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at the station [1]. ICECAPS includes a wide range
ABSTRACT
of instrumentation with the ability to capture
A source of error in microphysical retrievals and
turbulent and thermodynamic properties of the
model simulations is the assumption that clouds
atmosphere and clouds. Specific instrumentation
are composed of only randomly oriented ice
included in the ICECAPS suite be used as part of
crystals. This assumption is frequently not true, as
this study includes the Cloud Aerosol Polarization
evidenced by optical phenomena such as parhelia.
and Backscatter Lidar (CAPABL), millimeterHere, observations from the Cloud, Aerosol and
wave cloud radar (MMCR) and twice-daily
Polarization Backscatter Lidar at Summit,
radiosonde launches [1].
Greenland are utilized along with other sensors
and beam imaging to examine the properties of
In this work we build upon the initial results of
horizontally oriented ice crystals and the
[1], [2] and [3] to examine the occurrence of
environment conditions in which they occur.
HOIC over Summit, Greenland using CAPABL
and supporting observations. HOIC exhibit both
1 INTRODUCTION
non-zero
values
of
depolarisation
and
The microphysical properties of clouds play a
diattenuation when observed in a non-zenith/nonsignificant role in determining their radiative
nadir orientation (non normal to the crystal face)
effect; one of these properties is the orientation of
while ROIC will only exhibit non-zero values of
ice crystals. A source of error in current
depolarisation. CAPABL was developed using the
microphysical retrievals and model simulations is
lidar polarisation theory of Hayman and Thayer
the assumption that clouds are composed of only
(2012) [4]. To identify HOIC, CAPABL makes
randomly oriented ice crystals (ROIC). This
observations of diattenuation and depolarisation
assumption is frequently not true, as evidenced by
[2, 3]. CAPABL accomplishes this by observing
optical phenomena such as parhelia (commonly
multiple planes of linear polarization, and photon
referred to as sundogs). Here, observations from
counting and analog detection schemes, to selfthe Cloud, Aerosol and Polarization Backscatter
evaluate,
correct,
and
optimize
signal
Lidar (CAPABL) at Summit, Greenland are
combinations to improve cloud classification. For
utilized along with instruments that are part of the
more information on how CAPABL implements
Integrated Characterization of Energy, Clouds,
the theory of Hayman and Thayer (2012) to make
Atmospheric state and Precipitation at Summit
observations of HOIC please see [2, 3]. Using the
(ICECAPS) project in order to determine when,
measures of diattenuation and depolarisation ratio,
where and under what conditions horizontally
CAPABL is the only instrument with the ability to
oriented ice crystals (HOIC) occur at Summit,
unambiguously identify HOIC on an operational
Greenland.
basis [2]. In addition to the novel polarimetric
2 METHOD
observations we also show results from
opportunistic observations of images projected
Summit, Greenland is located 3.2km above mean
onto the snow-covered surface near CAPABL
sea level on the Greenland Ice Sheet (GrIS) at
during the Arctic night that originate from
72.6°N, 38.5°W [1,2,3]. In 2010, the ICECAPS
scattering in CAPABL’s transmitted beam. This
project established an intensive cloud observatory
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with time for each day, creating a grid with the
same spatial and temporal domain as the
CAPABL observations but containing radiosonde
observations.

provides a unique validation of CAPABL’s
primary observations.
2.1 HOIC Occurrence Categorisation
The main study period considers a 335-day period
starting on July 2nd, 2015 and ending on May 31st,
2016. Throughout this period CAPABL sampled
at a temporal resolution of 5s per polarisation and
a spatial resolution of 7.5m. For an overall
improved signal-to-noise ratio we have integrated
this raw data to have a resolution of 30m and 20s
(80 seconds for a complete 4 polarisation retrieval
of diattenuation). Approximately 5 minutes of
data per day was missed at midnight UTC to
allow for system diagnostics [3]. Observations
from lower than 0.2 km above ground level
(AGL) were disregarded in order to minimize the
influence of HOIC in fog/diamond dust and
blowing snow as well a systemic effects due to the
overlap of CAPABL’s laser and telescope [3]. An
additional day (December 6th, 2016) of HOIC
observations will also be considered in the
discussion as a unique phenomenon was captured
using CAPABL’s laser and digital photography
that provides additional information about the
crystal habits during HOIC events.
Having established the temporal and spatial
domain of the study, criteria were set to identify
the thermodynamic phase and orientation of the
observed ice using the method outlined by [3].
Depolarisation values set for the identification of
liquid and ice is consistent with previous studies
of Arctic cloud by [5], [6] and [3]. Values of
combined diattenuation were computed by
multiplying CAPABL’s two diattenaution
observations together, which have opposite
sensitivity to systematic effects, in order to
remove false positives within the data as
described in [3]. The threshold value of 0.005
used in the diattentuation criteria here is slightly
more stringent (i.e. √0.005>.05) than the value
used by [2].

2.3 Analysis of Temporal Variability
The frequencies of HOIC occurrence were
calculated using all available days for each month
of the study period. Frequencies of occurrence (F)
of each atmospheric condition were calculated for
each month using Equation 1 where N denotes the
number of detections identified as a result of the
masking process for HOIC, ice and liquid, and x
is either HOIC, ice or liquid interchangeably.
𝐹𝐹� =

𝑁𝑁�
× 100
𝑁𝑁���� + 𝑁𝑁���� + 𝑁𝑁���

(1)

The number of detections of each data type
identified as a result of the masking process was
summed in order to establish the total number of
quality-controlled measurements per month.
All days containing HOIC were examined and the
nature of the occurrence was classified as cirrus,
stratiform
or
falling/precipitating.
These
classifications were based on CAPABL’s
observation plus co-incident observations of
reflectivity, vertical fall speeds and spectral width
provided by the MMCR [1,7]. The role of liquid
was not considered in the analysis of cirrus cloud
as they are composed solely of ice crystals. Liquid
was also not considered in the analysis of the
falling/precipitating classification because liquid
droplets within Arctic clouds are too small to be
precipitated [8]. Having classified the occurrences
of HOIC, the number of occurrences per
classification was totalled. A day containing more
than one classification was counted in each of the
classifications within the day.
3
RESULTS
OBERVATIONS

OF

POLARIMETRIC

HOIC were positively identified in cirrus cloud,
stratiform cloud or precipitating from cloud on 86
days of the 335-day study period. Figure 1 shows
an example product of the masking process and
applied to CAPABL’s data as well as the ancillary
observations from the MMCR on April 22, 2016
from 00:00 to 24:00 UTC.
HOIC were observed on 3 occasions during this
period. These occurrences were identified from
the masking procedure (results shown in the

2.2 Identification of Atmospheric Conditions
Values of temperature, relative humidity and
horizontal wind speed were obtained from twicedaily radiosonde launches at Summit. Data for all
variables from radiosondes were linearly
interpolated to correspond to the range and time
resolutions of measurements made by CAPABL.
From this, observations were linearly interpolated
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middle panel of Figure 1) and inspection of the
corresponding radar observations in Figure 1. At
~16:00 there is substantial HOIC present and this
has been separated into 3 distinct occurrences
using the combination of CAPABL and NOAA
MMCR observations shown in Figure 1: 1) at 4km
a large pocket of HOIC is identified in cirris, 2) in
small deck of liquid bearing stratiform cloud at
1.5km and 3) in precipitating ice near the surface.
Following these occurences HOIC was also
observed at 18:00 in precipitating/falling ice that
is connected to the higher clouds. Finally, at 20:00
and into the next day, the cirrus clouds at 4 km
show a strong HOIC signal that is typical of
HOIC in cirrus found on other days. This method
is used throughout the study to broadly classify
the type of HOIC occurrence.
Combining the HOIC mask with the
information provided by interpolated radiosonde
profiles bounding the observaiton period (for this
example for profiles from 12Z on April 22, 2016
and 00Z on April 23, 2016 were used) we create a
pixel by pixel comparison of the conditions in
which HOIC compared to ROIC occurred
througout the day. For this example, we have not
broken this into the classifications of cirrus,
striatiform or precipitating ice due to the limited
sample size. From the boxplots of Figure 2 it can
be said the HOIC are occurring over a much
smaller range of temperatures than ROIC, and a
slightly higher temperature of -25.4°C as opposed
to the -26.9°C of ROIC. The range of relative
humidity (RH) over which HOIC are occurring is
much wider than that of ROIC. HOIC also has a
higher median value of 57.2% compared to that of
the ROIC, 51.2%. HOIC also have a lower
median horizontal wind speed of 18.5ms-1 as
opposed to 19.6 ms-1 of ROIC. Further differences
can be seen in the height ranges of both ROIC and
HOIC. ROIC occurred over a larger vertical range
than HOIC, and typically occurred higher in the
atmosphere with a median height of 1.45 km,
compared to the 0.96 km of HOIC.

ROIC in all cases. The mean horizontal wind
speeds that HOIC occur under are always
significantly higher than those of ROIC. Finally,
the mean heights of HOIC in all cases were
always significantly lower than that of ROIC.

Figure 1: Observations made on from 14:00 to 24:00 UTC on
April 22, 2016 from CAPABL and NOAA MMCR. Positive
values in the Doppler velocity indicate a downward direction.
The red colouring in the diattenuation plot exceed the 0.005
threshold for HOIC. HOIC occurs at 16:00 in cirrus at 4km,
in stratiform cloud at 1.5km and in precipitating ice near the
surface, at 18:00 in precipitating/falling ice and at 20:00
onwards in cirrus cloud at 4km.

The overall results of the occurrence and
classification analysis are summarized by month
in Figure 3. Examining the entire data set in a
manner similar to Figure 2, we find that the
temperature of HOIC in all cases is significantly
higher than that of ROIC. We also find that the
mean RHs are higher for HOIC than they are for

Figure 2: Comparison of condition in which ROIC and
HOIC occurred in Figure 1 using CAPABL’s masking from
Figure 1 and interpolated radiosonde profiles launched 12Z
on April 22, 2016 and 00Z on April 23, 2016. Boxes include
the 25th to 75th percentiles and whiskers extend to the 10th and
90th percentiles.
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utilizing the observations from the MMCR.
Sampling of temperature, water vapour and
horizontal wind at a higher temporal resolution
would also be beneficial for future research.
Analysis of temporal variabilities in future work
will extend and the study period used here and be
used to explore the radiative properties of HOIC,
especially their long wave effect.

Figure 3: Monthly totals of days containing HOIC. Monthly
totals are split into the 3 categories of cirrus, stratiform of
falling/precipitated HOIC. June is not considered and
therefore has no data.

4 UNIQUE VALIDATION OF CAPABL’S
HOIC CLASSIFICATION
Ongoing work to understand HOIC at Summit
includes recent observations of a phenomenon
manifesting itself as succinct flashes of scattered
light originating from CAPABL’s transmit beam
on the snow surface near the building housing the
instrument (Figure 4). When photographed, the
flashes reveal 2-D pattern similar to the forward
scattering used to characterize cloud and aerosol
particles. Using this information, theoretical 2-D
patterns were computed using the ADDA discrete
dipole approximation [9]. The simulations reveal
that the flashes are originating from HOIC with
large "flutter" angles (5-8). The modelling also
reveals that the population of ice crystals consists
of 100-300m pristine hexagonal plates, as well
as much larger (1-4mm) more irregular plates and
columns. These observations qualitatively agree
with CAPABL’s and the MMCR’s observations.
More work will be done to make a quantitative
comparison.

Figure 4: Scattering from the CAPABL’s transmit beam onto
snow from HOIC. This image consisits of 30 superimposed
images each at 1.3 s exposure time. Recorded on 6 December
2016. CAPABL is behind the camera.
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5 DISCUSSION AND CONCLUSIONS
The observations presented here provide the first
documentation of the conditions under which
HOIC occur at Summit, Greenland and are the
first steps in the development of a climatology.
This study has shed light on when and where
HOIC are occurring but is subject to limitations
such as poor resolution of the temperature and
humidity observations used; these limitations
however can be overcome with more and new
observations. Future work will investigate the
role of turbulence in the formation of HOIC by
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