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The characteristics of cloud top heights (CTHs) and tropopause heights (TPHs) over the Arctic and their rela-
tionship were investigated using Cloud-Aerosol Lidar Infrared Pathfinder Satellite (CALIPSO) observations and
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) data for approximately
10 years from June 2006 to March 2016. Global positioning system radio occultation (GPSRO) measurements
were also used to validate the TPHs derived from the MERRA-2 reanalysis data. Results of the composite analysis
indicate that CTHs over the Arctic generally constitute the low-top (lower than ~3 km) and high-top (higher than
~7 km) categories in all seasons. The high CTHs above approximately 8 km show a close relationship with TPHs
in all seasons, with an especially strong positive correlation in winter. In general, both CTH and TPH for each
season revealed by composite analysis exhibited a zonally symmetric pattern with greater heights at lower lat-
itudes, except for the winter when significantly high CTHs and TPHs were observed in the Greenland Sea,
Atlantic, and Scandinavian regions. The proportion of high CTHs in these regions was higher than that in other
regions. Notably, CTH values in the range of approximately 9.7-10.5 km over these regions are slightly higher
than the climatological TPHs in winter. From a detailed analysis of Atlantic storm tracks, we conclude that the
Atlantic windstorms make a significant contribution to the higher CTHs and TPHs over the Norwegian,

Greenland, Kara-Barents Seas, and Northwest Russian regions of the Arctic.

1. Introduction

The Arctic is a cloudy region with an annual average cloud cover of
approximately 70% (Eastman and Warren, 2010; Yeo et al., 2022).
Arctic clouds significantly influence the Arctic and global climates
through radiation feedback between the sea ice and clouds (Pavolonis
and Key, 2003) and the subsequent large-scale changes in atmospheric
circulation (Kay et al., 2016). Previous studies have investigated the
geometric and microphysical properties of clouds and cloud-radiation
feedback from ground-based (Dong et al., 2010; Shupe et al., 2011;
Cho et al., 2021), ship-based (Intrieri et al., 2002; Achtert et al., 2020),
and satellite measurements (Chan and Comiso, 2013); however, the
study of cloud parameters remains challenging because of the
complexity of cloud microphysical processes (Morrison et al., 2012;
Sotriopoulou et al., 2020; Yeo et al., 2022) and lack of reliable obser-
vations particularly over the Arctic (Kay et al., 2016).

* Correspondence author.

To comprehensively understand Arctic cloud-radiation feedback
mechanisms, in-situ and remotely sensed datasets such as cloud fraction,
height, thickness, phase, and droplet size are crucial (Curry and Ebert,
1992; Francis, 1999). The vertical resolution of the information is also
important in estimating how clouds and surface temperature (i.e., sea
ice melting) are correlated, because the vertical distributions of the
cloud amount and its associated properties determine the strength of
downward longwave radiation (Intrieri et al., 2002; Schweiger et al.,
2008; Yeo et al., 2018; Morrison et al., 2019; Achtert et al., 2020). For
example, Ohring and Adler (1978) showed that a 1 km increase in cloud
top height (CTH) would cause an approximate increase of 1.2 K in sur-
face temperature, based on a modeling study. Most studies examining
the CTH over the Arctic have focused on the retrieval and validation of
CTHs from various satellite measurements over a short period (Weisz
et al., 2007; Cheng et al., 2021) rather than physically investigating the
spatial and temporal structure of CTHs over the Arctic.
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Meanwhile, the radiative effect of clouds is known to play a signifi-
cant role in the thermal and dynamical structures of the upper tropo-
sphere and lower stratosphere (Fueglistaler and Fu, 2006; Yang et al.,
2010; Pan and Munchak, 2011). Yang et al. (2010) investigated the
radiative impact of clouds in the tropopause, while Pan and Munchak
(2011) examined the influence of the tropopause on CTH and showed
that the thermal tropopause appears to be a significant constraint on the
maximum cloud height. However, these analyses were focused on the
tropics and mid-latitudes, and the relationship between CTH and
tropopause is still unknown over the Arctic.

In this study, we investigated the characteristics of the spatial and
temporal structures of both CTHs and tropopause heights (TPHs) over
the Arctic using the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO) and Global Positioning System Radio
Occultation (GPSRO) measurements, together with the Modern-Era
Retrospective Analysis for Research and Applications, Version 2
(MERRAZ2) reanalysis, for approximately 10 years from June 2006 to
March 2016. We also analyzed Atlantic storm track data to investigate
the possible cause of the exceptionally high cloud distribution over the
Atlantic sector of the Arctic during winter. The following sections of this
study are organized as follows. Section 2 describes the data and methods
used in this study, while the results of the climatology of TPHs and the
composite of CTHs over the Arctic are presented in Sections 3 and 4. The
contribution of Atlantic storms to the elevated CTH over the Arctic is
discussed in Section 5, followed by a discussion of results and summary
in the last section.

2. Data and methods
2.1. CALIPSO observation

The CTH was examined based on the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) onboard the CALIPSO. CALIOP pro-
vides cloud observations equatorward of 82° N owing to its orbit incli-
nation and narrow field-of-view (Winker et al., 2017). Therefore, the
CTHs over the region between 60° N and 82° N were investigated in this
study. Because CALIOP observations at 532 and 1064 nm channels can
identify optically thin clouds at high altitudes (e.g., cirrus), they can be
used to investigate clouds near the tropopause over the Arctic, where
deep convection rarely occurs compared to the tropics or mid-latitudes.

In this study, CTH is defined as the top height of the highest layer
identified as clouds in the version 4 (V4) CALIOP level 2, 5 km cloud
layer (L2_05kmCLay) product. However, clouds with a top height
exceeding 15 km are excluded from this study since the generic
“stratospheric layer” in CALIOP retrievals has been eliminated in V4 (Liu
et al., 2019). We used the CTH from every single profile of observations
for comparison with TPH, and the area mean value of CTH overa 2° x 2°
longitude-latitude grid is also computed for the analysis of the temporal
and spatial variability of CTH.

TPH information included in the CALIPSO product as part of ancil-
lary data was used in this study. The TPH given in the CALIPSO cloud
layer data product is based on the Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA-2) reanalysis data
(Young et al., 2018) and interpolated along the CALIPSO orbit track. The
MERRA2 reanalysis is generated a 0.625° x 0.5° longitude-latitude
resolution at 72 layers between the surface and 0.01 hPa. In MERRA2
reanalysis, approximately 3 million observations per 6-h cycle were
assimilated, including temperature profiles from radiosondes, aircraft
measurements, and GPSRO observations (bending angle) for the tropo-
pause region (Wargan and Coy, 2016). The global TPHs in MERRA2 are
well reproduced with little bias, compared to radiosonde observations
(Xian and Homeyer, 2019).

2.2. GPSRO observation

The TPH and thermal structure near the tropopause were examined
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using global positioning system (GPS) radio occultation (RO) measure-
ments. GPSRO measurements provide temperature profiles with a high
vertical resolution (0.1 km near the surface to 1 km near the tropopause)
in the upper troposphere and stratosphere with unprecedented accuracy
and sampling frequency, particularly over the Arctic. The GPSRO mea-
surements are known to have high accuracy (equivalent to <1 K;
average accuracy <0.1 K) and precision (0.02-0.05 K) (Anthes, 2011)
for a temperature in the vertical range of 10-40 km, and equal accuracy
over the land and the ocean (Cucurull et al., 2013). The most powerful
benefits of GPSRO measurements are no satellite bias and minimal effect
of clouds or precipitation on the data, compared to other satellite ob-
servations (Kwon et al., 2015).

Approximately 10 years of temperature data from June 2006 to
March 2016 were obtained from the Constellation Observing System for
Meteorology, lonosphere, and Climate (COSMIC) GPSRO mission
(Anthes et al., 2008). The TPH was computed using the GPSRO tem-
perature profiles using the algorithm proposed by Reichler et al. (2003),
based on the definition of the World Meteorological Organization
(WMO, 1957); it is generally called lapse-rate tropopause (LRT) and is
defined as “the lowest level at which the lapse-rate decreases to 2 °C/km
or less, and average lapse-rate between this level and all higher levels
within 2 km does not exceed 2 °C/km.”. The algorithm of Reichler et al.
(2003) is applicable to both low- and high-resolution temperature pro-
files. In general, TPH estimation from GPSRO measurements is not
sensitive to algorithms owing to its high-resolution features.

2.3. Detection of Atlantic storm track

To investigate the impact of Atlantic storms on the CTHs over the
Arctic, we detected Atlantic storms using the Japanese 55-year Rean-
alysis (JRA-55; Kobayashi et al., 2015) for June 2006-March 2016. The
relative vorticity at 850-hPa and mean-sea level pressure with a spatial
resolution of 1.25° latitude and 1.25° longitude were used to detect
Atlantic storms in this study. The Atlantic storm detection and tracking
method used in this study is based on Hong et al. (2020), and optimized
for Northern Hemisphere extratropical storm detection. This method is a
modified version of the method described by Vitart et al. (1997). The
procedure for the detection of Atlantic storms is as follows:

(1) 6-hourly storm center candidates are detected using the local
maximum of the 850-hPa relative vorticity (< 2.0 x 1073 s_l)
and the closest local minimum of the mean sea level pressure
within a 400 km radius of the local vorticity maximum.

(2) The storm center candidates track the next storm center within a
circular tracking boundary with a radius of 750 km, and the
location of the storm at each time step is set as the center of the
tracking boundary.

(3) Finally, connecting the storm center candidates in sequence
generates the entire life cycle of each storm.

In this study, the cyclogenesis region was set to 25-65° N and 30°
W-30° E, and storms were filtered based on minimum lifetime
(threshold <48 h) and minimum distance traveled (threshold <1000
km).

3. 10-year climatology of TPH over the Arctic

Fig. 1 shows the horizontal distributions of seasonal TPH from
CALIPSO-MERRA2 and GPSRO observations for 10 years, from June
2006 to March 2016. TPHs from CALIPSO-MERRA2 show a zonally
symmetric horizontal distribution with values of approximately 8-11
km in all seasons except winter. The zonally symmetric feature of TPH
was the most pronounced in summer, with the largest values ranging
from approximately 9 km at high latitudes to 11 km at lower latitudes,
among the four seasons. The minimum value (~7.9 km) of the TPH
appears mainly over the Baffin Bay and the Ellesmere Islands (~75° N,
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Fig. 1. Seasonal climatology of tropopause height derived from (a) CALIPSO-
MERRA2 (left column) and (b) GPSRO (right column) for June
2006-March 2016.

~90° W) in spring, with approximate values ranging from 7.9 to 9.7 km.
The TPH appears lower in the western hemisphere than in the eastern
hemisphere. The spatial distribution was zonally more asymmetric
during fall than in summer, similar to the springtime distribution but
with higher values. The spatial patterns of the TPH in winter differed the
most from those in other seasons. There is a strong asymmetry of the
TPH in the zonal direction over the Greenland, Atlantic, and Scandina-
vian regions (30° W-90° E). The TPH over this region is approximately
9-9.5 km, which is higher than that in other regions. The overall pattern
of seasonal TPH climatology is qualitatively consistent with the clima-
tology of tropopause pressure derived from ERA reanalysis and radio-
sonde data from previous studies (e.g., Highwood et al., 2000).

To validate the TPH derived from CALIPSO-MERRA2, it was
compared with the TPHs derived from GPSRO observations. It is known
that the temperature profiles in the upper troposphere and lower
stratosphere provided by the GPSRO observation system are highly ac-
curate (Kursinski et al., 1997; Anthes et al., 2008; He et al., 2009) and
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has been widely used in research on the global tropopause (Grise et al.,
2010; Son et al., 2011; Rieckh et al., 2014). The TPHs derived from
CALIPSO-MERRAZ2 observations generally showed good agreement with
the TPHs derived from GPSRO observations in terms of seasonal spatial
patterns as well as TPH values for all seasons (Fig. 1). Compared to other
seasons, the spatial distribution of TPH in winter presents a larger dif-
ference. The TPHs from the GPSRO measurements is higher than those
from CALOPSO-MERRA2 over the Kara-Barents Sea, Europe, and west-
ern Siberia. A small systematic offset was observed between the two
datasets; the TPH derived from GPSRO showed a slightly higher value
than that from the CALIPSO-MERRAZ2 dataset. This can be clearly seen in
the scatter plots of TPHs derived from CALIPSO-MERRA2 and GPSRO
observations, depending on the distance between the observation points
of the two datasets (Fig. 2). Since the observation points of the two
datasets are not identical, the GPSRO observations nearest to the
CALIPSO-MERRA2 observation were used to compare the TPHs. The
difference between two TPH observations is quantitatively examined
depending on the distance of 50, 100, and 200 km between GPSRO and
CALIPSO-MERRA2 observation points. The TPHs from CALIPSO-
MERRA2 and GPSRO show good agreement, with a correlation coeffi-
cient >0.85 for all three cases. The comparison for distances <100 km
showed better agreement between the two datasets, with a correlation
coefficient of 0.88. TPHs derived from CALIPSO-MERRA2 showed a
negative, but the small statistical bias of approximately 0.11 km (mean
value of a, b, and c) and a root mean square deviation of approximately
0.7 km (mean value of a, b, and c) relative to TPHs from GPSRO. This
result supports our choice of CALIPSO tropopause products for the
following CTH analysis.

4. CTH and its relationship to TPH over the Arctic

We compared the CTH and TPH to examine their relationship over
the Arctic. Fig. 3 shows scatter plots for TPHs derived from CALIPSO-
MERRA2 and CTH derived from CALIPSO observations, for each sea-
son from June 2006 to March 2016. It may be noted that only TPH and
CTH observations corresponding to the same time and location were
compared. The samples are well grouped by low and high CTH values,
generally for all seasons. The low CTHs appear at a vertical level of
approximately <3 km, and the high CTHs appear at the vertical level of
approximately 7-10 km. It is known that the Arctic is mainly covered
with low-lying clouds (Curry et al., 1996), but Fig. 3 reveals that a
considerable amount of high clouds exist above 7 km in the Arctic re-
gion. It has been reported that Arctic clouds induce surface warming
except for summer (Ebell et al., 2020). Low-level clouds are an impor-
tant factor for surface radiation budget by increasing downward long-
wave radiation up to 83 W m 2 when low-level clouds occur (Yeo et al.,
2018). In addition to their radiative effects, high-level clouds (i.e.,
cirrus) can affect trace gas concentration (e.g., reactive nitrogen) near
the tropopause and, consequently local ozone concentration (Voigt
et al., 2006).

In the scatter plots shown in Fig. 3, high CTHs (> 8 km) are well
constrained by TPHs. Especially in winter, a strong positive correlation
between high CTHs and TPHs compared to other seasons is observed,
and the proportion of high clouds is much higher than that of low-level
clouds. This result is consistent with the observations of a previous
study— based on CloudSat-CALIPSO merged data—where the frequency
distribution of CTH over the Arctic exhibited bimodal distribution in all
seasons and suggested a possible relationship between higher CTH and
TPH (Liu et al., 2012).

Based on the robust relationship between CTH and TPH over an
altitude of approximately 8 km, we analyzed the spatial structure of CTH
of high clouds with CTH larger than 8 km. Fig. 4 shows the seasonal
composite CTHs from CALIPSO observations within the vertical altitude
range of 8-15 km. It may be noted that only data corresponding to the
actual detection of clouds by CALIPSO have been included in Fig. 4. In
general, the overall spatial distribution of CTH is similar to that of TPH
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Fig. 2. Comparison of tropopause heights derived from CALIPSO-MERRA2 and GPSRO observations for June 2006-March 2016. Each figure shows comparison of
tropopause heights for different distances of GPSRO observation point from CALIPSO-MERRA2 observation point.
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Fig. 3. Scatter plot of tropopause height derived from CALIPSO-MERRA2 and cloud top height derived from CALIPSO observation for four seasons from June 2006 to

March 2016.

in all seasons, with values in the range of approximately 8.5-11 km, as
seen in Fig. 1. The CTH in spring and summer exhibits zonally symmetric
patterns, with higher values at lower latitudes. The CTH in summer
shows a larger value than in other seasons with values in the range of
approximately 9.3-11 km, while the lowest CTHs are seen during spring.
The zonally symmetric feature of the CTH patterns becomes weaker in

the fall and disappears in winter. An interesting feature of the winter-
time CTH is notably high CTH values over the Greenland Sea, Atlantic,
and Scandinavian regions (30° W-90° E) where the CTH (~ 9.7-10.5
km) is higher than that indicated in the TPH climatology. In addition,
the CTHs are higher in winter than in summer only in these regions. This
implies that high clouds could exist above the tropopause during the
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Fig. 4. Seasonal composite cloud top height derived from CALIPSO observations within vertical range of 8-15 km for June 2006-March 2016. (a), (b), (c) and (d)

each shows composite map for one season.

Arctic winter, particularly over the regions. These high clouds are
known to be related to active deep convection, based on previous ana-
lyses and observations (Liu et al., 2007; Yang et al., 2010), and are
accompanied by Atlantic storms passing through these regions. Atlantic
storms usually are generated over the western Atlantic and travel
northeast over time, with intense storms moving as far as the North Pole.
We examined Atlantic storm track activity, which we considered as one
of the possible causes for the high cloud top observed over the Atlantic
side of the Arctic in winter.

5. Contribution of Atlantic storms to the elevated CTH over the
Arctic

In order to demonstrate the typical changes in the CTH and TPH
associated with the Atlantic storm intruding into the Arctic, the time-
height cross-section of the backscattering, TPHs, and temperature
from CALIPSO dataset are examined for two strong and typical Atlantic
storms entrancing into the Arctic (Fig. 5); the events occurred in January
2010 and 2016, respectively. The storm event in January 2016 (Fig. 5b),
named ‘Frank’ by the U.K. Met office, recorded a minimum central
pressure of 928 hPa on December 30, 2015, and is known to have trig-
gered the unprecedented abrupt warming in January 2016 by bringing
enormous masses of moist warm air to the Arctic (Kim et al., 2017). In
both storm cases, the high CTH values ranging from approximately 8-13
km matched well with the TPHs. Fig. 6 shows the Atlantic storm tracks
for four seasons from June 2006 to March 2016, indicating storm tracks
within the top 10% of storm intensity. It can be seen that most of the
intense storms within the top 10% category—considering storms in all
seasons—are observed in winter; 49 of the 192 storms detected in winter
belonged to this category. In contrast, strong Atlantic storms were rarely
observed during the other seasons. No Atlantic storms within the top
10% in intensity were detected in summer, and only six strong

windstorms were detected in spring. The strong storms (blue solid lines)
detected in winter, shown in Fig. 6d, traveled over the Arctic region
above 60° N. Previous studies have shown that stronger Atlantic storms
tend to deflect poleward while weaker storms tend to move northeast-
ward to the Atlantic sector of the Arctic Ocean; these strong storms are
known to bring enormous amounts of warm and moist air into the Arctic
during storm events (Hong et al., 2020). Most storms move to the Arctic
region through the Norwegian Sea (30° W-0° longitude, ~60° N lati-
tude), remain in the Arctic region (30° W-60° E longitude and 60° N-75°
N latitude), and then disappear. The fact that the Arctic region is
affected by Atlantic storms is consistent with the region exhibiting high
CTHs and TPHs in winter, as shown in Figs. 1(DJF) and Fig. 4d.

Fig. 7 shows the composite of CTH and TPH derived from CALIPSO
observations for the days from when the Atlantic storms enter the Arctic
circle (60° N) to when they disappear inside the Arctic. A noticeable
feature in Fig. 7a is the high CTH values of approximately 10-11 km in
the Atlantic sector of the Arctic Ocean including the Norwegian,
Greenland, Kara-Barents Seas, and Northwest Russian regions. This
suggests a correspondence between the CTH in the Atlantic sector of the
Arctic Ocean and the Atlantic windstorms prevailing in the region.
Atlantic windstorms that cross the Arctic circle tend to disappear over
the Greenland Sea, but the highest values of CTH are observed over the
Kara Sea and Northwest Russia. Also, in the CTH composite map for the
storms within the top 10% of intensity, the peak value of high CTH
appears mostly in the Kara-Barents Sea area (not shown). Considering
that warm and humid air is brought northward by a warm front
accompanied by a cyclone system, the observation of the highest value
of CTH over the Kara-Barents Sea suggests that a sudden inflow of warm
and humid air along with a warm front located east of the center of the
storm contributes to the high CTH over the region. The TPH in the
composite map depicted in Fig. 7b shows a spatial distribution very
similar to that of the CTH, as shown in Fig. 7a, with the regions showing



H. Yeo et al.

Altitude [km]
-
(4]

™. Tropopause
P N,
10
5
o B
Lat 72.11 79.77 81.09
Lon 112.13 85.20 23.28

(b)

Altitude [km]

Lat 72.09
Lon 122.90

Atmospheric Research 277 (2022) 106317

103

65.51
-23.85

[c4sc-wf ‘wu zegl 1speasyoeg pajenusyy |ejoL

74.38
-1.81 -15.00

56.16
-21.70

[e4s¢-wy ‘wu zeg] 1ayeasyoeg pajenuayy |ejoL
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high TPH values well matched with the high CTH region. These results
suggest that, like the CTH, the high values of TPH over the Norwegian,
Greenland, Kara-Barents Seas, and Northwest Russian regions are also
associated with the Atlantic storms entering the Arctic regions.

6. Discussion and summary

In this study, we investigated the characteristics of CTHs and TPHs
over the Arctic using CALIPSO and GPSRO observations for the period of
June 2006-March 2016. Clouds over the Arctic are characterized by
clear distinctions between the lower cloud with a CTH lower than 3 km
and the upper cloud with a CTH higher than approximately 7 km in all
seasons except winter. In winter, the CTH was mostly distributed in the
vertical range of approximately 7-10 km.

Typically, the seasonal mean distribution of the CTH exhibits a
largely symmetric pattern in the zonal direction, with a higher height in
the lower latitudes. The CTH in summer shows a larger value than in
other seasons with values in the approximate range of 9.3-11 km. In
contrast, a considerable asymmetric pattern of CTH is found over the
Greenland Sea, Atlantic, and Scandinavian regions (30° W-90° E

longitude, 60° N-80° N latitude), especially in the Arctic winter. The
CTHs over this area show a slightly higher value than the TPH clima-
tological values of approximately 9.5-10.2 km. The structure of the
seasonal TPH climatology derived from CALIPSO-MERRAZ2 is generally
similar to that of the CTH in all seasons, with values of approximately
8-11 km.

We also examined the relationship between high CTH and TPH
values derived from CALIPSO-MERRA2 and GPSRO observations over
the Arctic region. We found that high CTHs above approximately 8 km
were closely related to the TPH in all seasons. Especially, a more robust
relationship between high CTHs and TPHs was found in winter
compared to other seasons. High CTHs above approximately 10 km in
the Arctic winter are concentrated over the Greenland Sea, Atlantic, and
Scandinavian regions (30° W-90° E longitude, 60° N-80° N latitude).

The contribution of Atlantic storms to the elevated CTH and TPH
values over the Arctic in winter was investigated by detecting Atlantic
storm tracks passing through high CTH and TPH regions. We found that
approximately 66% (49) of strong storms within the top 10% of intensity
were detected in winter, and that these intense storms entered the Arctic
through the Norwegian and Greenland Seas, dissipating within the
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Fig. 7. Composite map of (a) cloud top height and (b) tropopause height derived from CALIPSO observations for days from when Atlantic storms entered the Arctic
circle (60° N) to when they disappeared inside the Arctic in winter from June 2010-to March 2016.

Arctic region. In addition, the Arctic region showing high CTHs and
TPHs in winter is also indicative of the region being affected by Atlantic
storm tracks. The composite analysis of the CTH for the days from when
the Atlantic storms enter the Arctic circle (60° N) and to when they
disappear inside the Arctic indicates high CTH values of approximately
10-11 km in the Atlantic sector of the Arctic Ocean, including over the
Norwegian, Greenland, Kara-Barents Seas, and Northwest Russian re-
gions. Regions showing a high TPH value in the composite map of TPHs
matched well with the high CTH region. This suggests a correspondence
between the CTH and TPH in the Atlantic sector of the Arctic Ocean, and

the influence of prevailing Atlantic storms. Although this study mainly
focuses on the role of Atlantic storms in lifting the CTH and TPH in the
Atlantic sector of the Arctic (Fig. 3), it also observes that the CTH and
TPH in the Arctic region exhibit the highest values over the Norwegian
Sea. This is thought to be related to the cyclone activity occurring in the
Icelandic low system, which is known as a major area of cyclogenesis.
Therefore, a complete understanding of the elevated CTH and TPH re-
quires the simultaneous consideration of contributions from lee cyclo-
genesis leading to the Greenland and Atlantic storms. Further
investigation is needed on the effect of cyclone activity in the Icelandic
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low on high CTHs in the Norwegian Sea region.
Data availability

CALIPSO datasets related to this article can be obtained from the
NASA Langley Research Center and Atmospheric Science Data Center
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archive (doi:https://doi.org/10.5065/ZD80-KD74). The Japanese 55-
year Reanalysis (JRA-55) data is openly available from NCAR data
server (doi:https://doi.org/10.5065/D6HH6H41).
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