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Introduction

Ice particle-radiation interactions differ from cloud droplet-radiation interactions due to differencesin
(1) phase functions; (2) the relationships between particle dimension, area, and mass; and (3) photon
tunneling effects (e.g., Nussenzveig 1977; Guimaraes and Nussenzveig 1992). Tunneled radiation here
can be viewed as non-incident radiation beyond a particle’ s physical cross section, which would be
absorbed if the particle were ablack body. Another type of tunneling is referred to as edge effects that
manifest as surface waves. These do not enter the particle sinterior and are not absorbed, but are
responsible for large angle diffraction (Mitchell 2000). Although the physical reasons remain unclear,
tunneling depends on ice particle morphology, such as aspect ratio, and its contribution to absorption in
ice crystalsisless than for spheres (Baran et al. 1998). Francis et a. (1999) provided evidence that
tunneling at 8.5 um and 11.1 um in acirrus deck sampled microphysically and radiometrically was
negligible. The absence of tunneling effectsin ice crystals would reduce their absorption efficiency in
the thermal infrared (IR) by typically 20%, athough in the far IR this reduction (relative to tunneling
predicted by Mie theory) can be up to 43%. Hence, IR remote sensing is plagued with large
uncertainties until the role of tunneling in iceisresolved.

We present estimates of the contribution of photon tunneling for hexagonal columns, as determined
from Fourier-transform interferometric radiometer (FTIR) measurements of optical depth in alaboratory
ice cloud and corresponding ice particle size spectra. The tunneling contribution to extinction and
absorption is evaluated by means of atunneling factor, which determines the fraction of the Mie
tunneling terms to be utilized (Mitchell 2000).

FTIR Extinction Measurements

A laboratory experiment was conducted whereby tunneling was investigated using a FTIR exhibiting a
wavelength range of 2 um to 18 um, which sampled an ice cloud grown in a chamber, with hexagonal
column ice crystals having maximum dimensions D < 40 um. Size distributions (SD) exhibited a mean
D of about 14 um (Figure 1). Defining effective diameter (Dgs) as
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Figure 1. Hexagonal column size distributions measured by the forward
scattering spectrometer probe (FSSP) and Cloudscope within the Desert
Research Institute (DRI) cloud chamber.

Det = 3/2 (Vi / P, 1

where V; and P; = SD volume and projected area, with V; referenced to the density of bulk ice

(0.92 gcm™), Dyt Was around 14 pm. Since tunneling is most pronounced when the wavelength A and
D« are similar (Mitchell 2000), the range of A and D+ used here are well suited for evaluating tunneling
contributions to extinction and absorption.

The basic experimental design (Arnott et al. 1995; Schmitt and Arnott 1999) consists of alaser at
0.685 um that penetrates an ice cloud grown within a chamber over the same path asthe FTIR beam.
Ideally, theice crystals would be large enough such that the extinction efficiency for the laser (Qex:, 1)
equals 2.00. From the FTIR optical depth (T4s) and the laser optical depth (1)), the measured infrared
extinction efficiency, Qextobs, 1S NOrmally calculated as

Qext,o0s = Qext, | (Tobs/T1)- 2

Since tunneling contributes to Qe as afunction of size parameter x (x = TD«/A, A = wavelength) and
refractive index, Qex: obs CaN be used to estimate the amount of tunneling exhibited by ice crystals.
Unfortunately, the laser malfunctioned during the experimental runs for hexagonal columns, making it
necessary to substitute 1) in Eq. (2) with the T measured by the FTIR at A = 2.00 um. Since D¢ was
about 14 pm, x isabout 22 when A = 2.00 um. Fortunately, at this x and refractive index, tunneling
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contributions are relatively low, making it feasible to use the measured T at 2.00 pm to estimate
tunneling contributions at longer wavelengths. However, tunneling contributions at x = 22 are not
negligible, and Qe obs Was estimated as

Qext,obs = Qext, 2 pm (Tobs/ Tobs, 2 pm) (3)

Sinceit could not be assumed Qex,2 ym = 2 at X = 22, Qext,2 um Was calcul ated from the measured SD
(Mitchell 1998, 2000), as described later under Method 2.

To compare Qe obs With those predicted (Qext), SD were measured in the cloud chamber about 30 cm
above the FTIR using two instruments: an FSSP and a Cloudscope (CS) (Schmitt and Arnott 1999).
Both the CS and FSSP measure D down to about 3 um. The Cloudscope’ s operating principleis
impaction, and concentrations were corrected for changes in collection efficiency (Schmitt and Arnott
1999). Size spectra obtained from 11 experiment runs (15 seconds per run) exhibiting similar Tops Were
averaged together, giving amean SD for each instrument. These mean SDs from the CS and FSSP were
similar, and are shown in Figure 1, giving confidence that the SDs were accurately measured. From
both SDs, predicted values of Qe Were obtained by integrating bin-by-bin to obtain the extinction
coefficient (Mitchell 1998, 2000). This coefficient was then divided by the SD projected area (assuming
random orientation) using the area-dimensional relations (Mitchell et a. 1996), thus giving Qe for the
SD. The CS video records the ice crystal shapes, which were hexagonal columns throughout this
experiment.

Estimating the Tunneling Contribution

Estimates of tunneling amounts can be obtained from the radiation scheme of Mitchell (1998), whereby
ice crystals are converted to equivalent photon path spheres, de, as defined by Eq. (1), where P and V
now refer to an individual crystal. In this scheme, the tunneling processes are parameterized, as well as
the processes of internal reflection/refraction, while extinction due to geometrical blocking, diffraction,
and interference is represented through the anomal ous diffraction approximation (ADA). Using ice and
water spheres, this scheme agrees with Mie theory within 10% for Qe for size parameters x > 1.0, based
on the treatment for single particles. Tunneling was quantified as a“tunneling factor,” or t;, ranging
from 0 to 1.0, where 0 and 1.0 correspond to (ADA + internal reflection/refraction) and Mie theory,
respectively. Inour radiation scheme (Mitchell 1998, 2000), the tunneling terms are multiplied by t; to
give tunneling contributions for a given crystal shape.

From Eq. (3), when A = 2.00 pm, Qext,0bs = Qext, 2um- FOr the conditions here, tunneling contributions
tend to increase as A increases beyond 2 um (Figure 2). The solid upper curve is Qext.obs: Qext.obs IS NOt
reported over A regions exhibiting absorption by water vapor. The Qex: obs for A > 14.2 um may aso be
slightly overestimated due to CO, absorption, although this interference is weak compared to the water
vapor bands. We have included this datain our analysis. The two dashed curves give Qe: predicted
from the two mean SDs measured viathe CS and FSSP. These predicted curves assume zero tunneling
(tr = 0). Hence, the difference between the predicted and measurement derived Qe curves should be
primarily due to tunneling. Regarding Qet,obs, Qext, 2 um Was calculated assuming t; = 0, S0 that Qex
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Figure 2. Predicted Qe from the CS and FSSP for t; = 0, contrasted with
measured Q. Lower curve gives the maximum potential tunneling
contribution for t; = 1.0.

predicted and Qext ons are identical at A = 2.00 um. Hence, differences between the Qex: and Qext obs
curves should be due to tunneling contributions over and above those corresponding to A = 2.00 pm.
Also shown by the lower solid curve are the maximum predicted tunneling contributions from the SDs
(t = 1.0), which is only the contribution that exceeds that predicted for A = 2.00 um. If hexagonal
columns exhibited the same degree of tunneling as ice spheres, adding the potential tunneling
contribution (lower curve) to the predicted curves should match the Qext ops CUrve.

Method 1

Method 1 evaluates tunneling in the A region where contributions are greatest. The largest tunneling
contribution in Figure 2, from both theory and measurements, occurs for A > 14 um. Since CO,
absorption at A > 14 um may artificially enhance Qe to a small extent, tunneling was evaluated at

A =14 pm. By calculating the ratio Qext,obs/ Qext,predicted 8 A = 14 pm for a given t;, and incrementing ts
from 0 to 1.0, a spectrum of Qe ratios are generated (Figure 3). A Qe ratio of 1.0 indicates the
tunneling factor appropriate for hexagonal columns. A minor process contributing to tunneling is
known as edge effects, and it is unclear whether edge effects occur in ice crystals. Figure 3 indicates
that regardless of edge effects, atunneling factor of 0.8 appears appropriate for hexagonal columnsin
this experiment. Figure 4 compares Qe predicted from each mean SD with Qex: ons from Eq. (3), based
on atunneling factor of 0.80. While agreement between theory and observation appears excellent for
A > 8 um (differencesfor A > 15 um are probably due to CO, absorption), agreement is not as good for
A <8 um. Therefore, a second method based on all A’sis also used.
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Figure 3. Observed-to-predicted Qe ratio evaluated at A = 14 um over
the range of possible t; values. A ratio of unity gives the t;at A = 14 um.
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Figure 4. Comparison of measured and predicted Qe for t; = 0.80, which
minimizes differences at A = 14 um where tunneling contributions are
highest.
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Method 2

A program that minimizes errors between measured and predicted Qe values at all A values was
created, whereby t; isvaried. The radiation scheme requires knowledge of anice crystal’s mass (=> V)
and projected area P, which were estimated from the power laws (Mitchell et al. 1996) for columns,

D < 100 um. Since these mass power laws were inferred from estimated de values, there is every
possibility that the actual crystal masses in the cloud chamber were different for a given D than those
predicted. Moreover, the length-to-width (i.e., aspect) ratio may naturally vary for agiven D, causing
mass to vary also. For these reasons, a mass factor was defined, m¢, which multiplies the mass predicted
by the mass-D power law. In summary, both m; and t; were optimized to yield the minimum error
between the measurement derived and predicted Qe:. The m; for the CS and FSSP was 1.30 and 1.40,
respectively. From thisinformation, we were able to derive a width-length power law relation for the
columns sampled, which differed from the observed relation reported in Schmitt and Arnott (1999) for
similar experimental conditions by only 4% [in Schmitt and Arnott (1999), the length and width was
physically measured from the video imagery of the CS)].

The optimization procedure is to first assume at; of zero and am; of 1.0, optimizing first with respect to
mass and second with respect to tunneling. The mass optimization sets the basic “ pattern” for Qext
(relative minima and maxima), while tunneling controls the amplitude primarily. The program returns
estimates of my and t;, and is rerun with these new estimates until the input and output m; and t; values
areidentical (i.e., convergence). Note that t; is used to calculate Qe 2um in EQ. (3). No analysisis
performed for x < 1, where the scheme is not valid.

The results from Method 2 are shown in Figure 5. The average error relative to Qextons Was 2.7% for the
CS and 3.0% for the FSSP values of Qext predicted: The optimized tunneling factors for the CS and FSSP
were 0.50 and 0.65, respectively. Although these results assumed edge-effect tunneling, repeating this
exercise without edge effects made no difference in the results.

Conclusions

Tunneling contributions for hexagonal columns were evaluated in terms of atunneling factor, t;, ranging
from 0to 1.0 (i.e, 1.0 corresponding to tunneling predicted by Mie theory for equivalent volume/area
spheres). Based on the A most sensitive to tunneling, t; = 0.8, while based on allA, at; range of 0.50 to
0.65 was obtained. These results are qualitatively consistent with theoretical estimates of t; for prolate
spheroids (Baran et al. 1998; t; = 0.50) and hexagonal columns (Sun and Fu 1999; Fu et al. 1998;

tr = 0.50). Since our calculations indicate the sampled columns were solid (not hollow-ended), t; could
be smaller if the columns were hollow.

Our tunneling estimates were not sensitive to whether tunneling due to edge effects was present or not.
Therefore, these tunneling estimates pertain to tunneled radiation that enters a particle, and thus can
potentially be absorbed, and not to edge-effect tunneling, which does not contribute to absorption
(Mitchell 2000). Therefore, the above t; estimates can be applied to the absorption efficiency, Qaps, 8S
well as Qext. When these t; estimates were used in our radiation scheme (Mitchell 1998, 2000), mean
errors relative to measured Qe Values in this experiment were < 3.0%.
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Figure 5. Comparison of measured and predicted Qe for t; values that
minimize differences based on all wavelengths.

Preliminary experimental estimates of tunneling contributions for hexagonal plates have been made
(Mitchell et a. 1999), with mean t; values being 0.25-0.30. A recent reanalysis of that experiment

indicates t; for plates may be 0.075 to 0.14, although more analysisis warranted. Nonetheless, these
estimates for plates are consistent with the theoretical findings (Baran et al. 1998) for oblate spheroids.
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