The effect of specular reflection on spaceborne lidar measurements of ice clouds
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ABSTRACT

Specular reflection from horizontally aligned crystals can cause an anomalously high backscatter when observed by lidar at
zenith or nadir. As this enhanced return is not accompanied by any increase in extinction, it can make interpretation of the lidar
echo in terms of cloud radiative properties problematic, so is of concern for spaceborne cloud lidar missions. After reviewing
some of the existing work on lidar specular reflection, we compare distributions of the integrated backscatter measured from
20 days' of zenith pointing 905-nm lidar observations to 61 days of data measured off-zenith, from which the effect of specular
reflection on the extinction-to-backscatter ratio can be estimated. The results indicate that specular reflection was present to
some degree in over 50% of the ice profiles observed, and in 20% of the profiles both the integrated backscatter and maximum
backscatter were considerably higher even than liquid water clouds, which normally tend to be much more reflective than ice.
The highest 1% of the profiles had a maximum backscatter greater than 0.2 (m sr) ™= and an extinction-to-backscatter ratio less
than 3.5 sr. A simple algorithm was used to estimate the height distribution of the regions of strongest specular reflection. It was
found that specular reflection tends to be much stronger and more common between the heights corresponding to temperatures
between —23°C and —9°C, which is presumably because plate crystals, which give the greatest specular signal, grow in this

range. It is recommended that spaceborne lidars point at least 1° from nadir to avoid this phenomenon.

1. Introduction

Two spaceborne lidar missions are currently in the
planning stage which have among their primary aims the
global measurement of ice clouds. The NASA Calipso li-
dar is due for launch in 2004 and will be complemented
by the radar on board CloudSat, while ESA and NASDA
are considering the EarthCARE mission which would in-
volve a lidar and radar on the same platform. In January
2003 the IceSat lidar was launched, which has as one of
its secondary mission goals the quantitative measurement
of ice clouds. All these lidars are currently planned to be
nadir pointing. It has been known for at least 25 years
that specular reflection from horizontally aligned crystals
can cause an enhanced return for lidars pointing exactly
at zenith or nadir (Sassen 1977; Platt 1977; Gibson et al.
1977), so it is important to determine whether problems
associated with this phenomenon are severe enough that
they would compromise the ability of the lidar to infer the
important properties of the cloud, particularly those relat-
ing to radiative transfer.

We first consider the angular dependence of specular
reflection. It is well known that ice crystals often tend to
fall with their longest axis horizontal. Platt et al. (1978)
compared lidar observations of a particular ice cloud at 0°,
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Titis recognised that 20 days is insufficient to obtain a representative
sample of cloud, but since, in the case of the EarthCARE satellite, deci-
sions on pointing configurations are currently being made, it is important
that these preliminary findings are made available. Several months of li-
dar data will be analyzed before this work is published properly.

0.5°, 2° and 8° from zenith and found that the backscat-
tered intensity fell to 3% of its zenith value at 0.5° from
vertical. Similarly, Thomas et al. (1990) reported that the
backscattered intensity at certain heights in an ice cloud
fell to 5% of the zenith value when they offset their li-
dar by 0.3°. Hence if the distribution of crystal canting
angles were to be modelled by a Gaussian, we would in-
fer a standard deviation of 0.12-0.19°. It should be noted
that other optical methods have tended to find higher ice-
crystal canting angles. For example, McDowell (1979)
reported angles of around 1° from observations of the
circumzenithal arc, Chepfer et al. (1999) used POLDER
satellite data at various angles of incidence to suggest a
maximum value of 2.5°, while Sassen (1980) deduced a
maximum of 3° from analysis of ‘light pillars’ from spec-
ular reflection of sunlight. Nonetheless, it would seem
best to use the results of direct observations of specular
reflection to decide what pointing angle is necessary in
order to avoid it.

Thomas et al. (1990) reported that specular reflection
occurred to some degree in 50% of lidar profiles in ice
cloud, and that it could occur at any temperature between
—5°C and —70°C. Their dataset consisted of observa-
tions from all seasons. In this study we use the integrated
backscatter to show how strong specular reflection can be
identified in zenith-pointing lidar data without the need to
compare zenith and off-zenith observations of the same
cloud. After describing the algorithm in section 2, we
compare the statistics obtained from continuous periods
of zenith and off-zenith observation. Then in section 4
we discuss the implication of these results for spaceborne
lidar measurements.



2. Method

We now describe the algorithm used to judge which
clouds are composed of specularly reflecting crystals. Li-
dar measures attenuated backscatter coefficient, g, which
is related to true backscatter coefficient, 2, by
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where 7(z) is the optical depth of the atmosphere at
905 nm between the lidar and the point of observation
at height z. We follow Platt (1973) and represent mul-
tiple scattering by the single factor 7, which can take
a value between 0.5 and 1 depending on the specifica-
tions of the lidar and the nature of the cloud particles.
For the CT75K lidar at Chilbolton measuring at a range
greater than around 2 km, it is approximately constant at
0.7+0.04 (Hogan et al. 2003).

Platt (1973) was the first to demonstrate that the inte-
gral of the g’ through a completely attenuating cloud is
equal to (27k)~1, where k is the extinction-to-backscatter
ratio (or ‘lidar ratio’) of the cloud particles. Calcula-
tions using Mie theory indicate that for distributions of
liquid water droplets with median volumetric diameter in
the range 5-50 um, k at 905 nm is approximately con-
stant at 18.75 sr. Therefore the integrated backscatter
measured by the Chilbolton lidar through optically thick
liquid clouds such as stratocumulus tends to be close to
0.038 sr~1. This property is used to calibrate the instru-
ment.*

For ice particles not observed from zenith or nadir, k
spans perhaps a factor of two, but specularly reflecting
crystals are characterized by an enhanced backscatter with
no associated increase in extinction, i.e. an anomalously
low value of k. Therefore, a tell-tale sign of specular
reflection is that the integrated backscatter significantly
exceeds the value for liquid water droplets. Integrated
backscatter observations by the Chilbolton lidar pointing
at 5° from zenith indicate that the k of ice usually lies be-
tween 10 and 20 sr.

Because we are interested in determining the fraction
of clouds that contain specularly reflecting crystals, we re-
strict our analysis to clouds above 2 km; below this height
the lidar also detects boundary layer aerosol which can
sometimes be difficult to distinguish from cloud. The
melting layer was below 2 km throughout the period of
the analysis. Each profile of g’ is integrated from 2 km
up to the highest range gate, and profiles for which the
integral is more than 0.042 sr=* (10% more than the the-
oretical value for fully attenuating liquid water cloud) are
deemed to contain specular reflection at some altitude. It
is then assumed that the pixels with the highest values of
S’ in the profile are responsible for all the specular reflec-
tion, so the f’ values are selected in order, starting with the
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1The technique is described fully by O’Connor et al., document in
preparation.

largest, and summed until the excess above this 0.042 sr—*
value is accounted for. These selected pixels are flagged
as containing specularly reflecting crystals. However, it
is not uncommon for a mid-level cloud to be topped by a
layer of supercooled liquid water 100-200 m thick with
high backscatter coefficient. We therefore make a simple
modification to the technique so that liquid water layers
at cloud top are not selected, and specular reflection is at-
tributed correctly to purely ice regions.

It should be noted that this procedure may tend to un-
derestimate the fraction of clouds containing specular re-
flection for two main reasons. Firstly, we are implicitly
assuming the cloud to have a high optical depth so that the
integrated backscatter can easily be interpreted in terms of
K. In the case of clouds with a lower optical depth, specu-
lar reflection may be occurring but would be less likely to
exceed the threshold value. Secondly, by attributing the
specular reflection entirely to the pixels with the largest
values of g, we are neglecting the possibility that specu-
lar reflection is more evenly distributed through the pro-
file, but at a lower intensity. Therefore the algorithm is
just locating regions of “strong” specular reflection.

Two examples of the algorithm in operation are now
shown. Figure 1a shows a 6-h time-height section of 4’
through altocumulus on 17 October 2002. The thin layer
of high backscatter at cloud top is attributable to liquid
water (Hogan et al. 2003), and in the first half of the pe-
riod the integrated backscatter (Fig. 1b) is close to the the-
oretical value for liquid water of 0.038 sr=1. In the second
half of the period, the integral is dominated by the contri-
bution from the ice particles falling beneath the liquid wa-
ter, where it peaks at 8 times the liquid water value. Fig-
ure 1c shows in black where the algorithm has diagnosed
the presence of specularly reflecting crystals; note that the
high return at cloud top, believed to be due to liquid wa-
ter, has been excluded. Figure 2 shows lidar observations
of specular reflection in ice cloud associated with an ap-
proaching front, where the integrated backscatter reaches
6 times the value for liquid water. An interesting fea-
ture of this case at around 02:15 UTC is the presence of
thin layers a few hundred metres thick, where the spec-
ular reflection apparently disappears for around 15 mins.
It would seem very unlikely that the falling ice crystals
change from plates to some other form and back to plates
over such a short distance. A more likely explanation is
that shear layers are present at these altitudes, which gen-
erate turbulence that perturb the crystals from horizontal
alignment as they fall through it.

3. Resaults

We now summarize the findings from 20 days of data
taken between 15 October and 4 November 2002 when the
Chilbolton lidar was pointing directly at zenith. These are
compared with 61 days of data from the autumn of 2000,
when the lidar was operating at 5° from zenith. Figure 3
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FiG. 1: (a) Six-hour time-height section of A’ measured by the Chilbolton lidar on 17 October 2002; (b) the integrated backscatter through the
returns above 2 km, where the horizontal dotted line indicates the the theoretical asymptote for completely attenuating liquid water cloud; (c)
location of the regions of strong specular reflection.
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Fi1G. 2: As Fig. 1, but for 20 October 2002.
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Fic. 3: (a) Frequency that cloud was observed versus height for the
zenith and off-zenith datasets; (b) frequency of strong specular reflection
in the these clouds.
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Fi1G. 4: Cumulative probability statistics for cloudy profiles above 2 km,
where a profile is declared cloudy if the integrated backscatter exceeds
0.005 sr—1, equivalent to an optical depth of around 0.1: (a) integrated
backscatter and (b) maximum backscatter in the profile.

depicts the frequency that cloud was observed and the
fraction of those clouds that contained specular reflection,
as a function of height. Cloud was deemed to be observed
whenever 8’ was 7.5 x 10~7 sr=t m~* or greater. Due to
the frequent obscuration by low-level clouds, cloud was
observed less than 10% of the time at any given height
above 2 km.

Figure 3b shows a striking difference between the
zenith and off-zenith results for the frequency of specu-
lar reflection; nearly 20% of clouds at 4 km observed at
zenith triggered the algorithm, compared with 1% in the
off-zenith data. The occurrence of specular reflection ap-
pears to be mostly confined between 2.5 and 5.5 km. This
is likely to be due to the fact that plate crystals, believed to
be responsible for the strongest specular reflection, grow
only in the temperature range —23°C to —9°C.

We next consider the frequency distribution of inte-
grated backscatter for cloudy profiles. As before, we con-
sider only data above 2 km, and specify that a profile is
cloudy if the optical depth exceeds 0.1; for k = 18.75 s,
this corresponds to a threshold integrated backscatter of
0.005 sr~%. Figure 4a depicts the cumulative probabil-
ity of integrated backscatter values for the zenith and off-
zenith datasets. The vertical dot-dashed line indicates the
asymptote for optically thick liquid water cloud. It can be
seen that the two lines sharply diverge in the highest quin-
tile, where the integrated backscatter exceeds the value

corresponding to liquid water clouds, thus indicating that
specular reflection is strong in around 20% of profiles.
However, the lines actually begin to diverge much sooner,
suggesting that specular reflection is present at lower in-
tensities in more than half of the cloudy profiles. It is
notable that in around 1% of the profiles the integrated
backscatter exceeds 0.2 sr=1, corresponding to a k of as
little as 3.5 sr. Ansmann et al. (1992) compared indepen-
dent measurements of backscatter and extinction in cir-
rus, obtained from a zenith-pointing 308-nm Raman lidar.
They found typical k values between 5 and 15 sr, but on
one occasion strong specular reflection caused values as
low as 2 sr at the top of a cirrus cloud.

Figure 4b shows the cumulative probability of the
maximum value of ' in the profile. The highest values
of 0.04 sr~* m~! in the off-zenith data correspond to su-
percooled liquid clouds, but they can be substantially ex-
ceeded by the values associated with specular reflection.

4. Discussion

We have shown that specular reflection can be a prob-
lem for interpreting lidar observations taken precisely at
zenith or nadir. The algorithm presented here only de-
tects strong specular reflection, but still demonstrates the
problem very clearly. In summary, 20% of ice cloud
profiles contain specular reflection strong enough that it
could be detected in spaceborne lidar data using integrated
backscatter (although not easily corrected), but at least
50% of profiles appear to exhibit specular reflection at
a lower intensity, such that it would go undetected and
could bias the retrievals. Low values of depolarization ra-
tio can assist in identifying regions of specular reflection,
but they are often difficult to distinguish from liquid water
cloud.

The results of Platt et al. (1978) and Thomas et al.
(1990) indicate that moving as little as 1° from zenith
should be sufficient to reduce the effect to a level such
that it does not introduce errors in k greater than the nat-
ural variability of k present in ice clouds. However, there
are other constraints that must be brought into consider-
ation, not least the need for co-location with other in-
struments. For instance, the proposed ESA EarthCARE
satellite would carry a Doppler radar as well as a lidar on
the same platform, and the radar has to look directly to
nadir in order that the vertical velocity measurements are
not contaminated by the horizontal wind and the motion
of the spacecraft. Offsetting the lidar would complicate
the processing system slightly as data would have to be
shifted in time in order that synergetic algorithms can be
applied, but for a 1° pointing angle from an orbit altitude
of 400 km, this is only around a 1-s offset.

We now consider how spaceborne lidar data in ice
cloud are to be used and what impact the anomalously
low values of k would have. The principal problem to
overcome in the analysis of lidar data is the attenuation



of the lidar signal, and a major advance was made in the
development of synergetic radar/lidar retrieval algorithms
(e.g. Donovan and van Lammeren 2000; Tinel et al. 2000)
that essentially use the radar to ensure that the lidar in-
version is stable and that an accurate extinction profile is
obtained. Studies have shown that these algorithms are
insensitive to either the calibration of the lidar or to the
absolute value of k, but that variations in k within a single
profile will cause errors in the retrieved extinction pro-
file, although the total optical depth should not be badly
affected. Therefore the most common error is likely to
occur when a profile consists of two layers, one contain-
ing specularly reflecting crystals and the other contain-
ing none. In such a scenario the extinction of the former
would be overestimated and that of the latter underesti-
mated, with the biases in proportion to the error in k. This
would significantly bias both the longwave and shortwave
fluxes, and hence the inferred heating profile. The depen-
dence of specular reflection with height (Fig. 3) suggests
that this would not be an uncommon scenario.

Figure 3 actually implies that at temperatures colder
than —23°C, specular reflection is not a significant prob-
lem. This is at odds with previous studies and high-
lights the limitation of our algorithm in that it tends to
detect specular reflection only in the more optically thick
clouds. The statistics of these high clouds are also poor
in our short dataset. It is therefore planned to operate two
CT75K lidars side-by-side for a few months to quantify
the effect exactly.
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