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Abstract: Our study shows that, during 2001–2017, when the sea ice was melting rapidly, cyclone days
accounted for more than 50% of the total autumn days at the sounding stations in the Arctic marginal
seas north of the Eurasian continent and almost 50% of the total autumn days at the sounding station
on the northern coast of Canada. It is necessary to investigate the influence of Arctic cyclones on the
cloud fraction in autumn when the sea ice refreezes from its summer minimum and the infrared cloud
radiative effect becomes increasingly important. Cyclones at the selected stations are characterized
by a narrow maximum rising zone with vertically consistent high relative humidity (RH) and a broad
region outside the high RH zone with low RH air from the middle troposphere covering the low
troposphere’s high relative humidity air. Consequently, on approximately 40% of the cyclone days,
the cloud formation condition was improved from the near surface to the upper troposphere due to
the cooling of strong rising warm humid air. Therefore, cyclones lead to middle cloud increases and
sometimes high cloud increases, since the climatological Arctic autumn clouds are mainly low clouds.
On approximately 60% of the cyclone days, only low cloud formed, but the low cloud formation
condition was suppressed due to the mixing ratio decrease induced by cold dry air sinking. As a
result, cyclones generally lead to a decrease in low clouds. However, the correlation between the
cyclones and low clouds is complex and varies with surface ice conditions.

Keywords: Arctic autumn clouds; cloud change; Arctic cyclones

1. Introduction

Arctic warming is accompanied by a rapid decrease in sea ice [1,2] and significant and
obvious atmospheric changes, namely, increases in air humidity and temperature [3,4]. The
infrared cloud radiative effect (CRE) plays an important role in the energy balance and
air temperature variation over the Arctic through cloud radiation feedback [5–8]. The net
radiative effect of Arctic low-level clouds warms the surface, except during a short period
in midsummer [9,10]. Though the highest cloudiness period in the Arctic is from June to
October [11], the CRE is almost balanced by cloud radiation cooling [12,13]. However, in
autumn, when sea ice transits from melting to the initiation of freeze up, cloud changes
contribute to cloud–ice feedback during early autumn [13]. Autumn cloud–ice feedback
is also considered to be a delayed response of melting season sea ice anomalies [14]. In
wetter and warmer Arctic conditions [3], CRE increases in autumn and winter [15,16]. The
trends in cloud characteristics (cloud amount, water content, and radiative forcing) have
the strongest and most consistent amplifying effect during autumn [16–18]. Therefore, it is
necessary to pay further attention to the change in autumn clouds in the Arctic.

Previous studies observed the relationship between Arctic clouds and sea ice change.
Schweiger et al. showed that sea ice retreat is linked to a decrease in the low-level cloud
amount and a simultaneous increase in midlevel clouds [19]. Sato et al.’s model results
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indicate that ice-free conditions lead to a 30% decrease in the frequency of low clouds with a
ceiling below 500 m [20]. Vavrus et al. pointed out that rapidly declining Arctic sea ice will
be accentuated by changes in polar clouds [21]. Liu et al. found that moisture intrusions
in winter produce more clouds and higher cloud liquid and ice water content [22]. There
are also some observational studies and collaborative modeling studies. Sedlar et al. and
Inoue et al. respectively reanalyzed and verified regional climate models of the Arctic
atmosphere with shipborne data [23,24]. Shupe et al. analyzed the clouds and sea ice
observed during the Multidisciplinary Drifting Observatory for the Study of Arctic Climate
and found that clouds drift with sea ice [25]. However, few studies discuss autumn cloud
changes under the conditions of increased cyclone occurrence over the Arctic. As indicated
in many previous studies, mid-latitude cyclones were found to be the main cause of middle
cloud formation and high cloud formation [26–28], and cyclone-induced cloud fraction (CF)
can be larger than 0.7 in mid-latitude [29]. Arctic warming leads to a significant change in
Arctic cyclone activities. Since the middle of the 20th century, there has been an increasing
trend of Arctic cyclones due to the increasing number of mid-latitude polar cyclones [30,31].
The regions and paths of the Arctic cyclones have obvious distribution characteristics and
seasonal variations. In summer, Arctic cyclones are mostly formed in Eurasia, while in
autumn and winter, cyclones mainly move from the northern part of the North Atlantic
Ocean to Greenland and the Barents Sea [32]. Inoue and Hori verified that in the marginal
ice region of the Arctic, the thermal contrast between the ocean and the ice surface may be
more conducive to the formation of cyclones [33]. Zhang et al. showed that the number and
intensity of cyclones entering the Arctic from the mid-latitudes have increased, suggesting
a shift of storm tracks into the Arctic [31]. Day et al. indicated that the number of Arctic
Ocean cyclones reaches its maximum in summer and the number of cyclones increases
with the retreat of the Arctic Sea ice [34].

Therefore, it is necessary to investigate the impact of cyclones on cloud fraction in the
Arctic. Few studies focus on the connection between Arctic clouds and cyclones. Inoue et al.
indicated that strong winds lead to an increase in particulate matter entering the lower
atmosphere, corresponding to more low-level ice clouds [35]. Waseda et al. confirmed
an increase in wave height [36]. The effect of Arctic cyclones on sea ice and snowfall
is also related to the effect of showing cyclones [37]. The earlier observational study
of Huschke [38] has shown that the maxima of middle and high cloudiness in October
corresponds very well to the high degree of cyclonic activity over the Arctic during that
month, a study that suggests cyclones have obvious influence on clouds in the Arctic. In
this study, we investigated how Arctic cyclones influence cloud formation and how low
clouds change during autumn in the conditions of increased Arctic cyclones. Our study
may offer new insights into Arctic cloud variability during autumn. The data and methods
are introduced in Section 2. In Section 3, we outline the statistical connection between
autumn cloud change and cyclone behaviors in the Arctic, and further detail the impact of
cyclones on clouds over the surface with different ice coverage conditions based on all of
the cyclone days at the five selected locations. The conclusions and discussion are given in
Section 4.

2. Data and Methods
2.1. Data

In this paper, cloud fraction is used to reflect cloud distribution characteristics. The
autumn (September–November) cloud fraction data used in this study are from both
satellite data and ERA5 reanalysis data. Cloud fraction is the proportion of a grid box
covered by cloud, and the value ranges from 0 to 1. We used the Clouds and Earth’s Radiant
Energy System (CERES) Synoptic TOA and surface fluxes and clouds (SYN1deg) Ed4A
daily gridded cloud area fraction for the period 2001–2017, with a horizontal resolution
of 1◦ × 1◦ (the CERES data hereafter), in which the low clouds, the mid-low clouds, and
the mid-high clouds refer to clouds at the heights of from the surface to 700, from 700
to 500, and from 500 to 300 hPa, respectively. The CERES-SYN1deg data combine Terra
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and Aqua CERES and MODIS observations and geostationary (GEO) data to provide
cloud properties [39]. Huang et al. demonstrated that CERES’s Arctic cloud fractions are
more reliable in summer than in winter [40]. Zhan et al. proposed that MISR tends to
underestimate cloud cover compared with CERES, which uses cloud attributes based on
MODIS measurements [41].

We also used the CALIPSO-GOCCP, developed from the CALIPSO level 1 attenuated
backscatter measurements, for evaluating clouds in climate models [42]. CALIPSO-GOCCP
is well suited for Arctic assessment because of its high vertical resolution and the advantages
of observing Arctic liquid clouds [43,44]. However, Arctic clouds are mostly underestimated
in GOCCP [45,46]. CALIPSO-GOCCP cannot detect clouds near the surface or the optically
thinnest clouds [42]. The daily CALIPSO-GOCCP observations of cloud fraction for the
period of 2006–2017 (GOCCP data hereafter), with a vertical resolution of 480 m and a
horizontal resolution of 1◦ × 1◦ (https://climserv.ipsl.Polytechnique.fr/cfmip-obs/index.
html, accessed on 2 March 2020), are used.

The cloud fraction data from the ERA5 reanalysis include the fraction of cloud cover
at pressure levels from 1000 to 200 hPa. We used the low cloud cover (1.0 > sigma > 0.8),
the medium cloud cover (0.8 ≥ sigma > 0.45), and the high cloud cover (0.45 ≥ sigma)
during autumn for the period 2006–2017, with a horizontal resolution of 1◦ × 1◦. Sigma is
a multiple greater than the pressure at the ground. For example, low cloud is a single-level
field calculated from cloud occurring on model levels with a pressure greater than 0.8 times
the surface pressure. If the surface pressure is 1000 hPa, low cloud can be calculated
using levels with a pressure greater than 800 hPa (below approximately 2 km (assuming a
‘standard atmosphere’)). Sedlar et al. and Inoue et al. demonstrated that ERA5 performed
well in both ice-covered and ice-free Arctic oceans [23,24]. Inoue et al. suggest that ERA5
performs better in terms of vertical cloud structure and cloud phase than regional climate
model outputs because it absorbs many satellite data [24].

The relative humidity, air temperature, and vertical velocity are at the pressure levels
from 1000 to 200 hPa and the sea level pressure is from the ERA-interim reanalysis for
the period 2001–2017, with a horizontal resolution of 1◦ × 1◦ (https://apps.ecmwf.int/
datasets/data/interim-full-daily/levtype=sfc/, accessed on 26 April 2020). The satellite-
based observations of sea ice concentration are from the NOAA OI SST V2 High Resolution
Dataset, with a horizontal resolution of 0.25◦ × 0.25◦ (https://psl.noaa.gov/data/gridded/
data.noaa.oisst.v2.highres.html, accessed on 1 April 2020). The sounding data used in this
study include air temperature, mixing ratio, relative humidity, and dew point deficit at
1200 UTC and were obtained from the online data archive at the University of Wyoming
(http://weather.uwyo.edu/upperair/sounding.html, accessed on 26 April 2020). However,
the available sounding data have different temporal lengths at different stations. The five
sounding stations selected in this study are station 20744 (Malye Karmakuly Observations,
72.36◦ N, 52.7◦ E), with a data length of 12 years from 2006 to 2017; station 01028 (ENBJ
Bjornoya Observations, 74.5◦ N, 19.00◦ E), with a data length of 17 years from 2001 to 2017;
station 21432 (Ostrov Kotelnyj Observations, 76.00◦ N, 137.86◦ E), with a data length of
6 years from 2011 to 2016; station 20046 (Polargmo Im. Krenkelja Observations, 80.61◦ N,
58.05◦ E), with a data length of 9 years from 2009 to 2017, and station 71957 (YEV Inuvik
Observations, 68.31◦ N, 133.53◦ W), with a data length of 15 years from 2001 to 2009 and
2012 to 2017.

The five chosen stations represent three categories of different ground surfaces: the
ice edge, the ice-covered sea, and the ice-covered land coast. Two ice edge stations are
located at the west edge (sounding station 01028) and east edge (sounding station 20744)
of the Barents Sea. Two sea ice-covered island stations are located at the Franz Josef Land
(northeast edge of the Barents Sea, sounding station 20046) and the New Siberian Islands
(sounding station 21432). The ice-covered land coast station is located on the northern
Canadian coast (sounding station 71957). They are denoted as the colored spots in Figure 1.

https://climserv.ipsl.Polytechnique.fr/cfmip-obs/index.html
https://climserv.ipsl.Polytechnique.fr/cfmip-obs/index.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
http://weather.uwyo.edu/upperair/sounding.html
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Figure 1. (a) Seasonal mean 2001–2017 autumn sea ice concentration and the selected five stations.
The red dots denote open sea island stations (station 01028 and station 20744), the blue dots denote
ice-covered island stations (station 20046 and station 21432), and the green dots denote the northern
Canada coast station (station 71957); (b) the percentage of cyclone days in the total autumn days of
the period 2001–2017 at each of the five stations.

2.2. Methods

With the update of numerical algorithms and the available data, cyclone tracking has
experienced a process from manual recognition to automatic and semi-automatic objective
recognition. Scholars have proposed that the potential height field of 1000 hPa, the sea
level pressure field, and the relative vorticity field of the lower troposphere can be used
as analysis fields to identify cyclones [47–49]. The cyclone definition and tracking scheme
used in this study follows the cyclone tracking method of Hart [48]. The detailed tracking
methods used in this study can be found in Sun and Diao [50]. Considering the spatial scale
of cyclones, the grid-based cyclone frequencies are calculated according to the recognized
cyclone cases as follows: At a given time, when a cyclone center is detected at a grid point,
the cyclone frequency at the grid points within the 5◦ × 5◦ square around it is increased by
one. We used composites at the locations of the five sounding stations shown in Figure 1,
utilizing the ground-based sounding data at these stations and the gridded satellite data
and the ERA5 data at the grids nearest to the five stations.

At a given station, we defined a cyclone day as a day in which at least one cyclone
center appears within a distance of approximately 800 km from the given station. A no-
cyclone day is a day in which no cyclone appears in the 800 km sounding station-centered
circle. Because the radius of a large-scale traveling extratropical cyclone is generally larger
than 1000 km [51,52], the chosen distance from a given station ensures that air over the
station is influenced by cyclones; thus, the cloud fraction on the day can be considered to
have been influenced by cyclones. The number of cyclone days at the five selected stations
is shown in Table 1.

Table 1. Number of cyclone days at the five selected stations during autumn in the period 2001–2017.

Ground Surface Station Cyclone Days

Ice-covered
21432 810
20046 938

Ice edge 20744 944
01028 1020

Ice-covered land coast station 71957 735
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We use a cyclone-centered composite to show the distributions of cyclone wind velocity
and relative humidity field at the five stations based on all of the selected cyclone days. The
cyclone-centered composite means that the coordinate origin of the composite field is the
center point of the cyclones. The x axis ranges from 40◦ west to 40◦ east of the center point,
and the y axis ranges from 8◦ south to 8◦ north of the center point. The composites of local
vertical profiles of the cloud fraction and other variables on the cyclone days are based on
all of the selected cyclone days and the no-cyclone days. The composited cloud fractions
and other variables based on the no-cyclone days are considered the background state. We
used the cloud formation criterion referred to in Poore et al. [53], which is a criterion based
on the vertical distributions of dew point deficit and air temperature. The cloud forms
when either of the following conditions are met. If the air temperature is warmer than 0 ◦C,
the dew point deficit should be less than 1.7 ◦C; the dew point deficit is less than 3.4 ◦C
when the air temperature is between −20 and 0 ◦C, and the dew point deficit is less than
5.2 ◦C when the temperature is between −40 and −20 ◦C.

3. Statistical Connection between Autumn Cloud Change and Cyclone Activities

As shown in Figure 2, both the CERES data and the ERA5 reanalysis data illustrate a
trend of low cloud fraction decrease and middle cloud fraction increase during autumn
over several regions of the Arctic, typically over the Beaufort Sea, the Chukchi Sea, and
the East Siberian Sea. Meanwhile, autumn cyclone frequencies present an increasing trend
over the above regions with low clouds decreasing and middle and high clouds increasing
(Figure 3). However, for the low cloud, there are discrepancies between the results of the
two data sources, and its relationship with cyclones varies as surface ice conditions change.
Over the Greenland Sea, the ERA5 reanalysis data show an increase in low cloud, but the
CERES data show a decrease in low cloud fraction. At the Barents–Kara seas, both cyclones
and low cloud fraction have a decreasing trend, which is different from the situations over
the regions from Beaufort Sea to East Siberian Sea.
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Figure 2. Trend of cloud fraction in autumn for (a) the low cloud (surface–700 hPa), (b) the mid-low
cloud (700–500 hPa), and (c) the mid-high cloud (500–300 hPa) derived from the CERES data, and
(d) the low cloud (1.0 > sigma > 0.8), (e) the mid-cloud (0.8 ≥ sigma > 0.45), and (f) the high cloud
(0.45 ≥ sigma) derived from the ERA5 data. Both the CERES data and ERA5 data are for the period
2001–2017. The yellow dots denote statistical significance at the 95% level.
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The detrended inter-annual correlation coefficient between cloud variation and cyclone
activities during autumn for the period 2001–2017 is shown in Figure 4. Both the CERES
data and the ERA5 data show a positive correlation between mid-low clouds and cyclone
frequencies over most of the Arctic Ocean and a positive correlation between the mid-high
clouds and cyclone frequencies over the Beaufort–Chukchi–East Siberian seas and east of
Greenland. This is consistent with the positive trends of both the mid-low and mid-high
clouds and cyclone frequency shown in Figures 2 and 3. However, discrepancies exist
among the correlations between the low clouds and the cyclones calculated from the two
different data sources. The CERES data show a negative correlation between low clouds
and cyclones over the Beaufort–Chukchi–East Siberian seas and Greenland Sea, but a
positive correlation over the Barents–Kara seas. However, the ERA5 data do not show
a consistently negative correlation between low clouds and cyclones over the Beaufort–
Chukchi–East Siberian seas. The discrepancy between the correlation results from the two
data sources implies the inconsistency of the inter-annual variation of clouds and cyclones.
This inconsistency may also come from the difference between the two types of cloud data.

The vertical and latitudinal distributions of the correlation between the zonal mean
daily cloud variabilities and the daily cyclone activities over the Arctic were further cal-
culated for the zonal mean values using the ERA5 reanalysis data (Figure 5) in order to
show a continuous figure of the correlation between cloud fraction and cyclone frequency
along altitudes. The results show that there is a negative correlation between cyclones
and cloud cover at low levels. From 65◦ N to 90◦ N, the height of the negative correlation
between cloud fraction and cyclone frequency decreases with latitude. It is the highest
near to 65◦ N, which can reach 900 hPa and is limited below 975 hPa north of 75◦ N. The
sign of the correlation between cyclones and cloud cover reverses as the altitude increases.
Cyclone frequency is positively correlated with cloud cover above the height of negative
correlation below 400 hPa, which also indicates that the middle cloud fraction increases as
the cyclone frequency increases. Therefore, cyclone activities are positively correlated with
the mid-low (700–500 hPa) clouds in the daily, inter-annual, and trend timescales, which
indicates that the positive correlation between the cloud fraction and cyclone frequency is
rather stable. From 65◦ N to 90◦ N, the height of the negative correlation between the cloud
fraction and cyclone frequency decreases with latitude. Above 400 hPa, the cloud fraction
is negatively correlated with the cyclone frequency.
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Figure 4. Correlation between cyclone frequency and cloud fraction in the autumns of 2001–2017
for (a) the low cloud (surface–700 hPa), (b) the mid-low cloud (700–500 hPa), and (c) the mid-high
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4. Further Insight into the Influence of Cyclones on Cloud

Considering the condition of autumn mean sea ice concentration (SIC) (Figure 1),
which shows that the SIC over the Barents–Kara seas is much smaller than the SIC over the
Beaufort Sea, the Chukchi Sea, and the East Siberian Sea during autumn, the geographic
distributions of the cyclone–cloud correlation coefficient shown in Figure 4 indicate that
the correlation between cyclones and cloud fractions is connected to the surface conditions
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of sea ice coverage. In order to discover the possible reasons that explain the statistic
correlations between clouds and cyclones, we further investigated how cyclones influence
cloud formation and its vertical distribution based on all of the cyclone days during the
autumns of 2001–2017 at the five selected sounding stations (shown by the color spots
in Figure 1), which represent the three different surface conditions, the ice edge stations
(station 01028 and station 20744), the ice-covered island stations (station 20046 and station
21432), and the ice-covered land coast station at the north coast of Canada (station 71957).

4.1. Climatology of Cloud Vertical Profile over Different Surface Conditions

In order to show the influence of cyclones on local cloud distribution, we first calcu-
lated the climatology vertical profiles of seasonal mean cloud fractions, averaging from the
four grid points nearest to each of the five sounding stations at the five stations based on the
GOCCP data and ERA5 data (Figure 6). The results show that over all of the five stations,
the autumn cloud fractions peak at a height ranging from 500 to 2000 m. The cloud fraction
decreases sharply above 2000 m over all of the five stations and has a quick/slow decrease
under 500 m over the ice edge/ice-covered island stations. The above result indicates that
low clouds are dominant during autumn in the Arctic. However, the vertical distributions
of low cloud fraction show a substantial difference between the different stations. Below
500 m, cloud fraction over the ice-covered islands stations (21432, 20046) is about 20~30%
from the GOCCP data and about 30~40% from the ERA5 data. GOCCP underestimated
cloud cover, which is consistent with the work of Cesana et al. and Boudala et al. [45,46].
This fraction is much larger than that over the ice edge stations, where the cloud fraction is
less than 10%. Although the surface is covered with ice, the cloud fraction below 500 m
over the north coast of Canada is nearly 10%, a number that is much smaller than that
over the island stations, but comparable to that over the ice edge stations. Therefore, the
cloud fraction over ice-covered island stations peaks near 500 m or 925 hPa, whereas the
maximum of the cloud fraction over the ice edge stations is located near 1000 m, or 900 hPa,
which is much higher than the cloud fraction maximum over the ice edge stations. The
high cloud fractions over ice edge stations are generally larger than those over ice-covered
stations. A secondary maximum of cloud fraction lies near 400 hPa, or 6000–7000 m, over
the ice edge stations. Almost no high cloud maximum appears over the ice-covered stations.
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4.2. Impact of Cyclones on Cloud Fractions
4.2.1. Variation of Cloud Fraction on Cyclone Days and No-Cyclone Days

In order to show the influence of cyclones on the Arctic cloud fractions in autumn, we
composited the daily cloud fraction at each vertical level from the near surface to the upper
troposphere based on the cyclone days and the no-cyclone days using the GOCCP data and
the CERES data (Figure 7). The result based on the GOCCP data (Figure 7a–e) indicates
that, compared to the no-cyclone days, clouds increase obviously above 2000 m on the
cyclone days over all of the five stations, whereas, under 2000 m, the vertical cloud fraction
profiles on cyclone days show a substantial difference between the ice edge stations and the
ice-covered stations. Over the three ice-covered stations, the cloud fractions under 500 m are
higher, and the reduction in cloud fraction on cyclone days is significant over station 20046,
but not significant at station 21432. Over the ice edge stations, where the cloud fractions
under 500 m are much smaller, the cloud fraction reduction is not obvious below 500 m,
especially at station 20744. The obvious cloud fraction reduction on cyclone days appears
above 500 m at the two ice edge stations. Over station 71957, with a larger cloud fraction
below 500 m, the cloud fraction on the cyclone days significantly decreases below 1000 m.
Moreover, the cyclone day cloud fraction reduction seems to be larger at a higher altitude at
the lower latitude station or ice edge station, e.g., station 01028, than at the higher latitude
station or ice-covered station, e.g., station 21432 (Figure 7a–e), which is partly consistent
with the result shown in Figure 4, where the negative connection between cloud fraction
and cyclones can reach higher altitudes at lower latitudes. Based on the CERES data,
Figure 7f–j show the difference between the cyclone day cloud fraction and the no-cyclone
day cloud fraction for the low cloud (below 700 hPa), the mid-low cloud (700–500 hPa),
and the mid-high cloud (500–300 hPa). However, as shown by Figure 7a–e, cyclone day
cloud fraction reductions occur at different altitudes for the different stations, and the total
low cloud decreases at all of the five stations on cyclone days because cyclone day cloud
reduction generally happens at the height of maximum background cloud fraction at all
of the five stations. The above result also indicates a negative correlation between low
cloud fraction and cyclone frequency. Warming from an ice-free ocean or warm southerly
intrusion leads to a stronger increase in the cyclones at the lower latitude station. This is
shown in Section 4.2.2. This strong increase results in a strong adiabatic cooling and an
obvious reduction in relative humidity and cloud fraction at a high altitude. As a result,
the negative correlation between cyclone frequency and cloud fraction extends to a high
altitude. The CERES data illustrate an increase in mid-low and mid-high cloud fractions
on cyclone days at all of the five stations, a result that is generally consistent with that
illustrated by the GOCCP data, except for station 71957, where the GOCCP data show that
cyclone day cloud fraction only increases below 5000 m, which matches the mid-low cloud
in the CERES data. This indicates an instability of the correlation between the mid-high
cloud fraction and the cyclone frequency and may also result from the different time ranges
of the two data sources, since the GOCCP data are from 2006–2017, but the CERES data are
from 2001–2017.

4.2.2. Atmospheric Conditions in Cyclones

In order to determine how the vertical distribution of cloud fraction changes with the
impact of cyclones and why the cloud cyclone correlations are different at the locations
with different surface ice coverage conditions, we further composited cyclone-centered
horizontal velocity vectors, vertical velocity, and relative humidity at the 850 hPa level based
on all of the cyclone days at the five selected stations. The cyclone-centered composited map
(Figure 8) was created by taking the center of each cyclone as the origin of the composite
coordinate. According to the cyclone tracking scheme used in this study [32], the cyclone-
centered composition is based on the cyclone center at the sea level pressure field. We
also composited the cyclone-centered longitude-pressure cross-section based on the center
latitude of each cyclone field on cyclone days (Figure 9).
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Figure 7. Composite vertical profiles of the cloud fraction on the cyclone days (red line) and no-
cyclone days (blue line) based on the GOCCP data (a–e), and composite daily low, mid-low, and
mid-high cloud fractions on the cyclone days (red column) and no-cyclone days (blue column) based
on the CERES data (f–j) at the five sounding stations (the station number is labeled above each figure).
The cloud fraction at each station is the mean value of the data at the four grid points surrounding
the location of each sounding station.
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Figure 8. Cyclone-centered composites of horizontal velocity vectors (white vectors), vertical velocity
(black contours, the positive and negative values for the sinking and rising, respectively, unite, Pa/s),
and relative humidity (blue shaded) at 850 hPa level based on all cyclone days on which the cyclone
centers are located within the distance of nearly 800 km from the location of each sounding station
during autumns for the period 2001–2017. In the composite, a relative coordinate is used, with the
coordinate origin being the center point of the cyclones. The x axis ranges from 40◦ west to 40◦ east
of the center point, and the y axis ranges from 8◦ south to 8◦ north of the center point. Generally, the
composite horizontal cyclone circulation fields show that air rising/sinking is located in the region of
southerly/northerly flow; the region of ascending/descending is consistent with the region of high/low
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relative humidity for all of the cyclone-centered composites at the five stations (Figure 8) at the
850 hPa level where low cloud fraction is high (Figure 7) and cyclone-induced cloud uplift occurs
(Figure 8). In contrast, at the station near the New Siberian Island (station 21432), air rising and high
relative humidity are accompanied by northerly flow in the southwest of the cyclone. This can be
explained by the geography of the cyclone. Station 21432 is located on New Siberian Island, close
to Eurasia, where the cyclone’s southbound air flows from the cold East Siberian Mountains and its
northbound air flows from the Arctic marginal sea. Station 71957 is located on the North American
continent, and the influence of the cyclone flow is weakened considerably. Therefore, the horizontal
and vertical velocities in the cyclones at station 71957 and station 21432 are much smaller than the
horizontal and vertical velocities in the cyclones at three stations in the Barents Sea, indicating a
weaker lower troposphere intensity of the cyclones along the land coasts. Moreover, the relative
humidity at 850 hPa is the smallest in the cyclones at the station of the north coast of Canada.
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Figure 9. Cyclone-centered composite of longitude-pressure cross-section of relative humidity (blue
shaded), air temperature anomaly (red contours), and zonal vertical velocity vector (black vectors)
along the center latitude of each of the selected cyclones based on all of the cyclone days in autumns
during the period 2001–2017. The x axis ranges from 40◦ west to 40◦ east of the center point.

The composited vertical section of the cyclone (Figure 9) shows that the cold core is
generally consistent with the descending air and is located at the mid-low troposphere
near 600 hPa. Since warm air rises from warm surface to upper levels, the warm core is
located at the low troposphere, and the positive temperature anomalies extend upward
to near 400 hPa due to warm air rising. However, the centers of positive air temperature
anomalies at the upper levels are located at the east of the vertical velocity maximum,
for the reason that strong rising leads to an adiabatic cooling in the air. Because relative
humidity decreases with both the decrease in moisture and the increase in air temperature,
low relative humidity is observed near the cold core where cold dry air concentrates and
near the warm core where the air temperature increases (Figure 9a–e). Therefore, in the
broad region around the warm and cold cores of the cyclone’s vertical section, the relative
humidity is low, which leads to high relative humidity air being constrained below the
800 hPa level and above the 400 hPa level, except for the narrow area of upward vertical
velocity maximum where the relative humidity increases due to the adiabatic cooling of
the humid rising air. As a result, for most of the cyclones, low relative humidity air covers



Atmosphere 2023, 14, 689 12 of 20

the high relative humidity air, a condition that favors the formation of low clouds. Above
400 hPa, the rising warm humid air cools, and the relative humidity increases, which
indicates a possibility of high cloud formation. The composite vertical sections show that
cyclones at the five stations show a vertically consistent distribution of both the dynamic
and thermal dynamic structure; that is, the cyclones at the Arctic region show little vertical
tilt. Therefore, the cloud distribution in the Arctic cyclones could be vertically consistent.

The above features of the atmospheric conditions in cyclones are common at all of
the five stations. However, differences exist among the cyclones at the different stations
with different ice cover conditions. Though both station 21432 and station 20046 are in
the ice-covered sea, because a large number of the cyclones at station 21432 are from
the Eurasian continent, but the cyclones at station 20046 are generally from the North
Atlantic, the vertical motion in the cyclones at the ice-covered East Siberian Sea station
(ice-covered station 21432) is much weaker than that in the cyclones at the northeast edge
of the Barents Sea station (ice-covered station 20046) (Figure 9a,b), indicating a weaker
vertical transportation and weaker high-altitude air temperature increase. As a result, the
middle troposphere’s air relative humidity in cyclones over station 20046 is smaller than
that over station 21432. In terms of the northern Canada coast station (station 71957), a
station that is also near the ice-covered sea, but is at the lowest latitude among the five
stations, the cyclones here are from a lower latitude, and they have a stronger rising velocity
(Figure 9c). At the ice edge island stations (station 20074 and station 01028), cyclones are
mainly from the North Atlantic. Both the descending and ascending motions (Figure 9d,e)
are strong in the cyclones, a structure that is more similar to the typical mid-latitude
cyclones. The stronger vertical motions lead to stronger contrast of the relative humidity
and temperature in the cyclones. The strong sinking extends to the ground, a situation
that results in a significant decrease in the low-level relative humidity. Though moisture
is more plentiful over the ice edge, strong cold air sinking and warm air rising lead to a
lower relative humidity outside the high relative humidity band of maximum rising. The
contrast between the high relative humidity in the strong rising region and the low relative
humidity outside the region is more obvious in the cyclones at these ice edge stations.

4.2.3. Local Vertical Atmospheric Conditions for Cloud Formation on Cyclone Days

The above discussion indicates that cyclone-induced heat and moisture transport
results in an increase or decrease in relative humidity. In other words, clouds increase
in some regions, but decrease in other regions of cyclone circulation fields. Thus, for a
given station, clouds increase on some cyclone days, but decrease on other cyclone days.
The cyclone days used in the composite at each station are those picked from the time
period that is consistent with the period when the sounding data are available at the station;
thus, we have 145 cyclone days at station 21432 in the period 2011–2016, 266 cyclone days
at station 20046 in the period 2009–2017, 307 cyclone days at station 20744 in the period
2006–2017, 587 cyclone days at station 01028 in the period 2001–2017, and 126 cyclone days
at station 71957 in the periods 2001–2009 and 2012–2017. The number of cyclone days with
sounding data is less than the total cyclone days with satellite data. We used the relative
humidity change as an index to reflect the cloud change induced by cyclone circulation;
thus, the cyclone days were further divided into relative humidity increase (RHI) days
and relative humidity decrease (RHD) days. An RHD/RHI day is defined as a cyclone
day where the relative humidity is not/is larger than the background relative humidity,
respectively, at all vertical levels under 2000 m at a given station. Here, the background
relative humidity is the mean relative humidity over no-cyclone days. In order to show how
cyclones influence cloud formation, we composited the vertical profiles of air temperature,
mixing ratio, relative humidity, and dew point deficit based on the RHI days and the RHD
days. The vertical location where clouds form can be approximately determined according
to the cloud formation criterion indicated in Poore et al. [53], which is shown as the hatched
areas in Figure 10.
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Figure 10. Composited vertical profiles of air temperature on no-cyclone days (yellow line) and
cyclone days (red line), the mixing ratio on no-cyclone days (light brown line) and cyclone days
(dark brown line), the relative humidity on no-cyclone days (light blue line) and cyclone days (dark
blue line), and the dew point deficit on no-cyclone days (black line) and cyclone days (green line)
based on the relative humidity increase days (a1–e1,a2–e2) and relative humidity decrease days
(a3–e3,a4–e4) at the five sounding stations. (a1–e1/a3–e3) illustrate the under 10,000 m profiles of
the air temperature and relative humidity on the relative increase cyclone days/relative decrease
cyclone days versus no-cyclone days. (a2–e2/a4–e4) illustrate the under 10,000 m profiles of the air
temperature and dew point deficit on the relative increase cyclone days/relative decrease cyclone
days versus no-cyclone days, in which the dew point deficit under the conditions of air temperature
(vertical black dotted lines) decides whether the cloud formation criterion is met. The vertical location
where the cloud formation criterion is met is shown as the black and green hatched areas on the
no-cyclone days and cyclone days, respectively.



Atmosphere 2023, 14, 689 14 of 20

The composited atmospheric conditions illustrate air rising from the surface to the
upper levels during the RHI days, which is accompanied by an air temperature increase
below 2000 m, mixing ratio increase below 5000 m, and relative humidity/dew point deficit
increase/decrease above the surface to the upper levels over the five stations (Figure 10(a1–e1)).
Considering the air condition in the cyclones shown in Figures 8 and 9, the atmospheric
conditions during the RHI days are consistent with the region of strong rising. The vertical
air temperature lapse rate on the RHI days is larger than the lapse rate on the no-cyclone
days due to the strong rising. Therefore, both the increase in moisture and decrease in
air temperature benefit water vapor condensation; thus, cloud forms from the lower to
upper troposphere during the RHI days. The background mixing ratios over the two
ice-covered island stations and the North Canada coast station are lower than those over
the ice edge stations. The background air temperatures are colder than those over the ice
edge stations. For the two ice edge stations, the composite sounding data show that the
RHI day relative humidity increase at station 20744 is larger than that at station 01028 at the
upper troposphere, and the cloud formation criterion is only met below 3000 m at station
01028. However, both the composite GOCCP cloud fraction and the composite vertical
section of the cyclones show a similar large cloud fraction increase and relative humidity
increase above 500 hPa at the two ice edge stations. This inconsistency may arise from the
inconsistency of the cyclone days in the different data sources. For the North Canada coast
station 71957, the composite vertical profile of the sounding data indicates an increase in
cloud at the lower troposphere, which is also indicated by the composite cloud fraction
from the GOCCP data. Because the no-cyclone day cloud fraction reaches a maximum
below 1000 m, the results indicate that middle and high clouds generally increase during
the RHI days. The result is consistent with the composite vertical profile of the cloud
fraction from the GOCCP data and the composite relative humidity distribution in the
vertical section of the cyclones.

The average atmospheric conditions during the RHD days are characterized by a
mixing ratio decline and relative humidity decline from the upper troposphere to near the
surface. As shown in Figure 9, the middle troposphere low relative humidity lies both at
the cold core with strongest cold dry air sinking and at the warm core near the narrow
branch of upward vertical velocity maximum. Therefore, the RHD days are the cyclone
days when the station is under the influence of both the cold core and the warm core
of the cyclone. Since, as shown in Figure 9, the cold core air sinking is much stronger
than the warm core air rising, the composited RHD day vertical velocity exhibits sinking
or weak rising (Figure 10(a4–e4)). Due to the significant mixing ratio decrease and air
temperature decrease, or moderate mixing ratio increase and air temperature increase, the
cloud formation criterion cannot be met at the middle troposphere. It can only be met
at some heights below 2000 m. Thus, only low cloud forms. This condition is similar to
the cloud condition during the no-cyclone days (the background condition). Moreover,
compared to the cloud fraction distribution during the no-cyclone day, the cloud formation
condition under 1000 m is significantly suppressed during the RHD days at all of the five
stations due to a large mixing ratio decrease. This indicates that clouds under 1000 m
decrease during the RHD days, especially under 500 m.

In order to show the total impacts of cyclones on local cloud formation conditions,
we further calculated the percentages of the RHI days and the RHD days. The result
(Figure 11) indicates that the RHD/RHI days occupy nearly 60%/40% of the total cyclone
days at the island stations in the Barents Sea (station 20744, station 01028 and station 20046),
respectively, and the percentage of the RHD days is larger than 70% at the land coast
stations (station 71957 and station 21432). The above results indicate that the RHD/RHI
days respectively constitute the major/minor fraction of the total cyclone days—a result
that is consistent with the composite vertical air condition section of the cyclone fields
(Figure 9). The result shows that the maximum relative humidity increases consistently
from the near surface to upper troposphere in the narrow region of maximum rising,
a condition that corresponds to the RHI days, whereas in the broad region outside the
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maximum rising branch, the relative humidity only increases below 800 and above 400 hPa,
which corresponds to the RHD days.
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During no-cyclone days, the background clouds mostly exist as low clouds over the
Arctic with the maximum cloud fraction at 500–2000 m; therefore, almost no middle or high
clouds appear during no-cyclone days (Figure 7). It is clear that, when taking both the RHI
days and RHD days into consideration, the occurrence of cyclones leads to an increase in
the middle- to high-level clouds over the Arctic. Nevertheless, whether low clouds increase
or decrease depends on the impacts of cyclones during the RHI days and during the RHD
days, since the former facilitates low cloud formation conditions and the latter suppresses
them. Because the percentage of the RHD days is significantly larger than that of the RHI
days, the occurrence of cyclones generally results in a decrease in low clouds. However, the
resulting change in the cyclone-induced vertical cloud fraction distribution also depends
on the background cloud fraction distribution. Though low clouds dominate over the
Arctic during no-cyclone days, as shown in Figure 7, the background vertical distributions
of low cloud are different among the five stations with different land surface conditions.
Clouds over the ice edge stations appear at a much higher height than those over the sea
ice-covered stations. Therefore, the correlation between low clouds and cyclones is more
complex over the ice edge stations. Generally, cyclone-induced low cloud suppression
should be more significant over the sea ice-covered stations than that over the ice-covered
stations. This partly explains the cloud fraction difference between the cyclone days and
no-cyclone days shown in Figure 7a–e, and explains the negative correlation between the
cyclone frequency and the low cloud fraction over the ice-covered Arctic Ocean in Figure 4.

5. Conclusions

Based on the CERES data and the ERA5 reanalysis data, the statistical results show a
relatively stable positive correlation between the Arctic middle cloud fraction and Arctic
cyclone frequency in autumn. Conversely, the low cloud fraction and the cyclone frequency
have the opposite trends and a negative inter-annual correlation between low cloud fraction
and cyclone frequency over several regions of the Arctic during autumn in the period 2001–
2017. However, the relationship between Arctic low clouds and cyclones is unstable, and
it changes with location and data source. The continuous vertical section of the daily
correlation between the zonal mean cloud fraction and cyclone frequency based on the
ERA5 data north of 60◦ N indicated that a significant negative correlation between cyclone
frequency and cloud fraction exists below 900 and above 300 hPa, and a positive correlation
exists between cyclone frequency and cloud fraction in the middle troposphere. From
65◦ N to 90◦ N, the height of the negative correlation between cloud fraction and cyclone
frequency decreases with latitude. At the latitudes north of 70◦ N, the cyclone frequency is
negatively correlated with cloud fraction, but only below 975 hPa (below almost 500 m).

The influence of cyclones on cloud fraction was further investigated at the five selected
stations. Over all of the five stations, the climatological vertical distribution of autumn
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cloud fraction peaks at a height between 500 and 2000 m. The cloud fraction decreases
significantly with height, except for at the warmer ice edge station 01028, where the cloud
fraction has its secondary maximum near 7000 m. The cloud fraction maximum over the
ice-covered island stations (21432, 20046) peaks near 500 m and with a larger cloud fraction
below 500 m, which is located at a lower altitude than over the ice edge stations. The
climatology cloud fraction over the north coast of Canada is smaller than that over the other
four stations. The composite cyclone day cloud fraction significantly increases from 2000 to
5000 m at all of the five stations, whereas the cloud fraction above 5000 m increases more
significantly at the ice edge stations. The cloud fraction during cyclone days decreases
below 2000 m.

The cyclone-centered composites show that the ascending/descending region is con-
sistent with the region of high/low relative humidity. For most of the cyclones, high
relative humidity air is constrained below 800 and above 400 hPa; thus, the low relative
humidity air of the middle troposphere covers the low troposphere’s high relative humidity
air—a condition that favors the formation of low clouds. In contrast, in the narrow area
with maximum upward vertical velocity, the relative humidity increases from the low
troposphere to the high troposphere due to the adiabatic cooling of the humid rising air.
For cyclones near the ice edge island stations and the North Canada coast station, due
to the stronger vertical motion and the relatively high background air temperature, the
relative humidity outside the strong rising region is lower than that in the cyclones near
the ice-covered island stations.

In view of the vertical distributions of cyclone day local air condition composites, the
cyclone days clearly show the category of vertically consistent relative humidity increase
and the category of relative humidity decrease at some vertical heights, named the RHI
days and RHD days, respectively, in this study. The RHI days are characterized by strong
air rising from the surface to the upper levels, an air temperature increase, a mixing ratio
increase, and a relative humidity/dew point deficit increase/decrease from the surface to
upper troposphere over the five stations, which is consistent with the narrow strong air
rising region in the composite vertical section of cyclones. The atmospheric conditions in
the RHI days lead to an improvement in the cloud formation condition from the lower
troposphere to the higher troposphere, which implies an increase in low, middle, and high
clouds. During the RHD days, the composite local atmospheric conditions are characterized
by sinking or weak rising and a decrease in air temperature and mixing ratio, a result that
represents the mean conditions of the low relative humidity region in Figure 9. Due to the
cold dry air intrusion or vertical heat advection inducing air temperature increase and rela-
tive humidity/dew point deficit decrease/increase below 1000 m, the low cloud formation
is suppressed. Though the relative humidity/dew point deficit may increase/decrease,
the cloud formation criterion is not met. Therefore, taking into account both the RHI days
and the RHD days, it is clear that the occurrence of cyclones leads to an increase in the
middle- to high-level clouds over the Arctic, because the no-cyclone day middle and high
cloud fraction is very small. However, whether low clouds increase or decrease depends on
the impacts of the cyclones during the RHI days and during the RHD days. The heat and
water vapor transport of cyclone circulation leads to the increase and decrease of relative
humidity (Figure 9). Because the percentage of the RHD days is significantly larger than
that of the RHI days, the occurrence of cyclones generally results in a decrease in low
clouds. In RHD, the sinking of dry and cold air leads to the increase in the temperature dew
point difference, especially below 500 m, so a reduction in the cloud layer occurs below
500 m and is more intense at ice covered stations and colder ice edge stations.

The resulting cyclone-induced vertical cloud fraction distribution change also depends
on the background cloud fraction distribution. Under the condition of climatology and
unaffected by cyclones, the cloud system at each station is dominated by low clouds, which
are mainly distributed below 1000–2000 m. In addition, the sea ice surface is more prone to
low cloud formation, which is consistent with the cloud cover synthesis results (Figure 6).
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Because clouds over the ice edge stations appear at much higher levels, cyclone-induced
low cloud suppression is more significant over the sea ice-covered stations.

6. Discussion

The study sought to tackle a key question of how the Arctic clouds respond when
cyclones appear in the Arctic. Existing studies on Arctic clouds mostly focus on the
influence of Arctic sea ice changes on clouds and the influence of atmospheric boundary
layer structure, atmospheric water vapor content, and temperature changes caused by sea
ice changes on clouds [3,54,55]. However, with the increase in Arctic cyclone activity [56],
the cyclone has become an important factor affecting the cloud cover and cloud distribution
in the Arctic. Several previous studies suggest a decrease in low cloud and an increase in
mid-cloud in the Arctic [17,20,22]. However, few studies provide the physical processes
behind this phenomenon. This study discusses the issue by combining satellite, local
sounding, and reanalysis and shows the asymmetry between humidity increases and
decreases during the cyclone day, which has not been discussed in the previous studies.
Our study focuses on the analysis of the differences in the vertical distribution of cloud
caused by the differences in the velocity field, water vapor temperature, and humidity
characteristics of cyclones on different underlying surfaces. In the Arctic, the warming
from ice-free ocean or warm southerly intrusion leads to a stronger increase in the cyclones,
which causes a strong adiabatic cooling and a marked reduction in upper altitude relative
humidity and cloud fraction. This is an important finding for understanding the cloud–
cyclone interaction in the Arctic region. The results in this paper clearly support this
and provide a plausible explanation. The importance of autumn cloud–ice feedback
deserves more research, as Arctic autumn clouds are even less studied than spring and
summer clouds.

The differences in the correlation between cyclones and clouds arise from both the
local surface conditions and the characteristics of cyclones. The moisture content and
distribution in cyclones, the circulation pattern, and the thermal structure of cyclones have
impacts on clouds. Atmospheric circulations also have impacts on cloud distribution. The
source of water vapor from the horizontal advection of the atmosphere is important for
cloud formation [57,58]. Eastman and Warren pointed out that when the atmospheric water
vapor is limited in autumn, the positive phase of the AO (Arctic oscillation) can increase
the water vapor transport to the pole, and changes in sea ice distribution caused by surface
wind anomalies related to AO may also affect the autumn cloud cover [17]. The impacts
from different cyclones and also the background large-scale circulations on clouds are
important and complex. We will further explore these issues in future studies. Due to the
limitations of observation in the Arctic region, the role of cloud radiation effects in the
Arctic system has always been difficult to study. Studies have shown that the variation of
downward long-wave radiation affects the variation of Arctic sea ice [59–61]. Low-level
Arctic liquid clouds play an important role in the radiation balance of multi-year sea ice
surface [62]. Changes in the surface radiation balance caused by reduced Arctic low clouds
clearly cannot be ignored. The analysis of radiosonde stations should also continue, and
the type of radiosonde instruments at each site is likely to influence the comparison results.
Hori et al. explored temperature deviations at two Russian sites (Baranova and Fedorova),
suggesting that they depend on the type of radiosonde, particularly the middle and upper
troposphere [63]. ERA-Interim showed significant surface warming over the Arctic [59,64],
which would undoubtedly affect the conditions for water vapor condensation and cloud
formation by changing the saturated water vapor pressure. In other words, attention should
also be paid to the role of atmospheric temperature and humidity background changes in
the Arctic in low cloud changes.
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