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23/9 dimensional anisotropic scaling of passive admixtures using lidar data of aerosols
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In buoyancy-driven flows, another dimensional quantity appears in addition to the energy flux. Classically,
this leads to the prediction that at large scales, isotropic Bolgiano-ObuE®)yscaling can dominate isotro-
pic Kolmogorov scaling. We investigate this in the atmosphere by using state-of-the-art high-powered lidar
data. We examine simultaneous horizontal and vertical sections of passive scalar surrogates over the ranges
100 m to 120 km and 3 m to 4.5 km, respectively. Overall, this spans the crucial “mesoscale” and involves
nearly 1000 times more data than the largest relevant experiments to date. Rather than a transition from one
isotropic regime to another, we find that the two regimes always coexist in an anisotropic Corrsin-Obukhov law
with the Kolmogorov holding in the horizontal, and the BO holding in the vertical. The stratification is
quantified by an elliptical dimensidd, found to be equal to 2.55+0.02. This anisotropic scaling is very close
to that predicted by the 23/9 dimensional unified scaling model of the atmosphere and is consistent with
observations of the horizontal wind.
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I. INTRODUCTION longer taken seriously. Practically all the relevant experimen-

 Prsicala vt inre s soropy or 5 g ot 30 e e 1
east local isotropy. In many dynamically driven laboratory ~&'S-1% eel with . OIrections
s i i e L e o e o o e st e
gnvel? ﬂ?]WS-’ the Just|f|((:jat|on ' nolf obvllouslbecauhsil grawt# red kilometers. In addit?on the statistics of horizontal wind
reaks the isotropy and acts at all scales. In such flows, t ( : n,
classical assumption is that gravitand perhaps rotation Sg;}.unat'g”ts alltohng ;higtergllceal a(;rre] aIS>O genﬁ:g"gcgknen.;o be
Ieads” to a b%SIC-itaﬁ IyBstrat|f_|ed state. Th_e perturbatlons—he \I/egr]ticgl (\;\{Irectionpand the)ilglugﬁﬁl;g a'r%.explainedlir? t;1e
usually treated with the Boussinesq approximation—are nev'€ Vertic: . ; .
ertheless assumed to be statistically isotropic. When consicﬁx'ftl'rl‘?sl'teraturg ||3r_edomir;antly db(y)t?trr?r bijgyanc()j/-drlven
ering the buoyancy driven atmosphere, there is a furthef%‘(e Iﬁr?ﬂe [f’nglzng[ngur?&] ral\J/it ?/:/Igvgg[laglﬂﬁ)v
challenge to isotropic theories. This comes from the fact tha{l 9 Y 9 Y e

the scale height for the mean pressure is about 10 km, so thatOte also the existence of quasigeostrofififg} and shallow

no isotropic three-dimensional turbulence can extend to thé\ﬁzrn s?grl]] :lt('(z)ggl?r]] egﬁg??ﬁh\zﬁ} cr? nt%e?éhgﬁeuisg :/V(\e/(r)t}cal
large “synoptic” scales. However, even in atmospheric appli

) . : ‘shears.
cations, the now mostly outdated classical viesee, e.g., If we take two different scaling relations to hold simulta-

[1]) clings to isotropy by postulating an intermediate *me- neqysly in the horizontal and vertical directions, the atmo-
soscale gap” followed at larger scales by qualitatively differ-spnere is anisotropic at all scales andgijf> g, it effec-
ent, (quas) two-dimensional—but still isotropic— tjvely becomes progressively flatter and flatter at larger and
turbulence. This isotropy is postulateal priori, and a |arger scales. The flattening can be characterized by an inter-
mesoscale breafor “dimensional transition]2]) is a purely  mediate “elliptical dimension"Dg =2 +(8,—1)/(8,~ 1) with
theoretical consequence, inferred in order to save the isob<p_<3. The elliptical dimension quantifies the rate of
ropy hypothesis. increase in volume of nonintermittent structuf&$. In this
Today, although we still lack consensus about the fullframework, the atmosphere is therefore neither 3D isotropic
horizontal atmospheric statistics, the mesoscale gap iS ng small scales nor 2D isotropic at large scal@g=3 and 2
are the 3D and 2D isotropic cases, respectively. In terms of
D.—from the point of view of these anisotropic theories—
*On leave from Laboratoire de Modélisation en Mécanique, cas¢he atmospheric debate is thus between buoyancy-driven
162, Université Pierre et Marie Curie, 4, Place Jussieu, F-7525X]ows with D, =23/9 and a gravity wave mechanism leading
Paris Cedex 5, France. to Dg=7/3. Of course, if the gravity wave explanation is

1539-3755/2004/13)/0363077)/$22.50 70 036307-1 ©2004 The American Physical Society



LILLEY et al. PHYSICAL REVIEW E 70, 036307(2004)

correct, then the structures will not be spatially localized saheory. This anisotropic model does not assume stable strati-
that this characterization will not be so useful. In 2D theoriedfication nor does it require that any reference stateg.,
based on quasigeostrop[i9] or in the shallow water equa- mean density or temperature profilgday physical roles.
tions (e.g.,[20Q]), there is no vertical variability, so that, al- Rather, it assumes that the buoyancy force variance @dlux

though B, can take various valugsiotably 8,=3 for quasi- =(gA In 6)?/7 (6 is the potential temperature, is a time
geostrophy, or 8/3 and 13/3 for the shallow waterscale for the transfer, anklIn ¢is the difference over a layer
equationy we havegB,=« so thatDy=2. thicknessAz) dominates the vertical statistics, while the stan-

The valueB,=3 is justified on the basis of gravity waves. dard energy fluxe=Av?/ 7, 7=Ax/Av) dominates the hori-
However, this explanation is hardly fundamental since it rezontal statistics. From dimensional analysis, the scale corre-
quires the dynamics to be weakly nonlinear in order for asponding to the classical Bolgiano lendgh(see[13]) is the
meaningful dispersion relation to be defined and, at the sam&pheroscale’l:
time, to be strong enough for a horizontal turbulent forcing 34 54
to exist. In addition, it requires a separate mechanism of ls= ¢~ @)
unclear origin for the forcing. In fact, it is not well supported However, unlike the Bolgiano scale—which is a transition
by existing data. In Ref.3], a dozen or so empirical studies petween two different isotropic regimes—in ti@3/9D
from Refs.[14-3( are reviewed and it is concluded that all model, |, simply denotes the scale at which the amplitudes of
the available atmospheric eviden@ecluding the largest ver-  typical vertical and horizontal fluctuations are equal. Con-
tical sounding study to date28]) are more compatible with trary to the case dfy, atl, there is no qualitative change in
the Bolgiano-ObukhoyBO) value 8,=11/5 which emerges pehavior.
from the co_nservation of Fhe 'buoyancy variance flux in  |n the (23/9D model, a scale functioffr| is introduced,
buoyancy-driven flows and is discussed further below. which is now the physically relevant notion of scale. In all

Inbuoyancy-drivenlaboratory (e.g., Rayleigh-Beénajd  the ysual isotropic turbulent lawl| is used in place of the

flows, there is a corresponding debate about the scaling exjsal Euclidean distandg|. This physical scale satisfies
ponents. While this debate also involves BO scaling, to date,

it has been between isotropic Kolmogorov and isotropic BO IN"Crlf =AYl (2a)

scaling._ln this view, although the latter sho_uld theoretically\yhereG is the generator of the group scale changing opera-
be dominant at scales larger than the Bolgiano skaléhe 45 |y the simplest case of linear general scale invariance
scale at which, in the Boussinesq approximation, the buoy[s; G is independent of position; it is a matrix. Note that the
ancy forcing dominates the viscous dampintpere is still  5nisotropic contraction properfigg. (2a)] allows us to de-

no concensus. For instance, in numerical convection modeling in a straightforward manner anisotropic fractional differ-
ing, there is no strong evidence for BO scal[8d], although  eniial operatorg46] and therefore a fractional differential

Ref. [32] and Ref.[33] give it some support in 3D and 2D, gyagification. Consider a 2D verticék-2) cross section so
respectively. According to Ref31], the problem may lie in o+ e may take

the use of the Boussinesq approximation, although it is sig-

nificant that the crucial statistics—of the horizontal velocity (1 0 b

in the vertical direction—do not seem to have been consid- G= 0 H, (2b)

ered carefully enough. On the empirical side, progress has _ ) _

been hampered due to experimental difficulties in measuriny/here H; characterizes anisotropy. A simple example of a

velocities in the presence of large temperature gradients. F&cale function for vertical stratification satisfying Eq8a)

example, the well-known “helium in a box” experimggy] ~ and(2b) is

obtains Kolmogorov statistics for temporal temperature fluc- Il =1 [<X>2 (Z)Z/HZ]UZ
r=ls \ -

tuations for scales both smaller and larger than the Bolgiano 3
scale [35]. However, recent technological advandgsg.,
[36,37) have led to improved data that apparently favor BOThe theoretical exponentH,=H,/H,=(1/3)/(3/5)=5/9,
scaling although over short ranges of scale and for the vertivhereH, andH, are the theoretical real space scaling expo-
cal velocity in time. nents in the horizontal and vertical directions, respectively,
corresponding toB, and B, (within intermittency correc-
tions). We can write a general anisotropic law for the hori-
zontal velocity shear as a function of a separafr| in an
Although there are obvious differences between atmoarbitrary direction:
spheric and laboratory flows, fundamental anisotropic theo- Av(Ar) ~ eY3|Ar|[Y3 (4)
ries unifying horizontal and vertical statistics based on ki- - -
netic energy and buoyancy force invariants should apply—a#s required, in the horizontal whetkr =(Ax,0), it reduces
least in some measure—to both cases. The anisotidgic to Kolmogorov scaling and in the vertical wher&r
=23/9 “unified scaling model[2] is the simplest and physi- =(0,Az), it reduces to BO scaling.
cally most appealing such unified theory. This model was The balance of existing empirical evidence is—in our
proposed on the basis @) the observed atmospheric statis- view—in favor of the unified scaling model, based on the
tics of vertical shear of horizontal wind an@) an aniso- review in Ref.[3] of the experimental results in the horizon-
tropic modification of the classical BO buoyancy subrangetal and vertical given in Refsf4-11 and Refs.[14-3(,

ls ls

Il. THE UNIFIED SCALING MODEL
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respectively. However, it has come almost exclusively fromextended up to 120 km in the horizontal with a correspond-
measurements made independently in the horizontal and img resolution of 100 m, leading to a total scale rakio

the vertical(a partial exceptiorj28,38 involved both bal- =1200. This resolution was set by the aircraft speed, the laser
loon and aircraft data from the same field experiment angulse repetition rate, and the 1 s pulse averaging required to
provided the first multifractal characterization of horizontalimprove the signal-to-noise ratio. The vertical extent of the
wind anisotropy, however, it still did not use vertical cross-data was typically 4500 ni.e., the aircraft altitudewith a
section$. Up to now, no direct measure of the anisotropy hasesolution of 3 m(i.e., the pulse lengyieading tox =1500.
been made on vertical and horizontal cross sectitivesonly

exception was radar rain dgi7] which had only a factor of IV RESULTS
8 in the vertica). In order to perform such a direct empirical '
test, we analyzed high-resolution two-dimensional aircraft li- Figure 1 shows a typical data set. In the results presented

dar data of the atmospheric aerosol backscatter ratio. The$ere, an ensemble average was taken over nine available data
data are a surrogate of aerosol density, itself a good approxsets, treating the horizontal and vertical directions separately.
mation for a passive scalésee[3] for detaily. Taking into account the intermittency of the flux of the

The (23/9D model predicts that the aerosol density sta-scalar variance and of the energy flux, defining the multiscal-
tistics should follow the anisotropic Corrsin-Obukh@O)  ing exponentK(qg) for an arbitrary statistical momert as
law for passive scalar advection, obtained from the isotropig40]
CO law by once again substitutingr| by ||Ar|: _ B

<Xﬁ£_2r||8\|g|f|5> o Ar[[T@ (7
Ap(Ar) = xV%e Y Ar|*2. (5 , _

) ) ) and taking the ensemble average of Es), one obtains for
X is the passive scalar variance flux. Equatibpreduces to  any arbitrary vectorr
the standard CO law in the horizontal, but predicts a different .
scaling law in the vertical: (|Ap(AD)|H =[Ar[“@ with Z(q) =a/3-K(a),  (8)

Ap(Az) = xH2e V2SN, (6) whereAp(Ar)=p(r+Ar)—p(r) andZ(q) is the structure func-

] ] tion exponent. Sinc&(1) is small, {(1)=1/3. In the hori-
Although the lidar measures or)Iy asurrogatepp&pcordmg zontal, we haveAr=(Ax,0) so that||Ar]~Ax, with &(q)
to the(23/9D modgl, any physmal atmosp.herlc field should ={(g). In the vertical, Ar=(0,A2) such that]Ar[|~ Az":
have the same ratio of horizontal to vertical exponents. In, ., H,=(1/3)/(3/5)=5/9 [see Eq(3)]; therefore defining

addition, if one can express the backscatter ratio as a pow : : ; . )
of the aerosol densitysee, for example, the treatment in e corresponding vertical Scang fxpon@’mq) with re
spect toAz we expect,(q)/{,(q)=H,=5/9.

[39]), then, to within intermittency corrections, any power of Figure 2 shows the results foi=1. By regression, it was

p will respect the anisotropic CO law. Therefore, a system-, - = i,
atic comparison of the horizontal and vertical scalings of thefoun(JI that H,=0.33+0.03 andH,=0.60+0.04, while in

backscatter ratiowill still test the (23/9D model, and the gz%g&%;:g: |1n/t 2r?nni?tivr5(1:§:g|rvr;:§(/) igje”ri?hf?;ng)e
ratio of horizontal to vertical exponents should He of roughly 200 m to 60 km along the horizontlm to 1 km

in the vertical, the anisotropic CO law thus holds remarkably
well.

The variation of the exponent ratid, for each of the nine

This experiment was conducted using an airborne lidadata sets individually can also be checked. For the ensemble,
platform (the Meteorological Service of Canada’s AERosol H,=0.55+0.02. On a per realization basis, 0s3,=<0.39,
Imaging Airborne Lidar—AERIAL[48]) flown at constant at- 0.59<H,=<0.69, and 0.5%H,=<0.58. By averaging the in-
titude over a series of flight legs up to 120 km in length individual H, estimates, the mean value §=0.55+0.02. A
the Lower Fraser Valley, BC. Lidar remote sensing is a timefegression ofZ,(q) versus{,(q) for increasingg over the
of-flight technique that uses laser radiation backscatteretange 6<q<3 also giveH,=0.55+0.02. We therefore con-
from atmospheric particulates to obtain range-resolved baclkslude Dg=2+H,=2.55+0.02.
scatter measurement fields. The commonly measured gquan- By extrapolating the lines in Fig. 2 until they intersect, we
tity is the backscatter rati¢B), which is the ratio of the estimate the average spherosdalat approximately 10 cm.
aerosol backscatter coefficient to that of the background mdRecall that it is the scale at which horizontal and vertical
lecular scattering. The airborne lidar platform is a simulta-fluctuations are of equal amplitude. It was found to vary
neous up-down system mounted aboard the Canadian Nietween 3 and 80 cm. As previously pointed out, structures
tional Research Council Convair 580 aircraft. In this paperjarger thanls will be horizontally stratified.
only the data obtained from the downward pointing system Turning toq=2 statistics, we can compute the 1D energy
were used. The downward laser operated at the fundamentgpectra(Fig. 3). Since the spectrum is the Fourier transform
wavelength of 1064 nm, suited for the detection of particleof the correlation, and taking into account intermittency cor-
with diameter of the order of Lm and had a pulse repeti- rections to second-order statistics, the spectral expghést
tion rate of 20 Hz. B=1+{(2). This leads top,=5/3-K,(2) and B,=11/5

B was measured continuously in a 2D vertical planar sec=K,(2). Once again, the theoretical predictions are very ac-
tion bounded above at 4.5 k(the aircraft altitude The data curately followed. From log-log linear regressiomgy

lll. THE EXPERIMENT
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FIG. 1. (Color onling This is the full data taken on 15 August 2001. The scale on the bottom is a logarithmic color scale: darker is for
smaller backscattgaerosol density surrogatdighter is for larger backscatter. In the first panel, the vertical is 4.5 km and the horizontal is
120 km. The horizontal resolution is 100 m and the vertical resolution is 3 m. The range of scales in this data set 50000 he black
shapes along the bottom are mountains in the British Columbia region. There are no bad pixels in the image. The second panel is a zoom of
the first panel; it is 30 km wide and 1300 m thick. This panel highlights the high spatial resolution and the wide dynamic range. There is no
saturated signal and high sensitivity to low signal return.
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' space counterpari{she structure functionsgive a less clear
06 ¢ Horzontal] separation of scales. The small deviations above and below
the reference line of slopd, are therefore less localized but
04 L can be explained in the same way.
A ’ In principle, a full characterization of the intermittency
g would require knowledge of the entik&(q) functions for 0
= 0.2 - < g< . Fortunately, multifractal processes have stable, at-
%‘ tractive generatoilsleading to the following universal form
=] 0 [40]:
8
0.2 f K(e) = (g~ ) 9
a-1
0.4 - where 0= C;=d is the codimension of the mead,is the
dimension of space, andDa <2 is the Lévy stability index
0 1 2 3 4 5 characterizing the generator. If the cascade is indeed aniso-

Iog10|Ar| tropic with a scale function such as E®), then it must be
that K,,/K,=H, such thata,,=«, andC,,/C, ,=H,. Apply-
FIG. 2. The lower trace is the first-ordge1.0 structure func- ing the TM and DTM techniques oK, and K, gives a;
tion for the fluctuations i as a function of horizontal distandg ~ =1.82+0.05, @,=1.83+0.04,C, ,=0.037+0.006, andC,
(in metery, and its line of best fit has slopg,=0.33. The upper =0.053+0.007. The exponents, and «, are equal within
trace is the first-order structure function for the fluctuationp ms  error bars, supporting the expectation tkgtK,=H,. On the
a function of vertical distancAr with a line of best fit with slope  other hand, the ratio of th€,’s is equal to 0.69+0.2, also
H,=0.60. AnH,=1.0 (corresponding to th&-space exponeng8,  within the error bars ofi,. In addition, by comparing these
=3) was added for comparison with the prediction of gravity wavevalues with those of other estimates for passive scéags,
theories. SFK;, H,O [43]; H,O [44]) for which the mean values
=1.65+0.05 andC;=0.085+0.01 were obtained, we find that
=1.61+0.05 angB,=2.15+0.05. From the estimates made of 4 js 3 little larger whileC, is a bit smaller. As a possible
Kn(2) andK,(2) using the trace momerTM) and double  explanation, if it is assumed thBtis a power of the aerosol
trace momentDTM) techniques[41], we found 8,=5/3  density[39], p=B” wherep is the true passive scalar density,
-K(2)=1.60+0.03 ang3,=11/5-K,(2)=2.10+0.04. and 5 is an exponent which accounts for the optical proper-
For small k, deviations occur from the reference line ofties and particle size distribution, then for universal multi-
slope B because of poor statistics whereas for large k, théractals with a fixeda, C,;=7%°Cjys [45], SO that in the
spectrum flattens out due to instrumental noise. The regresent case=1.4.

5 T T

V. CONCLUSION

Horizontal
Vertical 4

Fundamental theories of buoyancy-driven turbulence in-
volve a quadratic invariant in addition to the energy flux. If
i only on dimensional grounds, this leads to a buoyancy-
dominated Bolgiano-Obukhov scaling regime. Classically,

=
o ) i the Bolgiano-Obukhov regime has been assumed to be iso-
8’8 tropic, dominating the Kolmogorov scaling for scales larger

thanlg. In laboratory experiments—where isotropy is at least
. tenable—the debate is indeed mostly between isotropic Kol-
mogorov and BO theories. Unfortunately, in spite of the fact
i that gravity acts at all scales, standard theories are isotropic.
In the atmosphere the classical isotropic BO scaling has been
. convincingly shown to not exist. Howevéor the horizontal
velocity), starting in the late 1960s, the BO scaling was con-
sistently observed in the vertical direction while Kolmogorov
'°91o(k) scaling was observed in the horizontal. Nevertheless, due to
the difficulties(in both laboratories and the atmospheoé
FIG. 3. The lower trace is the Fourier spectrum for the ﬂUCtua‘obtaining appropriate data, decisive evidence in favor of the
tions inp as a function of horizontal wave numbe(in m™) with  model have been lacking. In this paper, rather than to statis-

aline of best fit with slopgg,=1.61. The upper trace is the Fourier e\l compare aircraft and radiosonde unsynchronized wind
spectrum for the fluctuations imas a function of vertical numbdr

with a line of best fit with slopgg,=2.15. AB,=3 reference line
was added for comparison with the prediction of gravity wave A log-Poisson mode[42] is often used for fitting Kg), but it
theories. does not possess stable, attractive generators.

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5
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data, we use passive scalar surrogates from nine airborriepic “physical scale” which allows the standard isotropic
lidar cross sections, thereby accessing both horizontal anesults(including cascadesto be mapped onto anisotropic
vertical information virtually simultaneously. We consider ones. This aspect should be relatively easy to test in the
the ensemble average results of the analysis of data fromaboratory.

nine vertical cross sections, each spanning factors of over Finally, since we find no scale breaks, it will be hard to
1000 in scale in each direction. The overall data set is nearlyeconcile our results with those of the Boussinesq and other
1000 times larger than the largest existing comparable exelated approximations, since they rely on postulating well-
periment[28,38. This explains the high accuracy of the ex- defined(physically relevantvertical profiles.

ponents found here. We interpret the results in the framework

of the unlfu_ad scallng_ m_ode{USM). In the USM, an aniso- ACKNOWLEDGMENTS
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