region. Finally, there is evidence for the
presence of equatorial and mid-latitude
planetary-scale waves that propagate in the
cloud layers relative to the flow. These
waves, through some mechanism not yet
understood, appear to give rise to the dark
markings at the largest scale.
Even with this knowledge, researchers

have a poor understanding of the processes
that maintain the vigorous circulation of the
atmosphere (10). In particular, there is no
observational evidence for an equatorward
momentum transport, which would be an
important factor in explaining the observed
spin of the atmosphere. Very little is known
about the dynamical transports at small spa-
tial scales and short time scales, and the
possibility that transports might be orga-
nized to provide equatorward transport of
zonal momentum is ofconsiderable interest.
The capabilities of the Galileo camera per-

mitted us to address a major part of our
experiment to this question. It has been
established that small-scale motions exist
and can be dynamically complex. The Vega
balloons in 1985 discovered vertical mo-
tions of -1 m s-l, varying with time scales
of a fraction of an hour in the vicinity of the
middle cloud layer. In addition, recent the-
oretical work (11) has shown that trapped
internal waves are possible near the cloud
deck.
The Galileo camera (2) utilizes a virtual

phase charge-coupled silicon detector with
linear photometric response from 350 to
1000 rm. Broad-band spectral resolution is
obtained with an eight-position filter wheel,
but only the clear (633 nm), violet (418
nm), and NIR (986 nm) filters were used at
Venus. The principal limitation on the ex-
periment was the volume of data that could
be accommodated on the tape recorder be-
cause the main communications antenna
was not available for use. The imaging se-
quence (1, 12) was therefore limited to 81
frames.
We have used Irvine's (13) ground-based

photometry, with phase-angle dependence,
to calibrate the brightnesses in the images.
We found very small residuals between ob-
served and calculated brightnesses and ob-
tained good removal of terminator and limb
gradients with the empirical function:

I =B-F 0 - exp(- [o/a)
Irp 1 - exp(- p/b)

(1)
I is the reflected intensity and F0 is the solar
flux, both integrated over the instrument
passband, go) is the cosine of the solar
incidence angle (measured from vertical),
and p. is the cosine of the emission angle. In
the NIR, B = 0.85, k = 1.14, a = 0.118,
and b = 0.0019. In the violet, B = 0.59, k =
0.90, a = 0.0547, and b = 0.0039. The fit

Fig. 1. Time sequence of violet and NIR image pairs.
Violet frames are to the left and NIR to the right. North
is at the top. The brightnesses have been divided by the
mean photometric function specified in Eq. 1 to empha-
size the morphology of the markings. The bright limb in
the NIR images is an artifact of this process. Other
artifacts are small, faint circular features, which are
residual blemishes due to incomplete compensation of
the shadows of small dust particles (12), and the faint
curved lines in the terminator and subsolar regions,
which are digitization contours due to the heavy stretch.
Time increases from top to bottom. Within each pair the
images are separated by 30 s; each row of images is
separated by approximately 2.01 hours. The retrograde
motion of the markings is easily seen at both wave-
lengths. The north-south brightness boundary stretching
across the equator in the NIR frames correlates with
motions in the violet frames. The frame numbers are as
follows: 18494400, 18494445, 18506300, 18506345,
18518400, 18518445, 18530200, and 18530245. The
resolution in the last two frames is 17 km per pixel, and
the phase angle is 46°.

1532

Fig. 2. Correlation image formed from the last
pair displayed in Fig. 1. A correlation box about
10% of the planetary radius on a side was em-
ployed. The background shade represents no cor-
relation. The darkest and lightest regions on the
image represent correlation coefficients of about
-0.7 and +0.5.

was made at a phase angle of 4T. We used
such models as a tool to remove the back-
ground run ofbrightness from the images so
that the morphology of the smaller scale
markings is easier to discern. Most of the
difference between the data and model pre-
dictions is due to real contrast variations
over the disk. These are about 25% in the
violet and 3% in the NIR.

Figure 1 displays a series of NIR and
violet image pairs. The violet frames show
sloping striations that form a global spiral
toward the pole, familiar from previous im-
aging experiments; on global scales the Ve-
nus cloud deck has a strikingly symmetrical
and laminar-like dynamical appearance. The
mottled area at low latitudes in the after-
noon quadrant is also familiar and has been
attributed to convection (4). The general
pattern is consistent with formation of
clouds at low latitudes with no particular
alignment or elongation, followed by shear-
ing and stretching as the clouds drift pole-
ward (11). The bright collar at high latitudes
is thought to be part of a polar circulation
and has also been observed previously.
The patterns in the NIR image have never

been observed before. There is a suggestion
of a spiral pattern at mid-latitudes. The
contrast in the polar regions seems to be
reversed, with the bright violet collar re-
placed by a dark one. In addition, there is a
strong discontinuity in brightness running
north-south across the equator, just down-
wind ofthe subsolar region. This feature can
be seen to migrate with the zonal flow
through the subsolar region, apparently in
step with a related feature seen in the violet
(probably associated with the structures at
the "root" of the horizontal Y feature often
seen in images of the Venus ultraviolet
markings, but only weakly evident in the
Galileo images). The tilt of the mid-latitude
spirals is smaller than that of the violet
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図3 Galileoによる
418nmと986nmの撮像
(Belton et al.1991より)



 
3.解析手法
　赤外域では、輝度値の変化が少ないため、二酸化炭素の吸収の定量による解析を行う。二酸化炭素
の吸収量は吸収等価幅により求める。吸収等価幅は、図4のようにして、吸収線の面積より求められ
る。これは分光特有の手法であり、撮像ではできない。二酸化炭素は金星大気の主成分であるので、
その量は雲の高度に関係する。実際は散乱などが起きるが、図5のように鏡面反射を考えると、 二酸
化炭素が多いと雲高度は低く、少ないと雲高度は高いというふうに考えられる。雲高度は、絶対量も
およそ求められるが、本研究では主に、場所や時間による偏差に注目する。

4.観測
観測状況は以下の通りである。
•宵、明けの明星時に観測
　　宵の明星時　　2007/5/26-6/1
　　明けの明星時　2007/11/10-13
•波長域　1.7μm、2.3μm (金星大気の窓)
•装置　InfraRed Telescope Facility
　　　　　　　　　　　(口径3m、シーイング1秒角),
    　CSHELL分光器　(公称分解能42000)
•ドリフトスキャン

　観測時期の違いにより、金星の時間が異なる。 宵の明星時の金星時間は
夕方、明けの明星時の金星時間は朝である。金星時間による波動現象の違い
を考察することができる。
　2つの波長域で解析することにより現象かノイズか判断することができる。
　CSHELL分光器は波長分解能が高く、吸収線を分離して等価幅計算を行うことができる。
　ドリフトスキャンは図7のように スリット長手方向を天の南北方向、金星の公転運動を利用してス
キャンする方法で、波長・緯度方向情報を同時に取得することができる。このスキャン方法だと、緯
度・経度両方向の波動現象の発見に期待できる。
　地上からの観測のため、空間分解能は低く、大きいスケール(~1000km以上)の波動を対象とする。

図4 吸収等価幅の概念図 図5 代表反射高度の概念図

図6 地球から見た金星の位置

図7 ドリフトスキャン



5.解析
　今回は、2007年11月10-13日の4日間について、1.7μm域CO2の吸収等価幅の計算と4日並べた図に
ついて考察を行う。
　金星上のあるx座標(経度方向)のスペクトルのプロットは図8のようになっている。これらはy座標
(緯度方向)ごとにプロットされている。この中で左から2番目の吸収線、P24について等価幅を求める
計算を行った。P24を選んだのは、地球大気の吸収があまりない波数域のため、その補正による誤差が
出にくいと考えられるからである。

　その等価幅の計算結果を、大気の4日循環を仮定して繋げると図9のようになる。

フーリエ解析を行うなどしないと厳密な議論は出来ないが、波数1～2程度の波動が見られる。

図8 ある地点でのスペクトルプロット
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6.まとめ
　赤外域の観測から波動現象が見えつつあると言える。今後、高緯度などのデータの抜け
を補完しつつフーリエ解析を行うことで、どのような波動現象か議論していくことが可能
である。
　同時に、違う波長域についても同様の解析を行い、一致を確かめることや、他の時期の
観測の解析も行い、金星時間による波動現象の違いについて考察を行うことが目標であ
る。


