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Sorbonne University, CNRS, Palaiseau, France, 4MET—Norway, Oslo, Norway

Abstract For the first time, we characterize the vertical distribution of cloud microphysical properties in
polar lows (PLs). We base our investigation on colocations found between A-Train satellites overpasses
and 82 PL occurrences evidenced from AVHRR observations in the Nordic Seas. We use the raDAR/IiDAR
DARDAR satellite cloud products to retrieve the thermodynamic phase and ice microphysical properties
of clouds (ice water content [TWC] and ice crystal effective radius [reg]). Two thirds of the investigated PLs
show cloud tops higher than commonly documented (5 km), and up to 9 km. PLs are largely dominated
by the ice phase, with more supercooled liquid occurrences in the eye. We also show that spiraliform
clouds have larger average IWC in the few kilometers below cloud top, by up to a factor of 2, compared

to comma-shaped PLs.

Plain Language Summary Polar lows are intense maritime cyclones posing serious threats to
mariners and coastal populations. Due to their limited size and sudden development, operational forecast
struggles to correctly predict them. Additionally, the limited amount of observational constraints renders
improvements of simulations difficult. We provide the first statistical analyses of cloud microphysical
properties of these storms using radar and lidar satellite observations. We demonstrate much higher cloud
tops than usually assumed. We highlight the cloud phase, describe the vertical distribution of ice mass and
crystal size, and stress some differences between spiraliform and comma-shaped cyclones. These new
constraints can be readily used to improve polar lows' simulations.

1. Introduction

During very intense cold air outbreaks, the Norwegian and Barents Seas are prone to the development of
strong mesoscale cyclones called polar lows (PLs). These systems refer to maritime systems with
near-surface winds exceeding 15 m st (Heinemann & Claud, 1997; Rasmussen & Turner, 2003). This type
of mesoscale cyclones may generate adverse weather and sea conditions (Rojo et al., 2019). There are differ-
ent types of PLs. Some of them appear visually similar to tropical cyclones on satellite imagery with an eye-
like feature (spiraliform cases), while some others have a comma cloud appearance (e.g., Carleton, 1995,
1996). Despite improving numerical weather prediction resources, PLs are still a challenge to forecast.
The spatial positioning of these systems is currently the main shortcoming in the numerical weather predic-
tion models. This is mainly due to their occurrence over data sparse areas and also their small size (150-
600 km). Additionally, many aspects of the PLs are not well known (cloud height and cloud properties).
These questions need to be addressed in order to make progress in our ability to make reliable forecasts
for these fierce storms that pose serious threats to coastal areas and challenge numerical simulations
(Stoll et al., 2020; Wu & Petty, 2010).

Spaceborne instruments are the primary tools used to observe PLs, but unlike tropical cyclones PLs are not
routinely identified and tracked in real time. However, these systems can be manually identified. Rojo
et al. (2019) subjectively tracked the full lifespan of PLs over a 20-year period (1999-2019), from genesis to
dissipation, using the archive of the Advanced Very High Resolution Radiometer (AVHRR) thermal infrared
Channel 4 (10.3-11.3 um) images provided by the UK's Natural Environment Research Council to give the
best estimated position of PL centers over the Nordic Seas. Since active remote sensing observations can be
employed to characterize their vertical structure, as in recent case studies (Forsythe & Haynes, 2015; Sergeev

LISTOWSKI ET AL.

1o0f8



https://orcid.org/0000-0001-8693-8689
https://orcid.org/0000-0002-8096-2693
https://orcid.org/0000-0001-7613-9525
https://orcid.org/0000-0001-8515-7696
https://orcid.org/0000-0002-0460-3920
https://orcid.org/0000-0002-0284-5870
https://doi.org/10.1029/2020GL088785
https://doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
http://dx.doi.org/10.1029/2020GL088785
mailto:constantino.listowski@cea.fr
mailto:chantal.claud@lmd.polytechnique.fr
https://doi.org/10.1029/2020GL088785
https://doi.org/10.1029/2020GL088785
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL088785&domain=pdf&date_stamp=2020-09-07

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088785

et al., 2017) using the cloud profiling radar (CPR) onboard CloudSat (Stephens et al., 2002, 2018), we
matched all the PL tracks with coincident CloudSat-CALIPSO (Cloud Aerosol Lidar and Infrared
Pathfinder Satellite Observations, Winker et al., 2010) tracks for the period 2006-2017. This way we have
been able to characterize the cloud structure of PLs in terms of vertical extent, phase, and ice microphysical
properties. Additionally, in forecasting, while the comma cloud is associated with a strong westerly compo-
nent in the background flow, and the spiraliform is more associated with northerly to northeasterly flow, the
two types are seen as parts of the same phenomena and are treated similarly. This paper also examines if
there are further reasons to treat these two types of PLs differently.

2. Data and Methods
2.1. Colocation of PLs With A-Train Overpasses

The data set documented in Rojo et al. (2015) and Rojo, Noer, and Claud (2019) lists for each PL several char-
acteristics like its formation stage (e.g., mature phase and decay), its shape (spiraliform, comma shaped,
etc.), its diameter, and, when available, the minimum mean sea level pressure (mslp) constrained by in situ
observation (see supporting information S1). Note that only the cloud vortex is included for calculating PL
diameter; the cloud-band tails of comma-shaped systems are excluded from the analysis (Rojo et al., 2015;
Rojo, Noer, & Claud, 2019).

For the colocation method used to find the overpasses crossing PL clouds identified by Rojo, Noer, and
Claud (2019), a departure between the A-Train orbit and the AVHRR information used to detect the PL posi-
tion of less than +30 min is required. This resulted in a total of 82 clear (non-tangent) coincidences for the
period 2006-2017, for 70 distinct PLs (10 PLs are observed twice, and 2 PLs three times). Out of the 82 PLs'
cloud covers overpassed by the A-Train, 70 of them were categorized as mature, 6 as in formation phase, and
6 in decay phase. Hence, any statistical investigation regarding the properties of PLs at different stage of their
lives would not be conclusive. Also, because of the lack of conventional observations in the PLs’ development
areas, this classification relies on the appearance of cloud structures of PLs on satellite imagery. Therefore,
the mature category, which groups observations when cloud structures of PLs are well organized, is rela-
tively heterogeneous.

However, 27 PLs cloud features were unambiguously categorized as spiraliform and 38 as comma shaped.
Other shapes displayed transition-like or undefined structures and were categorized as “other” in the pre-
sent study. Based on the AVHRR images (e.g., Figure 1a), the cloud structures associated with the PLs have
been identified to delimit the relevant part of the CloudSat satellite track where to look for the cloud top and
to derive vertical profiles of microphysical properties (see supporting information S1). In addition to the
cloud band clearly identified for any of the PL studied here, some satellite tracks also crossed the eye (36
out of 82) of the mesocyclone as well the other parts of the cloud band (32) (see Figure 1d).

2.2. Characterizing PLs With the DARDAR Products

The DARDAR products (Cazenave et al., 2019; Ceccaldi et al., 2013; Delano& & Hogan, 2008, 2010) take
advantage of the complimentary wavelengths of the CPR and the CALIOP (Cloud Aerosol Lidar with
Orthogonal Polarization) lidar onboard CALIPSO to characterize hydrometeors in the atmosphere. Both
satellites have been collecting collocated observations as part of the A-Train constellation (Stephens
et al., 2002, 2018) since 2006. The 94-GHz CPR (3.2 mm) is more sensitive to the large ice and snow crystals
and rain drops, while the lidar (532/1,064 nm) is much more sensitive to optically thin cirrus and cloud dro-
plets. The DARDAR-MASK products (Ceccaldi et al., 2013; Delano& & Hogan, 2010) have been used notably
in the Arctic (Mioche et al., 2015) and the Antarctic (Listowski et al., 2019), respectively, to investigate cloud
phase space-time distributions in polar regions. Both studies provide successful qualitative and quantitative
comparisons to other data sets and ground-based measurements, demonstrating the robustness of these pro-
ducts. The DARDAR-CLOUD products (Cazenave et al., 2019; Delano& & Hogan, 2010) provide ice water
contents (IWCs) and ice crystal effective radius (ref). DARDAR-CLOUD was validated in the Arctic
(Delanoé et al., 2013). An example of PL seen by the radar and the lidar as well as through the DARDAR
products is shown in Figure 1.

In the Varcloud algorithm on which these products rely, the ice crystal mass-size relationship is critical
(Cazenave et al., 2019; Delanog et al., 2014). In order to evaluate the impact of the choice of the mass-size
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DARDAR-MASK hydrometeor classification, (¢) the DARDAR-
IWC(g m_s), and (f) the DARDAR-CLOUD ice crystal effective radius (um).

CLOUD

For the DARDAR-MASK transect in (d) only the hydrometeor categories
relevant to the present study are referenced, with Hice referring to the
“highly concentrated ice category” (see text for details) and “SLW ...”
gathering, for simplicity, instances of pure supercooled liquid water and
mixed phase. Full description of the categories can be found in Ceccaldi

etal. (2013), or Listowski et al. (2019) for a recent application to polar clouds.

relationship on the microphysical properties derived for PLs, we investi-
gate two state-of-the-art mass-size relationships named the Brown and
Francis Modified (BFM, Delanoé et al.,, 2014) and the composite
(Cazenave et al., 2019) (see further details in supporting information S2).

3. Results: PLs Characteristics
3.1. Cloud Top Distribution

Figure 2a shows the cumulative distribution of cloud tops on a 500-m-
binned scale for the three different categories of PL clouds investigated
here (spiraliform, comma shaped, and other). Note that the PL cloud
top is defined here as the maximum cloud height found across the PL
cloud band and it is not a spatially averaged cloud top across the whole
PL cloud structure (see supporting information Text S1). First, more than
half of the PLs have cloud tops above 5 km, a value reported from case stu-
dies using CloudSat (Forsythe & Haynes, 2015; Sergeev et al., 2017). The
sample cloud top average is 5.7 + 1.4 km (one standard deviation).
Second, based on our sample, comma-shaped clouds have on average a
higher cloud top than the spiraliform ones (6.1 + 14 km vs.
5.4 + 1.3 km). This result is statistically significant at 95%. Also, 55% of
spiraliform PL clouds have a cloud top above 5 km, while 79% of
comma-shaped PL cloud features have a cloud top above 5 km.

Figure 2b shows the cloud top as a function of the PL diameter. The mini-
mum mslp, when available, is color coded, while a gray square is used
otherwise. Interestingly, there is a positive correlation between cloud
top and diameter that although weak (r = 0.36) is statistically significant
(p < 0.999). In other words, a PL with a larger diameter will tend to be
associated with a higher cloud top. Also, the lower the minimum mslp
(blue-red shaded color in Figure 2b), the higher the cloud tops, on average
(see also supporting information Text S1 and Figure S1b).

3.2. Vertical Distributions of Cloud Phase and Ice
Microphysical Properties

We focus on the cloud phase observed in PL clouds, separating cloud
bands from the eye of the PL. The vertical profiles presented here are
derived as explained in supporting information Text S3, with altitude
given as the vertical distance to cloud top. Figure 3a shows the average
phase composition of cloud bands in PLs, while Figure 3b shows the com-
position for clouds detected in the eye. In the cloud bands, the vast major-
ity of the condensed phase is identified as ice (96% to 100% at each altitude
level) and then 0-4% happen to be supercooled liquid water (SLW,
Figure 3a). We also highlight an obvious feature within the ice phase,
which stood out in the PL transects, namely, the higher presence of
“highly concentrated ice” (hereafter referred to as Hice) in the first kilo-
meters below cloud top (Figure 3a). In the upper 2 km of the PLs an
increase in Hice is detected with a maximum at 23% close to cloud top.
We recall here that this DARDAR category arises from high values of
the lidar backscatter with no strong gradient in the lidar signal extinctions
(as in SLW layers), or with temperatures below —40°C (Ceccaldi
et al., 2013, and see Text S3). Hence, this observation may account for par-
ticular mechanisms happening near the top of PLs and involving high
concentrations of small ice crystals. Very similar phase occurrences and
vertical distributions are measured for spiraliform and comma-shaped
clouds (not shown).

LISTOWSKI ET AL.

30f8



Ay

N\\JI Geophysical Research Letters 10.1029/2020GL088785
14l sl (a) 2 R S
- Spira a) -
2 B Comma 8} @) ] 1008
O 121 = other - m o @ - 1002
] =7/ @ o ©
§ 10 15 gty Po--m ] I
Y— o - )]
S & Sspr g 0 "o B ||[984 E
[ O 6
o 3, Egb o 978 ¢
£ 4 C 4o O = 1 Wo72 E
=ax+b
=2 2 3F ® = r =0.356 :=0.004+/-o.0011 ] 966
O 5 ’ p—10.001 1 b=4.1180+/-0.421330 960
2 3 4 5 6 7 8 9 200 300 400 500 600 700

cloud top (km)

diameter (km)

Figure 2. (a) Cumulative histograms of cloud tops recorded in polar lows (spiraliform, comma shaped, or other) expressed in km. (b) Cloud top plotted as a
function of PL diameter. The color scale codes for the minimum surface pressure recorded in the PLs, when available. PLs with no pressure recorded are
plotted with a gray square marker. A linear regression line is shown along with the Pearson correlation coefficient between both variables and the corresponding

p-value.

In the eye, the average phase fractions are very different from what is observed in the cloud bands. The SLW
fraction reaches higher values starting from 20% at ~1 km below cloud top and up to 60% closer to the sur-
face. The ice fraction is correspondingly lower, and this illustrates the presence of shallow clouds with SLW
in the eye (see section 4). Note that clouds from the delimited cloud bands may partly go over the eye
(see Figure 1d, as an illustration of this), leading to non-zero ice fractions there.

In the following, we focus on the microphysical properties of the ice phase and investigate the vertical dis-
tribution of IWC and r.g. As introduced in section 2.2, two mass-size relationships have been considered.
Figures 4a and 4b (Figures S6a and S6b) show respectively the probability density function (pdf) of IWC
and reg for the composite (BFM) mass-size relationship in all the PLs cloud bands regardless of altitude,
between cloud top and the near-surface (prior to radar signal loss due to the ground clutter at about
0.5-1 km above the surface).

The IWC and r.s distributions are almost identical whether considering only spiraliform or comma-shaped
PL clouds, or all the PLs. Using the composite (BFM) mass-size relationship, the 25th and 75th percentiles of
the IWC pdf are 0.013 (0.012) g m™> and 0.13 (0.173) g m™, respectively, and the median is 0.044 (0.045)
gm™>. The 25th and 75th percentiles of the r pdf are 48 (39) um and 82 (73) pm, respectively, and the med-
ian is 63 (56) um. Interestingly, the median IWC is the same for both mass-size relationships, and the differ-
ence is only significant for the 75th percentile, suggesting that the choice of the mass-size relationship
essentially affects the largest values retrieved in PL clouds. All IWC and rg pdfs obtained for every single
PL separately confirm this (see Figures S2 and S3, respectively).

Figures 4c and 4d show the average vertical profiles of IWC and r¢ in spiraliform, comma-shaped, and all
PLs' clouds. The range of average IWC values goes from 0.02 (0.02) g m ™ at cloud top to 0.2 (0.5) g m™> away
from it, for the composite (BFM) law. The range of average r.¢ values goes from 40 (30) um at cloud top to
100 (80) um away from it, for the composite (BFM) law.

There are noticeable differences between spiraliform and comma-shaped PLs in the first kilometers
below cloud top (Figure 4c). IWC values reached in spiraliform PL clouds are between 20% and 100%
higher than in comma-shaped PLs (see also Figure S7a). In other words, spiraliform PLs contain signif-
icantly larger IWCs than comma-shaped PLs in the area below cloud top. The average res is also 15% to
20% larger (Figure S7b). Similar conclusions apply by using the BFM mass-size relationship (Figures S7c
and S7d).
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Figure 3. Vertical distribution of the relative occurrence (fraction) of the ice and supercooled liquid water in (a) the
cloud bands and (b) the eye (when identified, see text for detail) as a function of distance to cloud top. The relative
occurrence of highly concentrated ice crystals (Hice) with relation to the ice phase occurrence is also indicated (see text
for details).

4. Discussion

In the past, in situ measurements have reported cloud top altitudes below 5 km and few events that have
reached up to 7 km (e.g., Murakami, 2019; Sergeev et al., 2017). Here, we demonstrated that PLs with cloud
top higher than 5 km are frequent, with events up to 9 km (Figure 2a). Additionally, at MET-Norway, cloud
tops are, in an operational setting, determined by first reading off a calibrated cloud top temperature from
infrared satellite images. This temperature is then compared to actual or prognostic soundings, to find the
corresponding cloud height. For fully developed PLs, the vertical extent usually lies within the range 500-
400 hPa. Interestingly, we report here 21 PLs out of 82 with cloud tops above 400 hPa and up to 250-
300 hPa (Figure S1a). It must be stressed that the CloudSat/CALIPSO sampling gives a space-time snapshot
of the vertical structure of each PL and does not allow to capture neither the full horizontal span nor the full
lifetime of the PL clouds. Thus, we may miss the highest part of any given PL because it is outside the field of
view or because it has not formed yet. However, this limitation does not impact our main conclusion that
cloud top in PLs reaches higher altitudes than commonly estimated so far.

In the forecasting community at MET-Norway, the formation of both shallow and deep individual convec-
tion cells in the eye is often seen as a first sign of dissipation; the eye is usually dry in a developing PL, and
these cells happen typically in the latter part of the life cycle. Being “younger”, they are expected to have
more supercooled droplets than the older and larger glaciated cloud bands around the center.
Interestingly, this is in line with our findings of larger relative occurrences of SLW in the eye of the PL
(Figure 3b).

Using two distinct mass-size relationships brings more confidence to the results presented here, especially
since the use of distinct relationships does not impact, for instance, the median value of
IWC = 0.045 g m™ across all PLs (section 3.2). Interestingly, considering the median IWC in each of the
PLs separately leads to very similar distributions of the values across the PL sample, with both relationships
(Figures S8a and S8b), while the IWC 99th percentiles differ much more (Figures S8c and S8d), demonstrat-
ing that the choice of the mass-size relationship will mainly affect the retrieved largest values that may be
reached by IWC (on the order of 1 g m™).

Distinguishing between spiraliform and comma-shaped structures, we showed that the latter tend to top at
higher altitudes on average, while they reach lower IWC by a factor of up to 2 in their upper part and near
cloud top, with slightly smaller crystals (by 15-20%). This is very likely related to the underlying mechanisms
causing the formation and, or, intensification of these mesocyclones where latent heating remains a major
driver of their amplitude (e.g., Claud et al., 2004; McInnes et al., 2011). For instance, it has been suggested
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percentiles of the values distributions. (See Figure S6 for similar plots using the alternate BFM mass-diameter law.)

that both types of PLs may be related to distinct dynamical pathways, although no consensus exists today
(Rasmussen & Turner, 2003). In any case, this framework leads to suggest that spiraliform cloud
structures host enhanced latent heating due to the larger IWC and/or more numerous and larger crystals
because of stronger updraughts maintained by a more vigorous convection. Moreover, we can speculate
that the highly concentrated ice crystals observed at the top of PLs may be indicative of ascending winds
which would maintain and, or, cause the formation of highly concentrated small ice crystals (seen by the
lidar only). This point may be related to the possible generation of secondary ice crystals upon collision of
graupels with smaller ice crystals in convective clouds (Field et al., 2017; Takahashi et al., 1995; Yano &
Phillips, 2011). This, however, remains to be investigated through detailed modeling of ice cloud
formation within PLs.

Given the importance of latent heating in PLs amplitude, we investigated possible links between IWC and
the minimum pressure recorded at the surface as a signature of the mesocyclone strength. In theory larger
IWC should come along with larger latent heating, hence more advection of higher vorticity air masses from
the upper atmosphere with increased surface winds as a result. A weak correlation arises between the 99th
percentile of the IWC distribution in the PLs and the recorded surface pressure (not shown), however in a
non-significant way (p-values > 0.1), and the correlation gets even worse when considering wind speed
values (when available). The reduced PL sample, which is considered when focusing on information of wind
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speed, and the nature of the wind estimation itself make it very difficult to link cloud properties and in situ
dynamics any further for the present study.

5. Conclusions

The synergistic raDAR-1iDAR (DARDAR) satellite cloud products were used in this study to investigate the
vertical distribution of microphysical properties of clouds associated with PLs between December 2006 and
April 2017, in the Nordic Seas. The DARDAR-MASK product was used to investigate the cloud top and the
thermodynamical phase of the clouds, while the DARDAR-CLOUD provided the IWC and r¢. We used two
mass-size relationships for comparison purpose and to provide modelers with a more reliable range of pos-
sible IWC and r.¢ values, given that no extensive in situ data sets exist, which could guide in the best
mass-size relationship to use for PLs' clouds. Our conclusions can be summarized as follows:

1. Cloud top in PLs reaches higher altitudes (~9 km) than commonly estimated so far (~5 km). The average
PL cloud top is 5.7 + 1.4 km (one standard deviation). In our sample, spiraliform cloud features have an
average cloud top at 5.4 + 1.3 km, while for comma-shaped clouds it is 6.1 + 1.4 km.

2. There is a significant trend relating cloud top altitude to PL diameter, with consistently lower surface
pressures measured for the higher (and larger) mesocyclones.

3. The ice phase is dominant in the cloud bands with an average of 96% to 100% of the total cloud pixels
being identified as ice. SLW is much more abundant in the eye (20-60% of the total cloud pixels).

4. The median value of IWC in PLs is the same whatever the mass-size relationship used: 0.045 g m™. The
range of average IWC values goes from 0.02 (0.02) g m™> at cloud top to 0.2 (0.5) g m™> away from it, for
the composite (BFM) law.

5. The median reg value is 63 (56) um for the composite (BFM) law. The range of average r.¢ values goes
from 40 (30) um at cloud top to 100 (80) um away from it, for the composite (BFM) law.

6. Spiraliform PL clouds display larger IWCs in the few (~3) kilometers below cloud top by up to a factor of
1.8-2, compared to comma-shaped cloud features, and 15-20% larger ice crystals. There, both PL types
display larger contributions of the highly concentrated ice crystals to the ice phase.

The limitation of the present study lies in the partial space and time sampling of the PLs related to the limited
field of view of the radar and the lidar onboard polar orbiters. However, modeling experiments can use these
constraints to improve our understanding of the underlying microphysics and dynamical pathways at play
across the full PL cloud structures.

Data Availability Statement

The data used in this study are available online (at https://www.icare.univ-lille.fr/archive?dir=
CLOUDSAT/DARDAR-SUBSET/Listowski-et-al_2020_Polarlows/).
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