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Abstract. The microphysical properties of clouds play a significant role in determining their radiative
10 effect; one of these properties is the orientation of ice crystals. A source of error in current
microphysical retrievals and model simulations is the assumption that clouds are composed of only
randomly oriented ice crystals (ROIC). This assumption is frequently not true, as evidenced by optical
phenomena such as parhelia (commonly referred to as sundogs). Here, observations from the Cloud,
Aerosol and Polarization Backscatter Lidar (CAPABL) at Summit, Greenland are utilized along with
15 instruments that are part of the Integrated Characterization of Energy, Clouds, Atmospheric state and
Precipitation at Summit (ICECAPS) project in order to determine when, where and under what
conditions horizontally oriented ice crystals (HOIC) occur at Summit, Greenland. Between July 2015
and May 2016, HOIC are observed on 86 days of the 335-day study. HOIC occurred within stratiform
clouds on 48 days, in precipitation on 32 days and in cirrus clouds on 14 days. Analysis of all of the
20 cases found that, on average, in comparison to ROIC, HOIC occur at higher temperatures, higher wind
speeds and lower heights above ground level. Differences were also present in the relative humidities
(RHs) at which HOIC and ROIC occurred in stratiform clouds and precipitation but not in cirrus clouds.
Analysis over the whole study period revealed monthly variations in the abundance of HOIC with the
number of detections peaking in April and October. Monthly changes were also present in the number
25 of days containing HOIC. The results presented here aim to be the first step towards a comprehensive
climatology and understanding of the microphysical processes that lead to the formation of HOIC at
Summit, Greenland.
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1 Introduction
The influence of clouds on the surface energy budget (SEB) is referred to as cloud radiative forcing
(CRF). Clouds act to warm the surface by emitting longwave radiation but also to cool it by reflecting
incoming shortwave radiation. CRF depends directly upon the cloud micro- and macrophysical
5 properties. This list of properties includes optical depth, fraction, phase and temperature as well as the
solar zenith angle and underlying surface albedo and temperature (Ramanathan et al., 1989; Curry and
Ebert, 1992; Corti and Peter, 2009; Bennartz et al., 2013; Cox et al. 2014). In the polar regions, CRF
generally warms the surface, except in the summer when the maximum solar zenith angles are achieved
and the surface albedo is at a minimum (Curry and Ebert 1992; Intrieri et al. 2002; Kay and L’Ecuyer,
10 2013; Miller et al, 2015), though Miller et al. (2015) found that over Summit, Greenland, unlike other
sites, CRF always warms the surface, even in summer.
Since 1900, the Greenland Ice Sheet (GrIS) has contributed ~25mm to total global sea level rise
(Kjeldsen 2015). The majority of this melting is due changes in the (SEB). Of the GrIS contribution to
15 sea level rise, CRF has enhanced the amount of meltwater by one-third (van den Broeke et al. 2009; de
la Peña et al. 2015; Van Tricht et al. 2016). This general trend has also been punctuated by several
extreme events, including July 2012 when the GrIS sustained the first melt event over the entire surface
since 1889 (Neff et al. 2014).
20 Thus, understanding the factors that contribute to cloud optical depth are essential for understanding
CRF. These factors include the vertical, concentration, phase, size and orientation of the constituent
cloud particles (Curry and Ebert, 1992). Increased optical depth heightens cloud albedo, reflecting
incoming solar radiation and also makes clouds more opaque to outgoing longwave radiation (Chen et
al. 2000). Whether a cloud is composed of water, ice or both has a significant impact upon its radiative
25 properties (Shupe and Intrieri, 2004; Morrison et al. 2012). Sun and Shine (1994) found that the amount
of radiation reflected from liquid clouds is between 2 and 4 times the amount reflected by ice clouds.
An important influence of thermodynamic phase is also on cloud particle size. Ice crystals within a
cloud are typically larger than liquid droplets (Shupe and Intrieri, 2004). This causes less surface area
2
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per amount of water decreasing the overall optical depth unless otherwise compensated for by
preferential orientation.
Although the relationship between size and concentration is significant in ice clouds, as it is in liquid
5 clouds, another important property exists that is specific to ice clouds. As liquid droplets are largely
spherical, their interaction with radiation is the same regardless of the direction of incidence of the
incoming radiation (Petty, 2004). Ice crystals lack the symmetry of water droplets. As a result of their
asymmetry, the orientation of ice crystals significantly affects their interaction with incident radiation
and therefore affects the radiative properties of clouds (Hirakata et al, 2014).
10 1.1 Horizontally Oriented Ice Crystals (HOIC)
It is well established that ice crystals often adopt a preferred orientation in the atmosphere which
typically arises from drag forces encountered when falling (Whipple, 1940; Tricker 1970, Platt, 1978;
Thomas et al., 1990; Takano and Liou, 1993, Klett, 1995; Westbrook et al., 2009, Westbrook, 2011).
The preferred orientation of crystals tends to be that of its largest surface area being parallel to the
15 Earth’s surface, thus its major axis assumes a horizontal position (Thomas et al, 1990; Westbrook et al,
2010). Although other habits of ice crystal, such as columns, have been known to adopt the same kind
of preferred orientation (Thomas et al, 1990), HOIC are typically thought to take the form of hexagonal
plates (Bréon and Dubrulle, 2004).
20 The presence of HOIC impact the surface energy balance by modulating CRF. HOIC can increase cloud
albedo by as much as 40% (Takano & Liou, 1993; Hirakata et al., 2014). The higher albedo of clouds
containing HOIC reflects more incoming shortwave radiation away from the Earth’s surface (Sassen et
al., 2003). Although the radiative effects of HOIC have been explored, only their impact on incoming
shortwave radiation has been identified (Takano & Liou, 1993; Hirakata et al., 2014). To the author’s
25 knowledge, no observational studies have explored the implications of HOIC on longwave radiation
though the anisotropic scattering of HOIC is well known (Takano, Y. and Liou, 1989; Hess and
Wiegner, 1994).
3
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Studies exploring HOIC have found significant differences in their frequency of occurrence even
though ice crystal orientation is notoriously hard to detect from satellite observations (Noel and
Chapfer, 2010). Chepfer et al. (1999) suggest that up to 40% of clouds contain HOIC globally. Chepfer
5 et al. (1999) used daytime only observations from the Polarization and Directionality of the Earth
Reflectances (POLDER) instrument which precludes comprehensives studies of HOIC at the poles.
Following up Chepfer et al. (1999), Bréon and Dubrulle (2004) found that POLDER observations to
suggest that more than 50% of clouds contain HOIC. Again, as these observations were made using a
passive instrument that is dependent on certain daytime conditions to make observations which
10 precludes a comprehensive study of HOIC over the poles. Interestingly, Thomas et al. (1990) found a
similar fraction of cirrus clouds (~50%) to contain HOIC using a ground-based scanning lidar. This
suggests that POLDER and other observations from space may be biased toward sampling only the
fraction of cirrus clouds with HOIC.
15 The orientation of ice crystals specifically within Arctic clouds has only recently been explored. Noel
and Chepfer (2010) considered HOIC in the Arctic in their global scale exploration of the occurrences
of HOIC. The exploration of Noel and Chepfer (2010) however, only considers cirrus clouds. Using
active remote sensing observations from the Cloud–Aerosol Lidar with Orthogonal Polarization
(CALIOP), Zhou et al. (2013) showed a maximum occurrence of HOIC of ~40% over the Arctic. In
20 addition, Zhou et al (2013) show that the occurrence of HOIC is strongly dependent on cloud
temperature.
Yet, Zhou et al. (2013) relied on being able to separate populations of HOIC from other populations of
ice crystals by comparing observations containing specular reflections with those that do not. Only
25 recent advancements in polarimetric active remote sensing have allowed for HOIC to be unambiguously
(i.e. measuring a property exhibited solely by HOIC) identified with a single instrument (Kaul et al.
2004; Neely et al, 2013; Hayman and Thayer, 2012; Hayman et al. 2012). Neely et al (2013) utilize
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these advancements to observe HOIC in Arctic as part of the Integrated Characterization of Energy,
Clouds, Atmospheric state and Precipitation at Summit (ICECAPS) project (Shupe et al. 2013).
The importance of cloud microphysical properties on CRF is well established (Hirakata et al, 2014).
5 Given the vulnerability of the GrIS to CRF, a better understanding of the cloud microphysical properties
is needed (Cawkwell & Bamber, 2002). The lack of understanding in the area of CRF, particularly in
the Arctic, is made prominent by the poor representation of CRF climate modelling (Cawkwell &
Bamber, 2002). Current simulations of climate and cloud radiative transfers rely on parameterizations of
CRF (Noel and Chepfer, 2004). These parameterizations often make assumptions, a common
10 assumption being that the crystals within ice clouds are randomly oriented (Noel and Chepfer, 2004).
As explored here, this is not always the case causing unknown bias in CRF projections and thus an
unknown contribution to weather and climate parameters.
2 Methods
15 Summit, Greenland is located 3212m above mean sea level on the GrIS at 72.6°N, 38.5°W (Neely et al,
2013; Shupe et al, 2013). In 2010, the ICECAPS project established an intensive cloud observatory at
the station (Shupe et al. 2013). ICECAPS includes a wide range of instrumentation with the ability to
capture turbulent and thermodynamic properties of the atmosphere and clouds. Specific instrumentation
included in the ICECAPS suite be used as part of this study includes the Cloud Aerosol Polarization and
20 Backscatter Lidar (CAPABL), the NOAA Millimetre Cloud Radar (MMCR) and twice-daily radiosonde
launches.
In this work we build upon the initial results of Neely et al. (2013), Shupe et al. (2013) and Stillwell et
al. (2016) to examine the occurrence of HOIC over Summit, Greenland using CAPABL and supporting
25 observations. CAPABL was developed using the lidar polarisation theory of Hayman and Thayer
(2012). To identify HOIC, CAPABL makes observations of diattenuation and depolarisation (Neely et
al., 2013; Stillwell et al, 2016). HOIC exhibit both non-zero values of depolarisation and diattenuation
when observed in a non-zenith/non-nadir orientation (non normal to the crystal face) while ROIC will
5
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only exhibit non-zero values of depolarisation. For more information on how CAPABL implements the
theory of Hayman and Thayer (2012) to make observations of HOIC please see Neely et al. (2013) and
Stillwell et al. (2016). Using the measures of diattenuation and depolarisation ratio, CAPABL is the
only instrument with the ability to unambiguously identify HOIC on an operational basis (Neely et al,
5 2013).
2.1 HOIC Occurrence Categorization
Though operational since 2010, only CAPABL data from July 2nd, 2015 was used because of hardware
upgrades to the CAPABL that are fully described in Stillwell et al. (2016). The upgrades to CAPABL
included a more powerful laser, an upgraded photomultiplier tube and most importantly a combined
10 analog and photo counting acquisition system. These upgrades have allowed for measurements to be
made at a higher spatial and temporal resolution and with a better dynamic range (Stillwell et al. 2016).
These improvements have allowed for CAPABL to observe the horizontal orientation of ice crystals in
precipitation and have also improved observations in low, optically thick clouds and high clouds. The
study period considers a 335-day period starting on July 2nd, 2015 and ending on May 31st, 2016.
15 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
(Stillwell et al., 2016). This time combined with other required maintenance over the study period
20 resulted in ~8070 hours of data with a 98.9% uptime (i.e. on average, only 16 minutes of data per day
was lost). 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 (Stillwell et al., 2016). Observations from above 8 km
AGL were also disregarded in accordance with the observations of Shupe et al. (2013) who found the
25 majority of clouds at Summit to occur beneath 8km. CAPABL is thus tuned to the range 0.2 to 8 km
and has relatively poor signal strengths above this level.
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Having established the temporal and spatial domain of the study, criteria was set in order to mask the
data and identified the thermodynamic phase of clouds present and whether ice is horizontally oriented
or not using the method outlined by Stillwell et al. (2016). Table 1 shows the specific criteria used in
this study.
5
Depolarisation values set for the identification of liquid and ice is consistent with previous studies of
Arctic clouds by Intrieri et al (2002), Shupe (2005) and Stillwell et al. (2016). Values of combined
diattenuation were computed by multiplying CAPABL’s two diattenaution observations together in
order to remove false positives within the data as described in Stillwell et al. (2016). Thus, the 0.005
10 used in the diatentuation criteria here is slightly more stringent (i.e. √0.005>.05) than the value used by
Neely et al. (2013). Error associated with CAPABL’s observations of depolarization and diattenuation
were quantified through the methods of Stillwell et al. (2016).
2.2 Identification of Thermodynamic and Dynamic Atmospheric Conditions
Values of temperature, RH and horizontal wind speed were obtained from twice-daily radiosonde
15 launches at Summit. Data for all variables from radiosondes were linearly interpolated to correspond to
the resolutions of measurements made by CAPABL. From this, observations were linearly interpolated
with time for each day, creating a grid with the same spatial and temporal domain as the CAPABL
observations but containing radiosonde observations. For each day, the altitude and time of each
occurrence of the atmospheric conditions were assigned the corresponding values of temperature,
20 relative humidity (RH) and horizontal wind speed from the interpolated grid of radiosonde observations.
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 defined in Table 1 were
25 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.
7
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The number of detections of each data type identified as a result of the masking process were summed
in order to establish the total number of quality controlled measurements per month.
5 All days containing HOIC were explored and the nature of the occurrence was classified as cirrus,
stratiform or falling/precipitating. These classifications were based on the vertical wind observations
from the Doppler spectra measured by the NOAA MMCR. The role of liquid was not considered in the
analysis of cirrus clouds as they are composed solely of ice crystals. Liquid was also not considered in
the analysis of the falling/precipitating classification. Liquid droplets within Arctic clouds are too small
10 to be precipitated (Morrison et al, 2012). 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
15 Using the criteria in Table 1, HOIC were positively identified in cirrus clouds, stratiform clouds or
precipitating from clouds on 86 days of the 335-day study period. Figure 1 shows an example product
of the masking process applied to CAPABL’s data on 20 February 2016 from 00:00 to 24:00 UTC.
3.1 Case Study on 22 April 2016
20 To illustrate the analysis process, we show a short period of observations form 22 April 2016. HOIC
were observed on 3 occasions during this period. These occurrences were identified from the masking
procedure (results shown in the middle panel of Figure 2) and inspection of the corresponding radar
observations in Figure 2. 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
25 Figure 2: 1) at 4km a large pocket of HOIC is identified in cirris, 2) in small deck of liquid bearing
stratiform clouds 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.
8
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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.
5 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 3 it
10 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 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%. The horizontal wind speeds over which both HOIC and ROIC
occur are again different. HOIC occur over a much smaller range of wind speeds compared to HOIC.
15 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.
20 Individual occurrences of HOIC were identified classified using daily sets of observations similar to
Figure 2 and Figure 3. This information was then compiled over the whole study period and all cases
were analysed together below.
3.2 Temporal Variability in HOIC
25 Analysis over the whole study period revealed a number of patterns in the presence of HOIC. Figure 4
shows the monthly frequency of occurrence of HOIC, ROIC and Liquid in clouds. January and
December appear to have the highest frequencies of occurrence of HOIC with 8.1% in January and
6.3% in December. From July to November the percentage of observations considered to be HOIC
9
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remains largely constant only varying by 0.3% between 0.7% in July and August and 1% in October.
February and March see the lowest percentage of occurrence 0.3% and 0.6 % respectively. April and
May can be seen to have to frequencies closest to the average of the study period, with values of 1.7%
and 1.4%, the mean being 2.9%. No clear relationship can be seen between the frequency of the total
5 occurrence in all observations of HOIC (i.e. not the fraction of observaitons containing HOIC) and,
similarly, the frequencies of total occurrence of liquid and ice.
The monthly variability in the frequency of HOIC occurring in clouds does not correspond to the total
number detections indicating the presence of HOIC. Figure 5 shows the number of pixels per month
10 containing HOIC and the category of the occurrence. From Figure 5 there appears to be a relatively
uniform distribution with 2 outliers in the number of detections with peaks in the months of April and
October. The number of detections is lowest in November, December and February.
Figure 6 show the total number of days, by occurrence type, that HOIC were detected in each month. A
15 likeness can be seen in the variations of total number of clouds, irrespective of cloud type, and the total
number of detections by pixel in Figure 5. The differences between these two counting methods are
seen in the outliers of the distributions which occur in May rather than April, and in September rather
than October when counting the number of days with HOIC. Differences in the relative magnitudes of
days against detections can be seen in January which has much lower numbers of days with
20 observations containing HOIC compared with the number of detections present in those months.
From Figure 5 and 6, indications of monthly variations in the type of cloud in which HOIC were
observed are clear. Cirrus clouds containing HOIC were only found to occur between February and
April. HOIC were observed most frequently in stratiform clouds in all months with the exception of
25 February, March and April. HOIC precipitating from clouds occurred mostly in the spring and autumn
months, with only 1 occurrence in winter and 5 in summer compared with 16 in spring and 9 in autumn.

10
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Figure 7 shows the ranges of height over which HOIC were observed for each month of the study
period. With the exception of February, median heights of below 1km. The pattern of this distribution
largely follows the distribution of occurrence type observed for the HOIC. The higher median of
February corresponds to the 6 days on which HOIC were observed in cirrus clouds in Figure 6.
5
3.3 HOIC in Cirrus Clouds
On 14 days HOIC were identified in cirrus clouds. The distribution of conditions that allow for HOIC to
occur in cirrus clouds above Summit are compared to those of ROIC and shown in Figure 8. Both
HOIC and ROIC occurred over similar temperature ranges, HOIC between -42°C and -25°C and ROIC
10 between -44°C and -27°C. Despite the ranges being similar, the distributions within them vary between
HOIC and ROIC, HOIC having a higher median temperature than ROIC; of -28° and -34°C
respectively. The range of RHs that HOIC occur over is slightly larger than that of ROIC but both
ranges have an upper limit of 74% with lower limits of 51% for HOIC and 53% for ROIC. The medians
of RH are similar. HOIC was found to have a median RH of 62% compared to 65% of ROIC. The
15 spread of horizontal wind speeds over which both HOIC and ROIC occur are distinctly different. HOIC
occur over a range of 7 ms-1 between 13ms-1 and 20 ms-1 with a median of 17ms-1. ROIC occur over a
range of 15.9 between 9 ms-1 and 16 ms-1 with a median of 11ms-1. HOIC and ROIC were both
predominantly observed below 3.5 km AGL. HOIC were observed over a wider range of heights than
ROIC but at a lower median height of 1.43 km. Table 2 shows the means and the statistical significance
20 of the variations seen in temperature, RH, horizontal wind speed and height. Statistical differences
between the means can be seen in all variables tested with the exception of RH.
3.4 HOIC in Stratiform Clouds
On 48 days HOIC were identified in stratiform clouds. Figure 9 compares the conditions allowing for
25 liquid, ROIC and HOIC to occur in stratiform clouds. The temperatures at which liquid, ROIC and
HOIC were observed are largely similar. The median temperature of liquid was, -17°C, the warmest
temperature compared to both HOIC and ROIC. Both ROIC and HOIC were seen to have the lower
median temperatures than liquid of -20°C.
11
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The RH ranges over which liquid, ROIC and HOIC can be seen in stratiform clouds are variable. The
range RH range of liquid is between 80-93%, a narrower range than that of HOIC and ROIC with
ranges of 74-91% and 70-87% respectively. The median values of RH are not as variable with only
5.19% between liquid and ROIC; Liquid has a median value of 85%, HOIC of 84% and ROIC, 80%.
5
The horizontal wind speeds over which liquid, ROIC and HOIC were observed were also variable.
HOIC were observed to occur at the highest median horizontal wind speed, 13 ms-1, and a range of 8
ms-1 between 9 ms-1 and 17 ms-1. ROIC occurred over the largest range of 7 ms-1 between 8 ms-1 and 15
ms-1, with a median of 11 ms-1. Liquid occurred over the same range of horizontal wind speeds but with
10 a higher median horizontal wind speed of 12ms-1. The height ranges of all liquid, ROIC and HOIC are
below 2 km AGL. Liquid has the smallest range of heights and the lowest median of 0.55 km AGL.
ROIC has the largest range of heights between 0.29 km and 2.39 km and the highest median of 0.83 km.
HOIC has a larger range then liquid, between 0.23 km and 1.59 km and a median of 0.7 km.
15 Table 3 shows the significance of differences between ROIC and HOIC in stratiform clouds.
Differences between HOIC and ROIC can be seen in all variables tested. HOIC occurred at a slightly
lower temperature, lower RH, marginally higher horizontal wind speed and occurred 260m lower in
atmosphere. Even though some of these differences are small, they are still statistically different due to
the large number of data points used to create the distribution tested.
20
Table 4 shows the significance of differences between liquid and HOIC in stratiform clouds. For all
variables tested differences emerged between liquid and HOIC. Comparing the mean conditions of
HOIC and liquid, HOIC were present at a slightly lower temperature, lower RH, marginally higher
horizontal wind speed and occurred 150m higher in atmosphere. Even though some of these differences
25 are small, they are again still statistically different due to the large number of data points used to create
the distribution tested (>50,000).

12
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3.5 Falling/Precipitating HOIC
On 32 days HOIC were identified in precipitating from clouds. The conditions when HOIC and ROIC
were observed to be falling from clouds are compared in Figure 10.The temperatures over which ROIC
and HOIC were observed are very similar, ranging -16°C to -24°C and -16°C to -23°C respectively. The
5 median temperatures were found to be the same, -20°C. Precipitated ROIC was observed over a much
wider range of RHs than HOIC; ROIC between 66-88% and HOIC between 76-88%. The medians of
RH are more similar than their ranges, with ROIC with a median of 80% and HOIC, 84%.
ROIC were seen to occur over range of horizontal wind speeds between 8ms-1 and 19ms-1. HOIC were
10 observed over a similar range but of higher horizontal wind speeds, from 11ms-1 to 21ms-1. The medians
of horizontal wind speed vary by 5ms-1; the median horizontal wind speed of HOIC being 17ms-1 and
the median of ROIC being 12ms-1. Both height ranges of HOIC and ROIC are below 1.5 km AGL and
both median values are below 1 km AGL. The median height of HOIC is 0.34 km AGL; lower than that
of ROIC, 0.7 km AGL.
15
The significance of differences between the variables of Figure 9 were tested and are shown in Table 5.
From Table 5, it is clear that differences are present; the temperature of precipitated HOIC is lower than
that of ROIC, RH of HOIC is higher, horizontal wind speed is higher and height is lower. As the means
of temperature were found to be the quite but a difference was identified between the datasets, a
20 histogram is presented in Figure 11. From Figure 11, the distributions of temperature seem to be similar,
with most observations between -10°C and -25°C. The temperatures at which ROIC are occurring are
much more even in their distribution whereas HOIC have distinctive peaks. These peaks occur around 10°C, -20°C and -25°C. The trend irrespective of these peaks, reaches a maximum around -15°C. The
peaks in the occurrence of ROIC are less well defined, despite a peak at -18°C, -22°C looks to be
25 central in the distribution.

13
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3.6 Synthesis of Results
From the results presented in Sections 4.1-4.5 a number of similarities emerge in the conditions
allowing for HOIC to be present. The mean temperature of HOIC in all cases is higher than that of
ROIC. This difference is also reflected in the median temperatures of the case study in Section 4.1 but
5 its significance here is not known. The temperatures at which HOIC occur within both stratiform clouds
and precipitation is the same, -20°C, a much warmer temperature than HOIC in cirrus.
The mean RHs are higher for HOIC than they are for ROIC in all cases. The mean RHs are only
different from those of ROIC in falling HOIC and stratiform clouds, not in cirrus. Like the temperatures
of HOIC, the RHs of HOIC in stratiform clouds and precipitation are similar. The mean horizontal wind
10 speeds that HOIC occur under are always higher than those of ROIC. HOIC in cirrus were seen to occur
at the highest mean horizontal wind speed of the 3 types of occurrence, 17 ms-1. Precipitated HOIC
were found at a similar horizontal wind speeds of 16 ms-1 and HOIC in stratiform at a lower horizontal
wind speeds. The mean heights of HOIC in all cases were always lower than that of ROIC and higher
than liquid in stratiform clouds. The lowest mean height of HOIC was of precipitated/falling HOIC with
15 the mean height of HOIC in stratiform clouds being 0.2 km higher. HOIC in cirrus clouds were found to
have the highest mean altitude of 2.13 km.
Temporal variabilities in HOIC show the frequency of occurrence of HOIC (Figure 5 and Figure 6) to
be highly variable. Seasonal variations in cloud type are also present, but due to the limited time over
20 which observations have been collected no large scale patterns may yet be deduced. In particular, HOIC
in cirrus is only seen in February, March and April. In addition, the monthly height variations in Figure
7 largely agree with the amount of each classification of HOIC occurrence per month, shown in Figure
6. This correlation suggests that HOIC are present in all clouds and the conditions of their occurrence is
primarily dependent on the predominant types of clouds present at any given time.
25
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4 Discussion
4.1 HOIC on 22nd April 2016
The case study presented in Section 3.1 is largely representative of the mean values identified in the
various cases. On two occurrences on the 22 April 2016, HOIC were observed precipitating from
5 clouds. Figure 10 show the median temperatures, RHs and heights of HOIC and ROIC to follow the
same pattern. The median horizontal wind speed however does not comply with the mean horizontal
wind speeds for HOIC identified for all HOIC cases in precipitated HOIC and HOIC in cirrus. The
precipitated HOIC occurring at a lower horizontal wind speed than that of ROIC seems to accurately
replicate the formation process of Shupe et al (2013). Whether the horizontal wind speed at which
10 HOIC is occurring in cirrus clouds is reflected in the median of Figure 8, which was computed from the
linear interpolation of radiosondes launch every 12 hours, is hard to tell though the wind observations
are most likely representative of the bulk flow at the height of cirrus clouds. If these observations serve
as a good proxy for the wind experience by the observed clouds, the wind speeds at which HOIC are
occurring within cirrus, in this case, are lower than that of ROIC. No clear explanation can be found
15 within the literature regarding the role of horizontal wind speed in the occurrence of HOIC within cirrus
clouds. The theory of Sassen et al (2003) could be related to this, leaving HOIC in cirrus purely the
result of temperature.
4.2 Temperature Dependence of HOIC
20 Noel & Chepfer (2010) found HOIC occurring within the temperature range of -30°C to -10°C. The
results presented here are largely in agreement. All mean temperatures of HOIC with the exception of
HOIC in cirrus clouds agree; a mean temperature of -33°C. Although the mean temperature of HOIC in
cirrus does not fall within the range of Noel and Chepfer (2010), it does fall within the range of
temperatures outlined by Zhou et al (2013) (-40°C to -20°C). Both of these ranges however coincide
25 with the range defined as the plate regime by Bailey and Hallet (2009). Even though differences occur
between the temperatures of HOIC and ROIC, the mean temperatures of ROIC, with the exception of
ROIC in cirrus, also fall within the plate regime of Bailey and Hallet (2009) and range of temperatures
identified by Noel and Chepfer (2010).
15
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Mean temperatures of HOIC and ROIC both being within the plate regime in all cases could suggest
three things. Firstly, that temperature is important in determining differences within the plate regime of
Bailey and Hallet (2009). Secondly, that temperature does not play a role outside of determining the
5 habit of ice crystals being formed and that other factors must be involved in determining their
orientation given that plates exist.
Though the mean temperatures of both HOIC and ROIC are inside the temperature range of the plate
regime, both HOIC and ROIC have been observed occurring outside of the plate regime, in the regime
10 of columns. The occurrence of HOIC at temperatures outside of the plate regime could mean that
crystals of a columnar nature are also assuming a preferential orientation. It could also arise from poor
resolution of sampling. If the radiosonde and CAPABL observations are not integrated well this could
lead to erroneous temperature readings for HOIC.
15 The presence of HOIC within the temperatures range of the plate regime in stratiform clouds and
precipitation is suggestive of the process outlined by Shupe et al (2013) and Westbrook (2010). Should
this mechanism be taking place, it would suggest that HOIC tend to be dendritic in nature. Bailey and
Hallet (2004) observed the growth of dendritic ice crystals at temperatures around between -18°C and 20°C. These temperatures are consistent with the mean temperatures observed in stratiform clouds and
20 precipitated ice; further evidencing the possibility of HOIC taking the form of dendritic ice crystals.
Although temperature is known to be the primary factor in determining the habit of ice crystals,
supersaturation also plays an important role.
4.3 The Role of Relative Humidity in HOIC
25 On average, HOIC occurs in both stratiform clouds and precipitation at higher RHs than ROIC. This
suggests that larger ice crystals are being formed given the relationship between RH and ice
supersaturation (Bailey, M. and Hallett, 2004; 2009). A larger ice crystal within the plate regime would

16
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have a larger surface area and would be more likely to orientate preferentially (Bréon and Dubrulle,
2004).
The lack of a difference in RH between HOIC and ROIC in cirrus however suggests RH is not
5 important in the formation of HOIC in cirrus clouds despite the influence it could have on ice crystal
size. Differences in RH between ROIC and HOIC in stratiform clouds and precipitated ice would
suggest RH is important in determining the size of crystals, and that larger crystals are more likely to
orientate preferentially as suggested by Bréon and Dubrulle, (2004).
10 4.4 Horizontal Wind Speed Dependence of HOIC
HOIC in stratiform clouds, cirrus clouds and precipitation all occur at higher wind speeds than ROIC
(and liquid in stratiform clouds). The horizontal wind speeds presented here agree with the findings of
Noel and Chepfer (2010), as HOIC occur on average at horizontal wind speeds below 30 ms-1. All
average wind speeds of HOIC being lower than 20 ms-1 is consistent with the observations of Noel et al
15 (2006), who found plate like ice crystals are most likely to occur at wind speeds below 20 ms-1.
What seems surprising is that HOIC occur on average at a higher horizontal wind speeds than ROIC
with the largest difference in mean wind speed between HOIC and ROIC can be seen in cirrus clouds.
Thus, the findings of this study suggest that increased horizontal wind speed encourages orientation.
20 This needs to be examined further in relation to vertical fall speeds. The role of horizontal and vertical
dynamic’s will be investigated further with co-incident Doppler radar and lidar measurements in a
future study.
4.5 The Influence of Height on HOIC
25 The heights at which HOIC occur on average are below that of ROIC. This could be related to the role
of atmospheric pressure in the formation of ice crystals (Bailey and Hallett, 2009). Differences in the
atmospheric pressure could be responsible for changes differences within the plate regime of ice
crystals, which has been defined by the mean temperatures of HOIC.
17

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1134, 2017
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 16 March 2017
c Author(s) 2017. CC-BY 3.0 License.

HOIC in precipitation and stratiform clouds were found to occur at similar mean temperatures and RHs.
Although the conditions are similar, there is a mean difference of 200m in the heights of precipitated
HOIC and HOIC in stratiform clouds, precipitated HOIC occurring lower in the atmosphere. The equal
5 temperatures of both precipitated HOIC and HOIC in stratiform clouds would suggest that both are of
the same ice crystals habit. This consistency in the temperatures of HOIC between stratiform clouds and
precipitation, and their similar RHs, may suggest ice crystals being formed in stratiform clouds and
precipitated from it maintaining its habit and size.
10 4.6 Seasonality in HOIC
Noel and Chepfer (2010) found no seasonal variation of HOIC on a global scale. The initial findings of
CAPABL’s observations do not concur with this. HOIC can be seen to vary in, the number of detections
peaking in spring and autumn months of April and October. We suggest that peaks in the number of
detections could be related to the positive feedback mechanism proposed by Sassen et al. (2003)
15 between solar heating and cirrus clouds at mid-latitudes but this will take more observations to examine
fully. Yet, the feedback mechanism suggested for cirrus clouds may not be applicable to the stratiform
clouds containing HOIC we observe at Summit because of their higher optical depth. As a result of this,
the direct effect of solar radiation on the formation of HOIC towards the bottom of stratiform clouds or
precipitated HOIC could be limited. CAPABL’s observations could also be missing the presence of
20 HOIC at the top of these clouds for the same reason, thus comparison of satellite observations with
ground observations is warranted. Even so, the data currently being collected suggests that the large
number of detections HOIC in April could be due to the Sassen et al. (2003) feedback mechanism.
The physical process at the centre of the positive feedback mechanism proposed by Sassen et al. (2003)
25 is solar heating. A similar mechanism could be occurring with occurrences of HOIC at Summit on an
annual basis. From Figures 5, with the exception of January, summer, spring and autumn months have
higher numbers of detection. The seasonal variability in the abundance sunlight largely corresponds
with this. The number of days containing HOIC is typically higher during the months during which
18
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sunlight is available. Should this relationship between solar heating and the occurrence of HOIC be true,
it only emphasizes the importance of temperature in the formation of HOIC.
4.7 Sources of Error
5 The major short coming of this study is the relatively short time scale of the study. We do not make any
claims that this work is a climatology as it is a first look at the behaviour of HOIC over Summit.
Analysis of temporal variability over a longer time period will be needed to validate the findings of this
study before robust seasonal and monthly tendencies can be identified.
10 The innate sampling error due to the fact that CAPABL measures clouds from below is another issue
that should be kept in mind when examining these results and comparing them to results from satellite
observations. While satellite studies will be biased towards observations of cirrus and cloud tops,
CAPABL is most likely biased to observing HOIC in falling/precipitating ice or in the bottom of
stratiform clouds. This, the prevalence of HOIC to occur in stratiform clouds over Summit, as shown in
15 Figure 6, may be due solely to the fact that CAPABL cannot see above such clouds which are present a
majority of the time at Summit. A comparison of HOIC climatologies derived from both satellite
observations and ground-based will be needed to understand the difference between sampling biases
and geophysical differences.
20 The criteria set and which represent the assumptions used in the masking process are also a source of
error. Values of depolarisation, and indeed diattenuation, although consistent with other similar studies
could still be erroneous based on measurement errors and multiple scattering. Stillwell et al. (2016)
outlines that depolarisation ratios can be as high as 0.3 from multiple scattering identification of liquid
and instrument effects, much higher than the 0.11 used in this study. Measuring the horizontal
25 orientation of ice crystal through diattenuation is a new concept. To the authors knowledge, the only
other values of diattenuation quoted in literature for the detection limit of HOIC are found in Neely et
al. (2013) and Stillwell et al. (2016) and, both using a value of 0.05. In comparison Hayman et al.
(2012), using a similar measurement technique to that implemented in CAPABL made observations of
19
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HOIC in cirrus in Boulder, CO that exhibited a diattenuation value of ~0.07 and greater but did not
specify a detection limit. In order for a direct comparison to be made, the square root of the value set
here (0.005) must be taken, giving a value of 0.07. This value, for crystals of equal scattering efficiency,
requires a larger fraction of the population of ice crystals to be horizontally oriented for HOIC (Neely et
5 al. 2013). In comparison to the value of Stillwell et al. (2016) and Neely et al. (2013), the value used in
this study is more stringent. Whether this criterion is too stringent is difficult to tell given the few
studies using diattenuation to detect HOIC. Only the continued research into HOIC using observations
with CAPABL is required in order to put the value of diattenuation specified here into context. Related
to this is the amount of error considered in the criteria.
10
Finally, there is a significant representivity error is associated with the gridding and linear interpolation
of radiosonde observations. In this work, the observations have only been used to characterise the bulk
properties of the atmosphere when HOIC have been observed because the coarse temporal resolution of
observations, in comparison to the speed of the processes associated with HOIC, may be dampening
15 signals of important process in the thermodynamic and turbulent conditions in which HOIC occur. For
a more detailed examination of the dynamics and thermodynamics a higher resolution dataset of winds
and atmospheric state will be needed to compare with CAPABL’s observations.
The assumptions made regarding the statistical analysis could introduce error to the study. Should
20 another statistical distribution better fit the data presented in this study, this could alter the conclusions
drawn here. Assuming all data is distributed in the same way, perhaps a log-normal distribution better
captures the distribution of data within the histograms of Figure 11.
5 Summary
25 Here occurrences of HOIC in the clouds above Summit, Greenland were explored between July 2015
and May 2016. The analysis undertaken by this study aims to further the knowledge base of Arctic
clouds by determining the conditions that allow for HOIC to occur. From surveying the existing
literature, it is of high importance that the effect of cloud microphysical properties on Arctic CRF is
20
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understood. The current representation of Arctic CRF in climate models is poor. Identifying the
conditions that allow for specific microphysical properties to occur, such as HOIC, is the first step in
identifying the impact they have on CRF. Knowing the impact HOIC have on CRF will eventually lead
to their accurate representation in climate simulations. This study has shown that between July 2015 and
5 May 2016, HOIC were most common in stratiform clouds, occurring on 48 days. HOIC were in present
in precipitation on 33 days and were least common in cirrus clouds, occurring on 14 days. On average,
HOIC in stratiform occurred at 0.85 km AGL, lower in the atmosphere than ice assumed to be randomly
oriented but higher than liquid. HOIC also occurred lower than ROIC in cirrus and precipitated ice at
2.13 km AGL and 0.65 km AGL respectively.
10
From analysis of the thermodynamic and turbulent conditions allowing for HOIC consistent patterns
emerged in temperature, RH and wind speed. The mean temperatures of HOIC, for all cases were higher
than those for ROIC and all were within the plate ice crystal habit regime of Bailey and Hallett (2009).
HOIC were found to occur in both stratiform clouds and precipitation at a mean temperature of -20°C
15 and at -33°C in cirrus. The temperature of HOIC in stratiform clouds was also lower than that of liquid.
The mean RH of HOIC was higher than that of ROIC in both stratiform clouds and precipitation but no
difference in RH was found in cirrus clouds. On average, HOIC occurred at higher wind speeds than
ROIC (and liquid in stratiform clouds). All wind speeds were within the range identified for HOIC by
Noel and Chepfer (2010), including those of ROIC. The higher wind speeds that allow for HOIC to
20 occur also correspond to the wind speeds allowing for ice crystals within the plate regime to form.
Analysis over the whole study period found that HOIC were detected by CAPABL on average in 2.9%
of the time and are most likely representative of a much larger population of HOIC in clouds (Neely et
al. 2013). Monthly variations in the frequency of occurrence found HOIC to most frequent in January,
25 December. The patterns found in the frequency of occurrence of HOIC do not correlate well with the
monthly numbers of detections of HOIC or the number days per month containing HOIC. The number
of detections peaked in April and October and were at their lowest in November, December and
February. Stratiform clouds was seen to contain HOIC on at least 2 days per month, with the exception
21
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of February when no days contained HOIC bearing stratiform. The number of days containing
stratiform peaked in May and July with 7 and 9 days per month respectively. HOIC were mainly present
in February in cirrus clouds. Outside of February, HOIC occurred on 8 days in cirrus clouds. These days
were evenly split between March and April. HOIC in precipitation was present on 0 days of February
5 and December and occurred most often in April, May and September.
The observations presented here provide the first documentation of seasonal variations in the presence
of HOIC at Summit, Greenland and are the first steps in the development of a climatology. This study
has shed light on when where and why HOIC are occurring but is subject to limitations; these
10 limitations however can be overcome. Future work should further investigate the role of turbulence in
the formation of HOIC and utilize the MMCR available at Summit. This will be useful in conforming
the role of turbulence in the formation HOIC which is debated. Another useful area for future research
is the sensitivity of HOIC to wind direction as air mass properties which are already known to affect the
SEB. Sampling of temperature and horizontal wind at a higher temporal resolution would also be
15 beneficial for future research. Analysis of temporal variabilities in future work should extend and
continue on from the study period used here. A crucial area for future studies to explore is the radiative
properties of HOIC, especially their long wave effect.
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Figure 1. Example CAPABL observations on 20 February 2016 from 00:00 to 24:00 UTC of backscatter ratio, depolarization ratio,
diattenuation and the masking process as described in this section. Occurrences of HOIC are outlined in black and are masked in
green.
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5

Figure 2 Observations made on from 14:00 to 24:00 UTC on April 22, 2016 from CAPABL and NOAA MMCR. Positive values in
the Doppler velcoty indicate a downward direction. The white coloring in the diattenuation plot denotes the 0.005 threshhold for
HOIC. HOIC occurrs 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.
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Figure 3 Comparison of condition in which ROIC and HOIC occurred in Figure 2 using CAPABL’s masking from Figure 2 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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Figure 4 Monthly frequencies of occurrence of HOIC in comparison to Ice (assumed to be randomly oriented) and Liquid cloud.
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Figure 5 Total monthly pixels detected to contain HOIC resulting from the masking process.
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Figure 6 Monthly totals of days containing HOIC. Monthly totals are split into the 3 categories of cirrus, stratiform of
falling/precipitated HOIC.
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Figure 7. Monthly variations in the heights at which HOIC were observed. Boxes include the 25th to 75th percentiles and whiskers
extend to the 10th and 90th percentiles.
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Figure 8. Distributions of temperature, RH, horizontal wind speed and height over which HOIC occurred in cirrus cloud
compared with that of ice assumed to be randomly oriented. Boxes include the 25th to 75th percentiles and whiskers extend to the
10th and 90th percentiles.
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Figure 9 Distributions of temperature, RH, horizontal wind speed and height over which HOIC occurred in stratiform cloud
compared with that of liquid and other ice, assumed to be randomly oriented. Boxes include the 25th to 75th percentiles and
whiskers extend to the 10th and 90th percentiles.
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Figure 10. Distributions of temperature, RH, horizontal wind speed and height over which HOIC occurred in cirrus cloud
compared with that of ice assumed to be randomly oriented. Boxes include the 25th to 75th percentiles and whiskers extend to the
10th and 90th percentiles.
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Figure 11 Histograms of temperature falling/precipitated HOIC and falling/precipitated ice (assumed to be randomly oriented).
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5
Table 1. Criteria used for the classification of clear sky and cloud properties.

Criteria
Atmospheric
Condition

Backscatter
Ratio

Depolarization

Depolarization

Combined

Error

Diattenuation

Combined
Error

No Cloud

< 26

<0.015

< 0.1

N/A

N/A

Liquid Cloud

≥ 26

< 0.11

< 0.1

< 0.005

< 0.001

Ice Cloud (ROIC)

≥ 26

≥ 0.11

< 0.1

≥ 0.005

< 0.001

HOIC

≥ 26

≥ 0.11

< 0.1

< 0.005

< 0.001
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Table 2. Statistical significance of differences between the conditions under which HOIC occur in cirrus cloud and the conditions
under which ice occurs in cirrus cloud. Conditions tested include temperature (T) relative humidity (RH), horizontal wind Speed
(Ws) and height AGL (H).) The test result at the 95% level (h) is reported with 1 denoting a rejection of the null hypothesis and 0
denoting a failure to reject the null hypothesis.

Cirrus – Ice vs HOIC
Variable Tested
Statistical

T

RH

Ws

H

MeanIce

-36°C

60 %

13 ms-1

2.25 km

MeanHOIC

-33°C

61%

17 ms-1

2.13 km

h

1

0

1

1

Properties
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Table 3. Statistical significance of differences between the conditions under which HOIC occur in stratiform cloud and the
conditions under which ice occurs in stratiform cloud. Conditions tested include temperature (T) relative humidity (RH),
horizontal wind speed (Ws) and height AGL (H). The test result at the 95% level (h) is reported with 1 denoting a rejection of the
null hypothesis and 0 denoting a failure to reject the null hypothesis.

Stratiform – Ice vs HOIC
Variable Tested
Statistical
Properties
MeanIce

T

RH

Ws

-21°C

74%

12 ms-1

1.11 km

-1

0.85 km

MeanHOIC

-20°C

78%

13 ms

h

1

1

1

5
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Table 4 Statistical significance of differences between the conditions under which HOIC occur in stratiform cloud and the
conditions under which liquid water occurs in stratiform cloud. Conditions tested include temperature (T) relative humidity (RH),
horizontal wind speed (Ws) and height AGL (H). The test result at the 95% level (h) is reported with 1 denoting a rejection of the
null hypothesis and 0 denoting a failure to reject the null hypothesis.

Stratiform – Liquid vs HOIC
Variable Tested
Statistical
Properties
MeanLiquid

T

RH

Ws

-18°C

82%

12 ms-1

0.70 km

-1

0.85 km

MeanHOIC

-20°C

78%

13 ms

h

1

1

1

5
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H

1
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Table 5 Statistical significance of differences between the conditions under which HOIC precipitate/fall from cloud and the
conditions under which ice precipitate/fall from cloud. Conditions tested include temperature (T) relative humidity (RH),
horizontal wind Speed (Ws) and height AGL (H). The test result at the 95% level (h) is reported with 1 denoting a rejection of the
null hypothesis and 0 denoting a failure to reject the null hypothesis.

Falling – Ice vs HOIC
Variable Tested
Statistical
Properties
MeanIce

T

RH

Ws

-20.4°C

72%

14 ms-1

1.02 km

-1

0.65 km

MeanHOIC

-19.7°C

80%

16 ms

h

1

1

1

5
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