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Abstract. The occurrence of events with increased and de-
creased integrated water vapor (IWV) at the Arctic site
Ny-Alesund, their relation to cloud properties, and the sur-
face cloud radiative effect (CRE) is investigated. For this
study, we used almost 2.5 years (from June 2016 to Oc-
tober 2018) of ground-based cloud observations processed
with the Cloudnet algorithm, IWV from a microwave ra-
diometer (MWR), long-term radiosonde observations, and
backward trajectories FLEXTRA. Moist and dry anomalies
were found to be associated with North Atlantic flows and air
transport within the Arctic region, respectively. The amount
of water vapor is often correlated to cloud occurrence, pres-
ence of cloud liquid water, and liquid water path (LWP) and
ice water path IWP). In turn, changes in the cloud proper-
ties cause differences in surface CRE. During dry anoma-
lies, in autumn, winter, and spring, the mean net surface CRE
was lower by 2-37 W m~2 with respect to normal conditions,
while in summer the cloud-related surface cooling was re-
duced by 49 W m™2. In contrast, under moist conditions in
summer the mean net surface CRE becomes more negative
by 25 W m™2, while in other seasons the mean net surface
CRE was increased by 5-37 Wm™2. Trends in the occur-
rence of dry and moist anomalies were analyzed based on
a 25-year radiosonde database. Dry anomalies have become
less frequent, with rates for different seasons ranging from
—12.8 % per decade to —4 % per decade, while the occur-
rence of moist events has increased at rates from 2.8 % per
decade to 6.4 % per decade.

1 Introduction

It is well known that during the past three decades the Arc-
tic climate has been drastically changing. The change in the
annual near-surface temperature over the Arctic region has
been found to be a factor of 2 to 3 larger compared to the
global average (IPCC, 2007; Solomon et al., 2007; Wendisch
et al., 2017). In the period from 1998 to 2012, the temper-
ature increase in the Arctic was persistent and in contrast to
the “hiatus” in global warming discussed in a number of stud-
ies (Wei et al., 2016; Huang et al., 2017).

This amplification of warming in the Arctic is caused
by several feedback mechanisms. Among them are the re-
duced sea-ice extent and high sea surface temperature (Ser-
reze et al., 2011; Hegyi and Taylor, 2018), changes in atmo-
spheric circulation (Maturilli and Kayser, 2017a; Overland
et al., 2016; Overland and Wang, 2016; Wu, 2017) and en-
ergy transport (Graversen and Burtu, 2016; Hwang et al.,
2011), surface albedo effect (Graversen et al., 2014), in-
creased greenhouse effect of water vapor, and clouds (Yoshi-
mori et al., 2017).

The analysis of contemporary climate models shows that
on average the mean cloud feedback is one of the major
mechanisms opposing the Arctic amplification from a top-of-
atmosphere (TOA) perspective with a relatively small contri-
bution to the warming at the surface (Pithan and Mauritsen,
2014). Modeling of the cloud impact on the Arctic amplifi-
cation is still uncertain (Pithan and Mauritsen, 2014; Hwang
et al., 2011; Taylor et al., 2013) due to a large number of
microphysical processes (Morrison et al., 2012), complex
relations between clouds, and other feedback mechanisms
of the Arctic climate (Graversen and Burtu, 2016; Hwang
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et al., 2011). As a result, some models underestimate the
amount of super-cooled liquid water (Sandvik et al., 2007;
Nomokonova et al., 2019a), which may lead to a bias in the
surface temperature ranging from —7.8 to 0°C (Kay et al.,
2016; Miller et al., 2017).

Properties of Arctic clouds are significantly affected by
air masses transported from the mid-latitudes (Graversen and
Burtu, 2016; Hwang et al., 2011). A number of studies have
already related the air transport and atmospheric rivers to the
amount of water vapor, cloud properties, and the radiation
budget (Hwang et al., 2011; Boisvert et al., 2016; Mortin
et al., 2016; Sedlar and Tjernstrom, 2017; Hegyi and Taylor,
2018). Hegyi and Taylor (2018) reported that the episodes
of poleward atmospheric water vapor transport are associ-
ated with periods of increased water vapor and cloud cover
resulting in enhanced downwelling longwave surface fluxes
and reduced surface cooling efficiency. A limited number of
studies show that air transportation patterns may influence
phase partitioning and the amount of liquid in Arctic clouds
(Qiu et al., 2018; Tjernstrom et al., 2019).

A number of studies focus on observations at Ny-Alesund
located in the Svalbard region (Wendisch et al., 2019; Ma-
turilli et al., 2013; Maturilli and Ebell, 2018; Yeo et al.,
2018), an Arctic area where air masses transported from the
lower latitudes bring more moisture in comparison to the rest
of the Arctic (Dahlke and Maturilli, 2017; Mewes and Jacobi,
2019). The Svalbard region is also located in the area with the
highest warming temperature trend in the Arctic (Susskind
etal., 2019). Ny—Alesund is located on the coastline of Sval-
bard, and thus its climate is significantly influenced by di-
abatic heating from the warm ocean (Serreze et al., 2011;
Mewes and Jacobi, 2019) and by the surrounding orography
(Maturilli and Kayser, 2017a).

Dahlke and Maturilli (2017) analyzed the air mass trans-
port in Ny-Alesund in winter seasons from 1996 to 2016. The
authors showed an increasing air mass transport through the
North Atlantic pathway and reducing flow from the north.
Yeo et al. (2018) investigated how the advection of warm
and cold air masses affects cloudiness, longwave fluxes at
the surface, and near-surface temperature at Ny—Alesund dur-
ing winter. The authors analyzed a 10d period in February
with alternating warm and cold conditions related to distinct
circulation patterns. During cold periods Yeo et al. (2018)
observed a reduced cloudiness and downwelling longwave
flux of 200230 W m~2. In contrast, warm periods were as-
sociated with cloud occurrence close to 100 % and enhanced
downwelling longwave flux of 300 W m~2. Since the author
studied only a short period, an analysis of longer cloud ob-
servations is still needed.

In this study the main scientific question is twofold,
namely how periods of increased and decreased integrated
water vapor (IWV) influence cloud appearance at Ny-
Alesund and how this influence affects the cloud radiative
effect. Even though only IWV is considered in this study,
cloud formation and development also depend on a number
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of other factors such as aerosol load and chemical composi-
tion (Baustian et al., 2012; Murray et al., 2012; Wex et al.,
2019), dynamics (Korolev and Field, 2008; Schmidt et al.,
2014), influence of surface layer (Morrison et al., 2012) and
local orographic effects (Houze, 2012), and other processes.
The analysis of these factors is out of the scope of this study.
We used ground-based cloud observations at Ny-Alesund.
Instrumentation and data products used in this study are pre-
sented in Sect. 2. The definition of warm and/or cold and
moist and/or dry anomalous periods is described in Sect. 3.
In Sect. 4, the occurrence of different types of clouds, cloud
properties, and their radiative effect are analyzed and related
to the anomalous periods of IWV and atmospheric tempera-
ture. Finally, the discussion of the results and the summary
are given in Sect. 5.

2 Instrumentation and data products

This study is based on thermodynamic and cloud measure-
ments from a set of passive and active remote sensors con-
tinuously running at the AWIPEV observatory, operated by
the Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research (AWI) and the French Polar Institute Paul-
Emile Victor (PEV). Within the Transregional Collaborative
Research Center TRR 172 (AC)? on Arctic Amplification,
the instrumentation at the AWIPEV was complemented by
a Doppler cloud radar in June 2016. The analyzed period
ranges from June 2016 to October 2018, when continuous
cloud radar observations were available at the AWIPEV ob-
servatory. In addition to ground-based observations, we also
used a number of observation and modeling products char-
acterizing clouds, air transportation, and radiation budget.
Most of instrumentation and products are the same as in
Nomokonova et al. (2019a) and, therefore, only briefly de-
scribed in the following section.

2.1 Microwave radiometer observations

The humidity and temperature profiler (HATPRO; Rose
et al., 2005) has been operated at the AWIPEV station since
2011. HATPRO is a 14-channel microwave radiometer that
measures brightness temperatures (TBs) at K-band (22.24-
31.40 GHz) and at V-band (51.26-58 GHz) frequencies with
a temporal resolution of 1-2s. The TBs measured at K-band
are used for retrievals of the integrated water vapor (IWV),
liquid water path (LWP), and humidity profiling. The V-band
channels are located along the oxygen absorption complex at
60 GHz and are used for vertical temperature profiling. For
this study we used temperature profiles, IWV, and LWP re-
trieved as described in Lohnert and Crewell (2003). The re-
trievals were recently adapted for an operation at Ny-Alesund
(Nomokonova et al., 2019a). HATPRO measures continu-
ously but cannot provide reliable information during rain
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conditions when the radome of the instrument is wet. In these
cases, data are flagged and excluded from the analysis.

2.2 Ceilometer

Since 2011 a Vaisala ceilometer CL51 has been operated at
the AWIPEV observatory (Maturilli and Ebell, 2018). The
ceilometer emits pulses at 905 nm wavelength and measures
atmospheric backscatter with a temporal resolution of about
10s and a vertical resolution of 10 m. The maximum profil-
ing range is 15 km.

The ceilometer is sensitive to the surface area of the scat-
terers and is thus strongly affected by high concentrations
of particles like cloud droplets and aerosols (Hogan et al.,
2006). On the one hand, it is thus well suited to detect liquid
layers and cloud base heights. On the other hand, the near-
infrared signal is significantly attenuated by liquid layers.
Therefore, the ceilometer often cannot detect cloud particles
above the lowest liquid layer when optical depth exceeds a
value of around 3. Therefore, for this study we used a cloud
base height which is the lowest altitude of cloud boundary
detected by ceilometer.

2.3 Cloudnet products

The Cloudnet algorithm suite (Illingworth et al., 2007) run-
ning at Ny-Alesund combines observations from a Doppler
cloud radar, Vaisala ceilometer CL51 (Maturilli and Ebell,
2018), HATPRO, and thermodynamic profiles from a numer-
ical weather prediction (NWP) model.

In this study we used the target categorization, which is a
standard product of Cloudnet. This product has a temporal
and vertical resolution of 30s and 20 m, respectively. The
Cloudnet categorization was used for the cloud classifica-
tion as described in Nomokonova et al. (2019a). In addition,
based on the target categorization for cloud regions with ice
particles we calculated the ice water content (IWC) based on
radar reflectivity factor Z and environment temperature ac-
cording to Hogan et al. (2006). More detailed descriptions of
the used Cloudnet products and their uncertainties are given
in Nomokonova et al. (2019a).

2.4 Radiosonde observations

Radiosondes at the AWIPEV station have been launched at
least once per day since 1993 (Maturilli and Kayser, 2017a).
Since June 2006 the radiosonde data have been routinely
processed by a GRUAN version 2 data processing algo-
rithm (Sommer et al., 2012; Maturilli and Kayser, 2017a).
More details on the radiosonde dataset can be found in Ma-
turilli and Kayser (2016, 2017b). In the present study the ra-
diosonde data for the period from 1993 to 2018 were used
to analyze the long-term changes in IWV. Values of IWV
retrieved from a microwave radiometer (MWR) were com-
pared with ones derived from radiosondes for the period from
2011 to 2017 when both observations were available. The
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IWV from MWR was averaged over 15 min intervals after
radiosonde launch. The results of the comparison are shown
in the Supplement (Fig. S1) and are in good agreement with
the root mean squared difference of 0.56 kg m~2.

2.5 Surface cloud radiative effect

The surface cloud radiative effect (denoted as CRE through-
out the study), which was analyzed for the different humidity
conditions, was derived from the broadband radiative transfer
calculations by Ebell et al. (2020) with the Rapid Radiative
Transfer Model for General Circulation Models (RRTMG)
(Mlawer et al., 1997; Barker et al., 2003) for the analyzed pe-
riod at Ny-Alesund. The model provides vertically resolved
shortwave (SW) and longwave (LW) upward and downward
fluxes and heating rates. In this study CRE is calculated as
follows:

CRE:(FL_FT)_(FLclr_FTclr): (D

where F| and F) are downwelling and upwelling all-sky
fluxes at the surface, respectively. Fcr and Fjr are sur-
face downwelling and upwelling fluxes, which would be the
case if the sky were cloud free. LW, SW, and net fluxes from
the model are used in Eq. (1) for the calculation of LW, SW,
and net CRE, respectively. Ebell et al. (2020) estimated the
uncertainties in CRE using 10 min averaged fluxes observed
by the baseline surface radiation network (BSRN). The un-
certainties in CRE depend on averaging time. For time peri-
ods ranging from days to months, which are analyzed in this
study, the uncertainties are estimated to be smaller than 6.4,
2.0, and 6.7 W m~2 for SW, LW, and net CRE, respectively.

2.6 Back trajectories FLEXTRA

In order to analyze which patterns in air transportation are
related to episodes of warm and/or cold and moist and/or
dry conditions at Ny-Alesund, we used the output of the
three-dimensional FLEXTRA trajectory model version 3.0
(Stohl et al., 1995; Stohl and Seibert, 1998; Stohl, 1998).
The calculations of the trajectories are based on opera-
tional analysis data from an NWP model by the European
Centre for Medium-Range Weather Forecasts (ECMWF),
with the initialized analyses every 6h (at 00:00, 06:00,
12:00, and 18:00 UTC) and a horizontal resolution of 1.125°.
The temporal resolution of the back trajectories is 3 h.
We used FLEXTRA files (see https://projects.nilu.no//ccc/
trajectories/, last access: 29 April 2020, for detailed informa-
tion) generated for the Zeppelin Station (78.9° N 11.88° E),
with an arrival height of 1500 m and going back 6d. Since
Ny—Alesund is surrounded by up to 1000 m high mountains,
the arrival height of 1500 m altitude was chosen in order to
avoid orographic effects in the large-scale air transport.
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3 Definition of periods with increased and/or decreased
moisture and temperature

In this study we analyze 6 h periods with distinct values of
temperature and IWV. In order to decide whether a period
is associated with a particularly high (low) value of water
vapor and temperature, we use a dataset of 6-hourly mean
values of IWV and temperature at 1450 m from HATPRO
for the period from 2011 to 2018 (this period is used as ref-
erence throughout the study). The 1450 m HATPRO range
bin was chosen to account for the large-scale transport rather
than local effects which are related to the orography around
Ny-Alesund (Maturilli and Kayser, 2017a). This altitude is
also the closest to the arrival height of the FLEXTRA back
trajectories. Since the atmospheric conditions vary through-
out a year, we calculated the 10th and 90th percentiles of
the temperature and IWV for each month using the reference
dataset (Fig. 1). The percentiles of IWV and 1450 m temper-
ature are used as thresholds for the event classification. If a
6 h period has a mean IWV value below the 10th or above the
90th percentile, it is considered as dry (“—IWV”) or moist
(“4+IWV?”), respectively. Otherwise it is assumed that the
value of water vapor for this period is normal (“IWV”’). Sim-
ilarly, the 1450 m temperature periods “—7” and “+7” were
defined. As many studies consider water vapor as a driver of
changes in radiative properties of the Arctic atmosphere, we
use IWV as an indicator of anomalous periods. A normal pe-
riod is denoted as “IWV” and an anomalous period is one
with “—IWV” (dry anomaly) or “+IWV” (moist anomaly),
regardless of which temperature class the period has.

4 Results and discussion

4.1 Consistency check of the defined anomaly periods
with existing studies

A number of studies have shown that positive and negative
anomalies in IWV often result from horizontal transport of
air masses from mid-latitudes and Arctic latitudes, respec-
tively (Maturilli and Kayser, 2017a; Dahlke and Maturilli,
2017; Mewes and Jacobi, 2019; Wu, 2017). Therefore, in
order to evaluate the definition of anomalous conditions at
Ny-Alesund given in Sect. 3, paths of air masses were an-
alyzed. We identified all 6-hourly periods with an anomaly
class from June 2016 to October 2018. For each 6-hourly pe-
riod we found a FLEXTRA back trajectory with time when
it reaches Ny-Alesund corresponding to the beginning of the
6-hourly period. Figure 2 shows 6 d trajectories with the end
point in Ny—/&]esund for “—IWV” and “+IWV” anomalies
in different seasons. As expected, the occurrence of moist
anomalies (“+IWV”, red lines in Fig. 2) is associated with
the air transport from the south, while the dry anomalies
(“—IWV”, blue lines in Fig. 2) are related to the air com-
ing from the north. There is a slight difference between the
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seasons. In winter (December, January, and February) and
spring (March, April, and May), dry air typically comes from
north of Russia over the North Pole region and northern
Greenland. In summer (June, July, and August), dry anoma-
lies are associated with air coming from the northern part
of Canada and Greenland. In autumn (September, October,
and November) during dry anomalies air masses come from
the areas north of Greenland and Russia. Wet anomalies are
mostly driven by the air advected from the North Atlantic. In
autumn and summer, a large part of moist events originates
from the Scandinavian region and Barents Sea. The trans-
port pathways for “—7 —IWV” and “4+T +IWV” events
(not shown) are generally similar to those of “—IWV” and
“+IWV?”, respectively, which is in agreement with the results
found by Mewes and Jacobi (2019), who showed that the air
transport from the North Atlantic sector is typically associ-
ated with a positive temperature anomaly, while the transport
from Siberia and the North Pacific is connected to a negative
temperature anomaly in the Arctic.

Table 1 summarizes the occurrence of different types of
periods for the analyzed period from June 2016 to Octo-
ber 2018. The occurrence of moist anomalies in winter and
summer for the analyzed period is nearly the same as for
the reference period, when, according to our definition, the
occurrence of moist and dry anomalies was 10 %. In spring
and autumn the occurrence is 8 % and 14.2 %, respectively.
The increase in occurrence of moist anomalies during the
polar night season of 20162017 was recently reported by
Hegyi and Taylor (2018). The authors analyzed the whole
Arctic region and related the increase to more frequent mois-
ture intrusions from the Atlantic and Pacific regions. Our re-
sults show that the occurrence of dry anomalies is about 8 %
for winter and autumn. In spring and summer, dry anoma-
lies were observed about 13 % of the time. Periods with the
“+T +IWV” anomaly take a major part (about 67 %) of all
moist anomalous cases (not shown). In contrast, occurrence
of “—T —IWV” periods is only about 35 % of all dry anoma-
lies in all seasons except winter, when the occurrence is al-
most 90 % (not shown). Thus, the dry anomalies are not reg-
ularly accompanied by a negative anomaly in temperature,
while the opposite is valid for moist anomalies. Since the
number of cases for temperature anomalies (“+7 +IWV”
and “—T —IWV?”) is relatively low, these types of anomalies
were not considered for the further analysis.

4.2 Cloud occurrence and phase

In this section we show how the anomalous conditions are
related to cloud occurrence. Figure 3 shows the frequency of
occurrence (FOC) of different cloud types during anomalous
and normal conditions. Clouds are present in 70 %—80 % of
cases with normal values of IWV. Among them about a half
are multilayer clouds (MC).

In dry anomalous events, the FOC of clouds ranges from
26 % in spring to 70 % in summer. The decrease in the FOC
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the back trajectories pathways.

of clouds is mostly caused by less frequent MC, whose oc-
currence in “—IWV” conditions drops by a factor of 2 to 4.
Higher availability of water vapor (“4+IWV”) leads to an in-
crease in FOC of clouds up to 90 %-99 %. The increase is
mostly caused by changes in MC, while the FOC of single-
layer clouds (SC) is not much affected.
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Since the phase composition of clouds affects SW and LW
radiative properties of clouds (Ebell et al., 2020), we also
analyzed the occurrence of different types of hydrometeors
in the atmospheric column (Fig. 4). In general, profiles with
liquid phase (sum of green and orange columns in Fig. 4) oc-
cur more often during moist periods and less often during
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Table 1. Number of 6-hourly periods with increased (“+IWV”) and decreased (“—IWV”’) IWV for the whole period of cloud observations
from 2016 to 2018 and for different seasons. “IWV” corresponds to periods with normal IWV values, regardless which T class the period
has. The percentage (%) values are with respect to all 6-hourly periods included in the study. See text for more details.

Type of period Winter, Spring, Summer, Autumn, All seasons,
n cases (%) ncases (%) ncases (%) ncases(%) ncases (%)
+IWV 61 (10.9) 47 (8.0) 82 (10.0) 102 (14.2) 292 (10.9)
wv 456 (81.1) 465 (78.9) 623 (76.1) 563 (76) 2107 (78.4)
=\ A% 45 (8.0) 77 (13.1) 114 (13.9) 53(7.4) 289 (10.7)
(a) Winter (b) Summer
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Figure 3. Frequency of occurrence of different cloud types for different anomaly periods for winter (a), summer (b), spring (c), and au-
tumn (d). The frequency is normalized to the total number of cases of each anomaly type period. Numbers at the top of bars for each anomaly
type show the number of periods included in the corresponding anomaly type based on a 6-hourly mean IWV and 1450 m temperature. MC
denotes multilayer clouds; SMC, SIC, and SLC stand for single-layer mixed phase, ice, and liquid clouds, respectively.

dry periods. The FOC of liquid-containing profiles during
“+IWV” and “—IWV” was characterized by the change of
more than +30 % and —30 % relative to normal conditions.
In summer the increase in FOC of liquid-containing profiles
between moist and normal periods is less pronounced (8 %).
The increase in FOC of clouds in “+IWV” events was mostly
related to higher occurrence of MC.

Ice-containing profiles (sum of blue and green columns
in Fig. 4) occur more often under “4+IWV” conditions and
less during “—IWV”. The change in ice-containing profiles
is mostly defined by the change in profiles with both lig-
uid and ice (green columns in Fig. 4), since the FOC of the
pure ice phase (blue columns in Fig. 4) varies only slightly

Atmos. Chem. Phys., 20, 5157-5173, 2020

with changes in IWV. Profiles with both liquid and ice phases
(green columns in Fig. 4) have the median cloud top height
and temperature of 1.6 km and —15 °C (not shown), respec-
tively. In the case of pure ice profiles (blue columns in Fig. 4)
the cloud top height and temperature are 3km and —31 °C,
respectively. Thus, ice-containing clouds occurring at higher
altitudes are apparently less affected by IWV anomalies. Gal-
lagher et al. (2018), who investigated the influence of atmo-
spheric circulations on cloud composition in Greenland, sim-
ilarly showed that moist (dry) conditions lead to an increase
(decrease) in the occurrence of mixed-phase clouds, which
are the dominant type of liquid-containing clouds in the Arc-
tic (Shupe et al., 2006). Gallagher et al. (2018) also noted
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that ice clouds are not constrained by circulation types to the
same degree as mixed-phase clouds.

4.3 Liquid and ice water path

Moist and dry anomalies influence not only the cloud oc-
currence and composition but also water content. We there-
fore link LWP and IWP to the different types of anomalies
(Fig. 5). Note that LWP and IWP were only calculated for
liquid-containing and ice-containing profiles, respectively.
Clear sky cases were not included in the statistics of LWP
and IWP.

Following the changes in the occurrence of liquid-
containing and ice-containing clouds, LWP and IWP increase
under moist conditions and decrease under dry conditions.
The “+IWV” anomalies cause an increase in mean LWP by
a factor of 1.5-2.0 relative to normal conditions and also in-
crease the variability in LWP. During dry anomalies, mean
LWP is significantly lower and does not exceed 12 gm™2 in
winter and spring. In summer and autumn during dry condi-
tions mean LWP is not higher than 94 g m~2. Gallagher et al.
(2018) recently showed that atmospheric circulation types
associated with enhanced water vapor in Greenland often led
to increased LWP. The authors also showed that the opposite
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is valid for dry conditions, when decreased values of LWP
are more likely.

Moist anomalies correspond to an increase in mean IWP
by a factor of 3 relative to normal conditions in winter and
spring, and by a factor of 2 in summer and autumn. In winter
and spring, dry conditions decrease mean IWP by an order
of magnitude, which may be related to a strong reduction in
the occurrence of ice-containing clouds and less efficient ice
particle growth during “—IWV” events. In contrast, during
summer and autumn, mean IWP is reduced by a factor of
1.3.

Thus, the results reveal a strong impact of the anomalous
periods on LWP and IWP, particularly in winter and spring.
Even though mean IWP values during normal conditions are
nearly the same in winter and autumn, relative changes in
IWP caused by dry and moist anomalies differ drastically
between the two seasons. In winter, wet and dry conditions
lead to a 3-fold increase and 10-fold decrease, respectively.
In autumn the increase in mean IWP is about factor of 2 dur-
ing wet conditions, and during dry conditions the mean IWP
does not decrease. Since the anomaly type cannot fully ex-
plain this effect, it is probably also related to other factors
such as differences in aerosol load, the impact of local ef-
fects due to the surrounding orography, and an influence of
the ocean. For instance, the seasonal change in the aerosol
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Figure 5. LWP (a) and IWP (b) for different anomaly periods and
different seasons. Boxes indicate the 25th and 75th percentiles. Up-
per and lower whiskers show the 95th and 5th percentiles. The white
boxes include all cases within a season. Mean (median) values are
shown by the orange in black (black) circle marker.

type affects the activation ability of cloud condensation nu-
clei (CCN) and ice nuclei (IN) efficiency in the Svalbard re-
gion, which in turn influences the cloud formation. In addi-
tion, the reduction in sea ice around the Svalbard archipelago
and on the fjords may lead to more evaporation and therefore
affect cloud conditions. Since Ny—Alesund is surrounded by
mountains up to 800 m, the air flow is influenced by the local
orography in the lowest 1 km altitudes (Maturilli and Kayser,
2017a) and, thus, might have an impact on cloud formation
and on cloud properties. Note that the influence of local ef-
fects and aerosols is not analyzed within this study.

4.4 Surface cloud radiative effect

In the previous sections, we showed that water vapor anoma-
lies affect cloudiness and the amount of liquid and ice in a
column which will also influence the CRE at the surface at
Ny-Alesund. Figure 6 summarizes the surface SW, LW, and
net CRE for different anomaly periods. Values of LW CRE at
Ny—Alesund from June 2016 to October 2018 are in the range
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Figure 6. LW (a), SW (b), and net cloud radiative effect (¢) at the
surface for different anomaly periods and different seasons. Boxes
indicate the 25th and 75th percentiles. Upper and lower whiskers
show the 95th and 5th percentiles. The white boxes include all cases
within a season. Mean (median) values are shown by the orange in
black (black) circle marker.

from 0 to 85 W m~2 and agree with the cloud occurrence and
amount of liquid in a column (Ebell et al., 2020). The large
variability of LW CRE distributions (Fig. 6a) is explained by
their bimodality (Shupe and Intrieri, 2004) as follows: clear
sky cases and profiles with ice only are characterized by no or
low LW CRE, while for liquid containing clouds LW CRE is
typically high with values from 50 to 85 W m~2 (Ebell et al.,
2020). The upper limit of LW CRE corresponds to clouds
with LWP > 50 g m~2 and/or IWP > 150 gm~2 (Miller et al.,
2015; Ebell et al., 2020).

During moist anomalies the mean LW CRE increased to
60—70 W m~2 in winter, spring, and autumn. Thus, the mean
LW CRE, enhanced under moist anomalies in winter, spring,
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and autumn, can exceed the typical mean LW CRE in sum-
mer (Fig. 6a, white box). This increase in mean LW CRE due
to moist anomalies in winter, spring, and autumn is associ-
ated with high cloud occurrence, which mostly exceeds 90 %
under moist conditions. In addition, “+IWV” cases are typ-
ically characterized by high mean LWP and IWP exceeding
90 and 200 g m~2, respectively. In contrast to other seasons,
in summer the mean LW CRE during moist anomalies is not
higher than under normal conditions due to several factors.
First, cloud occurrence does not change much between nor-
mal and moist conditions in summer. Second, in summer the
clouds often emit LW radiation as black bodies, and therefore
an increase in LWP and/or IWP does not essentially affect
their LW radiation. Moreover, a similar LW CRE in summer
between moist and normal conditions may be caused by the
influence of water vapor in the presence of optically thick
clouds as was previously described by Cox et al. (2015). The
authors analyzed data from radiative transfer simulations and
observations obtained at Barrow, Summit, and Eureka. They
found that the increase in amount of atmospheric water va-
por particularly between a cloud and the surface diminishes
the impact of the infrared radiance emitted from the cloud
due to more absorption and emission by water vapor itself.
They showed that at constant temperature for higher relative
humidity LW CRE is typically lower because of less cloud
emission passing to the surface through the atmosphere be-
low the clouds. Ebell et al. (2020) identified a similar effect
at Ny-Alesund, where the decrease in LW CRE at the surface
for higher IWV corresponds to clouds with LWP exceeding
300 gm~2. In general, relative humidity at Ny-Alesund is
high in summer (Maturilli and Kayser, 2017a; Nomokonova
et al., 2019a). Moreover, in “+IWV” cases we would expect
even higher values of relative humidity.

Dry anomalies correspond to a reduction of the mean
LW CRE to 5-11Wm~2 in winter and spring and to 29—
32 W m~? in summer and autumn. Hence, the dependence of
the mean LW CRE on IWV is more pronounced in winter
and spring than in autumn and especially in summer. Such
behavior, though, is not directly related to changes in IWV
itself but rather to coupling of the changes in IWV to cloud
properties. As it was previously shown, dry anomalies are
associated with reduced cloud occurrence, amount of liquid-
containing clouds, LWP, and IWP, while increased values
of these parameters are related to moist periods. In summer
the cloud properties during dry anomalies do not change as
strongly with respect to normal conditions compared to other
seasons, which may reflect the smaller corresponding change
in LW CRE.

Besides the influence of cloud occurrence and microphys-
ical properties, the LW CRE also depends on the altitude at
which clouds occur. Shupe and Intrieri (2004) and Dong et al.
(2010) showed that the LW CRE increases with decreasing
cloud base height (CBH). Shupe and Intrieri (2004) show that
Arctic clouds with bases below (above) 3 km have median
LW CRE around 45 (20) Wm™2. Figure 7 shows CBH mea-
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Figure 7. Cloud base height of liquid-containing clouds for differ-
ent anomaly periods and different seasons. Boxes indicate the 25th
and 75th percentiles. Upper and lower whiskers show the 95th and
Sth percentiles. The white boxes include all cases within a season.
Mean (median) values are shown by the orange in black (black) cir-
cle marker.

sured by the ceilometer for the analyzed period. Note that
due to the instrument limitations (see Sect. 2.2), which are
related to the attenuation of the ceilometer signal in opti-
cally thick clouds, only the lowest CBH was taken into ac-
count. Throughout a year, CBH is mostly below 2 km. Dur-
ing moist and dry anomalies CBH either does not change or
decreases slightly, which may cause an increase in LW CRE.
However, Yeo et al. (2018), who analyzed the dependence
of LW fluxes measured at Ny—Alesund on CBH, showed that
the mean LW CRE of clouds within the lowest 2km does
not differ by more than 10 Wm™2. Only dry anomalies in
spring and moist anomalies in summer are related to higher
CBH. Taking into account low cloud occurrence during dry
conditions in spring, the increase in CBH should not change
LW CRE much. In summer the increase in CBH during moist
conditions could be another factor (in addition to the effect of
water vapor described above) preventing an increase in LW
CRE.

The SW CRE is only significant when the sun is above
the horizon. Thus, the strongest SW CRE can be found in
summer. Under normal conditions in summer and spring
the mean SW CRE is —115 and —19 W m~2, respectively.
An absolute change in CREgw can generally be caused by
three main factors, namely cloud properties, solar zenith an-
gle (SZA), and surface albedo («). Since the FOC of clouds,
LWP, and IWP varies only slightly, the 6-fold difference in
the mean SW CRE in spring and summer is rather only asso-
ciated with the changes in surface albedo and SZA.

A number of studies have already shown that the surface
albedo can alter the SW CRE at the surface (Shupe and Intri-
eri, 2004; Miller et al., 2015, 2017; Ebell et al., 2020). Ebell
et al. (2020) found that at Ny-Alesund the surface albedo ex-
ceeds 0.8 when the surface is covered by snow and is be-
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low 0.15 in bare tundra. For the analyzed period, the change
in the mean surface albedo between normal conditions and
anomalies does not exceed 10.05 in spring and 0.1 in sum-
mer and autumn. Shupe and Intrieri (2004) showed that SW
CRE is nearly proportional to 1 —«. The changes in SW
CRE between normal and anomalous conditions caused by
the variability in the surface albedo should thus exceed 30 %
in spring and 15 % in summer and autumn.

In addition to the surface albedo, the SW CRE at the sur-
face depends on SZA (Minnett, 1999; Miller et al., 2018).
Ebell et al. (2020) showed that in Ny-Alesund the lowest
SZA, which corresponds to the highest position of the sun,
is in summer with the minimum of 55° in June. In spring val-
ues of SZA are larger. Shupe and Intrieri (2004) have found
that for SZA higher than 70° the shortwave cooling effect of
clouds decreases due to a rapid decrease in solar insolation.
When the sun is high in the sky, the shading effect of the
clouds becomes stronger (Shupe and Intrieri, 2004).

There are two ways SZA can influence differences in SW
CRE between anomalous and normal cases, namely (1) an
anomaly can have a dominant daytime of occurrence, while
normal conditions are uniformly distributed over a day, and
(2) an anomaly can concentrate in a certain part of a season.
In order to check for changes in SW CRE between anoma-
lous and normal cases caused by diurnal cycles of SZA, we
checked whether anomalies have a dominant time of occur-
rence. We found that for the analyzed period normal and
anomalous cases were nearly uniformly distributed among
6-hourly periods (Fig. S2, Supplement), and therefore time
of a day is neglected in the following analysis. In order to
mitigate the remaining effects of SZA due to the sparse dis-
tribution of anomalies over seasons we adopt the approach of
Sengupta et al. (2003) and calculate the normalized SW CRE
at the surface as follows:

CREsw
F¢clr,SW - FTclr,SW '

where CREsw is the surface SW CRE, and Fc,sw and
Fper,sw are downwelling and upwelling SW fluxes at the
surface that would be if the sky were cloud free. Since the
effects of SZA are mitigated in nCREgw, the variability in
mean nCREgw for different anomalies is mainly determined
by the cloud properties and the surface albedo.

Table 2 shows that under normal conditions the mean
nCREgw is —0.31 and —0.59 in spring and summer, respec-
tively. Dry conditions increase the mean nCREgw to —0.4
and —O0.1 in spring and summer, respectively. In moist events
the mean nCREgw decreases below —0.6.

The relative change in CREgw is insusceptible to differ-
ences in SZA but only when anomaly cases are uniformly
distributed over a season. If anomaly cases are uniformly
distributed over a season, we expect no difference in sur-
face albedo between anomaly and normal conditions. Thus,
similar relative changes in CREgw, nCREgw, and near-zero
change in the surface albedo indicate similar SZA conditions

nCREgw = 2)
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for anomaly and normal cases. In contrast, if anomaly cases
are not distributed uniformly over a season, the diversion of
changes in CREgw and nCREgw would show that anomaly
cases were sparsely distributed over a season.

In Table 2 we summarize changes in CREgw, nCREgw,
and the surface albedo related to dry and moist anomalies.
The results show that dry cases are related to positive ab-
solute changes in SW CRE, thus pointing to less efficient
SW surface cooling by clouds relative to normal conditions.
The largest difference of 67.2 W m~2is in summer, when the
clouds can produce the strongest SW shading (Shupe and In-
trieri, 2004; Ebell et al., 2020). In spring and summer CREgw
and nCREgw change by nearly the same factor, and the abso-
lute change in the surface albedo does not exceed 0.05. Simi-
lar relative changes in CREsw, nCREgw and near-zero abso-
lute change in the surface albedo indicate that the difference
in the mean SW CRE is mainly caused by changes in cloud
properties and not by SZA. In autumn CREgw changed by
—94 %, while nCREgw changed by —60 %. The difference in
the relative changes indicates that it is caused by differences
in SZA because dry autumn cases were not uniformly dis-
tributed over the season. The absolute change in the surface
albedo was 0.45. Thus, the difference in SW CRE between
dry and normal cases in autumn was caused by all three fac-
tors, i.e., cloud properties, SZA, and the surface albedo. The
direction of the changes in CREsw is consistent with Shupe
and Intrieri (2004), who showed that an increase in the sur-
face albedo corresponds to a reduction in the cloud-induced
surface SW cooling.

During moist anomalies SW CRE is more negative than
for normal conditions. In summer the relative changes in
CREsw and nCREgw are similar, and the surface albedo is
not altered by more than 0.06. Therefore, we conclude that
the change in the mean SW CRE of —25.6 W m~?2 is mainly
caused by cloud properties. In spring and autumn during
moist conditions the absolute change in the surface albedo
is also relatively low. Nevertheless, the relative changes in
CREsw and nCREgw differ. This indicates that the absolute
change in the mean SW CRE is likely caused not only by
cloud properties but also by SZA.

Gallagher et al. (2018) showed an effect of moist and
dry anomalies on CRE. The authors analyzed the Summit
site in Greenland, where typical IWV values are in the or-
der of 1-3kg m~2 (Pettersen et al., 2018) and thus smaller
than at Ny—Alesund (see Fig. 1). Gallagher et al. (2018) used
data from 2011 to 2015. The authors found that the south-
ern transport pattern, associated with increase in IWV by
0.69 kgm~2, leads to a change in LW and SW CRE of +13
and —3 W m™2, respectively, relative to corresponding typi-
cal values. Since Gallagher et al. (2018) did not analyze sea-
sons separately, we also averaged our results over the whole
analyzed period in order to compare the results. For Ny-
Alesund we found mean differences between “+IWV” and
“IWV” for LW and SW CRE of +21.2 and —10.2W m™2,
respectively. In contrast, a northern circulation pattern in
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Table 2. Absolute and relative changes in CREgw, nCREgw, and surface albedo () related to dry and moist anomalies. The absolute
changes are calculated as a difference between anomalous and normal cases. The relative changes are shown in brackets and are given in
percentages with respect to normal conditions. Mean values of CREgw (in W m~2), nCREgw, and o during normal condition are shown in

the rightmost column labeled “Normal conditions”.

Parameter “—IWV” ‘ “+IWV” ‘ Normal conditions
ACREgw  AnCREgw Aa | ACREgw AnCREgw Aa | CREgw nCREgwy a
Spring +18.8 (=95)  +0.2 (=98) +0.05 (+7) | —25.2 (+128) —0.3 (+156)  —0.06 (=7) | —19.73 —0.31 0.8l
Summer  4+67.2(=58) 4+0.2(=51)  4+0.03 (+26) | —25.6 (+22)  —0.1 (+19) +0.06 (+50) | —115.71 —0.59  0.13
Autumn +8.8(=94) +0.2(—=60) +0.45 (+173) —4.9 (+52) —0.4 (+115) —0.08 (=30) —-9.39 —0.31 026

Greenland leads to a decrease in IWV by 0.34kgm™—2 and
changes LW and SW CRE by —6.1 and 0.1 Wm~? (Gal-
lagher et al., 2018), respectively. Our results for Ny—Alesund
are —21.5 and 21.6 W m~2, respectively. Note that the abso-
lute values may differ because of a more humid environment
in Svalbard or differences in cloud properties. Nevertheless,
the sign of the LW CRE change is the same. The SW CRE
values are difficult to compare due to differences in SZA and
surface albedo. For instance, the change in SW CRE at the
Summit Station could be closer to 0 due to the high albedo in
Greenland throughout a year, while at Ny-Alesund the sur-
face albedo is less than 0.15 in summer (Ebell et al., 2020).

Figure 6¢ depicts the net CRE for the anomaly types. As
was reported by Curry et al. (1996), due to the absence of
sunlight in the Arctic region during the polar night the LW
CRE is dominant, and the Arctic clouds warm the surface.
Therefore, the mean net CRE in autumn and winter is mostly
defined by LW CRE.

In summer and spring, both LW and SW contribute to the
mean net CRE resulting in —71.5 and 24.7 W m~2 under nor-
mal conditions, respectively. Dry conditions correspond to
less positive LW and less negative SW CRE, which lead to
the mean net CRE of —19 and 4.3 Wm™2 in summer and
spring, respectively. During moist periods LW CRE increases
relative to normal conditions in spring and does not change
much in summer, while SW CRE becomes more negative in
both seasons. Thus, the mean net CRE under moist condi-
tions in spring changes to 31.5 and to —101 Wm™? in sum-
mer.

4.5 Trends in anomaly occurrence

Since IWV anomalies show a strong impact on cloud prop-
erties and their radiative effect, the next question is how the
occurrence of dry and moist conditions at Ny-Alesund has
changed in the last decades. The MWR observations at Ny-
Alesund are only available from 2011, and, therefore, can-
not be used for such a long-term analysis. Instead, the ra-
diosonde observations were used for the estimation of the oc-
currence of “—IWV” and “4+IWV” events for the time frame
from 1993 to 2018. Note that 6 h averaged values of IWV
from MWR used for the previous analysis cannot be obtained
from radiosondes. Therefore, we estimated the IWV value
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for each radiosonde profile and classified the profile using
the thresholds defined in Sect. 1 based on MWR data. The
representativeness and variability of IWV values obtained
from MWR for the reference period from 2011 to 2018 was
checked with respect to the long-term radiosonde record. The
monthly values of IWV derived from radiosondes for the pe-
riods from 1993 to 2018 and from 2011 to 2018 were com-
pared with ones derived from MWR HATPRO. The results
are in good agreement and summarized in Fig. S3 in the
Supplement. The monthly IWV for the longer period (1993—
2018) is closer to the one from MWR HATPRO period with a
root mean square deviation (RMSD) of the 10th and 90th per-
centiles of 0.6 and 0.5kgm™2, respectively. Slightly higher
monthly values of IWV from radiosondes were found for
the same period as for MWR HATPRO (2011-2018) with
RMSD of 0.4 and 1.2kgm™2 for 10th and 90th percentiles,
respectively.

Figure 8 shows the frequency of occurrence of moist and
dry anomalies for each season for the time period from 1993
to 2018. According to a two-sided ¢ test, dry and moist
anomalies in all seasons show significant trends with a 95 %
confidence level except for moist anomalies in spring. Dry
anomalies have significant negative trends in all seasons,
which are especially pronounced in autumn and winter with
values of —10.7 % per decade and —12.9 % per decade re-
spectively. These trends might be associated with changes
in atmospheric circulation found by Dahlke and Maturilli
(2017) for the Svalbard region. The frequency of the occur-
rence of dry events in spring and summer also exhibits nega-
tive trends but at less strong rates of —6.8 % per decade and
—4 % per decade, respectively. The largest positive trends
for “+IWV” cases were found for winter and autumn with
values of 5.6 % per decade and 6.4 % per decade, respec-
tively. Our results are in line with Mewes and Jacobi (2019),
who showed that in winter the occurrence of North Atlantic
and North Pacific pathways has increased and decreased, re-
spectively. Air masses originating from the North Atlantic
are typically associated with increased surface temperature
and IWV in the Svalbard region, whereas those originating
from the North Pacific are linked to a decrease in surface
temperature and IWV (Dahlke and Maturilli, 2017).
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Figure 8. Frequency of the occurrence of moist (“+IWV”, red line) and dry (“—IWV?”, blue line) events using radiosonde data from 1993 to
2018 for different seasons (winter a, summer b, spring ¢, and autumn d). The red and blue lines correspond to the frequency of the occurrence
of dry and moist events, respectively. The dashed lines show the linear trend. Dotted lines show the 95th confident intervals for the trends
derived by the bootstrap resampling method. The significance (p value) of the two-sided ¢ test at 95 % level is shown in brackets.

Another possible contributor to the trends in IWV is a
change in moisture fluxes. Boisvert et al. (2015) estimated
that the contribution of the moisture flux to IWV is on aver-
age about 10 % in the Arctic region. The authors mention that
the main driver of the changes in the moisture flux is the sea-
ice cover. Therefore, changes in the sea-ice coverage around
the archipelago of Svalbard might impact the occurrence of
moist and dry events. A reduction of sea-ice coverage leads
to more evaporation and allows for an increased moisture
transport at the location. Boisvert et al. (2015) compared
changes in sea-ice coverage and vertical moisture fluxes over
the Arctic Ocean based on the Atmospheric Infrared Sounder
(AIRS) for the period from 2003 to 2013. The authors found
that areas to the north and east of Svalbard have exhibited a
significant increase in moisture fluxes and IWV, which were
consistent with the sea-ice decline. In contrast, the area to the
west of Svalbard (where Ny-;\lesund is located) has shown
a decrease in the moisture flux rate despite the decrease in
the sea-ice extent. At the same time the authors found that
IWV has increased even though the moisture flux rate has
decreased. Therefore, Boisvert et al. (2015) concluded that
for this area the increase in IWV might be associated with the
air transport from lower latitudes rather than evaporation. Be-
side the changes of the sea-ice coverage around the Svalbard
archipelago a reduction of the local fjord ice cover has an im-
pact on the local climate (Isaksen et al., 2016; Dahlke et al.,
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2020) and therefore might also lead to a change in occurrence
of anomalous atmospheric conditions at Ny-Alesund.

5 Summary and conclusion

This study is devoted to the analysis of anomalous atmo-
spheric conditions in terms of IWV at Ny—Alesund. The main
focus is on the impact of anomalous moisture conditions on
cloud properties and their CRE. Within this work, anoma-
lies are defined as a deviation of 6 h averaged IWV and/or
temperatures below and above 10th and 90th percentile of
the corresponding parameter over the reference period from
2011 to 2018. Different anomaly types were related to air
flows using back trajectories FLEXTRA and cloud obser-
vations from Cloudnet. The output of the Rapid Radiative
Transfer Model recently applied by Ebell et al. (2020) to the
Ny-;\lesund observations was used to associate the anomaly
types to a variation in CRE. The main findings of this work
are listed below.

1. Moist events often occur when air masses come from
the North Atlantic, which is in agreement with previ-
ous studies (Maturilli and Kayser, 2017a; Dahlke and
Maturilli, 2017; Wu, 2017; Mewes and Jacobi, 2019).
An analysis of the seasonal variability of transport path-
ways shows that in autumn and summer a large part of
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moist events originates from the Scandinavian region
and Barents Sea. A total of 67 % of moist anomalies at
Ny-Alesund are accompanied by a strong temperature
increase.

2. Moist anomalies are associated with more cloud-related
surface SW cooling, which is increased by 25 W m™2
compared to normal conditions in spring and summer.
In winter, spring, and autumn the mean LW CRE rises
from 35-41 Wm™2 under normal conditions to 64—
71 W m~2 during moist events. The changes in LW and
SW CRE are related to a high cloud occurrence of up to
90 %-99 %. In addition, in comparison to normal con-
ditions “+IWV” cases are characterized by an increase
in LWP and IWP with a factor of 2-3 and mean val-
ues of 90 and 200 g m~2, respectively. In summer, mean
LW CRE did not change during “+IWV” periods rela-
tive to normal conditions. Moist anomalies in this sea-
son are related only to a slight increase in cloudiness. In
addition, a large part of clouds in summer is relatively
opaque clouds and, therefore, an increase in LWP does
not affect LW CRE.

3. Moist conditions increase the mean net CRE at the sur-
face in autumn, winter, and spring by 5-37 W m~2 with
respect to normal conditions. This change is mostly de-
fined by cloud radiative properties in LW, which are re-
lated to enhanced cloudiness, LWP, and IWP. In sum-
mer the net CRE is dominated by the SW CRE and,
therefore, moist conditions show stronger cloud-related
surface cooling.

4. Long-term radiosonde observations show that moist
anomalies become more frequent. The trend varies for
different seasons from 2.8 % per decade to 6.4 % per
decade being the largest in winter.

5. Dry periods in Ny-Alesund are mainly related to air
masses originating from latitudes north of the Arctic
Circle, which is consistent with previous studies (Ma-
turilli and Kayser, 2017a; Dahlke and Maturilli, 2017;
Wu, 2017; Mewes and Jacobi, 2019). In winter and
spring, dry conditions are associated with a low pres-
sure system over the Barents Sea causing a northerly
flow to the Svalbard region. This is in agreement with
the results from Mewes and Jacobi (2019), who showed
that in winter this northerly air mass transport to the
Svalbard region is related to the North Pacific pathway,
which causes cold anomalies for the Svalbard region.
Our results show that 43 % of dry anomalies at Ny-
Alesund are accompanied by cold anomalies.

6. Dry anomalies are linked to less cloud-related surface
SW cooling. In spring and summer during dry anomaly
periods, the mean SW CRE is less pronounced. Com-
pared to normal conditions, changes in SW CRE were
19 and 67 W m~2 in spring and summer, respectively.
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The weaker SW cooling effect by clouds is associated
with lower cloudiness and LWP in dry cases. Under
dry anomalies, cloud occurrence ranges from 26 % in
spring to 70 % in summer, which is on average about
30% lower than during normal conditions. The de-
crease is mostly caused by the reduction of multilayer
clouds (by a factor of 2 to 4) and particular liquid-
containing clouds. However, the difference between
mean SW CRE in summer and spring is not only related
to changes in clouds but is also caused by the variability
of SZA and the surface albedo.

7. The LW warming effect by clouds at the surface is
reduced during dry anomalies with respect to normal
cases by 25-35Wm™2 in winter and spring, and by
11-19 W m~2 in summer and autumn, respectively. Dry
conditions reduce the mean net CRE by 2-37 W m™>
in autumn, winter, and spring. During dry conditions in
summer, there is an increase in the mean net CRE by
49m=2,

8. Long-term radiosonde observations show that the occur-
rence of dry anomalies declines at rates from —12.9 %
per decade to —4 % per decade with the largest trend in
winter.

Taking into account the link between anomaly types, cloud
properties, and CRE (Figs. 3-6), we conclude that during
the last 25 years the changes in the occurrence of dry and
moist anomalies at Ny-Alesund may have led to an increase
in cloud occurrence, LWP, and IWP in all seasons. This, in
turn, could have enhanced the cloud-related surface warming
in autumn, winter, and spring and the cloud-related surface
cooling in summer. If the trends of anomaly occurrence con-
tinue in the future, we expect that CRE will become more
positive in autumn, winter, and spring and more negative in
summer.

These results show some aspects of how atmospheric con-
ditions, which often are driven by large-scale air transporta-
tion, may influence cloud properties and their radiative ef-
fect at Ny—Alesund. This information is essential to under-
standing the feedback mechanism in the Arctic climate bet-
ter. As we indicated in this study, the significant trends in the
occurrence of anomalous conditions are expected to lead to
changes in cloud properties and their radiative effect. Never-
theless, qualitative estimates of these changes are challeng-
ing since a long-term Cloudnet dataset at N y-Alesund is cur-
rently not available. Therefore, the cloud measurements are
planned to be continued within the (AC)? project.

Data availability. The radiosonde data were taken from the PAN-
GAEA information system: https://doi.org/10.1594/PANGAEA.
845373 (Maturilli and Kayser, 2016), https://doi.org/10.1594/
PANGAEA.875196 (Maturilli and Kayser, 2017b), https://doi.
org/10.1594/PANGAEA.879767 (Maturilli, 2017a), https://doi.org/
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10.1594/PANGAEA.879820 (Maturilli, 2017b), https://doi.org/10.
1594/PANGAEA.879822 (Maturilli, 2017c), and https://doi.org/10.
1594/PANGAEA.879823 (Maturilli, 2017d). The Cloudnet data are
available at the Cloudnet website (http://devcloudnet.fmi.fi/, Cloud-
net, 2020). The FLEXTRA data are available at the NILU website
(https://projects.nilu.no//ccc/trajectories/, FLEXTRA, 2020). The
HATPRO MWR data are available in the website of the PANGAEA
information system: https://doi.org/10.1594/PANGAEA.902140
(Nomokonova et al., 2019b), https://doi.org/10.1594/PANGAEA.
902142 (Nomokonova et al., 2019c), https://doi.org/10.1594/
PANGAEA.902143 (Nomokonova et al., 2019d), https://doi.org/10.
1594/PANGAEA.902096 (Nomokonova et al., 2019e), https://doi.
org/10.1594/PANGAEA.902098 (Nomokonova et al., 2019f), https:
//doi.org/10.1594/PANGAEA.902099 (Nomokonova et al., 2019g),
https://doi.org/10.1594/PANGAEA.902145 (Nomokonova et al.,
2019h), https://doi.org/10.1594/PANGAEA.902146 (Nomokonova
et al., 2019i), and https://doi.org/10.1594/PANGAEA.902147
(Nomokonova et al., 2019j).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-20-5157-2020-supplement.
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