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1. Introduction

Anomalous photon diffusion can be described as an ad hoc modification of the popular 2-stream
approximation, specifically the &Eddington/diffusion version, for monochromatic radiative transfer in
a scattering plane-parallel atmosphere. In the physical picture that describes the standard diffusion
(hence the 2-stream) model, photons wander through horizontally infinite dense cloudy layers along
convoluted random walks made of many short (theoretically Gaussian) steps. This is largely why they
are often reflected rather than transmitted. In the modified diffusion -model, 3D radiative transfer is
mimicked by allowing the photons to also make the occasional very large jump, presumably from
cloud-to-cloud in a layer or between different cloud layers, or to/from the ground. These jumps are
described by L.&y-stable distributions which are parametrized by an exponent “a ,“ varying from 1
to 2, that controls the slow decay in their power-law tails, the Gaussian model being retrieved by setting
u= 2. Davis and Marshak (1997a) originally introduced the new model to explain the well-
documented reduction of albedo in 3D cloud structures for a given average optical depth, but other
approaches such as the independent-column approximation can do that too (Cahalan, 1989; Davis,
1992; Barker, 1996; Evans and Benner, 1999; Davis and Marshak, 2000). The unique feature of the
L&y-diffusion model is that it predicts a generalized relation between (mean) pathlength in
transmission, the overall physical thickness of the cloud system, and (area-average) optical depth.
Pfeilsticker (1999) exploited this relation to empirically validate the new diffusion model with solar-
spectrum data using differential absorption spectroscopy in the Oz A-band. We have recently
uncovered further evidence of the model’s validity in time-resolved optical lightning data captured by a
new DOE nonproliferation satellite called “FORTE’ which stands for Fast On-orbit TRansient
Experiment. Interestingly, FORTE is in almost the exact reciprocal (source/detector symmetric)
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geometry of Pfeilsticker’s ground-based observations. In the following pages, we present the new
evidence and draw some far-reaching conclusions.

In the next section we survey the features of photon-diffusion and L&y-flight theories that are
import~t for this study in time-dependent atmospheric radiative transfer. Section 3 presents the
FORTE mission with a brief description of the instrumentation and on-board processing. Section 4
surveys the phenomenology of optical lightning transients at the source, and how they propagate
through the necessarily cloudy ~tmosphere, as captured in FORTE’s datastream. In section 5, we
analyze the results from FORTE from the perspective of photon diffusion theory and show that the
data is more consistent with the anomalous (L.&y-flight) theory than the standard (Gaussian) one. In
section 6, we summarize our findings, outline future work, and make some recommendations.

2. From Photon Diffusion to Levy-Flight Heuristics

Standard Diffusion Theory

Possibly the most well-known fact about radiative transfer is that the average number of scattering
(n)T of light transmitted (subscript ‘T”) through a medium of relatively large optical thickness z goes
as Z2. This is generally recognized as a direct consequence of photon diffusion (random walk) theory,
as captured by Einstein’s law for Brownian motion:

Mean squared distancefiom source, (i-z) cc time since emission, t. (1)

The proportionality constant in Eq. (1) is photon diffusivity D = clt/3 with /t = l/(1–g) being the
“transport” mean free path (MI?P) in absence of absorption. Other notations are: c for the speed of
ligh~ 1 = l/m”nction for the usual MFP, and g = (COS6J = @.SZ’) for the asymmetry factor of the
scattering phase function p(L2+S2’) = @oL2’), assumed azimuthally-symmetric. When a numerical
value is requh-ed, we will use the canonical value g = 0.85 for cloud droplets. In essence, the transport
MFP lt is the MFP for one isotropic scattering —memory of beam’s original direction is erased—
which is the cumulative effect of =1/(1–g) forward-peaked scattenngs on average (Davis and Marshak,
1997a); for g = 0.85, this is about 7 scattering events.

Obtaining (n)T cc T2 from (1) is actually not totally straightforward. The trick here is to replace the
mean-square-distance statistic by a given quantity and vice versa in (rz) = Dt. So we make the
following identifications:
. (rz) becomes w, where H= Tl is the given physical thickness of the me~urn,
● tbecomes (A~/c, where AT= ct = nT1’is the random pathlength covered by transmitted photons.
In summary, we find that the mean number of “effectively isotropic” scattering, (A)T/l’t = (l–g)(n)T,
is approximately equal to the resealed optical depth, (1–g)~, squared. From there, we find

(n)T= (1-g)T2 (2)

QED. Equivalently, we can write this as

2

.
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(A)T/H = (1-g)z. (3)

The numerical prefactor in Eqs. (2–3) would be 3 if all the substitutions were carried out properly but
this is not to be taken too seriously since several rough approximations were made here; the argument
is essentially dimensional.

A rigorous derivation (Davis and Marshak, 2000a) uses the time-dependent lD diffusion equation and
proper boundary conditions on a homogeneous plane-parallel medium leads directly to Eq. (3). This
exercise justifies the above ansatz, but yields 1/2 rather than 3 for the prefactor. It also provides a pre-
asymptotic correction term [l+CT(l ;%)] where ~ = 2~(1–g)z (which, in diffusion theory, is also
Transmittancefleflectance in absence of absorption) and CT(l;@ = (&J2)(4+3E#(l+sJ. The first
argument of CT(1 ;%) refers to the order of the statistical moment of LT: 1 for the mean, 2 for the root-
mean-square, etc. The numerical factor x defines the “extrapolation length” ~lt at the boundaries of
the slab (e.g., Case and Zweifel, 1967) and is best determined numerically; Monte Carlo simulations
for optically thick slabs suggest x= 0.57. Note that CT(l;SJ vanishes algebraically for small &(large
@ but is still unity for El = 0.55, i.e., at resealed optical depth (l–g)zl = 2~E1 = 2.07; this translates to
q = 13.8 which is typical of stratocumulus layers. Since. much lower (as well as higher) vrdues are not
rare, this correction is important. For similar analytical considerations in reflection based on (n)R and
(A)R, with applications to passive and active remote sensing, we refer to Marshak et al. (1995), and
Davis et al. (1997b, 1999a). While these authors use standard diffusion theory and Monte Carlo
simulations for conservative scattering, Platnick’s (2000a) approach uses the radiative transfer
equation to address transmission, reflection, and absorption; Davis and Marshak (2000b) also treat
absoibing cases.

Anomalous Diffusion Theory

An even less acknowledged premise in the above is that the optical medium has to be very nearly
homogeneous, i.e., the MFP is the ahnost the same everywhere. Along with

(1–g)’c=wl?~21, (4)

this is precisely what makes the diffusion assumption reasonable in the first place. To generalize this
type of analysis to highly variable media, Davis and Marshak (1997a) proposed to use an alternative to
(1) in continuous-time random walk theory where

some measure of average distance = time~la (5)

with 0< a <2. The new exponent u is called the “L6vy index” and, instead of narrowly-distributed
(Gaussian or exponential) steps, we now have broad L&y-stable step distributions with slow power-
law decays. Because of the relatively frequent occurrence of very large jumps, Mandelbrot (1982)
describes the associated random walk as a “L6vy flight.” These substantial jumps model the radiative
exchanges between broken clouds, different cloud layers, cloud-surface reflections, and so on. For an
illustration, consider the radiative interactions that occur in the scene captured in Fig. 1.

.’?
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Figure 1: Typical Complex Cloud Scene Requiring 3D Radiative Transfer Theory at All Scales. This analog

picture was taken from the space shuttle near the terminator. Although the almost-grazing illumination does

emphasize the 3D structure, it is not particularly unusual.

Contrary to common belief, the relative thinness of the atmosphere (10s of km) does not justify the use
of ID radiative transfer theory over GCM grid-box scales (100s of km), only if the clouds themselves
are reasonably plane-parallel at the smaller scales where the simplified computation is applied. The
same remark applies for a linear “cloudy+clear” combination that is prescribed in radiative
parametenzations currently used in GCMS.

Upon close examination, the reasoning used above to go from (1) to (2–3) assumes only that the MFP
1’is finite, nothing is required of higher moments. This however puts a lower bound on U, namely, u >
1 because moments of the new step distribution are divergent for orders q 2 u (Samorodnitsky and
Taqqu, 1994). With that proviso, we can still obtain the MFP from its definition in terms of H and ~
(/= h%), while g still enters in It = //(l–g) as shown by Davis and Marshak (1997a). Using similar
arguments as &We, we now find (A)T//t = (l–g)(n)T’ = [( l–g)~]a from Eq. (5) for the t?fff3CtiVe

number of isotropic scattenngs; from there, we obtain

(1’Z)T=(l-g)a-% ‘, (6)

4
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equivalently,

(A)T/H = [ (1-g)~ ]~-l. (7)

The limit u + 2- takes us back to the standard (Gaussian step) diffusion model in Eqs. (2–3) and,
this time, we are leaving the prefactor in (7) to be determined empirically. Numerical simulations with
g = 0.00, 0.85 (Oliver Funk, personal communication) yield a prefactor of =0.5 for u = 2 (as
predicted), =1.4 for u = 1.5, and it increases strongly as u+ 1+. This is to be expected since the
MFP itself diverges (logarithmically) at et = 1.

We see that the alternative (I&y-step) -often called “anomalous”— diffhsion model in Eq. (7) with
1 <et< 2 yields systematically smaller mean pathlengths (Ah for transmitted light at fried H, g and ~
as u decreases. Davis and Marshak (1997a) obtained other relations for the L&y-flight model,
including the desirable prediction of reduced albedo with increasing variability (i.e., cx decreases away
from 2). Davis et al. (1999b) illustrate these and other predictions with numerical simulations and a
selection of photon traces from Monte Carlo experiments in lD L&y transport. To visualize 3D
simulations in L&y trampofi the interested reader can dowrdoad QuickTimew movies from the
following ~ ftp://picard.iup.uni-heidelberg.de (courtesy of Dr. O. Funk).

We need to emphasize here that in a situation where standard diffusion theory applies (et = 2), a single
unbrokenldense cloud layer, H in Eq. (3) is the thickness of the layer. In contrast, when the L5vy
model prevails (et < 2), then H in Eq. (7) represents the full vertical extent of the cloud system. In such
a system, the effective g value will of course vary form level to level: g = O in cloud/aerosol-free
regions, g = 0.85 in Iiquid clouds, g = 0.75 in ice clouds and aerosol, referring only to conventional
wisdom. However, the scattering is predominantly by cloud droplets so we will continue to use g =
0.85 when necessary.

Note also that we have introduced the notation”7” in the key Eq. (7) for an appropriate area-average
optical depth. There are indeed spatial considerations that come hand-in-hand with the above results in
the time-domain and that are important for the following sections on observations. The question is:

If light is released from a point at the boundary of a non-absorbing cloudy medium,
over what area does it escape in transmission?

Here again the idea of an isotropically propagating “wave” of diffusing photons is helpful: if the
medium’s physical thickness is H, then we can expect the diffuse spot of light on the opposite
(transmission) side to cover about an area H2, and this is the region we need to average the optical
depth over. This should not depend on whether the diffusion process is normal’ (Gaussian) or
anomalous (_L&y), although the meaning and value given to H can be quite different in either
application. At any rate, this prediction is well-verified by a recent study of the radiative “smoothing”
of cloud-transmitted solar radiance (Savigny et al., 1999) under conditions of heavy to total cloudiness.
Reflection is another matter altogether and, for answers to the above question, we refer the reader to
Marshak et al. (1995), Davis et al. (1997b, 1999a), Platnick (2000b), and Davis and Marshak (2000b)
for the basic analysis and applications to passive and active cloud remote sensing.

5
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Model motivation and validation

Originally, the L6vy-flight photon transport model was proposed only to reproduce in a ID setting the
important domain-average properties of massive (1024 x 1024) but simplified (4-beam) computations
of radiative transfer in synthetic multifractal media (Davis, 1992). Notwithstanding, Pfeilsticker (1999)
presents compelling empirical evidence based on the high-resolution spectrometry of zenith radiance in
the Oz A-band that Eq. (7) has —thanks to U— enough flexibility to describe photon transport in the
real cloudy atmosphere. For are-analysis of the same data with an improved treatment of the forward
scattering using g, we refer again to Davis et al. (1999b).

3. The FORTE Mission

Figure 2: The %st On-orbit 77%msient Experiment (FORT~,J Mission. The VHF antenna is clearly seen in

this artist’s rendering. Also onboard is the Optical Lightning System (OLS) consisting of a narrow-band

imager for transient geolocation and a broadband/wide-FOV photo-diode detector for detailed waveform

characterization.

FORl% is a small satellite experiment jointly designed, assembled and operated by Los Alamos
National Laboratory and Sandia National Laboratories. Its primary purpose is to address technology
issues associated with nonproliferation treaty verification and the monitoring of nuclear tests from
space. FORTE was launched on 08/29/1997 with an Orbital Pegasus and is now situated in a nearly
circular, 70-degree inclination orbit at an altitude of approximately 825 km with a period of about 100

6



Tenth Atmospheric Ratiation Measurement (ARM) Science Team Meeting, San Antonio (Tx), March 73-1~ 2000

minutes. FOR’1% carries VHF broadband radio receivers (cf. Fig. 2) as well as an Optical Lightning
System (OLS). This instrumental package is optimized for the detection of lightning transients. The
OLS is comprised of
● a broadband photo-diode detector (PDD) that collects records of lightning transients in a wide (80-

degree) field-of-view, and
“ a 128 x 128 pixel CCD array called the Lightning Location System (LLS) using narrow-band

filter (777.6Ml.5 nm) to isolate the strong 01(1) emission line in lightning.
The latter device provides imaging and geolocation of the transients to within a pixel size of 10x 10
kmz. Together, the two sensors provide a high-resolution spatial and temporal description of detected
lightning events. In this study, we use coincident data from FOR@’s VHF receivers and the PDD
component of the OLS which are described in full detail respectively by Jacobson et al. (1999) and
Kirkland et al. (1998); in the remainder of this section, we give brief summaries.

The VHF instrumentation consists of two broadband receivers that can each be independently
configured to cover a 22 MHz sub-band in the 30-300 MHz frequency range which is mostly
populated by radio and television signals. For this study, one receiver was chosen to span the 2648
MHz range and the other spanned the 118–140 MHz range. The instruments were configured to
collect 40960 samples in a 800 ms record length resulting in a time resolution of 20 ns (sample rate of
50106 s-l). The trigger point in each record allowed for 500 ms of pre-trigger information and 300
ms of post-trigger information. The record length and pre/post trigger intervals were chosen to
optimize the detection and identification of the VHF lightning emissions. Data collection is triggered
off the lower (2648 MHz) band receiver when the amplitude of its detected signal exceeds a preset
noise-riding amplitude threshold in at least five of eight l-MHz wide sub-bands distributed throughout
the 22-MHz bandwidth. This triggering technique allows the instrument to trigger on and detect weak
lightning signatures in the presence of strong interfering manmade carriers. Re-triggering can occur
after only a few microsecond delay allowing the instrument to record extended multi-record signals
with essentially zero dead-time. The field-of-view (FOV) of the VHF receivers is determined by the
antenna pattern; the 3-dB attenuation contour of the antenna response approximates a circle about
1200 km in diameter and was chosen to roughly correspond to the FOV of the PDD.

The PDD is a broadband (0.4-1.1 ~m) silicon photo-diode detector that collects amplitude versus time
waveforms of lightning transients. The instrument has a 80° FOV which translates to a footprint of
about 1200-km diameter from an 825-km altitude orbit. The instrument is typically configured to
produce 1.92 ms records with 15 ps time resolution. The PDD is typically amplitude-threshold
triggered, with a noise-riding threshold, and with a requirement that the signal exceed the amplitude
threshold for five consecutive samples before a trigger occurs. This protocol eliminates false triggers
due to energetic particles. However, the instrument can also be slaved to the VHF receivem whereby a
trigger is forced whenever a VHF signal is received. The PDD provides 12-bit sampling with a piece-
wise linear dynamic range covering four orders-of-magnitude and a sensitivity of better than 10-s
W/m2. Several background compensation modes allow the instrument to be operated both at night
and, at a reduced sensitivity, in the day. There is also a minimum inter-trigger delay of about 4.4 ms
which results in a =2.5 ms minimum dead time between successive records. The trigger times of both
the VHF and PDD records are GPS time-stamped at l-ins precision.

7
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Figure 3: Typical FO/Wf Data Records. The top panel (a) shows 4 consecutive PDD records reconstituted

to look like a time-series from the GPS time-stamps. The next panel (b) shows associated records in VHF

signal that showed bursts and were captured for 3 cases. The remaining panels show close-ups of these

coincident events. The 2D color plots at the bottom in panels (f-h) are frequency-time representations of

typical VHF transients and the associated 1D line plots in panels (c-e) are the radio- and optical-waveforms.
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4. Statistics of Optical Waveforms from Lightning .

We are interested here primarily in finding the signature of the 3D variability of cloudiness structure
on the propagation times for optical photons through the atmosphere, fully accounting fo~ the delaying
effect of multiple scattering. So that information needs to be extracted from the FORTE data record.
We are mostly interested in the PDD responses to lightning transients which are called optical
“waveforms” even though it is radiant energy rather than amplitude that is measured. However, the
associated radio-frequency waveform is useful to characterize the lightning type and its inherent
duration.

Sample FOR~ data is shown in Fig. 3 while the schematic in Fig. 4a defines the relevant time delays
between and inside the VHF and optical waveforms. In the overall trigger-to-peak delay AtCO=from the
radio to optical signals at the detector, we distinguish:
● the “physical” delay AtPhY~which is already present at the source and is thus traceable to pkisma

processes;
c the “scattering” delay At,~t that describes how much the light pulse has been broadened/flattened

during propagation from the source to the Top-Of-Atmosphere (TOA).
Figure 4b displays histograms of both AtCOmand At,Mt based on 237 well-characterized events. These
events were carefully selected out of severaI thousand candidates that could be identified with NLDN
(National Lightning Detection Network) ground-truth database. Suszcynski et al. (1999) describe in
full detail the data processing and discuss in depth the underlying phenomenology of VHF and optical
lightning signal production and propagation. In the remainder of this paper, we focus on the statistics
of At~UP

From Fig. 4a it is clear that the “rise-time” (or trigger-to-peak) definition of At,at is different from the
mean scattering time (A~/c in Eqs. (3) and (7); the pulse width Ws, also defined in Fig. 4% is not
directly related to (A~/c either. Our deftition simply uses the waveform as a Probability Density
Function (PDF) and, furthermore, we account for the minimum time Hlc for light to cross the medium
on a ballistic path. That is, before it is even theoretically detectable (by very unlikely direct
transmission). Observed waveform-PDFs used here (cf. panels (c) and (e) in Fig. 3) are somewhat
positively skewed so dt,mt is slightly smaller than (A)T. For the mode and mean of a PDF to differ
significantly and systematically (beyond an 0(1) proportionality factor), the waveform would have to
be quite pathological, with multiple peaks and/or considerable skewness. This is not expected and, if
observed, it is not used here (cf. panel (d) in Fig. 3). So we proceed assuming that (A)T = cAt,Ht,
given that there is already a similar uncertainty in the prefactor in Eq. (7) and that, unless u = 1, (Ah is
significantly larger than the additive correction term =H, given (4).

Although scattering probability per collision (a.k.a. single-scattering albedo mo) varies considerably
over the short-wave spectrum, the transmitted signal is dominated by wavelengths with m. = 1 (as
weighted by the emission spectrum of lightning). As first-order approximation, the above analytical
radiative transfer considerations, implicitly at m. = 1, apply here.

9
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Figure 4: Lightning Waveform Pheriomenology. (a) Schematic showing radio- and optical emissions at the

source, and how they appear to the distant observer in space. (b) Histograms showing relative frequencies

for f%~ and Atscal (and the associated pathlength) in a population of 237 fully-characterized events.
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5. Levy Diagnostics from FORTE Data

Levy Plots

We do not yet have the skill to determine the effective value of u needed to predict the radiative
transfer for any given cloud distribution, beyond a single dense layer which yields a = 2.
Nonethelessj Pfeilsticker (1999) shows convincingly that his inferred values of u are properly
stratified between 2 and 1 with respect to cloudiness: the more partial it is, the lower the ct. So, until
we acquire this predictive skill, we consider the L&y model as a diagnostic tool: radiative and available
ancillary data (e.g., 7 and/or H) are used to infer the effective et which, in turn, can be used as data to
compare with other observable (e.g., cloud fraction).

range of area-average ~

10
0. (for g = 0.85) ,000

100 p,!, 1’”1 , ,-’”1 -9= -1

1

10

— ----- cX=l.50
1

1 10 100 1000

(l-g);, mean optical depth resealed tog = O .

Figure 5: Like/y Locus of FORTE ,LIghfing Data on Levy Hot. For the available data, we had no information

on I-I, the overall thickness of the cloudy portion of the atmosphere, not to the area-mean optical thickness 7.

So we made some reasonable assumptions, knowing that lightning is mostly produced over land in storm

systems dominated by deep convection, essentially from ground to the tropopause. H is therefore equated

with tropopause height, or somewhat less. We also estimated the range for 7. The lines in this log-log plot

correspond to the transmission result in Eq. (7) while the horizontal axis maps to (A~/H for a = 1 as well as to

(A)R/H for reflection (Davis et a., 1999a). Further discussion in the main text.

11
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Figure 5 is a diagnostic L6vy plot: (A)T/H vs. (1–g)~ in log axes, graced with a few regression lines
from Eq. (7) forgiven a values between 1 and 2 (using, for simplicity, a unit prefactor). Ffeilsticker
(1999) and Davis et al. (1999b) use a slightly different L6vy plot based on (A)#/ = {n)T vs. H./l = 7
as suggested by Eq. (6). For our FORTE data on (A)T, we unfortunately do not have coincident
values for 7 and H. However, we can make some reasonable assumptions. Since there is a strong
causal relation between lightning and deep convection, we can safely assume H is several km, up to the
full thickness of the troposphere. Turning to optical depth, the mean T over an area =~ for a
convective storm system is likely to be in a range going from somewhat less than 100 to several 100.
Convective cores can probably be even more opaque but, by definition, they only cover a fraction of the
area of interest to the lightning photons escaping towards detection in space. So in Fig. 5, we have
defined the region of interest by drawing a few horizontal (A~/H = constant lines using the (A)T data
in Fig. 4b. Specifically, we consider the 41-km mean of the 237-event sample, we also consider values
significantly lower than the mean, 2xmean, and up to the max (all are stated in km). Then W:
normalize these numbers by different plausible values of H (also stated in km). Overall, the FORTE
data clearly favors the L&y model. Given the strong 3D variability of cloud structures generated by
electric storms, this is not a surprise. Quasi-ballistic propagation (CX= 1) can confidently be excluded,
this is not surprising either since Pfeilsticker and Davis et al. mapped this limit to almost clear-sky
situations.

Discussion

The time-dependent radiative transfer of lightning has been modeled numerically by Thomason and
Krider (1982) using a Monte Carlo technique and by Koshak et al. (1994) using (standard) diffusion
theory. In both studies the focus is implicitly on the convective core since the cloud model is typically
modeled as a sphere or a cylinder of some kind, always internally homogeneous. Within the limited
framework of homogeneous cloud models, the idea of using a horizontally infinite plane-parallel slab
never comes to mind in lightning studies whereas it is still universally used in solar and thermal
radiative transfer. Slab geometry is indeed justifiable for stratifonn clouds (cirro-stratus, alto-stratus,
nimbo-stratus, stratus, and even strato-cumulus), but not for towering convective clouds (cumulus
congestus and cumulo-nimbus) in isolation from their environment. However, such convective clouds
are not in an optical vacuum and the more comprehensive modeling approach advocated here is based
on the assumption of plane-parallel geometry for the whole atmosphere but with strong internal
variability.

Two questions remain:

1. How is it that Koshak et al.’s model can be considered as relatively successful in reproducing
transmitted lighting waveform shapes while it is mapped to our ct = 2 case?

2. Why would a homogeneous sphere, cylinder or parallelepipeds be good enough for lightning when
a homogeneous plane-parallel slab is insufllcient for solar and thermal applications?

To address the first question, we need to have a closer look at Fig. 5. The extreme case of standard
diffusion modeling (et + 2-, L&y + Gauss) is not excluded rather, it seems unlikely to explain the
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bulk of the FOR’J% data. Furthermore, if we account for the additive and multiplicative biases” between
(Ah and cAt,C,,, as discussed in Sect. 4, then the gap narrows slightly (we illustrate this in Fig. 5 where
the region-of-interest is nudged upward then flattened from below). On the other hand, no attempt was
made to remove the effect of inherent source duration here. This makes the measured (Ah longer than
what the theory predicts for a &in-time source, by at least as much as the =H additive correction we
just applied.

Although this is not the source/observer geometry used by Koshak et al., we note that slant viewing
from above of a horizontally-finite cloud irradiated from below (by a cloud-to-ground stroke)
combines the transmitted light discussed here along with light from “side-leakage.” This side
contribution follows the scaling for reflected light (A)R - H, independent of g and z in standard
diffusion (Davis et al., 1999a) and probably in anomalous diffusion too. mote that the definition of H
may need to be modified for the finite horizontal extent to something like “mean distance from the
source to the non-illuminated boundaries.”] So (A)Iz/H is along the horizontal axis in the (log-log)
plot in Fig. ~ while (A)#H is along the diagonal: a combination of the two can always be found to fit
any FORTE data (even if it is linear rather than harmonic). The plane-parallelhnomalous-diffhsion
approach to the horizontal and vertical variability is however more natural.

The answer to the latter question is simply that lightning radiative transfer is only at its beginning both
in theory and in observation. So the most simplistic models are (momentarily) good enough as soon
as their parameters are tuned to reproduce the limited data. In contrast, solar/thermal radiation
transport has already logged many decades of extensive research driven by climate modeling and
remote sensing, although it is still grappling with some fundamental problems. To wi~ consider the
issue of absorption enhancement by clouds (Charlock et al., 1998, and references therein). In this
case, when parameters are tuned to match for instance reflectance with da@ then transmission and
absorption are off at least for some of the well-documented cases. The reason for this is still a matter
of speculation; as far as we know (from numerical simulations), 3D radiative transfer effects can only
be part of the solution (also recall from Eq. (7) that lower u values imply shorter pathlengths in a finite
medium). Being inherently time-depe~dent, lightning studies are more of a challenge in modeling as
well as in instrumentation. The FORTE mission is a major breakthrough in measurement technology
and requires a sustained effort in theoretical modeling. We expect the L.&y photon-transport model
will provide a partial response to this demand.

6. Conclusions, Outlooks, and Recommendations

Observation

We found new evidence in support of the L&y/anomalous diffusion model as an accurate
representation of photon transport in the cloudy atmosphere. This comes from carefully looking at the
statistics of lightning waveforms captured in space by DOE’s nonproliferation technology satellite
FORTE. Unfortunately, only time-domain observations of the photon pathlength (Ah in transmission
were available so some educated guesses had to be made about other key quantities such as area-
average optical depth 7 and overall thickness of the cloud system H. However, since the light-source
here is lightning, the variability of these parameters is limited. Nonetheless, future work should use
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correlative data for T and H which in principle is obtainable. though FORTE’s Lightning Location
System.

The first empirical study of the L&y transport model used Oz A-band spectroscopy at very high
resolution (Pfeilsticker, 1999). It would be worthwhile to see where Min and Harrison’s (1999)
pathlength observations fall in L&y plots. This data was also harvested from the A-band but at the
moderate resolution of an autonomous ARM instrument, the Rotating Shadowband Spectroradiometer
(RSS) while optical depths obtained from the collocated passive microwave radiometer (MWR). We
are of course looking forward to A-band measurements from space, that will, in due time, be collected
by the NASA/ESA mission PICASSO/CENA as well as by NASA’s CloudSat mission. At present,
simulations by Stephens and Heidinger (2000) based on Cahalan’s (1989) fractal cloud models tell us
that the signature of 3D variability is an increase in mean pathlength (A)R for reflection. Interestingly,
this is the opposite trend of what we find here for transmission in Eq. (7) for (A)T but similar to
numerical results for a milder variant of the fractal clouds (Marshak et al., 1995; Davis et al., 1997b).
This 3D effect is also compatible with a Jensen-inequality argument applied to the concavity with
respect to ~ (the most variable parameter in clouds) of the significant correction term found by Davis et
al (1999a) for (A)R. Specifically, they find

(A)R = 2~~ X [l+cR(l;@] (8)

where ~ = 2fl(l-g)~ is =1 or greater and CR(1;@ = (@2)( l+3@2)/(l+@; see Sect. 2 for the
meaning and the O(1) value of X. At any rate, the opposite effects of the unresolved variability on
albedo and mean pathlength will enable a joint retrieval of mean optical depth (not just the “effective”
optical depth) and its variance. The latter quantity is badly needed to validate GCM physics schemes
with sub-gridscale variability pararneterizations.

Modeling

The L&y-diffusion transport model has the flavor of a such GCM parameterization, a lD computation
that somehow incorporates unresolved (i.e., sub-gridscale) structures. However, we do not knOW yet
how to relate given variability to the variability parameter “ ct .“ Furthermore, the L6vy-index a is
currently assigned to the whole column rather than a single layer. Currently, a considerable amount of
effort is being invested in a promising approach based on Cahalan’s (1989) independent-column (or -
pixel) assumption. For instance, Barker’s (1996) model is predicated on Gamma-distributed optical
depths populating the columns and an otherwise standard 2-stream approximation in each one. In this
approach, it is important to determine to what extent 3D effects (beyond the independent-column
assumption) cancel each other in the domain-average, e.g., shadowing versus illumination of cloud
sides. Evans and Benner (1999) show that these specific 3D effects induced by the sun-angle almost
cancel over the diurnal cycle, if not instantaneously. The appeal of a GCM parameterization based on
J-&y-diffusion is that it comes pre-validated with vastly different observations: lightning photons in
the time-domain, solar photons in A-band absorption features (effectively the Laplace conjugate of
time).

As a lD surrogate for 3D radiative transfer, the L6vy-diffusion model for the moment lacks an
analytical formulation (using differential or integral equations) which, in turn, is a prerequisite to
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develop an effective GCM parameterization. Baumer et al. (2000) have devised a rigorous formalism
based on fractional derivatives that translates solutions of the standard (integer-order) diffusion
equation into solutions of fractional differential equations that describe I&y processes in sub-surface
hydrology. We hope this methodology can be adapted to our concerns in atmospheric radiation
transport. At any rate, it is clear that L&y-transport, when framed as an integral equation, will have a
kernel with power-law rather than exponential decay (H612ne Frisch, personal communication). This
kernel is closely related to the free-path distribution. So, on a more fundamental level, the successes of
the L&y model in explaining empirical facts about radiation transport in cloudy atmospheric columns
re-open interesting questions about the relevance of Beer’s exponential law of extinction. As far as we
know, non-exponential photon free-path distributions were first discussed by Romanova (1975) in
connection with early 3D radiative transfer computations. Since then, the idea is implicit in a number
of studies but Davis (1992) and more recently Kostinski (2000) address the problem directly.

Outreach

Turning to the emerging research field of lightning radiative transfer, we hope that the L6vy-diffusion
model presented here will provide a useful alternative to current approaches; these are based on Monte
Carlo simulation or explicit solutions of the standard diffusion in necessarily simple geometries. To
quote Mandelbrot’s (1982) classic invocation of fractal geometry: ‘mountains are not cones, clouds
are not spheres, [and so on ...].’ If we follow the historical development of solar/thermal radiative
transfer over the last decade or so, a flexible Monte Carlo scheme is a key asset to improved lightning
waveform modeling. Light et al. (TBD) have designed such code, offering a sustained numerical
counterpoint to the analytic theme presented here.

In our opinion, a closer interaction between the radiation communities involved in soladclimate studies
and Iightninghonproliferation monitoring can be mutually beneficial, this paper being only a
beginning. One such interaction could be the use of lightning monitoring on the synoptic scale to
better understand the possible link between extreme weather (shifting patterns, increased frequency,
etc.) and climate change (global warming, cloud-mediated feedbacks, etc.). The livelihood and health
of whole populations are threatened both by the acute problems caused by extreme weather events and
by the trends we see in global change, if left unmitigated.
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