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Abstract

Noctilucent clouds (NLC) occur during summer in the polar region at altitudes around
83 km. They consist of ice particles with a typical size around 50 nm. The shape of NLC
particles is less well known, but important both for interpreting optical measurements
and modeling ice cloud characteristics. In this paper, NLC modeling is adapted to use5

cylindrical instead of spherical particle shape. The optical properties of the resulting
ice clouds are compared directly to NLC 3-color measurements by the ALOMAR RMR-
Lidar between 1998 and 2014. Shape distributions including both needle- and disc-
shaped particles are consistent with lidar measurements. The best agreement occurs
if disc shapes are 60 % more common than needles, with a mean axis ratio of 2.8.10

Cylindrical particles cause stronger ice clouds on average than spherical shapes by
≈ 30 %, this difference is less pronounced for bright than for weak ice clouds. Cylindrical
shapes also cause NLC to have larger but a smaller number of ice particles than for
spherical shapes.

1 Introduction15

Noctilucent clouds (NLC), also called polar mesospheric clouds (PMC), occur in the
polar region at altitudes around 83 km. NLC only form during summer, when the upper
mesosphere is coldest (below 130 K) and the amount of water vapor is enhanced due
to transport by atmospheric circulation (Holton, 1983). NLC consist of ice particles with
r ≈ 50 nm which form by heterogeneous nucleation, for example around meteoric dust20

particles (Turco et al., 1982).
The size of mesospheric ice particles can be validated with optical instruments such

as lidar (LIght Detection And Ranging), which measure backscattered light at multiple
wavelengths. Using microphysical modeling in this context requires simulating particle
shape, since measurements indicate that NLC particles in general are not spherical25

(Baumgarten et al., 2002; Eremenko et al., 2005; Baumgarten and Thomas, 2006;
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Rapp et al., 2007; Hervig et al., 2009a; Hervig and Gordley, 2010). In this paper, the
formation of noctilucent clouds consisting of non-spherical particles is studied in order
to allow a direct comparison of lidar measurements to model data. This also allows
predictions about the effects of particle shape on the formation of NLC layers.

2 Analysis methods5

2.1 Model description

In this study, the size of noctilucent cloud particles is calculated using the Mesospheric
Ice Microphysics And tranSport model (MIMAS), formerly named LIMA/ICE (Berger
and Lübken, 2006; Lübken et al., 2009). MIMAS is a 3-D Langrangian ice particle model
for the polar mesosphere. Water vapor and an ensemble of 40 million condensation10

nuclei are transported by winds taken from an atmospheric circulation model, usually
LIMA (Berger, 2008). When the ambient air is supersaturated, condensation nuclei are
coated with ice. When they grow to NLC particle size, these ice particles sediment
to lower altitudes within a few hours, where they eventually sublimate. The current
version of MIMAS is described in detail in Kiliani (2014). More details about earlier15

model versions using dynamics from COMMA/IAP are found in Berger and von Zahn
(2002), von Zahn and Berger (2003), Berger and von Zahn (2007), about MIMAS used
with LIMA dynamics (LIMA/ICE) in Lübken et al. (2009, 2013).

2.2 Microphysics of non-spherical particles

In LIMA/ICE all ice particles are assumed to be spherical. For most purposes, this20

simplification is reasonable and widely used, for example in the CARMA NLC model
(Megner, 2011; Merkel et al., 2009; Bardeen et al., 2010). For this study, cylindrical par-
ticle shape is used in addition to spherical particles. Pruppacher and Klett (1997) found
a prevalence of cubic ice at the temperature and pressure range of NLC. More recent
studies indicate a mixture of cubic and hexagonal ice (stacking disordered) (Murray25
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et al., 2015). Direct measurements of tropospheric ice indicate strongly elongated or
flattened shapes (Hobbs et al., 1974). To simplify the model representation of non-
spherical shapes, we treat these as cylinders. We define a cylinder by its axis ratio

ε = d
h and volume equivalent radius r = 3

√
3

16d
2 ·h, with base diameter d and length of

symmetry axis h (Fig. 1). r is the radius of a sphere with equal volume to the cylinder.5

Each model ice particle thus has a specified shape, in addition to a spatial coordinate
and radius. ε is assumed to stay constant in time, i.e. the axis ratio does not change
when cylindrical particles grow or sublimate (see Sect. 4). The particle shape modifies
the growth rate dr

dt , this effect can be approximated as:

dr
dt
|cylinder =Φdrdt ·

dr
dt
|sphere (1)10

where the factor Φdrdt depends on the particle shape, specifically the surface area S
(e.g. Turco et al., 1982):

Φdrdt =
Scylinder(r ,ε)

Ssphere(r)
=
(

1
ε
+

1
2

)(
2ε
3

) 2
3

(2)

The mass change rate of ice particles is proportional to the frequency of collisions with
surrounding air molecules, and thus to the surface area S. Since S at a given volume15

is smallest for spheres, non-spherical shape makes particles grow or sublimate faster.
Equation (1) is best suitable for larger particles: shape also modifies the Kelvin effect
since that depends on the mean particle curvature, but this effect is only pronounced
for particles smaller than ≈ 5 nm and is currently not included in our simulations.

Elongated and flattened ice particles also sediment slower than spherical ones.20

While the speed of sedimentation depends on the particles’ orientation, random orien-
tation can be assumed for mesospheric ice: by way of their small size, rotational Brow-
nian motion contributes a significant part of their thermal energy, equally distributed
over all axes. Gadsden (1983) estimated this rotation at ≈ 106 Hz, so the randomiza-
tion process is orders of magnitude faster than the MIMAS resolution of 90 s. The25
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random particle orientation allows calculating an average vertical cross section for col-
lisions with air molecules, which determines the sedimentation rate ws. As this cross
section increases for elongated and flattened particles for a given volume, needle- and
disk-shaped particles fall slower than spheres:

Φsedi =
ws,cylinder

ws,sphere
=

( 4
9ε

)1/6 ·
(
1+ π

8

)
1
4

√
3+ π

2 +ε ·
√

2+ 2
ε +

π
2

. (3)5

The correction factors Φdrdt and Φsedi are shown in Fig. 2. Φdrdt and Φsedi are around
2 and 0.5, respectively, for flattened particles with ε = 10. For elongated particles (ε =
0.1), the values are closer to 1 than for ε = 10, indicating that “disc” shaped particles
affect NLC microphysics more than “needle” shaped ones. Using a smaller range of
particle shapes from ≈ 0.3 (needles) to 3 (discs) consistent with Hervig and Gordley10

(2010) leads to Φdrdt < 1.3 and Φsedi > 0.7. Both correction factors differ from 1 for
ε = 1: cylindrical particles with equal diameter and height grow faster and fall slower
than spherical particles. Also shown in Fig. 2, dr

dt |spheroid <
dr
dt |cylinder for ε = 1 values

close to 1. Only oblate spheroids with ε > 4 grow faster than flattened cylinders at the
same axis ratio.15

Finally, optical particle properties are also affected by particle shape: in the standard
version of MIMAS, backscatter coefficients are calculated only for green light at 532 nm,
assuming spherical shape. For this paper this is expanded to include randomly ori-
ented cylindrical particles with variable axis ratios, calculated with the T matrix method
(Mishchenko and Travis, 1998). For typical particle sizes in NLC (< 100 nm), cylindrical20

ice scatters light at 532 nm less efficiently than spherical particles with the same equiv-
alent radius. For “needles” with ε = 0.1 and large “discs” with ε = 10, the backscatter
signal is less than half compared to spheres of the same volume (see Fig. 2). How-
ever, this does not necessarily imply that noctilucent clouds consisting of non-spherical
particles are dimmer, as the growth and sedimentation mechanisms are affected by25

particle shape.
16023
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2.3 Color ratios

Optical methods for determining particle properties typically involve analyzing scatter or
extinction signals at several wavelengths or scattering angles (e.g. von Cossart et al.,
1999; Hervig et al., 2009a; McClintock et al., 2009). Since the ALOMAR RMR-Lidar
uses 1064 nm (IR) and 355 nm (UV) in addition to the visible 532 nm (Vis) line (Baum-5

garten et al., 2010), backscatter coefficients for these wavelengths are implemented
in MIMAS as well. Color ratios (CR) are defined as the relative scattering intensity of
two wavelengths within the same sample volume. Unlike the backscatter signal (β) at
a single wavelength, a color ratio is determined entirely by the size and shape of the
particles within the sample volume, but not by their number density.10

The ALOMAR RMR-Lidar uses 532 nm as a reference signal. From three wave-
lengths, two independent color ratios can be derived: UV/Vis= β355 nm(r)

β532 nm(r) and IR /Vis=
β1064 nm(r)
β532 nm(r) . Figure 3 shows the values of both color ratios for randomly oriented cylin-
ders, as a function of volume equivalent radius r and axis ratio ε in the parameter
range r < 120 nm and 0.1 < ε < 10.15

The color ratios of small particles asymptotically approach the limit of Rayleigh scat-
tering. Since the refractive index of ice depends little on wavelength in the region of
355 to 1064 nm (e.g Hale and Querry, 1973), the following approximation can be used:
βλ(r) ∝ r

2( rλ )4 if r� λ, thus β355 nm(r)
β532 nm(r) −→ (532 nm

355 nm )4 ≈ 5. Likewise for the IR/Vis ratio,
β1064 nm(r)
β532 nm(r) converges to a value of about 0.06. This convergence is visible in the CR20

combinations of monodisperse distributions, where the lines for different axis ratios all
intersect for small radii. Since small particles are hard to detect in the first place, hav-
ing similar color ratios makes it even more difficult to determine their size by optical
methods.

The UV/Vis ratio is highest for small particles, at larger sizes it decreases rapidly25

up to a minimum at r ≈ 100 nm (first UV resonance). In the size range 50 to 80 nm,
UV/Vis also generally decreases with increasing ε. The UV/Vis ratio of needles (ε <

16024
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1) is lower than for ε = 1 particles up to about 55 nm, higher for larger particles. For
disc-shaped partices (ε = 10), UV /Vis is smaller compared to ε = 1 for r < 75 nm and
larger for particles > 75 nm. The IR /Vis ratio shows a continuous rise toward larger
radii for ε = 1 particles, this increase is accelerating steeply around 100 nm. For all
particles smaller than ≈ 100 nm, IR /Vis is always smaller for ε = 1 cylinders than for5

elongated or flattened particles. Up to radii around 70 nm, this increase is stronger for
elongated (ε < 1) particles.

The color ratio curves in Fig. 3 also intersect: in many cases, there are multiple
combinations of particle size and shape that fit a given (i.e., measured) pair of UV/Vis
and IR /Vis ratios. However, no particle shape causes lower IR/Vis ratios for a given10

UV/Vis than spherical particles. This makes the area to the left of the solid black line
a “forbidden area”.

3 Results

3.1 Comparison of modeled color ratios with observations

For comparison with model results we use 30 000 lidar measurements of color ratios15

observed in the period 1998 to 2014. In order to compare a wide range of NLC sim-
ulations with non-spherical shapes to these measurements, model simulations were
conducted using background conditions from one month, i.e. 29 000 time steps from
one month. July 2009 was selected for compatibility to previous simulations (Kiliani
et al., 2013).20

The first simulation is the reference run with only spherical particle shape. Six model
runs using very different distributions of non-spherical particles are also used, namely
all shapes from highly elongated to very flat (0.1 < ε < 10), moderately flat (1.1 < ε <
3.2), moderately elongated (0.32 < ε < 0.87), moderately elongated to flat (0.32 < ε <
3.2), and moderately elongated to very flat (0.32 < ε < 5.8) and (0.32 < ε < 10). For all25

simulations with cylindrical particles, the initial particle shape is distributed uniformly

16025
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in logε, for instance the simulation with (0.1 < ε < 10) includes the same number of
particles with (0.1 < ε < 0.2) as (0.75 < ε < 1.5) or (3 < ε < 6). The shape distribution
is discussed in more detail later, in Fig. 9.

For all these model simulations, a large number of model grid volumes at the same
latitude as ALOMAR (69◦N) are evaluated. Since the lidar statistic used here is re-5

stricted to strong NLC with β532 > 13×10−10 m−1 sr−1, an equivalent restriction is used
for the modeled NLC. From the resulting volumes containing strong NLC (≈ 100 000
per simulation), a distribution of modeled NLC color ratios is computed for each of the
seven simulations.

Figure 4 shows modeled color ratios from one of these simulations. Color ratios ob-10

served by lidar also include measurement uncertainties, which have to be simulated
for the modeled NLC in order to compare color ratios directly. This is done by applying
a Gaussian smoothing filter to the modeled CR, with a filter width determined by the
lidar measurement uncertainties, i.e. 0.01 (IR/Vis) and 0.3 (UV /Vis), respectively.
Figure 4 shows the effect of the Gaussian smoothing of modeled color ratios for a sim-15

ulation a combination of needle- and disc-shaped particles. The unedited (modeled)
CR distribution for β > 13×10−10 m−1 sr−1 covers a relatively narrow strip within the
parameter space of IR/Vis and UV /Vis combinations, which roughly follows the line
for spherical particles. For large particles (low UV/Vis) it diverges from the spherical
particle line and becomes broader. As discussed in Sect. 2.3, the true CR distribution is20

sharply delimited by the spherical particle line: for ice particles smaller than ≈ 100 nm,
this line constitutes a minimum IR/Vis ratio using standard Mie theory.

After applying the smoothing filter, the distribution becomes broader and resembles
a drop-like shape, lying partially in the “forbidden area” to the left of the spherical par-
ticle curve. Because of the wedge shape of the true distribution, the probability density25

maximum (innermost, red isolines) is also shifted toward lower UV/Vis values.
In Fig. 5 we compare modeled color ratios for strong NLC in the spherical particle

reference simulation to the lidar observations. The modeled distribution is drop-shaped

16026
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like the one in Fig. 4, but with a steeper incline and aligned along the black curve for
spherical particles.

The ALOMAR measured color ratios also form a drop shape, but both its alignment
and the position of its mode (the probability density distribution maximum) differ con-
siderably from the spherical model simulation. In particular, the simulated mode in5

UV/Vis is higher (by 0.9) and the one in IR/Vis is lower (by 0.015) compared to
the lidar. Also, the measured CR include a long tail with IR/Vis ratios reaching up to
0.24, which is not adequately reproduced by the spherical particle simulation (max.
IR/Vis: 0.13). In conclusion, using spherical ice particles produces color ratios which
are not compatible with observations.10

Figure 6 shows an extensive comparison of color ratios between six different cylindri-
cal particle simulations and the lidar data. Each panel includes a mean square deviation
χ2 to quantify the degree of similarity between simulation and measurements:

χ2 =
1
n

n∑
i=1

(Xi − X̂i )2 (4)

where Xi is the probability density of the modeled color ratios and X̂i that of the lidar15

measured CRs in a given CR bin. Lower values of χ2 indicate a better agreement.
The first simulation (a) represents a wide range of highly non-spherical cylinders

(0.1 < ε < 10). While this reproduces the measured distribution’s tail adequately, the
mode of the distribution is shifted towards higher IR/Vis to such an extent that χ2 is
even larger than for the spherical run. Figure 3 shows that highly elongated particles20

around 60 nm leave a characteristic signature in color ratios, in the form of strongly
increased IR/Vis compared to spherical particles, accompanied by relatively high
UV/Vis values. The position of the lidar measured CR mode thus counter-indicates
the presence of such strongly needle-shaped ice particles to any great extent.

In the second model run (b), both disc- and needle-shaped particles are limited to25

moderate axis ratios (0.32 < ε < 3.2). The comparison to the lidar data is much better
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with very similar distribution modes. The distribution tail is not reproduced very accu-
rately, although considerably better than for the spherical reference run. This shape
distribution is also consistent to satellite measurements with the SOFIE (Solar Occul-
tation For Ice Experiment) instrument (Hervig et al., 2009a; Hervig and Gordley, 2010),
who derived mean axis ratios around 2. However, SOFIE is not able to distinguish5

between needle- and disc-shaped particles with the same ratio of longest to shortest
axis. For this reason two additional simulations were conducted, one with only flattened
particles (1.1 < ε < 3.2) and another using only elongated cylinders (0.32 < ε < 0.87).

Neither of the simulations (c) and (d) are an improvement compared to (b). In partic-
ular, the distribution tail is largely unchanged with only a slight improvement for (d). For10

the needle-shaped cylinders (d), the distribution mode is shifted away from the mea-
surements, while the color ratios of the flattened particle simulation (c) are stretched
out along the UV/Vis axis more than the lidar data set. The prelimiary conclusion
is that a combination of discs and needles is needed to accurately replicate both the
mode and the tail of the lidar measured distribution.15

The remaining question is how to improve on (b) (0.32 < ε < 3.2), primarily to get
a better match for the distribution tail as in (a). The two simulations (e) and (f) in-
clude more flattened ice particles while leaving the elongated part of the distribution
unchanged compared to (b). The simulation (e) (0.32 < ε < 5.6) shows even a slightly
better match of the distribution modes as (b) while achieving a good approximation of20

the distribution tail. On the other hand, very highly flattened particles with ε up to 10
(Fig. 6f) cause an exaggerated distribution tail and a shifting of the mode at the same
time. The reason for the good match with (e) can be seen in Fig. 3: the relatively rare
very large disc-shaped particles > 80 nm have much higher IR/Vis ratios compared
to spheres or needles, which causes the tail and thus the drop shape of the color ratio25

distribution.
The analysis in Fig. 6 is qualitative to some extend because of its limited number of

simulations, since the parameter space of possible particle shape distributions is much
larger especially if non-uniform (e.g. Gaussian) distribution shapes are considered.
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A robust result is that cylindrical particles with axis ratios consistent with SOFIE (Hervig
and Gordley, 2010) are also consistent with the ALOMAR lidar, that a mix of needle
and disc shapes is required and that a slight emphasis on discs produces the best
match.

3.2 Effects on ice layers5

Since particle shape affects NLC microphysics in addition to optical cloud properties,
the switch from spherical to cylindrical shape may affect the ice cloud morphology.
Those effects are studied in this section, both in the average cloud morphology during
mid-season, and in the size distribution during a single, bright NLC event.

In Fig. 7 we compare brightness and altitude of the average NLC layer at 69◦N over10

a time period of one month (July of 2009). NLC consisting of non-spherical particles
are up to 50 % brighter than those in the spherical particle simulation, resulting from
both increased growth rates and reduced sedimentation compared to spheres (see
Fig. 2). The brightness of the various non-spherical particle simulations are more sim-
ilar: those favoring discs tend toward higher brightness than simulations with primarily15

needles, with differences in β of up to 30 %. This disparity is most likely due to the
slower sedimentation of needle shapes as compared to discs (Fig. 2).

The altitude of the NLC layer is much less affected by particle shape: all distributions
have their brightness maximum within 100 m of each other, with the cylindrical particle
simulations peaking at marginally higher altitude than the spherical reference run. An-20

other parameter is the width of the mean ice layer, calculated as ∆z =
βint
βmax

, where βmax

is the maximum column brightness and βint the column integrated brightness at 532 nm
(e.g. Fiedler et al., 2009). It varies between 1.53 km for spherical particles and 1.71 km
for the distribution favoring highly flattened particles, see Table 1. Generally, the layer
width increases with the axis ratios present in the shape distribution: the slower sedi-25

mentation and faster growth of non-spherical particles (especially disc-shaped) shifts
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the upper edge of the NLC region further up, while lower NLC edge and maximum
altitude are less affected.

The altered particle shape also affects the particle size distribution and thus indirectly
the backscatter signal in Fig. 7. In Fig. 8 we show the ice particle size and number den-
sity for a single strong NLC around 69◦N at one time step (16 July 2009, 24:00 UT). In5

simulations with non-spherical ice particles, these grow ≈ 5–10 nm larger on average,
depending on altitude and the simulation in question. Among the non-spherical shapes,
those with the highest aspect ratios form the largest particles, and flattened particles
grow noticeably larger than elongated ones. The width of the particle size distribution is
also larger for non-spherical shapes in general, with a strong increase in the presence10

of very large particles (r > 80 nm, not shown in Fig. 8).
On the other hand, the number of ice particles in the main layer of this strong NLC

is generally lower for the non-spherical shapes compared to the spherical shapes,
by 20–35 %. As with particle size, the largest differences in number density are seen
for simulations including highly flattened particles. The increased size and decreased15

number density for non-spherical shape are linked to the availability of water vapor.
For all simulations, the same initial H2O was used, this constrains the growth of NLC
particles. The increased relative importance of turbulent transport compared to the
(reduced) sedimentation rate results in a more effective differentiation of the ice layer
into those particles growing visible and those staying at small size. For this reason, the20

larger particle size due to improved growth conditions for cylindrical ice is accompanied
by a reduced number density in the NLC layer. Since the backscatter signal depends
on particle size as r5−6, NLC made of non-spherical particles are brighter than those
with spherical particles in spite of the lower number density and reduced backscatter
coefficient of single particles with the same equivalent radius.25

Table 2 lists a number of additional microphysical parameters for the case of a strong
cloud as shown in Fig. 8 for the (spherical) reference run and the various non-spherical
particle simulations. The ice water content (IWC), defined as the column mass density
of particles in the ice phase, shows a slight increase for cylindrical particle shapes,
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by 10–20 %. High axis ratio particles appear to increase IWC more than only slightly
non-spherical shapes. The small increase supports the earlier statement that a limited
supply of water vapor results in larger particles but reduced number density if growth
conditions improve. IWC values for this event are generally high compared to satellite
measurements (Hervig et al., 2009b; Hervig and Stevens, 2014), due to the choice5

of a very bright NLC. From Table 2 we see that the increase in backscatter signal for
cylindrical particles is considerably weaker for this bright NLC example than for the
statistic in Table 1. Only βint is consistently larger, similar to the results when analyzing
all NLC. As for the statistic in Table 1, flattened particles lead to brighter ice clouds.

Finally, Fig. 9 shows the development of ice particles within the six simulations with10

cylindrical ice particles. When counting all particles, the uniform distribution shapes
within the respective ε limits are evident in all panels, minor deviations are due to sta-
tistical variability caused by the random number generator. However, when counting
only particles larger than specific radius thresholds, the resulting distributions are no
longer uniform, but constitute a U shape: strongly non-spherical particles are consider-15

ably more common than those with ε close to 1 if only large particles are considered.
For the simulation (a) with (0.1 < ε < 10), highly flattened particles (ε = 10) are around
70 % more common than ε = 1 particles, if the radius threshold is set at 5 nm. ε = 10
is 3 times more common than ε = 1 for particles with r > 10 nm and nearly 6 times
more common for r > 20 nm. This imbalance is smaller but still distinct for elongated or20

more moderately flattened cylinders. It also appears to be largest for size thresholds
around 20 nm, since the imbalance is slightly smaller for a threshold of 40 nm (visible
NLC particles).

These differences are much larger than those between simulations in Figs. 7 and
8: with their larger surface to volume ratio, strongly non-spherical particles outperform25

low ε particles in growing to large size in a common volume. This is observed both for
elongated and flattened high ε particles, but most pronounced for the flattened (disc-
shaped) case. Shape inhomogeneities in the general particle distribution tend to get
amplified within the NLC layer: the average axis ratio 〈ε〉 is shifted to higher values
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when only large (r > 20 nm) particles are considered, by ≈ 0.1 in simulations (b), (c),
and (d) and by 1.2 and 1.4 in simulations (a) (0.1 < ε < 10) and (f) (0.32 < ε < 10),
respectively. This helps to explain the large effects on the optical NLC properties in
Sect. 3.1 seen for simulations including highly aspheric particles. For simulation (e)
(0.1 < ε < 5.6), where we find the best agreement to the ALOMAR lidar, the 〈ε〉 value5

of 2.8 for r > 20 nm is more suitable for comparing mean axis ratios to SOFIE satellite
measurements than the lower value 2.4 for the initial distribution since the backscatter
signal is caused by large ice particles. Our analysis thus yields a somewhat higher
estimate for mean axis ratio than the value of 2.0 by Hervig and Gordley (2010).

4 Discussion and conclusions10

Size and shape of noctilucent cloud particles have long been an important topic in
characterizing ice formation in the upper mesosphere region. While the particle size
has been studied extensively, spherical shape is commonly assumed for mesospheric
ice particles, especially in model studies. In this paper, several distributions of non-
spherical ice particles are studied. To limit computational complexity, particles are as-15

sumed to be rotationally symmetric, in particular cylindrical shaped, and particle shape
is further assumed to stay constant in time.

The optical properties of these model ice particles are compared with measure-
ments: while a lidar is capable of measuring shape information directly through de-
polarization, this is difficult in practice since the effect is so small that such measure-20

ments require nearly perfect conditions (Baumgarten et al., 2002). The depolarization
approach is thus not pursued further, since using the relative strength of the scatter
signal in three different wavelengths (color ratios) gives a more robust data set for
comparison with models.

The color ratios from NLC as measured by lidar do not match the model simulation25

well if it is assumed that particles are of spherical shape. The agreement is much better
for simulations with cylindrical particles, particularly if both elongated and flattened par-
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ticles are included. The simulation best consistent with the lidar includes ≈ 60 % more
discs (ε > 1.25) than needles (ε < 0.8), with a mean ε of 2.8. From the good agreement
of color ratios we infer that the ice clouds observed by lidar have a distribution of both
particle size and shape very similar to the model run.

The model simulations with cylindrical particles generally produce brighter ice lay-5

ers, mainly because their shape slows sedimentation compared to spherical particles
and thus enables them to grow to larger sizes. Mean NLC brightness (β532 nm) is also
increased by up to 50 %, yet this affects weaker ice clouds more than strong NLC: com-
paring various simulations for the case of a strong NLC, the upper end of the particle
size distribution is shifted towards considerably larger particles for the non-spherical10

case. The mean size is 5–10 nm larger for the non-spherical particles, accompanied
by a broadening of the size distribution. Since particle number densities for the non-
spherical particle simulations are lower, the brightness increase is less than would be
expected from particle size alone. Simulations using non-spherical particles feature
only a modest increase in ice mass (IWC) of 10–20 %.15

Using cylindrical instead of spherical particle shape in NLC modeling makes the
simulated optical cloud properties consistent with lidar and satellite observations. The
effects on NLC microphysics are less pronounced: cylindrical NLC particles are slightly
larger, but the corresponding increase in ice water content and cloud brightness is
partly compensated by reduced number densities.20

To conclude, the effects of using non-spherical particles on optical NLC properties
such as color ratios or scattering angles (for satellites) are considerable and important
for comparing simulations to measurements.
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Table 1. Mean values for MIMAS NLC brightness at 69◦ N using different particle shape distri-
butions.

Particle shape βmax βint ∆z

[10−10 m−1 sr−1 ] [10−7 sr−1] [km]

Spherical 6.26 9.58 1.53

Cylindrical
0.1 < ε < 10 8.53 14.44 1.69
0.32 < ε < 3.2 8.20 13.01 1.59
1.1 < ε < 3.2 9.06 14.38 1.59
0.32 < ε < 0.87 7.41 11.67 1.57
0.32 < ε < 5.6 8.86 14.37 1.62
0.32 < ε < 10 9.46 16.21 1.71
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Table 2. Microphysical parameters for the same strong NLC as in Fig. 8, compared between
simulations with different particle shape distributions. The altitude of maximum brightness used
for nmax, rmax and σ(rmax) is 82–83 km, and only particles larger than 15 nm are considered for
all parameters.

Particle shape nmax rmax σ(rmax) r IWC βmax βint

[cm−3] [nm] [nm] [nm] [gkm−2] [10−10 m−1 sr−1] [10−7 sr−1]

Spherical 151.3 57.6 11.5 31.7 266 63.7 67.3

Cylindrical
0.1 < ε < 10 122.4 64.2 14.2 35.0 328 59.5 73.3
0.32 < ε < 3.2 105.9 63.6 13.6 32.7 293 66.8 77.0
1.1 < ε < 3.2 99.8 67.4 13.6 32.9 305 73.8 90.5
0.32 < ε < 0.87 133.0 60.8 13.7 32.7 299 64.8 74.6
0.32 < ε < 5.6 98.3 66.4 14.5 33.4 309 65.1 81.9
0.32 < ε < 10 108.2 67.4 14.2 35.3 338 63.1 83.7
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Figure 1. Nomenclature used for cylindrical ice particles.
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Figure 2. Correction factors Φdrdt for particle growth and Φsedi for sedimentation of cylinders
relative to growth and sedimentation of spheres. The dotted blue line shows Φdrdt for spheroid
particle shape. Thin lines show the backscatter signal (532 nm) ratio of same volume cylinders
to spheres for equivalent radii of 40 and 80 nm. Shading indicates the ε limits of moderately
elongated or flattened particles consistent with satellite measurements (Hervig and Gordley,
2010).
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Figure 3. Combinations of color ratios UV /Vis (355/532 nm) and IR /Vis (1064/532 nm) for
different particle equivalent radii and axis ratios.
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Figure 4. Filled contours: modeled distribution of color ratios for one NLC simulation with cylin-
drical particles, normalized to 100 % for the most common CR combination. Contour lines:
same distribution after applying a Gaussian smoothing filter determined by the uncertainty of
lidar measured color ratios. Black line: color ratios for spherical particles, numbers show CR for
particular spherical particle radii, see Fig. 3.
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Figure 5. Filled contours: measured multi-year statistic of color ratio distribution observed by
ALOMAR RMR-Lidar for strong NLC (β > 13×10−10 m−1 sr−1). Contour lines: modeled CR dis-
tribution for spherical particle simulation with simulated measurement error. All distributions are
normalized to 100 % for their respective probability density maximum.

16044

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/16019/2015/acpd-15-16019-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/16019/2015/acpd-15-16019-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 16019–16048, 2015

Impact of particle
shape on NLC

J. Kiliani et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 6. Filled contours, all panels: lidar CR statistic as in Fig. 5. Contour lines: modeled color
ratio distribution including simulated measurement errors for six different cylindrical particle
shape distributions. All distributions are normalized to 100 % for their respective maximum. χ2

values are calculated by averaging the squared deviations between model and observation
(in %) over the plot area, 0 <UV/Vis<6 and 0< IR/Vis<0.3.
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Figure 7. Average backscatter coefficient (532 nm) at 69◦ N during July of 2009, from the ref-
erence simulation (spherical particles) and 6 sensitivity runs with different distributions of cylin-
drical particles.
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Figure 8. NLC particle equivalent radius and number density for a bright NLC event between
135–150◦ E, 67–72◦ N on 16 July, 24:00 UT, with different shape distributions. Only particles
> 15 nm are included in the average of size and number density.
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Figure 9. Shape distribution of simulations with non-spherical particles on 16 July, 24:00 UT,
panels (a) to (f) are arranged analogous to Fig. 6. Black lines are the initial (logε) uniform
distributions including all ice particles, colored lines show shape distributions for particles larger
than a given threshold. For each radius threshold the distributions are individually normalized
to the most common particle shape, and mean ε values are calculated using 1

ε for ε < 1.
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