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Abstract. The unified scaling model of the atmosphere
links the large and small scale dynamics by a single
scaling but anisotropic regime, rather than distinct
isotropic two- and three-dimensional turbulent
regimes as posited in the standard model. We argue
that the study of mesoscale clouds is a particularly
stringent test for the standard model and we present
(perhaps the hrst) systematic analysis of the scaling of
energy spectra of satellite radiances over hve wave-
length channels and spanning the range of scales from
160 m to 4000 km (the entire mesoscale). The study
mostly involved 15 consecutive scenes of AVHRR data
(1.1 km resolution, 512 x 512 pixels) taken over the
same location at the same local time in February 1986.
This data was chosen because it was expected to
provide a yery sensitive indicator of the mesoscale
break in the scaling predicted by the standard model of
atmospheric dynamics (the "mesoscale gap"). Over the
entire range, with surprisingly little scene-to-scene
variation, the (isotropic) energy spectrum (E (k)) was
found to follow the scaling form E(k) r k-P where k is
a wavenumber, and B is the spectral exponent. This
type of behaviour is exactly as predicted by the unified
scaling model of the atmosphere as the outcome of
anisotropic nonlinear cascade dynamics. It is hard to
see how these results can be reconciled with the stan-
dard model.

I Introduction

There are two principle approaches to understanding at-
mospheric dynamics. The frrst is a statistical, turbulent
approach conventionally based on the assumption of a
small scale isotropic three-dimensional turbulence and
large scale isotropic two-dimensional turbulence. The
second, the "dynamic meteorology" approach, starts with
a phenomenological classification of structures and seeks
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deterministic understanding of corresponding idealized
flows. The two approaches have never been satisfactorily
reconciled because (until recently) the turbulence ap-
proach has not been able to statistically explain the exis-
tence of "coherent" atmospheric structures, while the
dynamic meteorology approach has not been able to
demonstrate its compatibility with ubiquitous power law
spectra and other statistical manifestations of scaling pre-
dicted by turbulence theory.

In a series of papers (Schertzer and Lovejoy, 1983,
1984, 1985a and b, 1989a and b, 7991:, Lovejoy and
Schertzer, 1985, 1986), we and our colleagues have criti-
cized both approaches and proposed the outlines of a
synthesis which can potentially reconcile the statistics
with the (coherent) structures, while accounting for the
observations. The unified scaling model is a synthesis
based on the dramatic advances in scaling notions that
have occurred over the last 10 years. Two distinct ad-
yances are paramount here. The first is the recognition
that the general framework for scalingfe/ds - and hence
dynamics is multifractals rather than fractals (which are
only adequate for treating scaling geometric sers). Multi-
fractals are complex superpositions of singularities of var-
ious orders, and thus intrinsically involve coherent struc-
tures of all sizes. The general canonical multifractals (as-
sociated with the turbulent atmospheric cascade process-
es) not only generate such coherent structures on each
realization, but have the (realistic) property that high-or-
der singularities (corresponding to violent, intense events)
exist which will almost surely be absent on an individual
realization, but which will (almost surely) exist in a sam-
ple of a suffrciently large number of realizations. In mete-
orological terms, this corresponds to the appearance of
different "synoptic conditions" on each realization with-
out any artifically imposed non-stationarity in the basic
dynamical mechanism. The discovery of universal multi-
fractals (Schertzer and Lovejoy, 1987a and b, 1989b,
1991; Schertzer et al., 7991; Brax and Peshanski, 1991),
makes multifractals even more appealing as a framework
for the dynamics since the properties of the cascades will
depend on only three fundamental parameters - most of
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their details will be "washed out" in the limit ol a large
number of interacting structures.

The second major advance was the discovery of "gen-
eralized scale invariance" (GSI) (Schertzer and Lovejoy,
1983, 1985a and b,  1988, 1989a, 1991; Lovejoy and
Schertzer, 1985, 1986; Lovejoy et al., 7992; Pflug et al.,
1991, 1993), which provides the general framework for
defining the notion of scale and scale transformations in
scale invariant systems. It answers the question as to what
are the minimum (most general) conditions under which
the large and small scales of a system can be related to
each other only by their respective scale ratios, without
reference to their actual sizes. In atmospheric (as in many
other geophysical systems), the physical justihcation for
scale invariance is the absence of a well-dehned (and
strong enough) mechanism that can break the scale in-
variance symmetry respected by the basic physical laws as
expressed in the dynamical equations. Indeed, when ana-
lyzed in detail, the standard model's prediction (see e.g.
Monin, 7972 or Lesieur, 1987) of fundamentally distinct
dynamics at large and small scale is not based on the
identification of any dynamical scale breaking mecha-
nism whatsoeverl It is rather an indirect theoretical infer-
ence resulting from the adherence to outmoded restrictive
scaling ideas which identify scaling with isotropy, and
which deduces a scale break from the evident lack of
isotropy (as evidenced particularly by the large scale
stratification of the atmosphere). The final inference con-
cerning the distinct dynamics is based on the fact that 2D
isotropic and 3D isotropic turbulence are fundamentally
different because of the existence of vortex stretching in
the latter but not in the former. The overall result of this
chain of reasoning is that the standard model predicts
very different regimes with different power law energy
spectra (k-', k s/3 respectively), separated by a sharp
(Schertzer and Lovejoy, 1985 a) "dimensional transition"
in the mesoscale. The alternative 2.555... (23/9)-dimen-
sional unified scaling model of atmospheric dynamics
proposed by Schertzer and Lovejoy (1983, 1985 a) simply
retains the assumption of scaling and dynamical cascades,
but drops the ad hoc assumption of isotropy. Rather than
requiring injection to occur over a narrow range of(large)
scales, it is expected to occur in a scaling way over a wide
range, corresponding to the observed scaling modulation
of the solar radiation by clouds. The primary boundary
conditions such as topography are also (multiple) scaling
(e.g. Lovejoy and Schertzer 1990b; Lavall6e et a1.,1993),
and will not break the scaling of the dynamics.

A final piece of evidence supporting the unified scaling
model comes from analyses of the vertical structure of the
atmosphere. While it is true that the mean pressure de-
cays exponentially with altitude, the dynamically impor-
tant fluctuations in the horizontal velocity appear to be of
the scaling formk-P over at least the range from 50 m to
15 km in the vertical (Endlich et a1.,7969; Adelfang,797l;
Schertzer and Lovejoy, 1985a), with B not too far from
the value 11/5 predicted by dimensional analysis based on
considerations of the buoyancy force variance. Further-
more, there does not appear to be any part of this range
(which includes virtually the entire thickness of the atmo-
sphere) where the spectrum is close to either the k- s/3 or

the non-scaling forms predicted respecti\el) for the three-
and tso-dimensional  isotropic ranges of  the standard
model. A similar result for rain comes from radar studies
(using functional box-counting) which show that rain is
also scaling over the vertical range 1 8 km (Lovejoy
et al.. 1987).

However, no model, no matter how simple and theo-
retically appealing it may be. can be adopted without
systematic and extensive empirical tests. This is especially
true when the model plays a fundamental role in our
understanding and conceptualization of reality. In this
paper, we present new anall 'ses of satell i te cloud radi-
ances which we believe are particularly strong endorse-
ments of the unified scaling model, and indicate new,
subtle forms of bias. From the perspective of distinguish-
ing the standard 2Dl3D model from the unihed scaling
model, this has several unique strengths:

1. By studying the readily accessible cloud radiance helds,
large samples spanning wide ranges of scale are available.
This makes robust studies of the scaling possible.
2. Unlike the vector wind field, study of the cloud field has
the advantage that it is potentially a very sensitive indica-
tor of mesoscale scaling breaks. This is because the cloud
density is a scalar (not vector) quantity, hence it will have
only one associated quadratic invariant, and a single scal-
ing regime which will correspond to the regime in which
the energy (not enstrophy) cascade is dominant. A break
separating an enstrophy flux from an energy flux domi-

lli*.:",'fffi".-;:'*;Ti:1?,;rh fi,:il:T;T,,iil; O 1,
a change in its spectral slope and thus be harder to detect.
3. Our study concentrates on the critical range 1 5 1 2 km
spanning scales much smaller to much larger than the

10 km scale height where the 2Dl3D break is expected.
It is very difficult to get adequate statistics in this region
from any in situ source. A more limited number of
METEOSAT and LANDSAT images supplement this so
that the overall range covered by this study is from
ry4000 km to 160 m.
4. Selection bias based on the meteorological situation is
largely avoided; here all (15) satellite pictures taken dur-
ing February 1986 from the NOAA 9 satellite over the
same region (off the Florida coast) at the same local time
(1400 hrs + 20 min) are used. Violent weather systems are
not systematically avoided as they are by in situ aircraft
measurement platforms and data are not screened to con-
tain only "interesting" meteorological situations. Of
course climatological bias could still be present; although
it is unlikely to break the scaling, it might alter estimates
of the exponents.
5. The raw radiances are sampled on a near rectangular
grid so that minimal reprocessing is required. There are
no sparse network problems (e.g. Lovejoy et al., 7986), no
need lor "objective analysis" or other complex-to- analyze
data processing procedures.
6. By confining ourselves to the use of energy spectra, we
use a method of testing scaling which is familiar to
geophysicists. and *.hose limitations and strengths are
fairly well knou'n. Although we have argued elsewhere
(especially in Lorejor and Schertzer, 1991,1993; Tessier
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et aI., 7993\ in favour of the use and development of new
techniques - which we believe to be more powerful for
studying scaling - these are less familiar, and their statis-
tical (e.g. sampling)properties are not yet well established.

2 Empirical scaling and some reported breaks

Since the GSI model was proposed, other empirical stud-
ies of various atmospheric fields have been performed
using a variety of analysis techniques, many of which have
confirmed the scaling hypothesis, sometimes over aston-
ishingly' large ranges of scale (for a critical survey see
Lovejor and Schertzer. 1991). As concerns the dynamical
rclocitr f icld. direct observations of its spectrum have
::r11:!.r.-J ;..nsidcrablr since the original evidence for the
'.:-.:.. ' ' . .r ic grp \\ as proposed by Van der Hoven (1957).
r i . : : ' . r : r !  *r th Pinus (1968) and Vinnechenko (1969) using
. :.:.e -n..int measurements in time, Brown and Robinson

--q'. using conventional network data, and Nastrom
., r .: ( i.rgc t 1983) using commercial aircraft, many investi-
:.::.:> ha\.e failed to l ind evidence for a spectral break
,: i f .ir c' found Ihat a k- 513 law well describes the spec-
'- ,rr '.tr ri avenumbers corresponding to at least hundreds

' r:.omcters (see also Lil ly, 1983; Yan Zandt 1982 and
!J-,...r 'r and Carter 1982). The Nastrom and Gage study
. :.rrticularly pertinent since it is based on a fairly large
..:: ' .!r lc size in the crit ical 100 1000 km region. At the

.i ist \r'avenumbers (corresponding to hundreds of kilo-
:-.sters) there is apparently a slow bend which the authors
:.lr'rpr€t as evidence of a k - 3 regime. However, the effect
. .uffrciently small so that it will be hard to rule out the

rossibility that it is due to selection biases. For example,
rrlots know that even small detours around storms and
ihe centres of depressions can result in significantly
calmer rides. By systematically avoiding regions with
high energy at medium and high wavenumbers, the spec-
trum will be artilicially depressed at the corresponding
wavenumbers, giving the appearance of a low-frequency
spectral steepening; perhaps as observed. Although some
have found comfort for the 2Dl3D model in this slight
apparent steepening ofthe spectral slope, even ifit is not
an artifact, it should not obscure the fundamental fact
that no dimensional transition is observed. Indeed, we are
not aware of any investigators who still take the
mesoscale gap seriously (at least not in its original version
as a dull energy sink). Attention has focused on specula-
tions about ad hoc (scale dependent) mechanisms that
could somehow "fill the gap" while only imperceptibly
modifying the k- s/3 scaling spectrum and making the
fundamental 2Dl3D dichotomy virtually invisible (e.g.
Gage,1979).

Since all the atmospheric fields are strongly dynami-
cally coupled, a break in the scaling in one of them will
necessarily make its presence felt in the others. This result
is likely to be very general, and follows from the fact that
scaling is a symmetry principle which wil l be respected
unless specific symmetry breaking mechanisms exist. The
results of numerous studies of the scaling of other atmo-
spheric fields are therefore relevant. Studies of the well-
measured rain (and rain reflectivity) and cloud radiance

Iields are particularly abundant. Recent surveys may be
found in Lovejoy and Schertzer (1991,1993) respectively,
and cover (using a variety of methods including blotting
paper, lidar, radar, satellites, and in situ measurements)
the range of scales from 1 mm to 4000 km. The authors
conclude that no obvious breaks in the scaling occur, but
that far more data must be analysed to determine the
exact type of scaling and its limits.

Lovejoy and Schertzer (1991) (and to a lesser degree
Lovejoy and Schertzer, 1990a) also address a few loudly
proclaimed but isolated and limited results purporting to
find breaks in the scaling. These claims typically follow
studies involving only one or a handful of empirical sam-
ples. Such breaks can be spuriously generated in several
ways. One particularly trivial way of finding apparent
breaks in the scaling is to fail to recognize that scaling is
a statistical symmetry which is necessarily broken on indi-
vidual realizations, and that the variability (intermittency)
is so large that we expect large numbers of samples to be
nec€ssary to obtain adequate approximations to the
ensemble statistics. A more subtle way of artificially intro-
ducing breaks is by lack of care when using monofractal
analysis techniques on multifractal fields. Lovejoy and
Schertzer (7990a,1991) discuss several examples in con-
siderable detail.

3 The data and analysis

In order to initiate systematic study with large sample
sizes, we analysed data obtained from the NOAA-9 satel-
lite. We made use of all 5 channels of the AVHRR sensor.
These pictures were obtained with the sensor centred at a
longitude of 70" west and a latitude of 27.5" north. This
point is situated over the Atlantic Ocean, east of Florida.
The 15 scenes were each taken at about 1400*20 local
time during the month of February, 1986 (the exact dates
are the 10'h 20'h, 22'h,24'h,25'h and 27th of February).
The resolution of the sensor is 1.1 km at nadir. The five
channels used were sensitive to the following ranges of
wavelength: channel 1: 0.5 to 0.7 pm, channel 2:0.7 to
1.0 pm, channel  3:  3.6 to 3.9 pm, channel  4:10.4 to 11.1
pm and channel 5: 11.4 Io 72.2 pm.

Although data from all five channels were used, study
was concentrated on the visible and one of the thermal
infrared channels (channels 7 and 4 respectively). For a
given scene, the images for the various channels are essen-
tially coincident in time. To give an idea of the large
sample-to-sample variability, the visible channel images
are displayed consecutively in Fig. 1. As expected, the
meteorological conditions (including the total cloud cov-
er) vary considerably from case to case.

To test the scale invariance predicted by the unified
scaling model, we used standard spectral analysis, antici-
pating that the energy at wavenumber k will be of the
scaling form E(k)xk-0 where p is the spectral exponent
(we ignored slowly varying factors such as powers of logs
which would also be compatible with scaling). Recall that
the energy spectrum is both the ensemble-averaged and
angle-integrated squared modulus of the Fourier trans-
form of the image. Although the cloud fields are aniso-
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Fig.  1.  Satel l i te images contained in the v is ib le channel  (channel  1) :  vrs ib le images of  the \OA.{ 9 . \ \  HRR \ .n\or.L 'n! : r ' i  . . rc:  l i :e.{ t lant ic

Ocean. Each imaee is 5I2x512 pixels in s ize.  see detai ls in the text
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Fig. 1. (Continuation)
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Fig.2. Energy spectra corresponding to the visible images con-
tained in channel 1 (512x 512 pixels). For purposes ofcomparison,
the spectra are superimposed and displaced lrom their true energies
(energy in arbitrary units). The spectra are ordered chronologically
starting lrom the lower end ofthe graph. Each spectrum is displaced
by two orders of magnitude from the last so that while thi first
spectrum (lov,er end of the graph) is not displaced at all from its true
enery values, the energy of the second spectrum is olf by two orders
of magnitude, the third spectrum off by four orders oi magnitude
ano so on

tropic (see Pflug el al., 7993 for an anisotropic generaliza-
tion of the spectrum based on GSI), most of the an-
isotropy (unless it is quite extreme) will be "washed out',
by the angle integration. As discussed by pflug et al.,
1993 for satellite cloud radiances, this is unlikely to lead
to large deviations from the power law form. Although

Los k-10

Fig. 3. Same as Fig. 2 but for

km'1

the inlrared images of channel 4

we anticipate that the power law form wili not hold exact-
ly on any finite sample, it is still of interest to examine the
scaling of each individual image. This is shown for both
the-visible (see Fig. 2) and infrared channels (see Fig. 3).

To quantify the variability, we fit power laws to the
energy spectrum of each picture, E(k):Erk-P,by per-
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forming linear regressions of log E versus log k. In the
case of the visible channel (channel 1), the mean and stan-
dard deviation of the spectral slopes for each of the 15
images is B-r: 1.11+0.20 and the standard deviation of
logro Z, is 0.42. The corresponding values obtained for
the infrared channel (channel 4) are po:1.85*0.20 and
0.38. The case-to-case variation in spectral slopes is there-
fore quite small; it is a little larger than the difference
between the mean visible and infrared channel exponents.
Furthermore, the scene-to-scene variation in the expo-
nents for each channel is highly correlated; the average
difference Br-8ox\.15 +0.09 has a much smaller scatter
than that which would be expected if the exponents were
independent (assuming that the error variances add for
independent processes yields a scatter of I -|0.28).

To obtain a more accurate estimate of the exponents,
they were estimated for each of the two channels by per-
forming a spectral analysis on the ensemble-average spec-
tra of the 15 images. The resulting spectra are shown in
Fig. 4 with 0 r^:1.67 and fr +^:1.97 (where the subscript
"a" indicates that the estimate is from an average). The
corresponding scaling exponents for the other infrared
channels (2, 3, 5) were very similar as Fig. 5 shows
(Br^:1.67, Br, :7.49, Bs":1.85).  This is not surpr is ing
since the visible channel is virtually entirely dominated by
scattering processes whereas the thermal infrared channel
is almost entirely dominated by thermal emission and
absorption. The other channels have intermediate
physics (some scattering, some emission/absorption). It is
interesting to note that in spite of its fairly small magni-
tude, the differences in spectral slope may indeed be the
most fundamental statistical difference between the twc
image types. This is because Tessier et al. (1993), using the
same data, showed that the images corresponding to dif-
ferent wavelengths can be f,rt by universal multifractals
with quite similar universal exponents describing the
sparseness of the mean and the degree of multifractality
(however, the exponents were not measured very precise-
ly). It is possible that the third exponent which deter-
mines the degree of non-stationarity (and the spectral
slope) may be the only one which is in fact different.
These findings have important implications for the mod-
eling and analysis ofcloud radiances, especially since pre-
liminary results of Borde et al. (1992) show that radiative
transfer from multifractal clouds does indeed mostly af-
fect the spectral slopes of the radiances: it apparently
preserves the basic index of multifractality.

For comparison, also shown in Fig. 5 are various spec-
tra from METEOSAT (geostationary) satellites at
r8 km resolution and LANDSAT MSS data at 160m
resolution. The combined data from all sources covers
the range = 4000 km to 160 m; the only hint of any char-
acteristic length scale being the slow bend at wavenum-
bers corresponding to scales smaller than r 300 m in the
LANDSAT data. However, the three LANDSAT pic-
tures used in the analysis all had significant "saturation"
problems (roughly 30o/o of these mostly cloud-covered
images were at the maximum measurable intensity) so
that not much internal cloud structure was discernable.
The high wavenumber part of the spectrum could there-
fore be biased. Indeed. Welch et ql. (1988) used area-

-3 -2 -1 0

LoBro U km-l

Fig.4. Comparison of the ensemble-averaged encrgy spectra of
channels 1 and 4 (512 x 512 pixels). The solid line corresponds to the
visible channel . The dotted line corresponds to the infrared channel

-7 -6 -5 -4 -3 -2

Logrok- (m 1)

Fig. 5. In order to cover a wider range of scales, we compared our
results with those ofTessier et al. (1993) who analysed three images
(512x512 pixels) from METEOSAT and three images (512 x 512
pixels) lrom Landsat. From the METEOSAT satellite we used pic-
tures which were brought to an 8-km resolution for both visible
(0.7-1.0pm) and thermal inlrared (10.5-12.5 pm) channels'  With
these images, which were taken over a region of the Atlantic west
of Spain, we could cover the range of scales lrom 8 km to 4000 km'
We also used images from the MSS sensor aboard Landsat over
wavelengths of 0.49-0.61 pm. This time the three photos used were
from the tropical Pacific. From bottom to top, the curves corre-
spond to METEOSAT (visible and infrared), LANDSAT and
NoAA9(channels l  5)

J

- t
t
1

15

t4

513

312
tl

11

10

p
€

i

J

ii 14

! ,O



S. Lovejoy et al.: lJnified scaling model of atmospherrc dynamics and

perimeter relations (which wilr not be sensitive to thisproblem) on LANDSAT cloud perimeters and found rea_
sonable power laws over the entire range from t 100 m to2j km;,see Lovejoy and Schertzer (t9;90a) for a discus_
sion. Much more data needs_to be analysed before accept_
ing 300 m as a genuine break in the scaling. In any event,
the,comparison of these_AV,HRR images"with the largei
and smaller scale METEOSAT anO L-aNOSAT imales
confirms that there is no break in scale anywhere near the
mesoscale.

systematrc analysis of scare in invariance in cloud radiances 125
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4 The effect of subjective image selection

Based on the phenomenological idea that structures withdifferent appearances are associated with fundamentaiiy
differen-t physics, meteorologists frequently select sub_re_
,^^","j :l:il:llite 

pictures which have spe"iat 
-eteorolog_lcar propertres that are "homogeneous" in some meteoro_

f :el9at 
sense (for example, ,.glorn containing ..uniform,,

manne stratocumulls). We sought to inveitigate howsuch selection procedures might iias the spectrum awayfrom the ensemble averaged risult found utou.. In orderto get an idea of how drastic such a bias might be, wechose (in consultation with a synoptic meteo.otogist) themost "meteorologically homogenebus,, 64 x 6a piiel sub_region from each scene. The siie ofeach subregion is onesixteenth of the size of the original image, so this allowsfor considerable selection porrlbifiti"r. .ift", this subjec_
tive selection process was complet., un .rr..gy spectrum
was obtained from the ensemble average of the 15 sub_re_gions for both channels 1 and 4.

Figures 6 and 7 display the comparison of theseensemble-avgraged spectia at the two scales for the visi_
_Dje (cnannel l) and 

^infrared 
(channel 4) respectively.

Note the flattening of the spectral slope of tne setectea
sub-regions when compared with the full images. Themain effect of the seleition seems to be to chinge thespectral slope, although there is some evidence f6r theintroduction o-f a slight break in the scaling at the lowest
rrequencles. I hls ls especially apparent in the case of theinfrared channel. Such a break might be associated withthe. tendency of the selection proiss to eiiminate largescale cloud "edges,' separating clouAy anJ non_cloud re_gio1s. 

]9 investigate the seleition bias more fully, theratio of the full scene and sub_scene ..r..gy-rp..tra weretaken for each channel. Figure g illustraiEs the compari_
son of the two ratios. The straight line regressions indi_cate that the bias is indeed reasonably ,.uli"r,g, leading tou bt:t^^in the exponents (/p:'0*o*r,"":f,_,r")- oi-0.33 and - 7.34 for the visible'ani'inirureo scenes
],:ry:ili.]I 

The.bias, especially for the infrared, is quitelarge and should be carefully considered when attempting
estimates of B, especially since satellite data is often prel
::.1:"::9 

ro consist only of .,interesting,, 
meteorological

sltuatlons.
The fact that the energies of the sub_regions arehigher, 

.and the slopes oj the selected ,egions lower,
means that selection has the effect of selecti"vely increas_
ing the high frequencies, i.e. it is the opporit" of smooth_
ing which would decrease the spectiai 

"n.rgy 
at highwavenumbers. This can be undersiood when iiis recallEd

t4

x13

oo
o1)

1.1

10
-3-2_10

Logro k km-r

Fig. 6. Comparison of the ensemble_averaged energy spectrum ob_tarned for the full size images contained in"the visif,ie channel andthe^ errsemble-a.veraged spectrum obtained for the corresponding"homogeneous" sub-regions (64 x 64 oixels)

r,

l5

t4

g13

fp

1l

10
-3 -7

Log
-10

Fig. 7. Same as Fig. 6 but

-1 0
k km-l

for the inlrared channel (channel 4)

that full scenes contained considerable (smooth) cloud_
free zones; the selection singled out sub_regions withmostly cloud or broken cloud. Finally, the faci that sub_regions of single realizations can have locally varying
scaling parameters is predicted by general f.urori.uljmultifractal cascade models since lJcal exponent esti_mates will be dominate.d by the (random) presence (or
absence) of specific local orders of singularities (note that
cascade multifractals are not geometiic, their iingulari_
1les.a^r9 9n]V partially localized see Schertzer and Love_joy 1992). Indeed, Garbriel et at. (lggg)and Lovejoy andSch.ertzer (1990a, 1991), have empirically shown overvarious ranges of scale that cloud radiances"are multifrac-
tal.

5 Conclusions

Wj luug reported on the first systematic spectral analysisof cloud data from an unbiased statisticalinsemble of 1 5
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nonlinear) dynamical mechanism at work. A second
myth is the idea that a statistical theory (such as the
unified scaling model) is incapable of accounting for ei-
ther the tremendous variation in intensity of phenomena,
or their structures (including large scale synoptic weather
patterns). Multifractals (especially of the general, "ca-

nonical" variety produced by turbulent cascades) can
easily provide the required extreme variability, their sin-
gularities being associated with specific structures whose
morphology can change with scale because of the an-
isotropy.

Ten years ago scaling was associated only with (rela-

tively uninteresting) isotropic monofractal fields, the lat-
ter being variants of Brownian motion. Today, rather
than being a theoretical straightjacket, scaling is known
to be of great generality. It can profitably be compared to
the more familiar symmetries embodied in the principles
of conservation of energy and momentum which are fun-
damental but not overly restrictive. Further progress will
require the use of both other (dynamical) symmetries and
empirical knowledge to determine the exact types and
limits of the scaling of the various atmospheric fields
(including their mutual interactions; it is interesting in
this regard that to our knowledge, not even the full set of
symmetries of the three-dimensional Navier-Stokes equa-
tions is known). It will then be possible to exploit scaling
(for example by using the implied long-range correla-
tions) to make stochastic multifractal forecasts or for
performing "multifractal objective analyses" (Lovejoy

and Schertzer 1993). Multifractal forecasts would in prin-

ciple make maximum use of all the available information
(including that from remotely sensed platforms) to make
theoretically optimum forecasts (including error esti-
mates). This is an attractive potential alternative to cur-
rent approaches based on deterministic, partial differen-
tial equations. Similarly, multifractal objective analyses
would replace the regularity and homogeneity assump-
tions of standard objective analyses (such as Kriging) by
scaling (heterogeneity) assumptions. Applications are
currently being explored.

In our discussion of our spectral analyses, we made
allusion to a tendency to uncritically accept certain isolat-
ed claims of empirical breaks in the scaling. Several in-

stances were discussed in Lovejoy and Schertzet (1990a).

We did not repeat these in detail here; such a discussion
would have perhaps missed the point. What is remark-
able is that in spite of the fact that we are discussing the
most fundamental aspects of atmospheric dynamics, and
that much data is available, there have been virtually no
systematic studies of scaling or its limits in any of the
atmospheric fields. The present study - which is a very
modest contribution in this regard - is the first of which
we are aware to attempt a systematic sampling and anal-
ysis, and it could have been performed twenty or more
years ago. We hope that many more will follow' In the
meantime, basic scientific methodology ("Okham's ra-
zor") incites us to adopt the simplest theory that fits the

data. Complications should only be added when abso-
lutely required. On this count, the unifred scaling model
must at least be considered as our best current working
hypothesis.
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Fig.8. Ratios of the energy spectrum of the ensemble-averaged
images (512 x 512 pixels) to that of the ensemble-averaged sub-
regions (64 x 65 pixels) for channels 1 and 4. The solid /rne is this
ratio for the visible channel. The dotted /ine corresponds to the
infrared channel. The straight regression lineshave slopes (:/B) of
-0.33 and -1.34 respectively

satellite scenes with hve wavelength channels and for

scales spanning the entire mesoscale. For all the wave-

lengths and scenes, the spectra were remarkably close to

the power law forms predicted by a unified scaling model

of the atmosphere, with surprisingly small scene-to-scene
variability in the (isotropic) spectral exponent. This find-

ing will be very difficult to explain using the standard
model of atmospheric motions which involves a dimen-

sional transition in the mesoscale (the famous meso-scale

"gap"). Indeed, theoretically, passive scalar clouds and

their associated radiance fields would have a drastic

meso-scale break corresponding to the transition be-

tween turbulent regimes dominated by enstrophy fluxes

and energy fluxes. Although real clouds are not passive

scalars, and we analyze the associated radiance rather

than the liquid water field, we still expect the presence/ab-

sence of scaling to be a sensitive indicator of the basic

scaling of the dynamics. The unified scaling model of

coupled anisotropic scaling cascade dynamics was given

additional support by the comparison with METEOSAT

and LANDSAT spectra which extended the range of ob-

served scaling to significantly larger and smaller scales.

Considering the theoretical simplicity and mounting

empirical support in favour of the unified scaling model,

there is a surprising sense of complacency in the meteoro-

logical community about the standard model. This com-
plicency has roots both in myth and in certain uncritical-

ly absorbed data analyses. We outlined the two compo-

nents of the myth. First, the unfounded idea that phe-

nomena whicln look quite different at different scales are

necessarily quite different. Generalized scale invariance
(the general framework for studying scaling)' especially
when nonlinear, clearly shows how appearances (texture.

aspect ratios, orientations, etc.) can change drastically

with scale even though from the point of view of the

physical processes involved there is a single (albeit highly

I
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