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1. Introduction

It is now well known that there exists a so-called Quasi-
Liquid Layer (QLL) on the surface of ice, sometimes re-
ferred to as the pre-melting layer (Li and Somorjai 2007;
Dash et al. 2006; Prupacher and Klett 1997). The QLL
consists of a thin water-like layer that exists at a temper-
ature below the bulk melting point for a given pressure.
The thickness of this QLL has been reported as being a
few nanometers up to 100 nm and larger. It is thought
that the QLL plays an important role in the slipperiness
of ice, recrystallization and coarsening of ice grains, rege-
lation (pressure-induced change in freezing), and electri-
fication of thunderclouds. Recently Sazaki et al. (2012)
showed direct visualization of the QLL via advanced op-
tical microscopy, which can visualize the individual 0.37-
nm-thick elementary steps on ice crystal surfaces. Their
results show two distinctly different QLLs existing simul-
taneously. Work by Furukawa et al. (1987) show that
the QLL can have a dielectric constant very close to that
of water. This then precipitates the question: can the
QLL significantly affect the scattering characteristics of
ice crystals in the atmosphere?

The QLL is very thin and until now, its effects on the
scattering characteristics of ice crystals has not been in-
vestigated. Both the T-matrix and DDA (discreet dipole
approximation) techniques have convergence problems
with the dimension of ice crystals modeled here. Ad-
ditionally, the T-matrix methods limited to smooth, ro-
tationally symmetric objects (i.e., prolate and oblate
spheroids). Here we use a new higher order method of
moments (MoM) to model small columnar ice crystals
with large axis ratios (AR).

2. The Model

In order to investigate the QLL, a numerically rigor-
ous full-wave computational electromagnetic technique
based on the higher order MoM in the surface integral
equation (SIE) formulation (Notaros 2008) is used. Ac-
cording to this method, the external (between QLL and
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air) and internal (between ice and QLL) dielectric bound-
ary surfaces of a QLL-coated ice crystal are modeled
by generalized quadrilateral patches. Electric and mag-
netic equivalent surface current density vectors over the
patches are approximated using hierarchical polynomial
vector basis functions. The unknown current-distribution
expansion coefficients in the polynomials are determined
by a Galerkin-type direct solution to the surface integral
equations (SIEs) based on boundary conditions for tan-
gential components of total (incident plus scattered) elec-
tric and magnetic fields on all dielectric surfaces in par-
ticle models. This modeled has recently been applied to
larger precipitation particles and has been compared to
the T-matrix and DDA methods (Chobanyan et al. 2015).

We model small ice columns as hexagonal prism
shapes with various QLL thicknesses and calculate the
polarimetric variables of specific differential phase, Kdp,
and differential reflectivity, Zdr. Figure 1 shows the crys-
tal shape. The lefthand image shows a 3-dimensional
hexagon, the middle image shows the ice crystal column
and the righthand image shows the cross section of the
hexagon ice crystal with the quasi-liquid layer labeled as
water. h is the ice crystal height, w is the width with
b = 2w. Two axis ratios, 10:1 an 5:1, of columnar ice
crystals are modeled:

1. AR=10: h = 0.5mm and w = 0.05mm

2. AR=5: h = 0.5mm and w = 0.1mm.

The equivalent spherical volume diameters are Deq =
0.1157mm and Deq = 0.1837mm, respectively. The
QLL has dimensions of d = 0 (ice), d = 50 nm,
d = 100 nm, d = 500 nm, d = 5µm, d = 20µm,
and pure water. Though unrealistic, the QLL thick-
nesses ≥ 500 nm are given for completeness. The fre-
quency is 2.75 GHz (S-band) with dielectric permittivity
er = 3.174 for ice and er = 78.31 − j11.33 for wa-
ter. From the experimental DSD used in Hubbert et al.
(2014), we use N(D)= 150,000 m−3 mm−1 for AR=5,
and 204,000 m−3 mm−1 for AR=10. The bin width is
0.05 mm for both. Then n = bwN(D) = 7500m−3

for AR=5, and similarly, n = 10, 200m−3 for AR=10.
Of interest are the polarimetric variables, Zdr and Kdp,



which are calculated as

Zdr = 10 log10

( |Shh|
|Svv|

)
(1)

Kdp = 103λ0n<[Fhh − Fvv] (2)

where S and F are the backscatter and forward scatter
amplitudes, and λ0 is the wavelength.

Tables 1 and 2 show the model results. As the QLL
increases, the Zdr and Kdp values increase as expected.
These absolute values are of less interest and instead we
focus on the percent increase in Zdr and Kdp for QLL
thicknesses of 50 and 100 nm. Such QLL thickness val-
ues have been reported in the literature. Table 3 gives the
percent increase of Zdr and Kdp as compared to solid
ice. Significant increases are seen especially for a 10-to-
1 axis ratio.

3. Discussion and Summary

Here we have shown, with a new MoM scattering model,
that the QLL on ice crystals could effect the polarimet-
ric variables of Zdr and Kdp. It is well know that water
layers of various thicknesses on ice particles, e.g. hail,
graupel, enhance the scattering characteristics of such
particles especially if the size of the particle is in the
MIE scattering regime (Herman and Battan 1961). Here
we investigated small columnar ice crystals with a ma-
jor axis dimension of 0.5 mm, with ARs of 5 and 10, and
then applied a QLL of 50 and 100 nm. Such small ice
crystals can not be modeled with the more traditional T-
matrix and DDA (discrete dipole approximation) because
of convergence problems. It has been reported that the
QLL has a dielectric constant very close to that of water.
Thus we have assumed here that the QLL is rather thick
and that it can be modeled as water. A one molecular
layer of water is about 0.37 nm thick. Under these as-
sumptions, a QLL of 100 nm increases the Zdr and Kdp

by 28.5% and 53.8%, respectively, over solid ice. Such
increases are very significant will affect polarimetric in-
terpretations of the ice phase of storms. More modeling
is warranted.
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Figure 1: The modeled ice crystal.


