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Abstract

The Arctic is marked by deep intrusions of warm, moist air, alternating with outbreaks of cold air down to lower latitudes. The
typical vertical structure of clouds and precipitation during these two synoptic weather extremes is examined at a coastal site
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31 May 2020. Marine CAOs are defined in terms of thermal instability relative to the sea surface temperature, and warm-air
intrusions in terms of stratification of moist static energy between the surface and 850 hPa. Cloud structures in CAOs are
convective, driven by strong surface heat fluxes over a long fetch of open water, with cloud tops between 2-4 km. The mostly
open-cellular convection may contain substantial ice and produce intermittent moderate precipitation at the observational site,
notwithstanding the low precipitable water vapor. In contrast, WAIs are marked by high values of precipitable water vapor and
integrated vapor transport. WAI clouds are stratiform, with cloud tops often exceeding 6 km, sometimes layered, and generally

producing persistent precipitation that can be heavier than in CAOs.
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Key Points

e Atmospheric profiling data collected at a coastal site at 69°N in Norway is investigated.
e Vertical velocity and cloud structure, and thus precipitation mechanisms, are

fundamentally different in marine cold-air outbreaks vs. in warm-air intrusions.

Abstract

The Arctic is marked by deep intrusions of warm, moist air, alternating with outbreaks of
cold air down to lower latitudes. The typical vertical structure of clouds and precipitation during
these two synoptic weather extremes is examined at a coastal site at 69°N in Norway. The
Norwegian Sea is a corridor for warm-air intrusions (WAIs) and frequently witnesses cold-air
outbreaks (CAOs). This study uses data from profiling radar, lidar, and microwave radiometer,
radiosondes and other probes that were collected during the Cold air Outbreaks in the Marine
Boundary Layer Experiment (COMBLE) between 1 December 2019 and 31 May 2020. Marine
CAOs are defined in terms of thermal instability relative to the sea surface temperature, and
warme-air intrusions in terms of stratification of moist static energy between the surface and 850
hPa. Cloud structures in CAOs are convective, driven by strong surface heat fluxes over a long
fetch of open water, with cloud tops between 2-4 km. The mostly open-cellular convection may
contain substantial ice and produce intermittent moderate precipitation at the observational site,
notwithstanding the low precipitable water vapor. In contrast, WAIs are marked by high values
of precipitable water vapor and integrated vapor transport. WAI clouds are stratiform, with cloud
tops often exceeding 6 km, sometimes layered, and generally producing persistent precipitation

that can be heavier than in CAOs.



45
46
47
48
49
50
51
52
53
54
55
56
57

Plain Language Summary
The Arctic, more so than Antarctica, is marked by deep intrusions of warm, moist air, alternating
with outbreaks of cold air down to lower latitudes. Here we examine the typical vertical structure
of the updrafts, clouds and precipitation during these two weather types. We use data collected at
a coastal site at 69°N in Norway during the Cold air Outbreaks in the Marine Boundary Layer
Experiment (COMBLE). COMBLE ran between 1 December 2019 and 31 May 2020 with
funding from the United States Department of Energy. The Norwegian Sea is a corridor for
warme-air intrusions into the Arctic, and it frequently witnesses cold-air outbreaks, which in
extreme events can be hazardous to maritime activities. The main findings of this study are: (1)
the cold-air outbreak cloud regime is convective, driven by strong surface heat fluxes over a long
fetch of open water. Clouds are rather low-topped yet they do produce precipitation. (2) Warm
air intrusions are marked by much water vapor, high vapor transport, and deep, stratiform clouds

generally producing persistent precipitation.
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1. Introduction

The Arctic, more so than Antarctica, experiences frequent warm air intrusions (WAIs)
deep into the Arctic interior, and frequently is the source of cold-air outbreaks (CAOs),
especially in the cold season. In recent decades, the Arctic has been experiencing an amplified
response to global warming: surface air temperatures have increased about three times as fast as
the global mean in the past century (Serreze et al., 2009; Pithan & Mauritsen, 2014; Thoman et
al., 2022). This amplified regional warming is expected to continue at least until the mid-21*
century (Davy & Outten, 2020). As argued by Pithan et al. (2018) and Wendisch et al. (2021), a
better understanding of how air masses are transformed on their way into and out of the Arctic is
essential for improved prediction of weather and climate. This applies not just in the Arctic, but
also in mid-latitudes, as these Arctic air mass intrusions and extrusions are an essential
component of the mid-latitude baroclinic storm track.

The vertical structure and mesoscale organization of clouds and precipitation are an
important component of this air mass transformation. These aspects are distinctly different in
CAOs compared to WALISs (e.g., Ruiz-Donoso et al., 2020). A cold air mass originating over the
Arctic ice (or boreal continents), flowing southward over open ocean water, typically transforms
rapidly. Such event is evident as characteristic linear and cellular convective cloud structures in
satellite imagery (Fig. 1a). Air-sea temperature differences can reach 30 K, especially just off the
ice edge (Renfrew & Moore, 1999). This air-sea contrast, along with the strong surface winds,
give rise to latent and sensible oceanic surface fluxes that are among the largest observed
anywhere on Earth (Aemisegger et al., 2018). These fluxes result in shallow moist convection
that deepens with fetch notwithstanding large-scale subsidence (e.g., Tornow et al., 2021). The
intense air-sea heat exchange during boreal CAOs plays a key role in the transient subsidence of
dense waters as part of the Atlantic meridional overturning circulation (Dickson et al., 1996).
Marine CAOs are generally defined as anomalously cold periods with boundary layer thermal
instability (Fletcher et al., 2016; Papritz & Grams 2018).

In contrast, Arctic WAISs (illustrated in Fig. 1b) are gradual, isentropically ascending
synoptic pulses of poleward transport of moist static energy, commonly found over an intruding
baroclinic zone (warm or occluded front). The terms “warm-and-moist intrusion”, “water vapor
intrusion” or “moisture intrusion” are used as well (Doyle et al., 2011; Woods et al., 2013;

Woods et al., 2017; You et al. 2022): typically, the poleward water vapor flux is coincident with



89  apoleward heat flux (Woods et al., 2017). Here we use the term WAI (as opposed to moist air
90 intrusion) as a convenient contrast with CAO: essentially the WAISs, characterized by positive
91  mid-tropospheric water vapor and temperature anomalies, represent the counterpart of CAOs,
92  characterized by negative mid-tropospheric water vapor and temperature anomalies. WAIs are
93  characterized by deep, stratified, moist southerly flow and may deposit large amounts of
94  moisture, heat, and aerosol into the Arctic (Woods & Caballero, 2016), which may contribute to
95  accelerated melting of the Greenland ice sheet (Oltmanns et al., 2019) and Arctic sea ice (Woods
96 & Caballero, 2016; Yang & Magnusdottir, 2017). Due to the gradual isentropic ascent
97  accompanying WAIs, deep, and sometimes multi-layered, clouds are typical. As a result, cloud
98  and precipitation growth mechanisms are very different compared to CAOs.
99 CAOs commonly occur in the far northern Atlantic (Fletcher et al., 2016). WAIs are
100  common in this region as well: the 70°N poleward moisture flux is far greater over the
101  Norwegian Sea (~0° longitude) than at any other longitude (Woods et al., 2013).
102 The core objective of this study is to describe and contrast the vertical structure and
103 organization of clouds and precipitation during CAO and WAI periods, at a coastal site in
104  northern Norway, at 69.1°N.
105 Section 2 describes the data sources and analysis methods. Section 3 describes a CAO
106  case and a WAI case. Composite structures during a 6-month period are described in Section 4.
107 A discussion follows in Section 5, and the main findings are summarized in Section 6.
108
109 2. Data sources and analysis method
110  a The COMBLE campaign
111 This study focuses on data collected by the first Atmospheric Radiation Measurement
112 (ARM) Mobile Facility (AMF1) (Miller et al., 2016) between 1 December 2019 and 31 May
113 2020 at a small harbor (Nordmela) near Andenes on the island of Andeya in northern Norway
114 (69.141 °N, 15.684 °E). The deployment of the AMF1 was part of a field campaign referred to as
115 Cold-air Outbreaks in the Marine Boundary Layer Experiment (COMBLE) (Geerts et al., 2022).
116  The site, some 1000-1300 km from the Arctic ice edge (Fig. 1), is an excellent location to study
117  how air masses are transformed during marine CAOs. It is also along the main corridor for

118  Arctic WAIs (Fig. 2 in Woods et al., 2013). As part of COMBLE, ARM instruments were
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deployed also on the island of Bjerneya, located at 75°N (Fig. 1), but these data are not used in
this study.

The AMF1 deployment included scanning and profiling radars, lidars, passive microwave
radiometers, an Atmospheric Emitted Radiance Interferometer (AERI), frequent radiosondes,
radiation and surface flux sensors, and an aerosol observing system (Geerts et al., 2022). The
most important instrument in this study is the sensitive narrow-beam 35 GHz (Ka-band) profiling
radar known as KAZR, providing reflectivity, Doppler velocity, and Doppler spectral width. The
ARM Data Archive products used in this study are summarized in Table 1. Several data products
are multi-sensor value-added products, such as ARSCLKAZRBND1KOLLIAS, which contains
cloud boundaries at a temporal resolution of 4 seconds and a vertical resolution of 30 meters,
based on KAZR, micropulse lidar, and ceilometer data (Johnson et al., 2019). The
INTERPOLATEDSONDE product linearly interpolates available radiosonde data on a fixed time-
height grid with a 1-minute time resolution (Jensen et al., 2019).

Surface precipitation is estimated using four different gauges at the AMF1 site a tipping
bucket rain gauge, an optical rain gauge, a Present Weather Detector (all part of the MET
product), and a Pluvio-2 Weighing Bucket. Following a comparison of the different gauges
under various weather conditions, and guidance from the “best estimate” product (ARMBEATM),
we decided to use the Present Weather Detector in snow-dominated conditions (CAOs), since
this gauge is the most reliable for snowfall, and the Pluvio-2 Weighing Bucket in rain (WAISs).
Very low radiometer liquid water path (LWP) values, below a level of 30 g m™, are ignored due
to the uncertainty of the statistical retrieval of LWP. Ice water path (IWP) is retrieved by
vertically integrating IWC retrieved from KAZR in the MICROBASEKAPLUS product (Wang et
al., 2019).

Other datasets used include the VIIRS satellite imagery from band 105 (11.45 micron)
from the NOAA-20 and Suomi-NPP satellites at 375 m resolution, and gridded radar reflectivity
data from the Norwegian meteorological service (Met Norway) at a spatial resolution of 1 km
and temporal resolution of 5 min. The latter is based on a network of volume-scanning C-band (5
cm) radars, including the radar located on Trolltind Mountain approximately 17 km northeast of
the AMF1 site (Saltikoff et al., 2017). We further use hourly European Centre for Medium-range
Weather Forecasting (ECMWF) Reanalysis v5 (ERAS) (Hersbach et al., 2020) data for sea ice

concentration, surface heat fluxes, and atmospheric variables during COMBLE. To determine
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CAO conditions at Andenes, SST is inferred from the NOAA Optimum Interpolation 1/4 Degree
Daily Sea Surface Temperature (OISST) Analysis, Version 2.1 (Reynolds et al., 2008). In order
to determine the sources of airmasses advected over the AMF1 site, back trajectories are
computed using HYSPLIT (Rolph et al., 2017) with hourly Global Forecast System (GFS)

gridded model output at 0.25° resolution as input.

b. Definition of CAOs and WAIs

Periods when the AMF1 site experienced CAOs or WAIs are defined objectively, based
on local lower-tropospheric conditions. Marine CAO periods are defined as M >0, surface (10 m)
wind speed >5 m s™, and surface wind direction onshore (between 250° and 30° for the AMF1
site). Here, M = Oggr — Og50 npa»> Where Oggr 1s potential temperature evaluated with SST and
sea level pressure, and Ogs( ,p, 1S €valuated at 850 hPa. M is a commonly used measure of
thermal instability driven by ocean surface heat fluxes, although different upper reference levels
have been used in the literature, between 900-700 hPa (e.g., Kolstad & Bracegirdle, 2008;
Fletcher et al., 2016; West et al., 2019; Naud et al., 2020; Hu et al., 2022). The convective cloud
layer is almost always deeper than the 850 hPa level at Andenes during CAOs (Geerts et al.,
2022), so this upper reference level is generally within the mixed layer.

Large-scale circulation studies define WAIs in terms of the vertically-integrated or fixed-
level (e.g., 850 hPa) poleward moisture or heat flux (e.g., You et al. 2022). At the location of
Andenes, close to a very strong climatological SST anomaly above the zonal mean, WAI periods
can be defined based on two conditions: S = 6, gsonpq — e surface > 0 and the average wind
speed between the surface and 850 hPa exceeds 5 ms™ from the SSW (along-shore direction).
The orientation SSW (more specifically, 210°) is chosen, rather than southerly, based on the
orientation of the Norwegian coastline in the study region, because WAIs are often channeled
along the coastline (e.g., Kim et al. 2017). The S-parameter is defined in terms of equivalent
potential temperature 6, because WAIs are marked by elevated moisture and warmth. 6, sy face
refers to the surface (2 m) air, not the SST. The mean cold-season surface air 8, along the
northern Norwegian coast is highly anomalous for its latitude (compared to other places at the
same latitude), and we found that it is sufficient to require that 6, is even higher at 850 hPa (S >

0). We did not examine the applicability of this simple definition to other high-latitude oceans.
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Pithan et al. (2018) also use an upper reference level of 850 hPa (~1.5 km) for their definition of
WALSs.

To compute M and S values, we use 850 hPa wind, temperature and moisture from the
AMF1 INTERPOLATEDSONDE product (Table 1). Sea level pressure, surface (2 m)
temperature and humidity, and surface (10 m) wind are obtained from the MET product or, if this
is not available, the MAWS product (Table 1). (MET and MAWS meteorological data generally
agree very well.) Finally, SST just offshore the AMF1 site is retrieved from the daily NOAA
OISST data. For all variables, a 3-hour running mean is used to determine the CAO/WAI
periods, and a minimum duration of 3 hours is required for a CAO or WAI event to occur.
Additionally, gaps of less than 3 hours between two consecutive events are bridged regardless of
conditions during the gap. The precise start and end times of the CAO periods at the AMF1 site
are listed in Table S6 in the Supplement to Geerts et al. (2022). ERAS5-based composite analyses
of CAOs and WAIs use the nearest hour for the start and end times.

The resulting WAI and CAO periods at Andenes during COMBLE are shown in Fig. 2.
According to these definitions, CAO (WAI) conditions prevailed at Andenes during 18.7%
(17.4%) of the time during the COMBLE field phase (1 Dec 2019 — 31 May 2020). Therefore,
CAO and WAI conditions (as defined herein) are about equally common, and represent only the
tail ends of synoptic variability. Durations of CAO and WALI conditions are similarly distributed
(Fig. 2), controlled by synoptic time scales. The median date of occurrence of CAOs fell on 13
March 2020, and that of WAISs fell on 08 February 2020. Reanalysis-based climatologies show
that CAOs are most common in the cold season over the far northern Atlantic Ocean (Fletcher et
al., 2016; Mateling 2022). The seasonal contrast probably is smaller for WAIs, but their impact

is most pronounced in winter (Woods & Caballero, 2016).

3. Example CAO and WALI cases during COMBLE
a. A CAO example

One of the more intense CAOs during COMBLE occurred on 13-14 March 2020 (Fig.
la). Specifically, this CAO started at 01:18 UTC 13 Mar and ended at 04:53 UTC 14 Mar 2020
at Andenes, according to our CAO criteria (Section 2b). During this period, the observed mean
M value at Andenes was 8.4 K, making it the most intense CAO event at the AMF1 site during
COMBLE. The mean surface air temperature was -3.2°C, while the offshore SST was 5.4°C. A
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persistent wind averaging 10.1 m s™' blew, mainly from the NNW. GFS-based 36-hour back-
trajectories (Fig. 3) reveal that air at lower levels (1 km and 2 km above MSL) flows from the
central Arctic through the Fram Strait, west of Svalbard, and directly to Andenes. At higher
levels (3.5 km above MSL), the air originates slightly further east in the Arctic and moves closer
to Svalbard. This CAO was the second most intense event in the Fram Strait in the month of
March between 1979 and 2020, according to ERAS data (Dahlke et al., 2022). The intensity of
the event is Evident in the strong ERAS 850 hPa temperature anomalies compared to the 1991-
2020 March mean. They reach from -7 K between Andoya and Bear Island to -14 K in the Fram
Strait, and even stronger anomalies occurred above the sea ice (Fig. 4e). ERAS surface sensible
heat fluxes during this event peaked around 770 W m™ in the Fram Strait, decreasing to 110 W
m just north of Andenes (Fig. 4a). The surface latent heat flux along the trajectory was slightly
more steady with fetch, decreasing from 350 W m™ in the Fram Strait to 120 W m™ just north of
Andenes. These large heat fluxes deepen, moisten, and warm the convective boundary layer via
convective and turbulent exchanges, and are responsible for the rapid air mass modification
evident in the steady Lagrangian increase of 6, at 850 hPa (Fig. 4c). Lagrangian back trajectories
from Andenes during this CAO show some slight subsidence at low to mid-levels (Fig. 3). The
intense evaporation (Fig. 4a) and rather high precipitation rate (Fig. 4e) in marine CAOs implies
rapid cycling of atmospheric water vapor, which has been estimated to have a typical residence
time of about 1 day (Papritz & Sodemann, 2018), i.e. an order of magnitude shorter than the
global mean.

Satellite images, such as the one shown in Fig. 1a, show shallow linear convection (cloud
streets) in the first ~500 km from the ice edge, deepening with fetch and transitioning to even
deeper open-cellular convection closer to Andenes. The skew-T log-p profile at Andenes around
the same time (Fig. 5a) shows a super-adiabatic surface layer, high low-level relative humidity, a
low lifting condensation level (LCL), and a deep well-mixed convective layer, with a
temperature profile close to moist adiabatic up to ~540 hPa (~5.0 km). A capping inversion is
absent in this case, and weak stratification continues up to the tropopause at 475 hPa, implying
little inhibition for convective overshooting and little dynamic support for anvil spreading. The
air is moist but not saturated (with respect to liquid water) in this sounding (Fig. 5a), but other
nearby soundings show saturated layers (not shown). There is very little wind shear in the ~5 km

deep well-mixed layer (Fig. 5a). Surface-based Convective Available Potential Energy (CAPE)
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during this CAO was small (220 J kg' in Fig. 5a) and variable from sounding to sounding,
depending on the balloon ascent path relative to the convective showers. Yet SST-based CAPE
during this CAO exceeded 1000 J kg™ just offshore Andenes, for all soundings during this CAO
(nearly 1400 J kg™ at 11:26 UTC, Fig. 5a).

Profiling radar time-height transects, such as the one shown in Fig. 6, show isolated
convective cells topping at 5 km, with some shallower interspersed cells (Fig. 6a). Some of these
cells (such as the one around 11:20 UTC, labeled cell ‘A’ in Fig. 6a) are marked by updrafts
strong enough to loft hydrometeors (Fig. 6b), large values of spectral width (Fig. 6¢), high LWP
occasionally exceeding 1000 g m™ (1 mm) (Fig. 6d), and IWP values that are rather extreme
even for CAOs, as will be shown below (Fig. 6d). Yet other cells appear to be in a decaying
phase, without updrafts, low spectral width, no liquid water, and a bottom-heavy vertical
distribution of hydrometeors, such as the cell at 10:45 UTC (cell B). According to the KAZR
profiles, most cells produce surface precipitation (Fig. 6a), but the Present Weather Detector
registered little precipitation during cell A and moderate snowfall (0.7 mm liquid equivalent in
around 20 minutes) during cell B (Fig. 6¢). The precipitation phase (snow) is assumed based on
the below-freezing surface temperature. This question is revisited later. A high Doppler spectral
width can be due to either a diversity of fallspeeds within the radar gate, as is common for rain of
different sizes. In regions dominated by snow particles, a larger spectral width is more
commonly due to atmospheric turbulence in the inertial subrange (e.g., Aikins et al. 2016). Here,
high spectral width values coincide with increased LWP values as well as strong vertical
hydrometeor motions. Thus, high spectral width values likely have contributions from the
variability of hydrometeors in mixed-phase clouds and turbulence. Both along the coast and
offshore, the ERAS cumulative precipitation from these convective cells is significant (Fig. 4e).
However, surface precipitation rate estimation in marine CAOs is rather uncertain, given that
these relatively small cells challenge precipitation retrievals using spaceborne passive microwave
or radar data (e.g., Milani et al., 2021). Furthermore, numerical weather prediction models, such
as ECMWEF, are challenged as well since these convective cells are parameterized, not resolved.

For this CAO, the ERAS precipitation slightly exceeded the gauge estimate (from the
Present Weather Detector) at the AMF1 site, although for all CAOs in COMBLE combined,
ERAS and gauge values agree very well (Table 2). Note that surface precipitation at the AMF1

10
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site may have an orographic component given the strong onshore flow during CAOs. This is less
likely during WAISs, since the low-level flow is generally along the Norwegian coast.

Surface precipitation type was difficult to identify with the AMF1 measurements (Mages
et al., 2022). The surface temperature remained below freezing during this CAO. The high MPL
depolarization ratio (not shown) indicates that the hydrometeors mostly are snow particles,
possibly with some embedded pockets of graupel; however, such pockets are difficult to identify.
A Parsivel disdrometer was deployed as part of the AMF1 instrument suite; while it provides
fallspeed distributions, in strong winds, turbulence results in a broad scatter of estimated
fallspeeds, so it is difficult to identify periods with graupel fall.

Frequency-by-altitude diagrams of KAZR reflectivity, Doppler velocity (i.e. hydrometeor
vertical motion) and Doppler spectral widths for this CAO are shown in Fig. 7. The precipitation
profiles are highly heterogenous: ~10 % of the profiles have reflectivity values over 15 dBZ up
to levels close to the cloud top, and the most common cloud tops are at 3.0-4.5 km MSL (Fig.
7a). Note that Ka-band (35 Ghz) reflectivity “saturates” in the 20-25 dBZ range, since under
heavy snowfall the dominant scatterers fall in the Mie regime (e.g., Grasmick et al., 2022), i.e.
the KAZR reflectivity cannot be used to distinguish snowfall intensity or hydrometeor size in the
upper end of the reflectivity spectrum in Fig. 7a.

Depending on the altitude, hydrometeors are lofted in 15-35% of the profiles, especially
near cloud top (Fig. 7c). Only 3-5% of the hydrometeors are lofted fast (at over 1 m s™), and only
1-3% fall at 3 m s™ or more, indicating that strong vertical drafts (up or down) and heavily rimed
snow (graupel with a substantial fallspeed) are relatively rare. Mages et al. (2022) retrieve air
vertical velocity and report updrafts ranging between 2-8 ms™ in 13 CAOs in COMBLE,
including the 13-14 March 2020 event. The distribution of spectral width values is rather broad,
with 10% of the profiles having a spectral width over 0.6 m s™ (Fig. 7e); these high values are

encountered at all levels in cloud.

b. A WAI example

One of the more intense and long-lived WAIs in COMBLE started at 01:47 UTC 3 Dec
and ended at 02:14 UTC 5 Dec 2019 at Andenes (Fig. 2). The mean S value at Andenes during
this event was 5.1 K, the mean 2-m temperature was 5.9 °C, and 10-m wind averaged 6.5 m s

from the SW (216 °), i.e. along-shore. The large poleward transport of heat and moisture in this

11
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WAI was associated with an occluded frontal system with a surface low just northeast of Iceland
(collocated with the comma cloud in the lower left of Fig. 1b), and a strong southwesterly low-
level jet off Scandinavia. Air during this WAI originated in the northeast Atlantic (southwest of
Ireland) and moved entirely over the ocean (Fig. 3). Commonly used parameters depicting WAIs
are the vertically-integrated specific humidity, referred to as precipitable water vapor (PWV,
units mm or kg m™), and the vertically-integrated water vapor transport (IVT, kg m™ s™) (e.g.,
Doyle et al., 2011; Fan et al., 2022). As a reference, commonly used threshold IPV values for an
atmospheric river (mainly a mid-latitude phenomenon) are in the 100-250 kg m™ s range. More
specifically, atmospheric rivers are defined based on a threshold IVT that is a percentile (e.g., the
85" percentile) of the geographically and seasonally specific IVT distribution, with a fixed lower
limit of 100 kg m™ s (e.g., Guan & Waliser, 2015; Ralph et al., 2017; Rutz et al., 2020). A
plume of high PW, high 850 hPa 6., and high IVT values can be seen off Scandinavia during this
WAL (Fig. 4d). These three variables are considerably higher over the Norwegian Sea during the
WAL than the CAO (Fig. 4c) because of the higher lower-tropospheric temperature (Fig. 4e and
f) and thus a higher saturation vapor pressure. This plume wraps around the low to the west (Fig.
4d), but the system travels further east towards northern Scandinavia over the next two days (not
shown).

The Andenes sounding during this WAI (Fig. 5b) reveals deep moisture, stratified
conditions (with several jumps in 8, below 500 hPa), no CAPE relative to the SST, and a
southwesterly low-level jet with a wind speed of 26 m s™ at 850 hPa. At 700 hPa, the relative
humidity is about the same as during the CAO (Fig. 5a), at or near saturation, but the 700 hPa
temperature is 22 K higher (nearly twice as large as the temperature difference at the surface),
implying much water vapor aloft. The IVT value, 401 kg m™ s (Fig. 5b), exceeds the 99"
percentile for the month of December 2019, indicative of an atmospheric river. Values for PWV
(18.2 kg m™?) and 850 hPa 6, (301 K) in this sounding are also exceptionally high for this
latitude. The IVT value was only exceeded during one other WAI event in early January 2020,
and the PWV was only exceeded during a WAI event in late May 2020. Surface sensible and
latent heat fluxes are negligible or even negative within the atmospheric river (Fig. 4b), and
heavy precipitation falls along the Scandinavian coast and along the baroclinic northern edge of

this comma head (Fig. 4f).
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The clouds and precipitation at the AMF1 site are the result of widespread stratified
ascent. Lagrangian back trajectories show air parcels generally ascending for at least 12 hours
(since 00 UTC on 4 Dec 2019) (Fig. 3). Yet hydrometeors seen by radar generally descend from
cloud top (Fig. 8b), growing in size towards the surface (Fig. 8a), as is typical for stratiform
precipitation. Compared to the convective cells shown in Fig. 6, the vertical velocities are weak
and the Doppler spectral width values are small (above the freezing level). Snow transitions to
rain just below the freezing level (near 850 hPa or 1 km MSL), resulting in a large fallspeed and
high spectral width. Radiometer LWP estimates are mostly uncertain (liquid accumulation on the
instrument), but reliable LWP estimates are quite high, exceeding 1000 g m™ (Fig. 8d), due to
water below the freezing level, and possibly supercooled liquid aloft. Compared to the CAO
case, IWP values are lower (Fig. 8d). The reflectivity transect (Fig. 8a) reveals several plumes or
streaks of falling and growing snow particles, mostly emerging between the -10 and -20°C
isotherms. In this particular transect, a sloping dry layer is present between 11-14 UTC, and ice
particles from the cirrus layer appear to be feeding the shallow cloud layer (tops around -10°C),
contributing to bursts of higher IWP (Fig. 8d) and heavier precipitation on the ground (Fig. 8a).
On average, the precipitation rate at Andenes during this WALI is significantly higher than the
rate during the CAO examined in Section 3a, according to both observations and ERAS (Table
2). The gauge precipitation rate (from the Pluvio-2 weighing bucket) exceeded the ERAS
precipitation rate for this WAL but for all WAIs combined, ERAS and gauge again agree very
well (Table 2).

The distribution of reflectivity and hydrometeor vertical velocity above the melting layer
(which typically falls in the 1.0-1.5 km MSL layer, according to Fig. 7b, d, and f) are narrower in
this WAI than in the CAO (Fig. 7), indicating rather homogenous stratiform precipitation.
Spectral width values in the snow layer are small, indicating little turbulence. Reflectivity
increases steadily between the echo tops and ~3 km MSL, and the average downward Doppler
velocity (a good estimate of the mean fallspeed of the larger hydrometeors) increases from 0.5 to
~1.0 m s™. The large spectral width and diverse Doppler velocities below the freezing level are a

reflection of the diversity of rain drop sizes.

4. Composite CAO and WALI structures

a. Environmental and cloud conditions
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The average surface sensible and latent heat fluxes during all Andenes-centered CAOs
and WAIs during COMBLE (Fig. 2) is shown in Fig. 9a. The sensible heat flux peaks at 290 W
m™ in the Fram Strait and decreases rapidly and then more gradually with fetch from the ice edge
during CAOs. Just north of Andenes, the average sensible heat flux is 120 W m™. The latent heat
flux is more uniform across the Norwegian Sea during CAOs, ranging from 120-170 W m™.
Heat fluxes tend to be small during WAIs (Fig. 9b). For the Andenes-centered WALIs, the
sensible heat flux is positive to the north as the pre-WAI flow is generally from the cold northern
European land area (Fig. 9b).

On the other hand, both PWV and IVT are significantly higher during WAIs than during
CAOs (Fig. 9¢c and d). During CAOs, 850 hPa 6,, PWV and IVT values grow steadily from the
ice edge towards the Scandinavian coast (Fig. 9¢), evidence of the surface-driven air mass
transformation of the deepening marine BL. The poleward decrease in 850 hPa 8, in WAIs north
of Andenes should be seen mainly as a baroclinic zone with poleward isentropic ascent (Fig. 9d).
The andenes-centric WAI composite structure shown in Fig. 9 evolves over time: 6,, PWV,
temperature anomalies and the precipitation field tend to move northeastward in the following
12-24 hours, although little warming, moistening, and surface precipitation occur poleward of
the sea ice edge over this time period except off the east coast of Greenland. After 24 hours, the
WAL conditions start to rapidly weaken over the whole study area. This assessment is based on
composite charts identical to Fig. 9, but for time periods that lag the Andenes-centric WAI
periods by 6-36 hours (not shown).

The average precipitation rate during WAI periods only slightly exceeds that during CAO
periods both along the Norwegian coast, over the Norwegian Sea (Fig. 9e and f), and at Andenes
(Table 2). For both WAI and CAO composites, the observed precipitation rate at Andenes
closely matches the ERAS estimate. This by itself is an interesting finding, and should be further
corroborated with other data, e.g. the network of precipitation gauges along the Norwegian coast.
Terrain-related variations in precipitation may exist at scales too fine for ERAS or other
reanalyses to capture (e.g., Minder et al. 2008). Simulated precipitation rates in CAOs over open
water are poorly constrained for lack of offshore observations.

ERAS data indicate that the CAO cloud regime is a significant source of precipitation.
This is confirmed by spaceborne radar-based estimates of convective snowfall rate over the

Norwegian Sea (Kulie et al., 2016, 2018). In contrast to the slight differences in average
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precipitation rate over the open ocean and at the coast (between WAI and CAQO), precipitation
differs substantially over the Arctic sea ice. CAOs produce virtually no precipitation over the
Arctic sea ice (including east of Greenland); some snowfall occurs east of Svalbard were the sea
ice fraction was variable during COMBLE and a broad marginal ice zone prevailed; but almost
all precipitation occurs equatorward of the average sea ice edge (Fig. 9c). WAISs, on the other
hand, can produce more precipitation over the ice especially along the southeastern coast of
Greenland (Fig. 9d). Of note is also the poleward retreat of the sea ice edge during WAIs
compared to CAOs (Fig. 9a,b). The different distribution of CAO and WAI events throughout
the 6-month study period, as well as increased melting during WALISs, are likely both contributing
factors. On the one hand, the last week of May 2020 was exceptionally warm at Andenes with a
series of WAI events (Fig. 2). This anomalous event likely contributes to the lower average sea
ice extent during WAIs due to how late in the season it was. If Fig. 9 is created with time periods
that precede Andenes-centric time periods by 48 hours, sea ice extent is noticeably larger in
some areas (not shown), indicating that during the identified WAISs sea ice retreats poleward.

We now examine distributions of cloud and environmental parameters during all CAOs
and WAIs during COMBLE (Fig. 10). Small S values dominate during WAIs, with higher values
becoming rapidly less common (Fig. 10a). The WAI periods are part of a broader distribution in
which the lower troposphere is often potentially unstable over Andenes in the cold season
(Bessomb < Ocsurface)s 1.€. negative § values. On the other hand, M values during CAOs have a
well-defined peak (or multiple peaks) well above zero: winds from the north or west typically are
associated with sizable thermal instability over the warm Gulf Stream waters off Andenes. On
average, CAOs are only 4 K colder than WALIs at the surface, and both conditions occur under a
broad temperature range (Fig. 10b). Surface air temperature is almost always above freezing
during WAISs, but is below freezing during CAOs for 35% of the time.

WALISs generally have higher PWV and IVT than CAOs (Fig. 10j and k). The IVT during
CAOs typically is less than half of the WAI IVT, but can be important as the result of >1000 km
span of strong surface latent heat fluxes over the northern seas (Fig. 9a). IVT values exceeding
200 kg m™ s are not uncommon during WATISs (Fig. 10k). Water vapor generally is advected
from the southwest during WALISs, and from the northwest during CAOs (Fig. 101).

The highest LWP (Fig. 10h) values are encountered during WAIs. Radiometer LWP is
undersampled during WALIs, since this field often is rain-flagged (as is the case in Fig. 8d), on

15



426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

account of drops on the reflector surface, which contaminate the LWP estimate. This rarely
affects CAO clouds, because snowfall is more common. Therefore, the LWP estimates during
WAIs mostly refer to periods of non-precipitating clouds, but during CAOs they include most
clouds. In CAOs, the LWP is almost all supercooled liquid, whereas in WAIs, much of the liquid
in the column occurs below the freezing level. Radar retrieved IWP values above 1.5 kg m™ are
almost exclusively found in CAOs (Fig. 101). The largest IWP values during CAOs can exceed 4
kg m™ for the deepest open cellular clouds, as shown in Fig. 6d. During WAIs, IWP values from
0.2-0.7 kg m™ are more frequent than during CAOs, indicating that presence of snow above the
freezing level is common in WAIs.

Moderate precipitation rates exceeding 1 mm hr™' are more frequent during WATIs (Fig.
10g). This is in agreement with Mateling et al. (2022), who contrast precipitation rates during
CAOs (defined as in this study) against non-CAO periods in the Norwegian Sea. They find
heavy (light) snowfall rates to be less (more) common during CAOs, compared to non-CAOs, in
the December through May period.

Cloud vertical extent (Fig. 10d-f) is derived from instantaneous radar/lidar profiles at a
time resolution of 4 second. Therefore, the distribution of cloud vertical extent in Fig. 10d-f
includes both variation between events, and variation within individual cloud elements. In WAIs,
cloud bases and tops are rather uniform, but a single cumulus cloud during a CAO can have a
range of cloud base and especially cloud top heights, as evident from the illustration in Fig. 6a.
Cloud top temperature (Fig. 10c) is inferred from cloud top height (Fig. 10d) using
INTERPOLATEDSONDE data. The cloud tops refer to the height of the first KAZR echo top,
and the cloud depth (Fig. 10f) is measured from cloud base to this cloud top.

WALIs include both shallow clouds that may produce light drizzle (warm-rain processes),
and very deep stratiform clouds with tops below -40°C (Fig. 10d and c¢). CAO clouds typically
are more shallow: clouds as deep as in the intense CAO on 13 March (Fig. 6) are very rare (Fig.
10f). The deepest CAO clouds (>5 km) are due not to more intense CAO conditions, but rather
some brief instances of a stratiform cloud layer above the cumulus convection, e.g. on account of
an approaching frontal system. Cloud layering is rather common during WALIs, as is the case in
the WAI example in Fig. 8: the composite KAZR reflectivity profile analysis indicates that two
cloud layers are present in 31% of all WAI profiles, and three or more cloud layers in 17% of

them (Table 3). Layering is present in CAOs as well, but it is less common (Table 3) and can
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occur due to the presence of an elevated cloud layer or a convective anvil stretching over nearby
more shallow cumulus clouds. Clear sky conditions are rare during either phenomena.

Composite profiles of the median potential temperature, 6, specific humidity ¢, and 6,
(Fig. 11) during CAOs are distinctly different from those during CAOs. The difference between
the two populations is largest not at the surface but rather between 1-3 km MSL, which is not
surprising given the coastal location. In CAOs, 6, is close to constant with height in the lowest 3
km, whereas it steadily rises in WAIs. This is fundamental to the observed difference in cloud
structure. Low-level meridional moisture advection is almost exclusively positive/southerly
(negative/northerly) during WAIs (CAOs) (Fig. 11e). The magnitude of the moisture advection
peaks near the surface during CAOs (because of strong low-level winds and an adiabatic lapse
rate) and peaks near 1 km MSL during WAIs (because of the low level jet and stratified lapse
rate) (Fig. 11f).

b. Vertical structure of cloud and precipitation

Frequency-by-altitude diagrams matching Fig. 7, but for all CAO and WALI periods, are
shown in Fig. 12. CAOs are mostly far shallower than the intense 13 March 2020 event: a
distinct drop-off in frequencies is found around 2 km MSL (Fig. 12a). Few echoes are found
above 5 km. Heavy snowfall (>16 dBZ) occurs 10% of the time, and a large fraction of cloud
profiles have very low reflectivity (producing little or no precipitation), consistent with the open-
cellular appearance on satellite imagery (Fig. 1). The surface temperature is almost always below
4°C during CAOs (Fig. 10b), so the melting layer is generally below 400 m MSL. Therefore,
snow, not rain, dominates the first level with KAZR data (200 m MSL) and all levels above
during CAOs. The spread in Doppler velocities is large, with hydrometeors carried up ~11% of
the time. Spectral widths vary considerably, with >10% of the profiles experiencing values over
0.5ms".

WAL clouds are more frequently deep. The color scheme of the frequency differences in
the right panels in Fig. 12 matches that of previous figures: red indicates higher frequencies
during WAIs. WAI clouds are far more homogenous and continuous compared to CAO clouds,
and are generally precipitating: only ~10% of the profiles have low-level reflectivity values
below -20 dBZ. Hydrometeors almost all fall, at a speed increasing towards the surface,

indicating stratiform snow growth with ice particles growing mostly by vapor diffusion on their
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way down [Section 6.3 in Houze (2014)]. The spectral width distribution above the melting layer
is narrow compared to CAO clouds. The melting level indicated by rapidly increasing spectral

width and fall speed is typically below 1.5 km MSL during WAIs.

5. Discussion

The vertical structure of clouds and precipitation are quite different during the yin and
yang of Arctic-midlatitude heat exchange, i.e. marine CAOs and WALISs, as seen from the
perspective of a coastal site in northern Norway. Clouds in WAIs are stratiform, driven by large-
scale ascent. The high PWYV in strong southwesterly flow and deep, ice-dominant clouds lead to
persistent precipitation. At times, the WAI cloud regime is shallow, with relatively warm cloud
tops. Driven by oceanic surface heat fluxes over a fetch of 1,000-1,300 km, clouds in marine
CAOs are mostly convective and relatively shallow. They produce significant, but intermittent,
precipitation at all distances from the Arctic ice edge, with open cells producing moderate snow
showers at Andenes. The spectrum of marine CAO cloud properties is rather continuous (Fig.
10), but two cloud modes can be distinguished, and they have distinct environmental conditions.
One mode, illustrated herein (the 13 March 2020 case, Section 3a), is characterized by pockets of
strong updrafts and convective turbulence, alternating with decaying convective cells and
occasionally high reflectivity with heavy surface precipitation rate (Fig. 6 and 7). This CAO
mode, referred to as the open-cell mode, has cloud tops ranging between 2 and 5 km MSL,
pockets of high IWP, occasionally high LWP, and broken cloud cover (Fig. 6). This mode tends
to occur in an environment with high M values and/or strong surface winds. A second mode,
referred to as the closed-cell mode, typically is associated with lower cloud tops (mostly between
2-3 km), mostly continuous cloud cover but low reflectivity values. The vertical air drafts,
turbulence, LWP, and precipitation rate are relatively benign. This closed-cell mode is far less
common (~10% of CAO periods in COMBLE) and tends to occur under low M values, and
weaker surface winds. The contrast between the open- and closed-cell modes and their
controlling environmental factors are being explored further.

One limitation of this study is that it only examines CAOs and WAIs cloud vertical
structure at one coastal site (Andenes) and not at other longitudes around 70°N. In winter, the
far-northern Atlantic is the main pathway for WAISs into the Arctic (Woods et al. 2013), but

marine CAOs are frequently found elsewhere, especially off the boreal continents (Fletcher et al.
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2016). Our 6-month Andenes-centric CAO “climatology” excludes the relatively weak and short-
lived CAOs originating in the Fram Strait that do not reach Andenes due to the long distance
from the ice-edge. It also excludes CAOs emerging from the northeast (the Barents Sea) that
affect the Norwegian Sea north of Andenes or the northern tip of Scandinavia but leave Andenes
(on the NW side, Fig. 1) somewhat sheltered by the terrain. Both types of CAOs occurred during
COMBLE. Thus, not the whole spectrum of CAOs over the Norwegian Sea is captured by our
Andenes-centric climatology, and observation at Andenes might skew towards intense CAOs
originating in the Fram Strait.

For WAISs identified at Andenes, the most impacted areas were the Norwegian Sea, the
Norwegian coast, but also the eastern coast of Greenland, and sea ice east of the Greenland coast.
The reason for this eastward extent is that the moist, warm air sometimes wrapped around the
Icelandic low towards Greenland, as was the case on 4 December 2019 (Fig. 4). At later times,
the WAIs observed during COMBLE often impacted areas further northeast, mainly in the
Barents Sea. The WALISs in our study rarely transported high temperatures and moisture deep into
the central Arctic, unlike events described by Woods et al. (2013) (1-3 Jan 1998) and by Dada et
al. (2022) (mid-April 2020). Nevertheless, the cloud vertical structure of WAIs described herein

is likely representative for those WAIs that do penetrate deep in the central Arctic.

6. Conclusion
This study uses data from profiling in situ and remote sensors that were deployed during
COMBLE between 1 December 2019 and 31 May 2020 at a coastal site in northern Norway
(69.1°N), to characterize high-latitude marine CAOs and WALIs. This site is suitably located to
capture major WAISs into the Arctic, and also frequently witnesses the CAO cloud regime that
forms when air masses are advected from the Arctic sea ice over some 1000 km of open water.
CAO s are objectively defined in terms of low-level thermal instability relative to the sea surface
temperature, and WAISs in terms of low-level stratification of moist static energy. The main
conclusions are as follows:
e (Cloud structures in CAOs are convective, driven by strong surface heat fluxes as Arctic air
masses are advected over a long fetch of open water. The mostly stratiform clouds and
precipitation in WAISs into the Arctic are the result of synoptically ascending currents

containing and transporting much water vapor.
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e At Andenes, the CAO cloud regime is dominated by an open-cellular structure with cloud
tops mostly between 2-5 km. The cumulus clouds are generally precipitating, and intense
CAOs may produce showers containing much ice and producing moderate precipitation.
Depending on the lifecycle stage of convective cells, they may contain substantial liquid
water as well.

e A variety of cloud top heights and cloud depths occur at Andenes during WAIs, and
sometimes cloud layering occurs with one or more interspersed dry layers. The WAI cloud
regime is marked by high PWV and LWP values, but relatively little IWP and higher

precipitation rates compared to CAO clouds.

Future COMBLE-based work will further characterize the CAO cloud regime, in
particular the mesoscale organization, the vertical structure, radiative fluxes, relations between
microphysical and dynamical properties, and precipitation growth mechanism, using

observations and high-resolution numerical simulations.
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This study uses ERAS hourly data at the surface (https://doi.org/10.24381/cds.adbb2d47) and at

constant pressure levels (https://doi.org/10.24381/cds.bd0915¢6), in addition to monthly average
data on constant pressure levels (https://doi.org/10.24381/cds.6860a573). The NOAA Optimum

Interpolation %2 Degree Daily Sea Surface Temperature (OISST) Analysis, Version 2.1 is
available at https://doi.org/10.7289/V5SQ8XBS.
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760
761

Table 1: COMBLE AMF1 datasets used in this study.

ARM Data Product Description Variable Units
MET surface meteorological | atmospheric temperature °C
(Kyrouac & Shi, 2019) instrumentation horizontal wind direction °
horizontal wind speed ms’
atmospheric pressure hPa
precipitation rate mm hr’'
MAWS Vaisala automatic atmospheric temperature °C
(Keeler et al., 2019) weather station horizontal wind direction °
horizontal wind speed ms’
atmospheric pressure hPa
WBPLUVIO2 Pluvio-2 Weighing precipitation mm
(Cromwell & Bartholomew, 2019) | Bucket Precipitation
Gauge
ARMBEATM ARMBE: Atmospheric | precipitation mm hr”’
(Xiao & Shaocheng, 2019) measurements
KAZRCFRGEQC Ka-Band ARM Zenith | equivalent reflectivity factor dBZ
(Hardin et al., 2019) RADAR (KAZR); mean Doppler velocity
general mode, quality spectral width ms’
controlled ms’
ARSCLKAZRBND1KOLLIAS cloud boundaries cloud base height m
(Johnson et al., 2019) retrieved from cloud top height m
KAZRARSCL
MWRRETILILJCLOU microwave radiometer | liquid water path kg m™
(Zhang, 2019) retrievals precipitable water vapor kg m™
MICROBASEKAPLUS Microphysical ice water content kg m>
(Wang et al., 2019) retrievals
INTERPOLATEDSONDE sounding data atmospheric pressure hPa
(Jensen et al., 2019) interpolated to 1 min atmospheric moisture (RH) %
atmospheric temperature °C
horizontal wind speed ms’
SONDEWNPN 6-hourly balloon-borne | atmospheric pressure hPa
(Burk, 2019) sounding data dewpoint temperature °C
atmospheric temperature °C
horizontal wind speed ms’
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762  Table 2: Average precipitation rate (mm hr'') and total precipitation (mm), for the CAO and WAI case studies,
763 and for all CAOs (Present Weather Detector) and WAIs (Pluvio-2 Weighing Bucket) in COMBLE. Gauge data
764 were continuous, except for the Present Weather Detector, which was not available 1.9% of the time during all

765 CAOs. Corresponding ERAS5 data are shown in the last column.

Precipitation Gauge ERAS5
13-14 March CAO rate (mm hr') 0.22 0.25
(27.6 hrs) total (mm) 6.1 7.3
3-5 December WAI rate (mm hr”") 0.85 0.66
(48.5 hrs) total (mm) 414 321
all CAOs rate (mm hr”") 0.25 0.26
(821 hrs) total (mm) 202.6 208.8
all WAIs rate (mm hr'l) 0.32 0.32
(766 hrs) total (mm) 245.8 246.9
766
767
768  Table 3: Normalized frequency of occurrence of cloud layering, according to KAZR data.
single cloud column | two cloud layers three or more clear sky missing data
cloud layers
CAO periods 59.5 % 24.4 % 10.3 % 5.0% 0.8 %
WAL periods 46.5 % 31.1 % 16.9 % 4.5% 1.0 %
769
770

28



771

772

773
774
775
776
777

778

IGreenland
[ ’,

Fram Strait

75°N &

Norwegian Sea

70°N

Fig. 1: Visible Infrared Imaging Radiometer Suite (VIIRS) 105 band (10.5 - 12.4 pm) image from (a) the

4Barents Sea

Bear Island

280

N N N

wu [=)] ~J

o o o
Black Body Temperature [K]

N
B
o

N
w
o

r20

r10

-20

NOAA-20 satellite and from (b) the Suomi NPP satellite, plus C-Band radar equivalent reflectivity factor from
the Scandinavian composite of ground-based scanning radars. (a) CAO on 13 March 2020 at 11:18 UTC, with

northerly flow off the ice edge, and (b) a WAI on 4 December 2019 at 11:42 UTC, with a moist plume in
southwesterly flow off Scandinavia. The red stars mark the two COMBLE observational sites.

29

Equivalent Reflectivity Factor [dBZ]



779
780

781
782

Dec 19

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Jan B _II]]I:I[[l:I:l]l ‘

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

LU

1 2 3 45 6 7 8 91011121314151617181920212223242526272829

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 2 3 456 7 8 9 10111213141516171819202122232425262728293031
Day of Month

Fig. 2: Time periods of CAOs and WAISs at the AMF1 facility near Andenes during COMBLE, between 1 Dec
2019 and 31 May 2020.

Feb 20 -

Mar 20 -

Apr 20 A

I CAO
May 20 1 mmm WAl

30



783
784

785
786
787

height MSL [km]

12:00 UTC
13 Mar 2020
04 Dec 2019

w B
1

N

(=}

0

-

-

00:00 UTC
13 Mar 2020
04 Dec 2019

12:00 UTC
12 Mar 2020
03 Dec 2019

Time [UTC]

00:00 UTC
12 Mar 2020
03 Dec 2019

Fig. 3: Map and vertical profile of 36 hour back trajectories at multiple levels ending at Andenes (star) at 12
UTC on 13 March 2020 (CAO event; cold-colored trajectories) and at 12 UTC on 04 December 2019 (WAI
event; warm-colored trajectories) (data source: GFS model).

31



788

789
790
791
792
793
794
795
796

SHF [W m~2]

PWV [kg m~2]

IVT 150 kgm1s1 —

% 0.7
78 °N 1 H0e
05 &
76 °N 0.4 -E
N7 A\ WY Y - Lo3 £
74 °N to.2 §
72 °N | £
_________ \ lo.og G
70 °N G | ‘ v 0.08 i
N GRS __
68 “Nfs ) L L 0.06
66 °N - . L 0.05
SRV B ___ N £ LLo.04
0O°E 10°E 20°E 0O°E 10°E 20°E
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Fig. 12: Frequency by altitude display of KAZR (top) reflectivity, (middle) Doppler velocity, and (bottom)

Spectrum Width [m s71]

Spectrum Width [m s~1]
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spectral width at Andenes, during (left panels) all CAO periods, (middle panels) all WAI periods, and (right
panels) the difference [CAO-WAI], blue meaning more frequent during CAOs and red more frequent during
WAIs. In each panel, from left to right, the red lines are the 10® percentile (dashed), the mean (solid), and the

90" percentile (dotted).
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