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Abstract
Dry intrusions (DIs) are synoptic-scale slantwissaknding airstreams from the midlatitude
upper troposphere towards the boundary layer atddatitudes. Typically occurring behind
cold fronts, such intrusions of dry air often redleb boundary layer and cause its deepening,
thereby affecting boundary-layer clouds. Althougbsidence is generally an inherent feature
of the subtropical marine boundary layer (MBL)jstunclear how the MBL reacts to the
transient, dynamically distinct DI. In this studyeanalysis data were combined with
observations from the Atmospheric Radiation Measera Eastern North Atlantic (ENA) site
(39.1°N, 28.0°'W) to characterize the impact of DIs on MBL chardsties and clouds.
Specifically, an objective criterion is applied ttee observations made during the winter
months of 2016-2018 to identify the DI days fronodd before and following Dls, and
reference periods without DIs. The analyses suggdsttantial deepening of the well-mixed
boundary layer accompanied by changes in the clpuekgipitation and thermodynamic
properties during the DI events. During the DI, tbaver troposphere cooled and dried
substantially thereby inducing strong surface d#@sind latent heat fluxes. All while a strong
inversion builds up at the elevated MBL top affegtcloud occurrence. The results show Dls
to affect the boundary layer and cloud structurthatENA site ~21% of the time in winter
months, with the response of the cloud fields & B-fronts substantially different than that
to the non-DlI fronts. Hence, the DI events sho@dbnsidered while studying boundary layer

and cloud processes in the region.
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1. Introduction
The planetary boundary layer (PBL) is the parthaf atmosphere that directly interacts with
the underlying surface (Stull, 1988). PBL procespky a role in the modulation of the
atmosphere at weather and climate time scalesssddh, have an important role in shaping
extreme weather and climatic events and in traingldheir impact onto the surface. In spite
of some recent progress, weather and climate giedimodels do not realistically represent
the processes within the PBL, resulting in biaseke resulting PBL height and the distribution
of boundary-layer clouds (Teixeira et al., 2008heTreason being that most of the PBL
processes occur at sub-grid scales when comparéypical climate and weather model
horizontal grid scales and temporal resolution.seguently, PBL statistical parameterizations
have to be developed (Teixeira et al., 2008). Theracteristics of the PBL are determined
according to several mechanisms: exchange of meamentum, moisture, and chemical
constituents between the surface and the freesppmre. Locally-generated buoyancy fluxes
and static stability control PBL depth nearly ewengre, though convective mass flux has a
large influence at tropical marine locations (Medgiet al., 2005). Critical to both the local
weather conditions and for reliable future climatejections are the accurate modeling of
boundary-layer clouds (Sandu & Stevens, 2011; Bargt., 2015).

Stratocumulus clouds occur during large scale slelnsie (Norris, 1998; Norris &
Klein, 2000) in subtropical high regions and durgaid-air advection (Mechem et al., 2010;
Zheng et al., 2020). During the transition (falldaespring) and winter seasons in the
midlatitudes, synoptic-scale descent and cold adwemainly occur in the post-cold-frontal
regions, i.e., in the cold sector of transientaxtpical cyclones and their equatorward trailing
cold fronts. The cold sector of the cyclones israbgerized by low clouds and strong winds
(Field & Wood, 2007; Govekar et al., 2011; Walkét 2017). This region is dominated by a

slantwise-descending airstream known as the drysitn (DI, Carlson, 1980; Browning,
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1997). Within Dls, air descends slantwise from tipper troposphere in mid-high latitudes
equatorward, reaching the low levels in the coldaeof the surface cyclone downstream, i.e.,
not locally.It isimportant to acknowl edge the slantwi se nature of the descent of air, in contrast

to local subsidence, for understanding how such post-cold frontal environments may impact

the PBL. For example, if originated in the stratospheres ansport high potential vorticity
(PV) air to the lower troposphere, thereby reduding lower-tropospheric static stability
below and changing the circulation (Browning & Galgi 1995; Wernli, 1997). However,
using a Lagrangian airmass trajectory-based ideatibn of DIs, Raveh-Rubin (2017) showed
that almost 99% of Dls are rather tropospherichairtorigin. The temperature and moisture
contrast of the incoming DI air compared to locahditions in the PBL are potentially key
factors for determining their influence. The impaétDIs on the surface weather can be
diverse. In the midlatitudes, case studies highéighthe association of DIs with cyclone
deepening (Uccellini et al., 1985; Young et al87Pand strong wind and precipitation impact
near the cold front behind which DlIs occur (CarM8llard, 1985; Browning & Reynolds,
1994). Globally, cold fronts that are associateith\Bils are climatologically more intense than
cold fronts without DIs association (Catto & Rawvebbin, 2019). DIs may enhance
precipitation in cyclones through their interactisith moist air ahead of the cold front on the
mesoscale, but at the same time can reduce pegmpiby its evaporation into the DI airmass
(Carr & Millard 1985; Browning & Golding 1995; RaweRubin & Wernli 2016). DIs are
further associated with enhanced surface fluxem fitee ocean due to the penetration of the
incoming dry and cold air (Raveh-Rubin, 2017; Aesgiger & Papritz 2018; Raveh-Rubin &
Catto, 2019). Typically, enhanced mixing in the PBlong with high wind gusts and extreme
surface heat and moisture fluxes all co-occur égtesence of DIs when they reach the lower

troposphere, inducing potentially unstable regidRaveh-Rubin, 2017). However, the
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influence of DIs on the dynamic and thermodynarharacteristics of the PBL, and its
relevance for PBL clouds has not been addressé¢ensgtically so far.

Several diagnostic parameters have been propoatlinththe coverage of low clouds
with the tropospheric stability (Klein & Hartmant993; Wood & Bretherton, 2006; Naud et
al., 2020). These indices exploit the fact thatranger boundary layer inversion is more
efficient in capping moisture within the marine bdary layer, permitting greater cloud cover.
However, it has been shown that these indiceddaiapture the relationship between large-
scale environment and cloud cover at sub-dailysoakes (de Szoeke et al., 2016; Mechem et
al., 2018; Park & Shin, 2019). In the current stugy examine the relationship between the
large-scale flow and the PBL but depart from thealdarge-scale stability diagnostics by
examining the detailed PBL structure and cloudsrésponse to slantwise descending
midlatitude air.

This work utilizes measurements from the Atmosphd®adiation Measurements
(ARM) program Eastern North Atlantic (ENA) sit9(1°N, 28.0'W) in the Azores (Wood et
al., 2015) sponsored by the U. S. Department ofrggn€éDOE). This region lies at the
southeastern edge of the north Atlantic storm tratitere DI occurrence peaks in winter at 6%
frequency (Catto & Raveh-Rubin, 2019). Thus, foagin this region allows a measurement-
based investigation of the impact of DIs on the RiBassociation with the cold fronts that trail
from the transient cyclones, but away from the @yelcenter. The ENA site measurement site
is unique in the sense that both subtropical ardiatiiude synoptic systems govern the area
and link to marine boundary layer (MBL) clouds (Mem et al., 2018; Rémillard &
Tselioudis, 2015). The location of the ENA sitel&racterized by frequent coverage of MBL
low clouds that contribute to the total rainfafjsificantly (Giangrande et al., 2019). This area
is characterized with post cold fronts and non-pmmdtl fronts with both periods generally

associated with subsidence and low-level cloudsu¢Net al., 2018; Lamraoui et al., 2019).
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Yet, during post-cold frontal times, stronger sdbsice and wind speed along with weaker
inversions and deeper clouds prevail, comparetin@atlogical conditions. Moreover, clouds
associated with cold fronts passage contribute @Y precipitation compared to otherwise
subsidence conditions (Lamer et al., 2020).

Since not all cold fronts are followed by deeplsckending Dls, in this study we aim to
understand and quantify the transient influencslaftwise-descending DIs on the PBL and
its relevance for low clouds. We specifically atf#rto address the following questions:

(i) What are the subtropical and midlatitude synoptsteams that host the arrival of DIs into
the Eastern North Atlantic in winter?

(i) Does DI air mix into the PBL? How do the verticabfiles of temperature and humidity
evolve during DI events?

(i) Are surface turbulent heat fluxes modifiedrohg Dls, and if so, how?

(iv) How do DI events influence the PBL top height émel inversion properties, namely its
height, strength and depth?

(v) How do DI events influence PBL cloud fraction?

2. Methodology

We address the questions by focusing on the maathsary, February and December of
the years 2016-2018 and categorizing the time samieelation to cold fronts and DI events.
We combine large-scale atmospheric data and auiordantification of DIs and fronts from

reanalysis, with a range of local observationbi@tENA site, as detailed hereafter.

2.1 ERA - Interim Reanalysis

We analyze the large-scale atmospheric fields uEmgpean Centre for Medium-

range Weather Forecasts (ECMWF) ERA-Interim (ERAeBnalysis data (Dee et al., 2011).
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The spectral datd 255) are horizontally interpolated talax 1° grid and 60 vertical hybrid
levels, available at 6-h temporal resolution. ER&-thosen for this study consistently with
the identified cold fronts (see section 2.2). Stefesensible and latent heat fluxes are
accumulated in the ECMWEF Integrated Forecastinge®y$IFS) cycle 31R1 that drives ERA-
I, using the bulk formulae for the ocean-atmosplimterface (ECMWF, 2007). The height of
the PBL is diagnosed in ERA-I using the bulk Ricsam method and defined, when scanning
from the surface upwards, as the level at whiclbthie Richardson number reaches the critical

value 0.25.

2.2 Definition of DI eventsand classification of the time series

Airmass DI trajectories were recently identifiedlgglly using a systematic Lagrangian
approach. Using LAGRANTO (Sprenger & Wernli 201foyward trajectories were calculated
from a uniform starting grid in ERA-I every 6 h,caa minimum descent threshold of 400 hPa
was applied on the 48-h long trajectories to idgrilils among them (Raveh-Rubin, 2017).
We use the Lagrangian DI criterion to classify timae series, namely DJF 2016-2018,
according to the presence of DIs withintd -radius around ENA measurement site at
39.1°N, 28.0°W. First, a 6-h time step is defined as ‘DIs’ iflaast one DI trajectory was
detected at the site in the lower tropospherep(issure level is 700 hPa or larger). The 24-h
time window following the last occurrence of Discigssified as ‘post-DIs’ (see upper bar in
Fig. 1b). Note that if a front or a DI occurred ht this 24-h period, the corresponding 6-h
time steps are not considered as ‘Post-DIs’.

Here we make an important distinction of DIs frony gost-cold frontal class. We
employ the front identification and DI-matching eafe designed recently in Catto and Raveh-
Rubin (2019), where cold fronts were identifiedBRA-I using an objective thermal front

parameter threshold, based on horizontal gradignteet bulb potential temperature on the
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850-hPa surface. The identified front lines wengagded by 2 grid points in each direction to
allow their further classification according to itheverlap with a DI behind them. In addition,
cold fronts that are geometrically connected tg@ane were labeled as ‘trailing cold fronts’
(for further technical details please refer to Gattd Raveh-Rubin 2019). Here, using the same
cold front identification technique and DI matchialgorithm, we find that all DIs over the
ENA site were preceded by detectable fronts (76%h@ifn are trailing cold fronts), such that
the time steps before DIs were termed ‘Pre-DIst&orAs a climatological reference, the
remaining timesteps are further divided into Nors-Riith cold front, i.e., when a front that
does not match with DIs behind was detected (‘NésHionts’, only 30% of these cases are
trailing cold fronts), and the rest as ‘Non-DlIs’ifwout any cold fronts, DIs or Post-DIs). The
resulting list (Table 1) consists of 63 6-h DI tirseps that amount to 31 DI events when

aggregating consecutive timesteps with Dls (seecAdx for the list of dates).

I dentification Number of 6-h timesteps % of time
Non-DIs 649 60.5
Non-DI fronts 196 18.3
Pre-DIsfronts 91 8.5
Dis 63 (31) 5.9
Post-Dls 74 6.9
Total 1073 100

Table 1: The identified classes over the ENA site and tbheaurrence frequency during the

winter study period. The number in parenthesiscaigis the number of DIs events.

More generally, to determine where and when Dlishighe lower troposphere on a

regional scale, we define ‘DI outflows’ as regiomkere any DI trajectories are found at a
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given time at a pressure level of 700 hPa or laigech DI outflow masks mark the Dls typical
location behind the trailing cold front, away frdhe cyclones center (Raveh-Rubin & Catto,

2019).

2.3 Observational Data Sets

The ARM Climate Research Facility established amaerent observatory in the
Eastern North Atlantic (ENA) on the island of Gsa 89.1°N, 28.0'W) in the Azores,
Portugal. Data from several instruments are uséaisnstudy to characterize the PBL.

Automatic surface weather station data includegesature, pressure, humidity and
wind, measured at 1-minute intervals. Vertical oadnde profiles of these variables are
routinely available every 12-h (and partially evérn) with 10 m vertical interpolation. The
Vaisala Laser Ceilometer (CL31) is used with maximmange of 7700 m with 10 m resolution.
The ceilometer detects three cloud layers andmértes the boundary layer height through the
backscatter attenuation (Kotthaus et al., 2016B81Cteilometers measure the backscattered
light intensity from a pulsed Indium Gallium Arsdri(InGaAs) laser diode transmitter of near
infrared wavelength 910 nm as a function of distanBy employing a near infrared
wavelength, a pronounced change of the attenuatekkbatter profile is mainly attributed to
variations in the aerosol content, providing m@&ieble indicators for clouds and atmospheric
layers (Wiegner et al., 2014). In this study, wedushe cloud base height and PBL height
information from CL31.

Boundary-layer cloud fraction is based on the KaebARM zenith radar (KAZR), a
vertical pointing Doppler cloud radar operating@8z (Kollias et al., 2014). The KAZR data
were combined with those from the collocated lasfiometer and the microwave radiometer
to derive cloud boundaries based on the Active Rer8ensing of Clouds Locations (ARSCL;

Clothiaux et al., 2000) data product. The radawides radar reflectivity (dBz) in vertical
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resolution of 30 m from 160 m up to 18 km with 58#tical levels and the time interval of
measurements is 4 s. Consistent with the sengitofitKAZR, the hourly values of cloud
fraction (CF) were calculated using threshold & dBz (Kollias et al., 2019). In order to avoid
contamination from ground clutter, we present tbdigal profile from 400 m above surface
and upward. Hourly average cloud fraction (CF) vestimated with using a minimum

threshold for sensitivity signal pulse (~ -45dBz).

2.4 Observational PBL height estimations and inversion layer detection

Six methods for the estimation of the PBL heiglet @mpared. The first five methods
detect gradients in the vertical profiles from oamtindes. Here we derive the PBL top from
radiosondes at least twice per day when searchamg 800 m upwards to 2200 m to avoid
temperature inversions near the surface. The PByhhés therefore determined as the 1)
Minimum vertical gradient of specific humidit¥,,;,q, 2) minimum vertical gradient of
relative humidity V,,,;, RH, 3) maximum vertical gradient of virtual temperat\v,,,,, T, and
4) maximum vertical gradient of potential temperaf¥,,,,6 following Von Engeln and
Teixeira (2013). In addition, a fifth method is bdn bulk Richardson number (Seibert et al.,
2000; Sorensen et al., 1998) using a thresholdzf0.25 as in ERA-I. The sixth method uses
a retrieval from the CL31 ceilometer where a baaktscing attenuation was considered. Up to
three distinct heights can be retrieved. We usest#tond height (hamed BLH2). The first
boundary layer height is typically too close to theface to be considered, and the third is
rarely reported. We further detect the inversioyefaproperties directly by scanning the
radiosonde temperature profile. We then recordrthersion layer base height, the inversion
depth, and the temperature and specific humidifemince between the inversion top and its

base.
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3. Results
3.1 Anillustrative DI event

A DI event affected the ENA site between 30 Decen#ttid7 and 2 January 2018,
including the period of Pre-DI, during DI and reeoystage. The DI air mass started its descent
near the east coast of North America from 29 Deasrib UTC to 30 December 18 UTC, as
shown in Fig. 1la specifically for those airmasdes started their descent on 0000 UTC 29
December 2017 (black dots), and reached the lawposphere around the ENA site 48 hours
later. The airmasses descend from the upper trbposslantwise in the eastward direction
over the North Atlantic towards ENA site, wheregiached below the 900-950-hPa level (black
dots in Fig. 1b), i.e., well inside the PBL. ltinsightful to examine the local evolution of the
atmospheric column at the ENA site upon the arrofahe DI air and the recovery from it.
The Eulerian time-height cross section (Fig. lioyshspecific humidity, potential temperature
and equivalent potential temperature from 28 De@mB17 (00 UTC) until 1 January 2018
(18 UTC), which covers all classified categoriepg@r bar in Fig. 1b). In fact, during this
period two cold fronts passed over the site. Tisg, fat 18 UTC 28 December, was not followed
by a DI, and the second, on 30 December at 06 Wi&ked the beginning of the DI event.
Clearly, the DI event had a substantial signatumettee lower troposphere. The specific
humidity decreased near the surface from 1@k}~ during the cold front to 4-§ kg~! at
the peak of the DI event. Moreover, extremely dry(lass than iy kg~!) reached down to
the 850 hPa level. The potential temperature (redtaurs) and equivalent potential
temperature (black contours) are almost equalerdtly sector above the PBL. During the DI
event, a robust cooling of the entire atmosphedluran is observed, while the surface
temperature dropped by 15°C. The recovery frondtigeand cold surface conditions already
started during the DI event itself on 31 Decemhiet&UTC, presumably due to the strong

surface latent and sensible turbulent heat fluresthe atmosphere (Fig. 2e). Both post-cold
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frontal episodes exhibit a pronounced a@ddnomaly in the ~700-850 hPa layer. This potential
instability is accompanied by a deeper PBL top,ssignt with the global mean behavior in
Raveh-Rubin (2017). However, the second post-aaldtél episode, governed by the Dls, is
accompanied not only by drying, but also by shaging. The mean potential temperature of
the DI airmasses decreases slightly from 288.8 ténnorthwest Atlantic to 290.2 K at the
ENA site (not shown), such that the advection &f #irmass and its temperature and humidity
content in its origin govern the anomalies obsewveithe ENA site.

The development of the clouds can be clarifiedgiKIAZR radar reflectivity (Fig. 1c).
At first, during Non-DIs and Non-Dls-fronts, traast shallow clouds are observed,
disconnected from the high clouds above 8 km. Duiire first cold front (29 December 06-
12 UTC) shallow cumulus precipitated rain that restthe ground for a few hours. Compared
to the first front, the second front associatechwitls (30 December 12 UTC) had more
significant reflectivity with maximum 30 dBz. Rameached the ground and the clouds top
reached up to 10-11 km. From 30 December 18 UTCgD\&rned the ENA site for the next
24 h. The near-ground reflectivity was decreasedihain the first 6 h of DIs presence. Yet,
on the 31 December 00 UTC, when DlIs penetratedwodltitude (above 900 hPa, Fig 1b),
stratocumulus clouds are sustained without pretipit. The cloud base height in the
boundary layer is ~1 km higher compared to theye&bn-DIs’ period on 28 December.
Throughout the DIs period, no clouds were obsefvetiveen 2-8 km. The highest clouds
above 8 km occur throughout the five regimes ardikely a result of advection in the upper
levels of the troposphere. The reflectivity incesmsluring the Post-DI stage, indicative of
precipitation. However, this is related to the wastl propagation of a high-pressure system,
accompanied by southwesterly moist flow (not showie precipitation at this stage is not

related to cold fronts or even post cold front deas reported also by Naud et al. (2018).
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The evolving synoptic situation is shown by concatiig on the front passage at 12
UTC 30 December (Fig. 2, left column) and on thakpe DIs 12 h later (Fig. 2, right column)
according to ERA-I. Initially, during the cold fropassage, the ENA site (shown with a red
‘X" is influenced by low-level southwesterly mofiw, induced by cyclonic flow to its north,
and the edge of the contracted Azores high. Th# frails from a cyclone in the North Atlantic
with a short wave trough, which later closes neslahd. A wide upper-tropospheric trough is
discernible at front passage (isentropic PV, redaars in Fig. 2a). During the following day,
the trough propagates eastwards and narrows die tmlge that amplifies to its western flank,
(Fig. 2b), such that the ENA site is located unédaticyclonic environment and strong
northwesterly wind behind the trough throughout tiloposphere. Under the influence of the
DI outflow (magenta contour), the extremely dry é&avtroposphere (< @ kg~! at 850 hPa)
extends zonally over 20°. The influence of DIs anface sensible and latent heat fluxes is
very pronounced (Fig. 2c, d, negative indicatesndeat loss to the atmosphere). During Dls,
the magnitude of surface heat fluxes increased fibout -200 to -400W m~2 (latent heat
flux) and from O to -50/ m~2 (sensible heat flux) reaching values typicallyestssd farther
west over the Gulfstream. Precipitation peakedndutihe cold front and vanished when Dls
dominated the region (Fig 2e, f).

Measurements at the ENA site record the local imp&®I on the surface and PBL,
especially under the direct influence of DIs (F&). During DlIs the surface temperature
decreased to below 43 (Fig. 3b, j). Strong inversion was observed fro8b6- (00 UTC) to
~900 (13 UTC) hPa during the day (red lines in Big.e,h). Below the inversion, potential
temperature is constant, indicative of a well-mikedndary layer. An inversion was not found
during the cold front passage (yellow lines). Theing ratio (Fig. 3d-f) decreased rapidly
under Dls (Fig. 3e), with extremely dry free troplere, where the mixing ratio is less than

0.5g kg~1. Also near the surface, mixing ratio decreasettbq kg~! from 10.5-11g kg1
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12 h earlier (Fig. 3d,e,k). Still during the DI eethe mixing ratio increases tq6cg~! (Fig.

3e; dashed red line and 3k). We attribute thihéogeak in latent heat flux from the ocean at
this time, supplying new water vapor. It is appateat the recovery from the DlIs (1 January)
occurred up to the inversion but without changeb@ifree atmosphere. Changes to the higher
levels occurred only after the weakening of theemsion during Post-Dlis (Fig. 3f; cyan lines)
until reaching back to the average conditions (Bfggray line). The relative humidity (Fig.
3g-i) evolution provides clues for the maintenant®BL clouds despite the drop in mixing
ratio. Lower-tropospheric RH drops from more th@¥@to 40-60% (Fig. 3g, I; gray lines).
Dls decrease the relative humidity to 40-60% nleaisurface and 60-80% below the inversion
(Fig. 3h,i). The relative humidity below the inviens remains high enough due to relatively
cold air and the isolated MBL due to the strongension allowing MBL clouds also during
DIs (Fig. 1c). Precipitation, however, occurs dgritne cold front together with peaking

surface winds and a drop in surface pressure 8figo).

3.2 Mean large-scale environment and surface turbulent heat fluxes

We infer the mean large-scale configuration ofdimeoptic systems by averaging the
meteorological maps for each Dl-relative class myrithe study period. Large-scale
anticyclones govern the ENA site throughout thery®dood et al.,, 2015). However, any
changes of the location and the strength of theesy$eads to significant modification of the
governing airmasses at ENA site. Figure 4 showsattezage SLP, isentropic PV, 850-hPa
specific humidity along with the mean location ofafronts (blue contour) and DI outflows
(magenta contours). Without Dls, the ENA site lire$he northwestern quarter of the surface
anticyclone, away from the ridge-shaped dynamicgddpause (Fig. 4a). The mean position
of DIs and cold fronts to the west reflect theimatological distribution in DJF (Catto &

Raveh-Rubin, 2019), consistent also with Naud 28118, their Fig. 1c). When cold fronts
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cross the ENA site, specific humidity reaches tighdst values 5-§ kg~ which is spatially
connected to the tropical moisture reservoir invlestern Atlantic in both Non-Dls-fronts and
Pre-Dls fronts categories (Fig. 4b-c). However, onaifferences emerge between the two
front cases. On average, when DlIs follow the frdm,cyclone in the north Atlantic is deeper
and larger, and the anticyclone is less pronounoemipared to cold fronts with no DIs. This
difference is induced by a more pronounced troungihe upper troposphere and overall result
in stronger SLP gradients and longer fronts, as atged recently by Raveh-Rubin and Catto
(2019). Part of the difference can be attributetthéolarger fraction of trailing fronts in the Pre-
DI fronts category, compared to Non-DI fronts (Seetion 2.2). The driest meangZg1)
around ENA site was observed during DI events (#il).with slight increase in the period of
Post-DIs (Fig. 4e). During DlIs, and further undessDIs, the aforementioned trough
propagates eastward, along with the low-pressistesys and the associated front. Under these
conditions, the ENA site is positioned under thesetting ridge, and on the northeastern side
of the surface anticyclone, which itself dislocatesstwards and intensified to over 1028 hPa
in its center. The average SLP map of the ‘DIs’iqukiis similar to the map in Naud et al.
(2018, their Fig. 1a), where the ENA site is influed by post-cold-frontal northwesterly
winds.

The ENA site is located away from sharp SST gradjesuch that the mixing of dry
and cold Dis air into the MBL can enhance the masent and sensible heat fluxes from the
ocean over the site (Fig. 5). Climatologically, wito DIs, the strongest surface fluxes occur
over the warm ocean currents in the western Atafiig. 5a). The surface fluxes over the
ENA site remain low in both cold fronts’ cases (Fafp, c), but in the Pre-DI case the fluxes
behind the fronts are more intense in the locaticthe DIs outflow (Fig. 5b, c). DI events lead
to strongest effect in terms of surface fluxes, mtiee average latent and sensible heat fluxes

reach -200W m~2 and -40W m~2, respectively (Fig. 5d). The intense surface fluweaken
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during the Post-DIs over the islands (Fig. 5e), éasv, the intense fluxes during Dls are
consistent with the recovery of the humidity defioduced by the Dls in its post-stage (Fig.
4d, e).

To understand the variability of the surface fluxexder the different dynamical
classes, figure 6 shows the frequency after binfimghe intensity of latent (Fig. 6a) and
sensible (Fig. 6b) heat fluxes (only negative valaee presented, omitting the minus sign).
Both non-DI classes peak in low heat fluxes and finequency of stronger fluxes decreases
dramatically. The major shift in the distributimwards intense fluxes occurs during DIs, with
hardly any weak fluxes and a clear dominance ostrengest flux magnitude (stronger than -
160 and -40V m™2 for latent and sensible heat fluxes, respectivedyhpared to other classes.
The Post-DI stage still exhibits strong fluxeshaligh the distribution is shifted to weaker
values compared to the DIs period.

Enhanced surface heat fluxes provide buoyancygerand vertical motion within the
PBL, promoting its deepening. The mean PBL heiginiability under the different dynamical
classes can be therefore examined (Fig. 6¢) bas&Ré-1. The PBL height distributions of
the DIs and Post-Dls are oppositely skewed comptaréite distributions during Non-Dls and
during the front categories. DIs capture the maximmfvequency at 1.4-1.6 km. The most
frequent PBL height under Non-Dls and Pre-DlIs cbonds is 0.6-0.8 km, with less than 5%
frequency for PBL heights beyond 1.4 km. In corttride most frequent PBL height under DIs
is 1.4-1.6 km, a with second peak at 0.8-1.0 kme highest PBL height occurs almost
exclusively under DI conditions. The PBL height idgrthe Post-Dls stage is distributed
similarly but with decreased heights compared ts, Diith peak frequency between 1.2-1.4
km. In the next section we focus in more detailtlom local conditions under the different
classes. Collectively the figure suggests the bagniyer to be much deeper, forced by high

surface fluxes during DIs as compared to the o#tarironmental scenarios. Somewhat
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surprisingly, vertical velocity at 850 and 700 hfpat shown), is not strongly differentiated
among the categories. However, at the 500-hPa Igxe| above the PBL), the highest
occurrence of subsidence was found under DIs @€, consistent with the high-pressure
systems strengthening there at those times, conhparthe frontal passage (Fig. 4e). Yet, for
all dynamical categories omega is distributed wiithth negative (ascent) and positive

(subsidence) values.

3.3 Impact of DIs on surface conditions based on ARM-ENA data

The impact of DIs on local PBL characteristicsteg ENA site is first explored on the
(near) surface conditions. Climatologically, theyailing 50-m above-ground level (AGL)
wind directions are southerly and south-westerlg.(F). The mean surface wind direction can
be generally explained by the synoptic situatiod #re shifting mean location of the low to
the north and that of the high-pressure systerhdsbuth of the ENA site (Fig. 4). Uniquely,
during DI events the direction of wind shifts aftiee cold front passage to north-westerly. The
northerly (and even northwesterly) wind componerhains during Post-DIs, however the
climatological south-westerly component alreadydsuup during this stage.

The distinct advection into the ENA site during Rieates a signature on surface
measurements of other meteorological parametersirlyHsurface measurements were
attributed to each dynamical class by considefiieg#3 h period around each 6-h time step.
The resulting distributions of surface pressurenperature, relative humidity, specific
humidity and wind speed are given for each dynahtlzess in Fig. 8. The median surface
pressure is lowest during the two front classesata 1013.3 hPa during Pre-Dls fronts and
1016.6 hPa during Non-Dls-fronts. The highest megigessure occurs during DIs (1026.28
hPa), but the highest value extreme($rcentile) is observed at the Post DIs stage. The

results are consistent with the reanalyzed SLP fam4.
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The illustrative case (Section 3.1) demonstratedld surface anomaly during DIs.
Here, surface measurement confirm that the cokle$ace temperatures are observed during
DIs and Post-DlIs, and the median temperature ies0\(~14C) at the ENA site during Dls
(Fig. 8b). Specific humidity is clearly the lowedtiring DIs and maintains the narrowest
distribution compared to all other categories. Tngness dominates the relative humidity
signal during Dls, such that RH is lowest as wadispite the relatively low temperature then
(Fig. 8c, d). The strongest surface wind speedbserved during Pre-Dis fronts and Dls,
exceeding median values ofi7s~. The reduction of the wind speed is shown lateingu
the ‘Post-DIs’ with 5.7n s~1, and the lowest wind speeds are measured withis.oAnhally,
cloud base height (CBH) is determined based omréflemeter. The maximum median of the
CBH occurs during DlIs (~1330 m AGL). At the PossBtage median CBH reduces by 200
m, while lower values and wider variability occuvigh Non-Dls. The cold fronts categories
do not represent well the CBH due to precipitatibnis aspect will be elaborated in Section

3.6.

3.4 Impact of DIs on vertical profilesin the PBL based on ARM-ENA radiosondes

In order to quantify and understand how the velrfddL profiles are shaped under Dls,
we average all available radiosonde data separ&delgach class. The vertical profiles of
temperatures, humidity and wind speed up to 5 larshown in Fig. 9. The vertical profiles of
temperature mark the presence of a marine invetaiar in all cases except for fronts (Fig.
9a). However, weak inversion layers were foundants with various altitudes when scanning
the individual profiles, but were smoothed outhia aiveraging process. The smallest inversion
that can be detected is 10 m. The mean altitudeeomarine inversion is lowest under ‘Non-
DIs’ at ~1 km above the surface presumably agaitiypdue to smoothing by the averaging

process. In contrast, during DIs, the inversioolésrly located higher above 1.5 km and the
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gradient of temperature above this level is vegrghThe altitude of the inversion decreases
to around 1.2-1.3 km and its mean signature weaketige Post-DIs stage, but still stronger
gradient and higher altitude than at Non-Dls. Inigotly, the coldest temperature from the
surface up to 3 km occur under Dls. The clear loo&d anomaly at the ENA site means that
despite the adiabatic warming the DI air parcefsegience during their descent, the advected
DI air is still colder than the in-situ air, whidan also be observed by the profile of potential
temperature (Fig. 9b). Potential temperature isoatnconstant in the lowest 1.5 km of the
troposphere during Dls, indicating a deeper wekledilayer, compared to the other classes.
The maximum gradient of potential temperature caled around 1.5 km, consistent with the
inversion height (Von Engeln & Teixeira, 2013). Tvetical profile of equivalent potential
temperature (Fig. 9c) shows large differences antbaeglasses, combining their temperature
and humidity differences together. The lowest eajgint potential temperature is found during
DIs. The mean vertical gradient 6§ suggests that potential instability prevails belie
inversion layer, above whidh increases with height, most strongly under Dise Phofile of
mixing ratio highlights the utterly dry free trogadsere during Dls, and the dilution of PBL
mixing ratio by the mixing of the DI air into it {¢= 9d). Overall, during DIs the mixing ratio
is the lowest throughout the atmospheric column, decreases fro g kg~! at the surface
up tolg kg~ above the top of the inversion around 2 km. Th@very from the extreme
dryness occurs mainly near the surface and ab@vetiersion in the Post-Dls stage, but the
mixing ratio is still lower compared to Non-DIs thre moist frontal categories. Interestingly,
the combined effects of temperature and mixingoragisult in a nearly-constant relative
humidity PBL profile in Non-DlIs and fronts classesd an increasing RH with height during
Dls, when maximum RH is recorded at 1.5-2 km (Big). In contrast, the reduction of RH

with height above the inversion layer occurs fbcklsses, but it is dramatic during DI, with a
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sharp mean drop from >80% to ~15% over ~100 m, @vetpto the mean decrease from 80%
to 20% over 2-km height for the other classes.

The vertical profiles of horizontal wind speed shoaximum winds during the passage
of cold fronts (Fig. 9f), when the strongest presgiradient forces prevail (Fig. 4). After fronts,
it is DIs which host the strongest winds up totthe of the PBL around 2 km. However, above
the PBL, the strongest winds occur during DIs,dwkd by fronts and Post-Dls, while the
weakest wind speeds in the free troposphere oesingiNon-Dls. It is important to remember
that it may be misleading to infer mechanistic ustinding from mean properties, so in the

next section we diagnose the PBL height and thergion based on the individual profiles.

3.5 PBL height and inversion properties

It is instructive to estimate the PBL height in thierent dynamical regimes, based on
the individual time steps, rather than by mearsvadothed averaged profiles. There are several
methods for the estimation of the PBL height fradiosonde and ceilometer data. Employing
six methods described in Section 2.4, figure 10anshthe resulting PBL height distributions
according to each method and dynamical class. Riygbased method suggests the lowest
PBL height compared to the other methods, the weiter-based method BLH2 provides the
second lowest, compared to the four gradient-baseithiods. Despite the differences among
the methods, clear trends can be identified whertrasting the dynamical classes, consistent
across methods. During DlIs, all methods agreeRB&theight is higher by 300 m on average
compared to other times. The gradient methods agetter among themselves when the
inversion layer is strong, which occurs most ofteming DIs and Post-Dls, but less during
frontal passages when there is only weak invergianto instabilities.

We further characterize the inversion layer it§edfn the radiosondes data (Section

2.4). In most DI and Post-DI cases, the inversayetl is located between 900 hPa and 800
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hPa. Referring to the large-scale conditions on ltveer-tropospheric stability, here we
specifically diagnose the inversion strength (IS}te temperature differenc&T() or mixing
ratio difference 4q) between the top and bottom (base) of the inveriiger. The inversion
depth was determined for the inversion thicknesh &i least 50 m. The distribution of the
inversion base (IB) is binned for the range 0.72-n with intervals of 0.3 km (Fig. 11a).
Consistent with the PBL height estimations, duiig the IB distribution is strongly skewed
towards the highest values with over 40% of theetimthe largest bin (1.9-2.2 km). Together
with the adjacent bin (1.6-1.9 km) almost 80% ofdases have an inversion base higher than
1.6 km. Already at the Post-Dls stage, the distribuof IB is more even, peaking at 1.3-1.6
km, similar to the Non-DlIs group. In fact, a skeveistribution of IB towards the high values
is already discernible during Pre-Dls fronts, mtivan at Non-DlIs-fronts, although small.
However, significant differences between the tvamfrgroups were found according to the IS
calculation. Both thélg andAT (from 1.5 to more than 5.5 difference bins witinferval)
distributions indicate clearly weaker IS during4Brs fronts compared to Non-DI-fronts (Fig.
11Db), a difference that could not be identifieddygerving the aggregated profiles (Fig. 9). In
over 70% of the time at the Pre-DlIs fronts stage, I8 lies in its weakest bin, compared to
~30% for both Non-Dls fronts and generally for NDIs categories. This situation quickly
changes upon the DI and Post-DIs regimes, wheriShis more often stronger, partially
dominating the strongest IS bins (Fig. 11b,d). teien depth was tested with interval of 50 m
from 50 to 250 m. The long-tailed distributiongtoé inversion depth during DIs and Post-DIs
indicate that they occur frequently with a thickeénsion layer (up to 200 m, Fig. 11c), in
addition to being generally higher and strongeirduthese cases, compared to other times,

when the most common depth is less than 100 m.
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3.6 Radar Reflectivity and cloud fraction

Considering the dramatic influence of the arriviDds on PBL characteristics, it is
expected that the low-level cloud fraction respoimisa coherent manner as well. The
stratocumulus cloud regime dominates over the ENA(Reémillard et al., 2012; Wood et al.,
2015; Yang et al., 2018). Therefore, low refledyivis usually observed in this area. Clouds
develop during the cold fronts crossing of thendldeading to increase of the reflectivity. We
assemble data from KAZR-ARSCL for each categorypigtting the contour frequency
altitude diagram (CFAD). The results show markdteddnces among the groups (Fig. 12).
The climatology (Fig. 12a) shows that high frequeiscreported between 0.6 to 1 km with
low reflectivity within a range indicative of conagation and cloud formation inside the MBL
(-40 to -20 dBz). In contrast, the peak under Blaround -20 dBz between 1.5 to 2 km (Fig.
12d). During Dls, reflectivity values below 0 dBreaabsent altogether between 2-5 km,
suggesting the evaporation of droplets and driamlger the dry conditions. The peak reduces
to 1-1.5 km after the DlIs and shifts to slightlwkr than -20 dBz (Fig. 12e). The comparison
between the cold fronts with DIs (Fig. 12c) andheiit DIs (Fig. 12b) is highlighted. The
slight difference in the reflectivity indicates tha all groups (except fronts), clouds remain
stratiform without significant convection. High kegtivity during the ‘Pre-Dls fronts’ suggests
rain with clouds developing up to 4 km (peakingwestn 2 to 3 km). These findings are
consistent with those from Giangrande et al. (2@if%)e low clouds being most frequent with
south-north westerly winds and higher cloudinessdunortherly wind component.

The cloud fraction for each group was averagecefmh height based on hourly CF
calculations from KAZR-ARSCL (Fig. 12f). The pradd indicate that the CF in all categories
resemble the classical stratocumulus-topped bowyndyer structure with cloudiness
increasing with height from the surface up to the of the PBL. The sharp decrease of CF in

DIs and Post-Dls suggests low entrainment fronfrée troposphere to the clouds at the top
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of the PBL. In contrast, weak slopes from the maximCF to higher levels were found during
the fronts. A clear signal of enhanced CF duringititegrated DI event (i.e., Pre-DI-fronts,
DIs and Post-DIs) is evident when comparing to Nds-CF. Above 0.7 km altitude, CF
maxima reach 0.4 on average during the integratexpBodes, while it is less than 0.3 during
both ‘Non-DlIs’ categories. At peak time, during Pilse mean CF maximum is located at the

highest altitude, ~1.5 km, compared to all otheres.

3.7 Anintegrated view on the time evolution of DI events

Considering all aspects concerning the impact aé\i2ints on the PBL at the ENA site,
here we summarize the main findings by considettiggevolution of the PBL from Non-DlI
background conditions, to a Pre-DI-front passad®, @vent and a Post-DI recovery phase. To
this end we composite the atmospheric profile atBNA site through 48 h before and after
the DiIs first arrival at the site. By considering3l DI events, Fig. 13 shows the mean time
evolution with respect to DI first arrival (relagitime 0, vertical red line). On average, 18-24
h before the arrival of Dls, the warmest surfacaeanperatures occur, followed by a temporal
peak in specific humidity throughout the lower amdd-troposphere at -12 h. From this
instance, based on ERA-I, specific humidity andpgerature drop sharply throughout the
atmospheric column up to the 300 hPa level (shgwo 00 hPa), until reaching their minima
at +6 h on average. Near the surface, specific ditynilrops by more than 48% during 30h
(Fig. 13a). Dry air (less thanglkg~') penetrates down to pressure levels greater than 7
hPa. The black points mark the highest pressutelitsareached (average for all events for
each relative time step). Re-moistening of the sediace becomes evident after about +20 h
following the arrival of the DIs and gradually pegjates upward. Mean PBL height (Fig. 13b),
peaks at O h and then starts decreasing. Sensithlagent heat fluxes were examined locally

from ERA-I (Fig. 13c,d), as no such ocean obseovatiare available from the ENA site. The
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recovery phase (i.e. a decrease in absolute véline dluxes) starts almost immediately at +6
h, but the fluxes remain relatively intense up 48 H, as they are still stronger then compared
to at -48 h. Surface measurements further highltgbtdrop in temperature, specific and
relative humidity between -12 and +6 h, which is@opanied by a peak in the 10-m wind
speed and increasing surface pressure (Fig. 13eaverage specific humidity and relative
humidity drop by more than 35% and 20% respectivEhe temperature decreases by more
than 14% and wind speed increases by more than Dif¥ng 0-30 h, cloud base height is
maximal, around 1300 m, consistent with the reddyiviry and deep PBL, compared to ~1000

m otherwise. During that period, the cloud baseglteincreases around ~10%.

4. Discussion and conclusions

The ENA site is located on the southeastern eddgbeoNorth Atlantic storm tracks.
Hence the transient influence of troughs in the latililde Rossby wave guide, and the
accompanying surface cyclones and trailing coldtBpcan be studied through the occurrence
of dry intrusions, in which airmasses descend sl@etinto the PBL at the ENA site. Overall,
during DJF of 2016-2018, DI events influence theAEdite for more than 21% of the time,
including its Pre- and Post-DI stages, reflectimg significant fraction of time that the ENA
site experiences the Dl-related impact. We makergortant distinction between common
subsidence conditions and the slantwise descexit wfithin DIs.Despite warming during the
descent, DIs are associated with cold-air advection and reach the ENA site colder than in situ
air, in contrast to warm anomalies caused by locally-subsiding air.

The impact of DIs on the PBL is summarized in tbleesnatic in Fig. 14, and in the
following points with respect to the questions({i)jposed in the introduction.

0] Generally, without the influence of Dls, a highegsure system to the south east

governs the conditions at the ENA site, such that s$ite is under quiescent
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southwesterly flow. The arrival of the cold frort accompanied by an upper
tropospheric trough, deepening in the western Néithntic, together with the
weakening and eastward propagation of the surfatieyalone. In the cases
followed by Dls, a significant deepening of the loye to the north (60°N 30°W)
occurs with increased surface pressure gradient ¢ompensating the weakening
of the surface high pressure to the south). Dubig the trough has propagated
eastwards, such that the surface winds have uriquebrtherly component. At this
stage, the anticyclone strengthened and the peegsadient remained strong. The
Post-DI stage is characterized by an anticyclortegasouth and west of the ENA
site (compared to the general south and easteatidng, and a ridge in the upper
tropospheric jet dominating the N. Atlantic.

(i) The DI air mixes into the PBL, thereby cooling alrgling the entire atmospheric
column, and particularly within the PBL. Under Dike lapse rate follows closest
to the dry adiabatic values, and thus the potemgiaperature profile is nearly
constant up to ~1.5 km. Above 2 km, the median mgpdatio is uniformly lower
than 1 g kg under Dls. In the PBL the DI air dilutes and reglsithe anomalously
moist PBL at frontal passage, such that the mixatg decreases slowly with
height close to the surface, and more rapidly cles€-km altitude. Overall, the
mixing ratio is lowest during DIs compared to d@her times in winter.

(i)  Dls are associated with enhanced turbulent sutfeaefluxes into the atmosphere,
both sensible and latent. The average sensibléatarnt heat fluxes are -40 m—2
and -200/ m~2 during the DI events, respectively, compared ®@#1m~2 and -
80 W m~2 mean climatological magnitudes respectively. Itpiesumably the
strong humidity deficit that enhances ocean evdjmoraand the cold air contrast

with the warmer sea-surface temperature that emisathe sensible heat fluxes. In
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addition, surface wind speed is somewhat enhanaadgiDls, and the relative
contribution of the winds to the overall fluxesy/&t to be quantified in future work.

(iv)  The PBL height was higher during the DIs compacedlit other times. Although
high variability occurs, it should be noted thae tkelatively robust inversion
signature during Dls allows the reliable determorabf the PBL top, compared to
times of frontal passage. On average, during Ddsrtliersion base is higher (1.9
km on average, compared to 1.3 km when no DlIs §cand it is deeper (30% of
the time above 150 m, compared to <100 m beingnbst frequent depth in other
times). In addition, during DIs the inversion sg#énis greater both in terms of
temperature and humidity difference across thergiwa.

(V) The cloud fraction is high during DIs peaking witlmost 40% at 1.5-km altitude,
compared to less than 15% at this height when scabd present. However, below
1 km, CF is lowest during Dls, indicating the relaly elevated cloud layer.
Overall, taking into account the whole DI everd,,ipre-DI frontal passage, the DI
and post-DI stage, CF increased from 0.28 to Or8&werage during the events.
The general increase of CF is consistent with thstive correlation between CF
and the inversion strength. In the absence of ddvecelevated PBL height
generally corresponds to lower CF (Bretherton arya/ 1997, Zheng et al. 2018)
however that is not the case during DIs in whicliestion is dominant. Here the
free tropospheric DI air is relatively cold, sublatits mixing into the BPL explains
both the elevated PBL top height and the stron@rision, corresponding to a
different decoupling scenario compared to pureagmtnent of dry air through the
(weak) inversion.

The properties of boundary layer and those of dloeids within are thought to be

modulated by largescale properties within the colamd those occurring at mesoscales, while
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recent literature shows that these propertieslaceraodulated by synoptic scale features (e.g.
McCoy et al., 2017; Naud et al., 2018). The requiesented in this study highlight that not all
synoptic scale features (cold fronts) have simitgpact on the boundary layer structure and
the clouds, as highlighted by the differences betwBl fronts and non-DI fronts. Hence,
careful considerations must be placed regardingtigin, type and strength of the cold fronts
while studying their impacts on the clouds in tegion.

The focus on a single site in the eastern NortAmiit suggests coherent responses of
the PBL to large-scale dry intrusions from the mitilde free troposphere. However, other
geographical locations, or other locations relativéypical cyclone life cycle and track may
show a different response. Raveh-Rubin (2017) faunabust deepening of the PBL in many
other regions, based on ERA Interim, suggestinggbme findings can be representative for
other regions as well. However, the unigue aspeEmitolling cloud response to this particular
flow feature should be considered carefully in fatatudies.

The increase in the surface fluxes during and #ffierDl event are due to the drying
and cooling from the DI, thereby bringing the boarydlayer thermodynamic structure to the
pre-DI conditions. It is unclear whether Earth ystModels (ESM) or Numerical Weather
Prediction (NWP) models accurately capture thewian of DI and its interaction with the
PBL. Further, heavy precipitation and precipitatinduced density currents are known to exist
during the post-frontal (and DI) conditions in tlegion (Ghate et al. 2020). It is unclear how
these cloud systems persist for longer periodsiebpving considerable precipitation rates
and high diabatic cooling. Studies utilizing Lafgddy Simulations (LES) models together
with detailed observations might shed more insigintghe interactions of DIs with surface

fluxes clouds, and PBL structure.
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Data Availability Statement

The ERA-Interim data was obtained from the ECMWébsite.
https://www.ecmwf.int/en/forecasts/datasets/reaisdgatasets/era-interimAll ARM data
sets used (sounding profiles, meteorological stataeilometer and cloud radar vertical

profiles) can be downloadedlatps://adc.arm.gov/discovery/
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Appendix. List of the DI events

Number of
event Date (initial time, UTC) Event duration (hours)
1 04-Jan-2016, 12:00 6
2 07-Jan-2016, 12:00 6
3 10-Jan-2016, 06:00 18
4 11-Jan-2016, 06:00 12
5 27-Jan-2016, 12:00 12
6 14-Feb-2016, 00:00 18
7 16-Feb-2016, 18:00 24
8 03-Dec-2016, 12:00 6
9 13-Dec-2016, 12:00 18
10 15-Dec-2016, 00:00 36
11 18-Dec-2016, 12:00 30
12 01-Feb-2017, 12:00 18
13 06-Feb-2017, 06:00 12
14 07-Feb-2017, 06:00 6
15 09-Feb-2017, 00:00 24
16 11-Feb-2017, 12:00 6
17 11-Dec-2017, 06:00 12
18 25-Dec-2017, 06:00 18
19 30-Dec-2017, 18:00 30
20 04-Jan-2018, 12:00 6
21 05-Jan-2018, 12:00 12
22 09-Jan-2018, 00:00 12
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23 24-Jan-2018, 12:00 24
24 06-Feb-2018, 06:00 18
25 23-Feb-2018, 18:00 6
26 25-Feb-2018, 12:00 6
27 05-Dec-2018, 00:00 12
28 10-Dec-2018, 18:00 24
29 12-Dec-2018, 06:00 30
30 15-Dec-2018, 00:00 12
31 17-Dec-2018, 18:00 36

Table. Al. The dates of the 31 DI events for December-Feproaiween 2016 - 2018.
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Figure captions

1 Fig. 1. A selected DI event from 28 DEC 2017 00 UTC to AN.2018 18 UTC. (a
DI trajectories starting their 48-h long descentlatUTC 29 DEC 2017, colored

according to their pressure level (hPa). The bldots mark the location of the

trajectories at initial time. The red ‘X’ marks tleeation of the ENA site. (b) Time
height cross section of specific humidity¥g~1; shaded), potential temperature (K;
red contours), equivalent potential temperature lflack contours) and boundary
layer height (blue line) at the ENA sit8%1°N,28.0° W). The black dots mark the
pressure level of DI trajectories when present iwith 1-degree radius around the

ENA site. Data are taken from ERA-I. (c) RetrieubKAZR radar reflectivity (dBz)

2 Fig. 2. Atmospheric parameters during two stages of theew@nt, 12 UTC 30
December 2017 (pre-DI stage, left column) and OC3T December 2017 (DI stage,
right column). (a,b) Specific humiditfy kg~1) at 850 hPa, SLP (black contours, at
5-hPa intervals), wind arrows at 850 hPa (red asrfmwwind speeds exceeding 10 m
s1). PV on the 315 K isentropic surface is overld@ddagd 3 PVU in red solid and
dashed contours, respectively). (c,d) Surface fakeat flux (W m~2, shaded)
surface sensible heat flux (black contour, albth 2 intervals). Negative indicates
ocean heat loss to the atmosphere. (e,f) Totalnagladed precipitation over the

preceding 6 h (mm) from ERA-I. In all panels, tleel ¥x’ marks the location of th

[}

ENA site, DIs outflow is encircled by the magentmtour, and the expanded cold

front region is marked by the blue (a,b), greed)(@nd black (e,f) contour.
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3 Fig. 3. Radiosondes vertical profiles of (a-c) potent&ahperature°(), (d-f) water
vapor mixing ratio § kg~?*), and (g-i) relative humidity (%) for differencente.
Hourly time evolution oburface measurements: (j) temperati,((k) water vapot
mixing ratio (g kg~1), () relative humidity (%), (m) pressure (hPa)) (ind speec

(m s~1) and (o) rain ratengm hr~1). The red stars in (j)-(0) mark the time of Dls.

4 Fig. 4. Composite specific humiditgg kg=') at 850 hPa overlaid with the 2 and|3-
PVU on the 315K isentropic surface (solid and deskd contours, respectively) and
SLP (black contours, at 2 hPa intervals) for alegaries: (a) Non-Dls, (b) Non-Dls-
fronts, (c) Pre-Dls fronts, (d) DIs, and (e) Poss-Dn all panels, the red ‘X’ marks the
location of the ENA site, DIs outflow is encircléy the magenta contour, and the
expanded cold front region is marked by the blug@ar. Data are from ERA-Interim

for DJF 2016-2018.

14

5 Fig. 5. Composite surface latent heat fii& m~2) overlaid with sensible heat fluxes
(black contours, at 20/ m~2 intervals) for all categories: (a) ‘Non-DIs’, (#jon-
Dls’-fronts, (c) Pre-Dls fronts, (d) DIs, and (ep<R-Dls. In all panels, the red ‘¥’
marks the location of the ENA site, DIs outfloweiscircled by the magenta contour,
and the expanded cold front region is marked bygreen contour. Data are from

ERA-Interim for DJF 2016-2018.

6 Fig. 6. Frequency distribution of (a) surface latent Haat (W m~2), (b) surface
sensible heat flux} m~2), (c) boundary layer height (km) and (d) 500-hRaeDa

( Pa s™1) from ERA-Interim, averaged within the 9 one-deggeid points around the
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ENA site i.e.38° — 40°N and29° — 27°W. The frequency is normalized for each

class.

Fig. 7. Wind directions histograms from radiosondes at liwsest altitude of

measurements (50 m A. G. L.) for the categorie®N(@)-Dls, (b) Non-Dls fronts, (C

Pre-Dls fronts, (d) Dls, and (e) Post-Dls. Northexind is indicated by O degrees.

Please note that the length of the bars in theratiection indicates the frequen

of occurrence for each direction, and not the wiraynitude.

Fig. 8. Distributions of surface measurements of atmosphssrameters for th

different categories: (a) Pressure, (b) temperati@erelative humidity, (d), wate

vapor mixing ratio, (e), horizontal wind speed, gf)dCloud base height. The thic

horizontal line marks the median value of distribng. The boxes correspond2s*”
and75%" percentiles of the distributions, the whiskershe 3" and 9% percentiles

and the red crosses mark the outliers.

D

=

k

Fig. 9. Radiosondes vertical profiles of (a) air tempamt(b) potential temperatur

(c) equivalent potential temperature, (d) water oramixing ratio, (e) relative

humidity, and (f) horizontal wind speed. The sdiigts are the median value at ez
height and category, and the shaded area marksatige between th25" and

75" percentiles of the Non-Dls and Dls distributions.

D

ich

10

Fig. 10. PBL height (km) distributions according to six madblogies for eac
dynamical category. Five definitions are basedasliasondes data: Ri uses the b

Richardson threshold of 0.25, four gradient deing follow Von Engeln an

—

|
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Teixeira (2013). BLH2 is additionally derived frandependent ceilometer data (see
Section 2.4 for exact definitions). The boxes cgpomd ta25" and75" percentiles
of the distributions, the whiskers to th& &nd 9%' percentiles and the red crosses

mark the outliers.

11

Fig. 11. Frequency distribution of (a) inversion base heigm), (b) mixing ratio
difference between the bottom and top of the irivarfayer (g kg), (c) inversion
depth (m), and (d) temperature difference betwkendp and bottom of the inversion

layer (k) based on radiosondes, for all categories.

12

Fig. 12. The CFAD of radar reflectivity from KAZR. (a) Noni& (b) Non-Dls fronts
(c) Pre-Dls fronts, (d) Dls, (e) Post-Dls. {fertical profile ofmean hourly cloud

fraction estimated from KAZR, averaged for eachatyital class.

13

[

Fig. 13. Composite temporal evolution of 31 DI events. Redatime O h marks th

D

initial occurrence of DIs within a 1-degree radifsthe ENA site (shown with
vertical red line). Shown are (a) mean time-hegbss section of specific humidity
(g kgh), potential temperature (K, red contours) and eajant potential temperature
(K, black contours) from ERA Interim. Also showntle event distribution of the

highest DI pressure recorded at each relative steye (black points). (b) Time seri

[(%]
(2]

of PBL height (km) based on Bulk Richardson nundded.25 in ERA-Interim (solid
black) and ENA-site radiosondes (blue points ah li2tervals). (c) Surface latent heat

fluxes and (d) surface sensible heat fluxasni=2), from ERA-Interim data. Th

D

[¢)

vertical lines in (b-d) mark the standard deviatidime evolution of averag

meteorological surface measurements: (e) preshi@),(temperaturéq) and wind
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speed# s™1), (f) mixing ratio (g kg~1), relative humidity (%) and cloud base height

(m).

14 Fig. 14. Schematic summary of MBL characteristics at the ESNéfor each category.
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Fig. 1. A selected DI event from 28 DEC 2017 00 UTC to &NJ018 18 UTC. (a) DI
trajectories starting their 48-h long descent aVTZ 29 DEC 2017, colored according to their
pressure level (hPa). The black dots mark the ilmcatf the trajectories at initial time. The red
‘x" marks the location of ENA site. (b) Time-heigibss section of specific humidity g ~*;
shaded), potential temperature (K; red contourg)jv@lent potential temperature (K; black
contours) and boundary layer height (blue lindgMA site 39.1°N,28.0° W). Data are taken

from ERA-I. (c) Retrieval of KAZR radar reflectiyit(dBz).
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Fig. 2. Atmospheric parameters during two stages of thevight, 12 UTC 30 December 2017
(pre-DI stage, left column) and 00 UTC 31 Deceni®@t7 (DI stage, right column). (a,b)
Specific humidity(g kg~') at 850 hPa, SLP (black contours, at 5-hPa intgyvelind arrows
at 850 hPa (red arrows for wind speeds exceedimg &%). PV on the 315 K isentropic surface
is overlaid (2 and 3 PVU in red solid and dasheat@ars, respectively). (c,d) Surface latent
heat flux(W m~2, shaded), surface sensible heat flux (black canailbOW m~?2 intervals).
Negative indicates ocean heat loss to the atmospfeef) Total accumulated precipitation over
the preceding 6 h (mm). In all panels, the rednerks the location of ENA site, DIs outflow
is encircled by the magenta contour, and the exguhadld front region is marked by the blue

(a,b), green (c,d) and black (e,f) contour.
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Fig. 3. Radiosondes vertical profiles of (a-c) potentahperature°C), (d-f) water vapor
mixing ratio (g kg~1), and (g-i) relative humidity (%) for differencémie. Hourly time
evolution ofsurface measurements: (j) temperatd@, (k) water vapor mixing ratigg(kg 1),

(I) relative humidity (%), (m) pressure (hPa), (nind speed ¢ s~1) and (0) rain rate

(mm hr~1). The red stars in (j)-(0) mark the time of Dls.
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Fig. 4. Composite specific humiditgg kg~!) at 850 hPa overlaid with the 2 and 3-PVU on
the 315K isentropic surface (solid and dashed wmtours, respectively) and SLP (black
contours, at 2 hPa intervals) for all categorie3:Non-Dls, (b) Non-Dlis-fronts, (c) Pre-DIs
fronts, (d) DIs, and (e) Post-Dls. In all panelg ted ‘x’ marks the location of ENA site, DIs
outflow is encircled by the magenta contour, are@ldkpanded cold front region is marked by

the blue contour. Data are from ERA-Interim for (RIA.6-2018.
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Fig. 5. Composite surface latent heat fli# m=2) overlaid with sensible heat fluxes (black
contours, at 20V m~2 intervals) for all categories: (a) ‘Non-DIs’, (tjon-DIs’-fronts, (c)

Pre-Dls fronts, (d) Dls, and (e) Post-Dls. In ahpls, the red ‘x’ marks the location of ENA
site, DIs outflow is encircled by the magenta cant@nd the expanded cold front region is

marked by the green contour. Data are from ERArimtiéor DJF 2016-2018.

This article is protected by copyright. All rights reserved.



0.5 a) 05/ b) —No-Dls
>0.4 >0.4 —No-DlIs fronts ||
5 5 Pre-DIs fronts
90.3 /Q\ 90.3| _ Dls ,
902 902 \ Post-Dls |
- 0.1¢ /\ L 0.1+ \/d\\__—
0 . . . ey 0 . ; =
20 60 100 140 180 220 260 300 5 25 45 65 85
Latent heat flux (W/mz) Sensibile heat flux (W/mz)
. . . . . 0.2 .
05:C) d)
>0.4} 0.15
o
3 0.3+

Frequency
=)
=

A ///Qﬁ
o SR\ B P

0.05
0 ‘ ‘ ‘ —] 0 ‘
0.15 0.45 0.75 1.05 1.35 1.65 1.95 -9 -5 -1 3 7 11
Boundary layer height (km) Omega (Pa s™}) x1073

Fig. 6. Frequency distribution of (a) surface latent Heat (W m~2), (b) surface sensible heat
flux (W m~2), (c) boundary layer height (km) and (d) 500-hRaeDa (Pa s~1) from ERA-
Interim, averaged within the 9 one-degree grid {around the ENA site i.88° — 40°N

and29° — 27°W. The frequency is normalized for each class.
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Fig. 7. Wind directions histograms from radiosondes atltieest altitude of measurements
(50 m A. G. L.) for the categories (a) Non-Dls, Rmn-Dls fronts, (c) Pre-Dls fronts, (d) Dls,
and (e) Post-DlIs. Northerly wind is indicated bydyrees. Please note that the length of the
bars in the radial direction indicates the freqyesfcoccurrence for each direction, and not the

wind magnitude.
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Fig. 10. PBL height (km) distributions according to six nadblogies for each dynamical
category. Five definitions are based on radiosoddés Ri uses the bulk Richardson threshold
of 0.25, four gradient definitions follow Von Engednd Teixeira (2013). BLH2 is additionally
derived from independent ceilometer data (see @e&i4 for exact definitions). The boxes
correspond t@5" and75" percentiles of the distributions, the whiskerghe 3" and 9%
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Fig. 13. Composite temporal evolution of 31 DI events. Re¢éatime 0 h marks the initial
occurrence of DIs within a 1-degree radius of ENA &hown with a vertical red line). Shown
are (a) mean time-height cross section of spekifinidity (g kg'), potential temperature (K,
red contours) and equivalent potential temperdtirelack contours) from ERA Interim. Also
shown is the event distribution of the highest Bdgsure recorded at each relative time step
(black points). (b) Time series of PBL height (kb&sed on Bulk Richardson number of 0.25
in ERA-Interim (solid black) and ENA site radios@sd(blue points at 12-h intervals). (c)
Surface latent heat fluxes and (d) surface sensieééd fluxes I m=2), from ERA-Interim
data. The vertical lines in (b-d) mark the standdewiation. Time evolution of average
meteorological surface measurements: (e) pressita),(temperature@ and wind speed

(m s™1), (f) mixing ratio (g kg~1), relative humidity (%) and cloud base height.(m)
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