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Introduction:  Recently, the importance of the role of water vapor and/or ice clouds has been recently emphasized, though their 
activities had not been examined in the post-Viking years. Among them, the most important substances are the polar caps and the low-
latitude cloud belt which appears in northern summer. It has been widely accepted that this cloud belt should be  coupled with the 
ascending branch of the ``cross-equatorial Hadley circulation'' which forms in the solstitial seasons. A revolutionary development of 
observation techniques/devices (including spacecraft) in the latter half of the 20th century allowed us to examine the appearance and 
activated behavior of the cloud belt. Few of the observational reports, however, have discussed its dissipating behavior [e.g., 1,2,3], and 
our knowledge about it has come mostly from theoretical methods. The paucity of reports on this issue prompted us to investigate it based 
on observations. By combining this dissipating behavior with the previously known developing/mature state, this study attempts to give 
an entire story of the cloud belt, and of the Martian climate. 

Observations: This is a brief report on the Martian climate, based on our ground-based observations in 1997, 1999, and 2001. The 
focus is the entire synoptic behavior and evolution of the low-latitude cloud belt appearing around the aphelion. The 1997 and 1999 
observations are very suitable for the mature state of the cloud belt. The first half of the 2001 apparition corresponded to the northern late 
summer/early autumn on Mars. It was suitable for studying the dissipating behavior, and especially for studying the latitudinal coverage of 
the cloud belt, because we could observe Mars from ``equator-on'' views, that is, the sub-Earth point was almost on the equator in this 
apparition. The telescope which we used in 1997 was the 65 cm refractor at Hida Observatory, Japan. Those in 1999 and 2001 were the 
Steward Observatory Mt. Lemmon 60 inch and Catalina 61 inch telescopes in Arizona, U.S.A. Image pixel sizes range from 0."08 to 
0."18. All of the images were blue-filtered (less wavelengths than 440nm, with narrow-band filters). We restrict the following discussion to 
this wavelength accordingly.

The bias subtraction and flat fielding were performed using the astronomical standard Image Reduction and Analysis Facility (IRAF) 
software package. IRAF is distributed by National Astronomy Observatories (NOAO), which is operated by the Association of Universities 
for Research in Astronomy, Inc., under contract to the National Science Foundation.

Diurnal Variation of Water Ice Cloud Opacity:  We present in this section the results of measuring the water ice optical thickness in 
blue light. We define here a cloud ``belt'' as wholly encircling the tropics, and a cloud ``band'' as a cluster of WICs covering broad areas of 
the tropics. Our WIC-opacity estimation algorithm is based on the ``discrete-ordinate'' method. The parameters adopted here were as 
follows: the Minnaert exponent, k = 0.53 [4, for small phase angles]; the ground normal albedo,  An = 0.06 [5]; the opacity of CO2 

atmosphere and that of dust were assumed to be 0.01 [6], and 0.3 [7,8], respectively. All of these values, and also hereafter, were treated as 
those in blue (~ 440nm) according to our observations. The phase function for water ice particles used here was that of Clancy and Lee [9]. 
In this paper, the region of interest on this WIC opacity estimation is Arabia, centered at (315oW, 10oN). For further details and other 
information, the reader may refer to our previous papers, where it was also demonstrated that the constancy of dust opacity (=0.3) does not 
greatly affect the opacity estimation of WICs [8,10,11, and references therein]. 

  
Figure 1. (left) Diurnal variations of WIC opacities in 1999 and 2001.
Figure 2. (right) Sample image taken on 2001 June 6. A faint, broad cloud band can be seen (the sub-Earth point longitude is 33oW). The 
contrast is slightly enhanced.
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Figure 3. Northern/southern limits. The dashed lines at 30oN and 10oS show those suggested by Clancy et al. [14]. 

Figure 1 depicts the derived diurnal variation of the WIC opacity on 2001 June 6 (Ls = 174o). Figure 2 is a sample image. For a 
comparison, results from similar calculations for 1999 April 20 (Ls =127o) are included in the figure. The WIC band on this day can be 
seen in Figure 1 of Nakakushi et al. [10]. 

The WIC opacities at Ls = 174o in Figure 1 are much smaller than at Ls = 127o. The factor is ~ 1/2 at around 1300MLT (Martian 
Local Time). Although these results show that the cloud band was significantly weakened at Ls=174o in 2001, we emphasize here the 
existence, itself, of the cloud band of moderate dimension (as seen in Figure 2) with an opacity of ~ 0.1 as late as at Ls = 174o. However, 
the ``faint'' cloud band may be a kind of ``visual product'' and it may not be real; the existence of the morning clouds, which form the 
morning part of the cloud belt, is clearly recognized (on the left side limb of the Mars disk in the figure), so that the results presented in 
this paper will not be seriously damaged by this uncertainty. The existence of the cloud belt/band will be justified by upcoming reports on 
spacecraft observations. Smith and Lemmon [12] also showed the presence of WIC(s) during the Mars Pathfinder mission (Ls = 142o-188o 
in 1997). However, their result doesn't imply the presence of the WIC belt  (nor band), as shown in Figure 2. A reanalysis of Viking data 
sets [13] also shows evidence for clouds in the equatorial region between Ls = 110o-170o, though the spatial coverage of the data is not 
complete. 

Latitudinal Coverage of the Cloud Belt:  There have been several works which indicate that the aphelion cloud belt usually covers 
the tropical zone of 30oN-10oS [e.g., 13,14]. We examined the Ls-dependence of the latitudinal distribution of the cloud band using 
images obtained in these three apparitions: 1997, 1999, and 2001. The presence of WICs can be discerned in blue(violet)-filtered images. 
We first obtained the brightness distribution of each image. For this analysis the data points used were confined within 1100-1300MLT 
(i.e., around the sub-solar point), that is, we neglected the dependence of the WIC distribution on the topography. The grid-point spacing 
was 3o by 3o. These brightness data were then longitudinally averaged. The averaged brightness data were plotted as a function of the 
latitude. Finally, we defined the latitude which gave the maximum second-order differential of the brightness curve as the ``northern/
southern limit latitude.''  

The obtained Ls-dependence of the northern and southern limit latitudes of the cloud band (belt) is presented in figure ¥ref{nslimit}. 
The northern limit of the cloud band does not show any significant Ls-dependence, while the southern one expands around Ls ~ 120o-
130o. This southern limit expansion, however, may be due to low resolution on the observations, and/or due to the inclination of the 
Martian rotation axis to Earth, in the 1999 apparition. However, we note that the latitudinal coverage of the band shows no significant 
``shrinking'' toward the dissipation. This suggests that the cloud band has a minimum latitudinal dimension. Wolff et al. [15] suggested 
that the band's dissipation occurred at Ls ~ 146o in 1997. Smith et al. [2] suggested that it occurred near Ls = 145o in 1999. Both saw 
clouds between 30oN and 10oS. In the 2001 apparition, the public image of Mars taken with HST on June 26 with the 410nm filter 
apparently suggests that the bands no longer existed by Ls ~ 185o  (press-released HST images, including this image of Mars, are available 
from the World Wide Web server for the STScI at http://www.stsci.edu/). We could not find any significant low-latitude WIC belt/bands in 
our images at Ls = 178o (2001 June 15). The comparison of Figure 3 to these solar longitudes of dissipation for each year suggests that the 
band (belt) had never reduced its dimension to under the 30oN-10oS latitudinal range until its end. 
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Figure 4. Images on 1999 April 27. The upper-left direction is north on Mars. The longitudes of the sub-Earth point (LONSE) are 181o, 

191o, 212o, 232o, and 256o, respectively (left to right). Within the image of LONSE = 181o, we can see a large orographic cloud over 

Elysium in the morning side, a large faint cloud near Amazonis on early afternoon, a bright Olympus orographic cloud in the evening, and 
a bright WIC zone on the dusk limb. The WIC band is (or appears to be) led by the Elysium cloud(s).

Figure 5. Monthly mean (2000 August) 200 hPa velocity potential (contours) and divergent wind vector (blue arrows) on Earth [17]. The 
divergence and convergence are represented as ``D'' and ``C'', respectively, in units of 106$ m2s-1. The longest arrow indicates 4 ms-1. 
Since the 200 hPa level corresponds to that near the tropopause on Earth, the divergence (convergence) zones can be regarded as the rising 
(sinking) branches of the Hadley cells.

Remarks and Summary:  On 1999 April 27 (Ls = 130o), the planetary encircling WIC belt had divided into a ``semi-encircling'' band 
(led by the Elysium orographic cloud) and a discrete cloud centered at around (170oW, 10oN), southwest of Amazonis (see Figure 4), 
whereas some orographic clouds were present. Our images taken on 1999 February 28 (Ls = 104o) show a similar situation. This Ls = 
104o period is the time when the cloud belt (or cloud bands) should show its (their) strong (maybe strongest) activity. An HST cylindrical 
map image [e.g., 14] presents the cloud belt in its mature state at Ls = 68o in 1995. We notice less cloudiness around 180oW on the HST 
map image, though no corrections for cloud limb brightening had been applied to the map. Our images at Ls = 95o (1997 March 24) also 
show the mature cloud belt even around the Amazonis area [16, their Figure 2]. Plate 3 of Tamppari et al. [13] suggests the presence of the 
belt/bands/clouds until Ls ~ 120o-140o. Moreover, though they did discuss clouds associated with topography, their results still need 
closer investigations in terms of this issue of the WIC division/dissipation behavior. Although we can not apparently identify the bands in 
our images on 2001 June 15 (Ls = 178o) due to their being too faint and/or due to the occurrence of the blue clearing in the Syrtis Major 
region, there might remain a faint, but modestly large, cloud over Arabia with a similar latitudinal dimension. The directly inferred 
dissipating behavior is summarized as followed: (1) The cloud belt is already in its full-encircling mature state by Ls = 84o, and so 
continues the state until Ls ~ 100o. (2) The belt gradually divides into semi-encircling band(s) and discrete WIC(s) around  Ls ~ 100o-
110o. Although this division may not occur apparently if the belt's activity is too strong, the cloud activity may be expected to localize. 
(3) The clouds/cloud bands fade away towards the equinox without prominent latitudinal shrinkage. 

Many theoretical studies have predicted a cross-equatorial Hadley cell from the summer hemisphere to the winter hemisphere in seasons 
including the solstices [e.g., 18]. Clancy et al. [14] suggested that the northern summer ascending branch of this cross-equatorial Hadley 
cell is embodied in the low-latitude cloud belt. Our Figure 3 therefore indicates that the Hadley cell keeps its minimum dimension at least 
while the cloud band is alive. The division (or ``discretization'') of the cloud band pointed out above may imply localization of the Hadley 
circulation. Local Hadley cells are also suggested on Earth [17; see Figure 5], though their properties and causes may probably be different 
from the expected Martian ones. 

On the other hand, we have discussed the mature and dissipating behaviors of the belt, and its relation to the orographic and evening/
morning clouds [8,10,11]. Accordingly, we proposed that (1) morning clouds which do not dissipate even in midday due to the growing 
Hadley circulation and the decreasing solar insolation should tie to evening clouds, forming the cloud belt: (2) the belt should localize 
longitudinally in the dissipating phase. 

These apparently inconsistent theories may be consistently connected by the effects of atmospheric waves, thermal tides in particular, 
which is proposed in this article. Morning/evening clouds can be recognized firstly to be formed in convergent/upwelling and/or cool 
regions due to prominence of a semidiurnal tide. This effect should be more prominent by superimposing the increasing Hadley circulation, 
which forms the cloud belt. In the dissipation, the inverted processes should make the localization of the cloud belt and the background 
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Hadley circulation. Although this idea surely requires more investigation, the outline of the story that tells the superimposition of large-
scale atmospheric waves onto the cross-equatorial Hadley circulation. ``Waves'' may be the key to the cloud belt. 

In the 2001 apparition, the cloud belt was alive at Ls = 174o with an optical depth of ~ 0.1, and its end was around Ls ~ 180o. 
Reportedly, a global dust storm rose from the Hellas Basin just after the belt's/band's dissipation (Ls ~ 180o-190o) in 2001 [e.g., public 
GIF images from MGS (Mars Global Surveyor) TES (Thermal Emission Spectrometer), personal communication with Christensen et al.¥ 
of Arizona State University]. This seems unusually early for large-scale dust storms. The storm became the largest in several decades and it 
wrapped the entire planet for several months. These facts urge us to hypothesize that there is some connection between the strong and long-
lasting activity of the WIC bands in the 2001 northern summer and the strong and long-lasting activity of the dust storm. An investigation 
of this relationship will be a part of future studies in order to clarify the interannual and seasonal variations of the Martian climate. 
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