'.) Check for updates

A G s

> SPACE SCIENCE

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2022JD036480

Key Points:

e Maximum turbulence kinetic
energy is most often within cloud in
observations but mostly below cloud
by a global model parameterization

e Observations are similar to
bivariate normal probability
distribution functions assumed
to close higher-order turbulence
parameterizations

e Boundary layer turbulence simulated
by global models is weaker than
observed

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

M. A. Brunke,
brunke @arizona.edu

Citation:

Brunke, M. A., Cutler, L., Urzua, R.

D., Corral, A. F., Crosbie, E., Hair, J.,
et al. (2022). Aircraft observations of
turbulence in cloudy and cloud-free
boundary layers over the western North
Atlantic Ocean from ACTIVATE and
implications for the Earth system model
evaluation and development. Journal of
Geophysical Research: Atmospheres,
127, €2022JD036480. https://doi.
0rg/10.1029/2022JD036480

Received 13 JAN 2022
Accepted 9 SEP 2022

© 2022. American Geophysical Union.
All Rights Reserved.

Aircraft Observations of Turbulence in Cloudy and
Cloud-Free Boundary Layers Over the Western North Atlantic
Ocean From ACTIVATE and Implications for the Earth
System Model Evaluation and Development

Michael A. Brunke! ), Lauren Cutler! ), Rodrigo Delgado Urzual, Andrea F. Corral? (2,

Ewan Crosbie® (), Johnathan Hair3 (©/, Chris Hostetler3, Simon Kirschler* (2,

Vincent Larson>¢ (), Xiang-Yu Li®, Po-Lun Ma® (®, Annalisa Minke!, Richard Moore? ),

Claire E. Robinson’, Amy Jo Scarino’, Joseph Schlosser? (), Michael Shook? (=,

Armin Sorooshian!?, Kenneth Lee Thornhill, Christiane Voigt* ©/, Hui Wan® (2,

Hailong Wang® (), Edward Winstead’ (/, Xubin Zeng!, Shixuan Zhang® (*), and Luke D. Ziemba’

'Department of Hydrology and Atmospheric Science, The University of Arizona, Tucson, AZ, USA, *Department of
Chemical and Environmental Engineering, The University of Arizona, Tucson, AZ, USA, NASA Langley Research Center,
Hampton, VA, USA, “Johannes Gutenberg-Universitit, Mainz, Germany, *Department of Mathematical Sciences, University
of Wisconsin-Milwaukee, Milwaukee, WI, USA, ®Pacific Northwest National Laboratory, Richland, WA, USA, "Science
Systems and Applications Inc, Hampton, VA, USA

Abstract This study examines boundary layer turbulence derived from high temporal resolution
meteorological measurements from 40 research flights over the western North Atlantic Ocean during the
2020 deployments of ACTIVATE. Frequency distributions of various turbulent quantities reveal stronger
turbulence during the winter deployment than in summer and for cloud-topped than in cloud-free boundary
layers during the summer deployment. Maximum turbulence kinetic energy (TKE) is most often within cloud
from observations in winter and summer, whereas it is mostly below cloud in both seasons by a global model
turbulence parameterization. Bivariate frequency distributions are consistent with the bivariate Gaussian
probability distribution functions assumed for the closure of higher-order turbulence/shallow convection
parameterizations used by some global models. Turbulence simulated by the Community Atmosphere

Model version 6 and the Energy Exascale Earth System Model Atmosphere Model version 2 using such
parameterizations is not as strong as observed, with more TKE going into vertical wind perturbations rather
than into zonal wind perturbations as observed, suggesting that the treatment of turbulence in Earth system
models still needs to be further improved.

1. Introduction

Clouds substantially impact the Earth system's radiative balance (Brunke et al., 2010). Their radiative impact on
the Earth's energy balance is one of the largest uncertainties in the Earth system (Boucher et al., 2013). There has
long been a large spread in simulated cloud feedbacks (Bony & Dufresne, 2005), resulting from a high uncer-
tainty in the simulation of clouds in Earth system models (ESMs) (Bony et al., 2006). This uncertainty stems from
a wide spread in the simulation of cloud characteristics like liquid and ice water paths (Kormurcu et al., 2014).

Cloud simulation uncertainty also stems from the representation of droplet activation and ice nucleation (Choi
etal., 2010, 2014). Cloud droplets form around aerosols that have been activated called cloud condensation nuclei
(CCN). This connection between aerosols and cloud formation is one critical aspect of aerosol-cloud interac-
tions (ACI). There is the long recognized indirect effect of a decrease in cloud droplet radius owing to increased
cloud droplet number concentration (at fixed liquid water content) with an increase in aerosol concentration.
The increased cloud droplet number results in higher cloud albedo (Twomey, 1977) and decreased precipitation
efficiency, which is speculated to increase cloud lifetime (Albrecht, 1989) as long as the air above-cloud is humid
enough (Ackerman et al., 2004).

Turbulent eddies strongly influence ACI and are critical to the maintenance of boundary layer clouds (Seinfeld
et al., 2016). The strength of these eddies below clouds is characterized by turbulence kinetic energy (TKE),
which determines updraft velocity at cloud base (Zhang et al., 2021). Updraft velocity controls the amount of
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aerosol brought up to cloud base (Seinfeld et al., 2016) and is the main determinant of supersaturation (Sullivan
et al., 2016), which controls aerosol activation, thus, defining CCN spectra and cloud droplet number at cloud
base (Calmer et al., 2018; Conant et al., 2004). Updrafts tend to narrow cloud droplet concentration spectra
(Sardina et al., 2018). Humidity fluctuations can also influence the amount of aerosol activation under certain
circumstances (Prabakharan et al., 2020).

Aerosols in marine boundary layers can be sourced locally (e.g., sea salt) or, if near shore, from continental pollu-
tion advected in either the boundary layer or in the free troposphere and entrained into the boundary layer. This
was a focus of the second Aerosol Characterization Experiment undertaken in 1997 over the subtropical North-
eastern Atlantic Ocean. Raes et al. (1997) and Van Dingenen et al. (2000) found that such transport of pollution is
important in defining the size distribution of boundary layer aerosols. If a cloud is present, Jia et al. (2019) found
from Variability of the American Monsoon Ocean-Cloud-Atmosphere Land Study Regional Experiment data that
aerosol entrained into the boundary layer from the free troposphere has little effect on the cloud. Rather, it is the
entrainment of warm, dry air from above that really impacts the cloud. During cold air outbreaks (CAOs) over
the WNAO, the entrainment of free tropospheric air results in a reduction of CCN concentration that leads to the
transition from closed to open cellular convection (Tornow et al., 2022).

Turbulence, aerosols, and cloud microphysics need to be parameterized in ESMs like the Community Earth
System Model version 2 (CESM2), because these processes occur at scales smaller than the model grid cell,
typically at a resolution of ~1 X 1. The simulated uncertainty in clouds and aerosols comes about because of the
differences in these parameterizations between ESMs.

A common way to represent boundary layer turbulence in ESMs is the eddy-diffusivity (ED) approach. In such
a scheme, turbulent mixing is represented as a diffusive process in which turbulent fluxes are proportional to the
vertical gradients of mean quantities, but a countergradient term is added to account for the transport due to dry
convection (e.g., Holtslag & Boville, 1993). The ED approach is problematic in the presence of moist convection
(e.g., shallow cumulus) (Texeira et al., 2020). Bretherton and Park (2009) attempted to deal with this by adapting
the classical ED parameterization to operate on cloud conserved quantities, that is, the liquid-ice static energy
and total specific humidity. Another recent approach to dealing with moist convection is eddy diffusivity mass
flux (EDMF) in which boundary layer turbulence is decomposed into that due to organized convective updrafts
represented by mass fluxes and background turbulence represented by eddy diffusivity (Siebesma et al., 2007).
The mass flux representation for convective updrafts is similar to the parameterizations used to represent shallow
and deep convection (e.g., Arakawa & Schubert, 1974; Zhang & McFarlane, 1995).

The development of EDMF is part of a movement toward unifying the representation of convection and boundary
layer turbulence in model parameterizations. This is the basis for the development of higher-order schemes like
the Cloud Layers Unified by Binormals (CLUBB; Golaz et al., 2002) or the Simplified Higher Order Closure
(Bogenschutz & Krueger, 2012). Such higher-order schemes need to assume bivariate probability distribution
functions (PDFs) to close some turbulent quantities like the covariances between vertical velocity and conservative
quantities, like liquid potential temperature and total water content. CLUBB has been implemented into CESM2
and the Energy Exascale Earth System Model (E3SM), unifying boundary layer turbulence, shallow convection,
and cloud macrophysics in those ESMs. As the name suggests, CLUBB PDFs are assumed to be binormal, which
was confirmed in the parameterization's development by aircraft observations (Larson et al., 2002) and large eddy
simulation (LES) results (Larson & Golaz, 2005) for mostly subtropical stratocumulus and trade wind cumulus.
Larson and Golaz (2005) also confirm the binormal PDF for a clear boundary layer using LES. While such tests
suggest a universality of the binormal assumption, this has yet to be independently verified using observations
over other regions.

Here, we use the aircraft measurements made during the first year of flights from the Aerosol Cloud Meteorology
Interactions over the Western Atlantic Experiment (ACTIVATE; Sorooshian et al., 2019) during February and
March and August and September 2020. While the focus of ACTIVATE is to study ACI, the low-flying Falcon
aircraft had a high-temporal resolution (20 Hz) meteorological instrument on board, which we use to characterize
the cloud-topped boundary layer (CTBL) and boundary layers devoid of clouds. We want to leverage the full set
of level leg data rather than just a few ideal cases. Such characterizations can be used to evaluate the turbulence
simulated by model parameterizations like CLUBB. We also include LES here to act as a bridge between the
surface measurements and the global ESM simulations; the LES is initiated and forced by observed conditions,
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unlike the global simulations presented here. LES has been used to evaluate global ESMs (e.g., Atlas et al., 2020)
and was used in the development of CLUBB (Larson & Golaz, 2005).

The region of interest for ACTIVATE is the western North Atlantic Ocean (WNAO) off the East Coast of the
United States (U.S.). Corral et al. (2021) provide an overview of the atmospheric chemistry that impacts the
region and the coast. Painemal et al. (2021) described the climatology of atmospheric circulation, boundary
layer and cloud structure, and precipitation in the region. Reanalyzes have too wide of a Gulf Stream along with
some other small biases in the region (Seethala et al., 2021). This region is particularly prone to CAOs, events of
cold air moving across the warm waters of the WNAO behind synoptic cyclones when westerlies are enhanced.
These can occur from September to May but occur 5-7 days per month from November to March, with a peak
in January and February. The core of these events occurs over the Gulf Stream (Painemal et al., 2021). CAOs
can be identified on satellite imagery by streets of clouds along the direction of the wind (Atlas et al., 1983).
Furthermore, clouds over the WNAO are characterized by higher cloud droplet concentrations during strong
CAOs (Dadashazar et al., 2021). Shallow cumulus is the dominant weather regime over the WNAO throughout
the year, especially over the Gulf Stream (Painemal et al., 2021), as defined by cloud structure and atmospheric
conditions (Tselioudis et al., 2013). Wintertime clouds in this region can contain ice, which can accelerate cloud
breakup (Tornow et al., 2021).

Since CAOs are particularly prevalent in winter (Painemal et al., 2021), such events are a particular focus of
ACTIVATE's winter deployments. An early field study of CAOs was undertaken over the western North Pacific
Ocean centered over Okinawa, Japan during the Air Mass Transformation Experiment (AMTEX) in 1974 and
1975 (Lenschow & Agee, 1976). CAOs have also been investigated previously over the western North Atlantic.
The Mesoscale Air-Sea Exchange Experiment occurred in January 1983 (Boers & Melfi, 1987), relying heav-
ily on lidar measurements (Melfi et al., 1985), and several flights of the Genesis of Atlantic Lows Experiment
conducted in February 1986 focused on understanding CAO processes (Dirks et al., 1988). In particular, the
air-sea interaction during CAOs observed during GALE was the focus in Bane and Osgood (1989), Vukovich
etal. (1991), and Grossman and Betts (1990). More recently, CAOs were investigated in the second special obser-
vation period of the hydrological cycle in the Mediterranean Experiment over the Mediterranean Sea (Brilouet
et al., 2020), over the North Sea in Abel et al. (2017), and during the Southern Ocean Clouds, Radiation, and
Aerosol Transport Experimental Study (Atlas et al., 2020).

The focus of many of these studies is on understanding the apparent stratocumulus-to-cumulus transition that
CAO-induced clouds undergo as the air moves further offshore. These include observational and modeling (LES
and single column model (SCM)) studies. Abel et al. (2017) was a recent observational study that found that
precipitation was fundamental to this transition in a North Sea CAO. Tornow et al. (2021) found this as well in
the LES of a WNAO CAO, adding that ice was instrumental in initiating the precipitation.

The analogy is often made between the transition in CAO-induced clouds and the well-studied subtropical
stratocumulus-to-trade wind cumulus. This was the focus of the LES and SCM intercomparisons undertaken for
the Global Energy and Water Cycle Exchanges Project, Global Atmospheric System Studies, and European Union
Cloud Intercomparison, Process Study and Evaluation Project (de Roode et al., 2016; Neggers et al., 2017; van
der Dussen et al., 2013). However, the dominant weather regime over the WNAO is that of cumulus (Painemal
et al., 2021). Thus, it may be more appropriate to call this transition of WNAO clouds from overcast to broken
clouds, as described by Tornow et al. (2021), or from rolls to open and closed cells (Atkinson & Zhang, 1996).
Indeed, daily mean clouds and the Earth's Radiant Energy System satellite-derived low cloud fraction are gener-
ally maximum just offshore for the flight days in the first deployment of ACTIVATE in February and March
2020. For the days of the second deployment in August and September, the low cloud fraction is low, consistent
with the trade wind cumulus regime.

We briefly describe ACTIVATE and the meteorological instrumentation used on the Falcon in the next section.
Section 3 describes the methodology to derive turbulent quantities. The results from the turbulence characteriza-
tion are elaborated in Section 4. Further discussion of the results and conclusions are given in Section 5.

2. ACTIVATE

ACTIVATE is obtaining detailed, simultaneous, and systematic measurements of aerosol particles and clouds
from in situ and remote sensing instruments deployed on two coordinated aircraft over six deployments between
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Figure 1. The level legs performed in the cloudy (a) and clear (b) ensembles during aerosol cloud meteorology interactions
over the western Atlantic experiment. The blue line represents an example track of the HU-25, and the cloud layer is
represented by the gray.

2020 and 2022 (Sorooshian et al., 2019). The sampling strategy is built around developing a large volume of
data to enhance statistical analysis of aerosol-cloud-meteorology interactions. Flights are conducted over the
WNAO to capitalize on the wide spectrum of aerosol and meteorological conditions in different seasons condu-
cive to wide dynamic ranges in parameters relevant to ACI (Corral et al., 2021; Painemal et al., 2021; Sorooshian
et al., 2020). The focus of this work is on data collected in the first two deployments in 2020 (14 February—12
March and 13 August-30 September). An HU-25 Falcon flies underneath a King Air to conduct in situ sampling
of boundary layer clouds with a payload of instruments characterizing aerosol particles, gases, clouds, and mete-
orological parameters including winds. The King Air flies at ~8—10 km with a payload comprised of a Research
Scanning Polarimeter (RSP) and the High Spectral Resolution Lidar (HSRL-2) to characterize aerosol and cloud
properties from above. Dropsondes are also deployed from the King Air to measure profiles of atmospheric state
parameters.

The majority of flights (~90%) are referred to as “statistical surveys” that involve out-and-back flights from the
base of operations at NASA Langley Research Center. During these flights, the Falcon repeatedly conducts the
same series of legs, the collection of which is referred to as an ensemble, to obtain vertically resolved data below,
in, and above clouds (Figure 1a). Each cloud ensemble is comprised of the following level legs: above cloud top
(ACT), below cloud top (BCT), above cloud base (ACB), below cloud base (BCB), and the minimum altitude
(MinAlt) that the Falcon can fly at (~150 m). Ensembles are also made in cloud-free conditions that include the
above boundary layer top (ABL), below boundary layer top (BBL), and a remote sensing leg (RS) to facilitate
intercomparisons with King Air instruments at ~240 m and MinAlt (~150 m) (Figure 1b). Here, we focus on
the ABL, BBL, and MinAlt legs for the clear ensembles. Typical flight durations are ~200 min, with either one
or two flights per flight day. Level legs are typically ~4 min in duration or ~25 km in length.

The winds on the HU-25 are measured by the NASA Langley Turbulent Air Motion Measurement System
(TAMMS). The primary components include fast-response flow-angle and temperature sensors to determine
the wind with respect to the aircraft along with an Applanix 650 inertial navigation system (Applanix Inc.) to
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provide the aircraft's position, speed, and attitude. The aircraft platform velocity components are computed inter-
nally by the Applanix by combining the GPS and inertial data via a Kalman filtering technique. The horizontal
components (¢ and v) are truly zonal and meridional; vertical wind speeds (w) are positive upwards. The data
are recorded at 200 Hz on a UEIPAC-300 real time controller (United Electronics Industries) and then averaged
down to 20 Hz for processing, analysis, and data archiving. The flow-angle system includes five, flush-mounted
pressure ports installed in a cruciform pattern in the aircraft radome to provide angle of attack (vertically aligned
ports) and sideslip (horizontally aligned ports) measurements. Corresponding fast-response, high-precision pres-
sure transducers are placed as close as possible to the pressure ports in order to minimize delays and errors. Pitch
and yaw maneuvers, speed variations, and reverse headings are performed periodically during deployments to
verify system operation and calibration and validate derived mean horizontal-wind vectors. Three-dimensional
winds are computed from the full air motion equations (Lenschow, 1986). Ambient air temperature measure-
ments needed to determine true air speed are made with a Rosemount Model 102 nondeiced total air tempera-
ture sensor with a fast-response platinum sensing element (E102E4AL). The total, static, and dynamic (impact)
pressures are measured off of the co-pilot's pressure port with the use of a Rosemount pressure transducer and a
Rosemount Micro Air Data Transducer (MADT model 2014MA1A). Dew point temperature is measured by an
EdgeTech model 137 Chilled Mirror Hygrometer. This setup has been used extensively for other campaigns on
the NASA P-3 aircraft. Additional details on the instrumentation, calibration, and intercomparison results of the
TAMMS when used on the NASA P-3 can be found at Thornhill et al. (2003).

Since this is the initial implementation of TAMMS on the NASA HU-25, and while the same calibration coeffi-
cients cannot be ported from one aircraft to another, the calibration maneuvers can be used independent of aircraft
type. A series of calibration flights have been performed throughout the campaigns to determine the angle of
attack slope and offset (speed variations), sideslip slope (tailwags/crabbing), and reverse headings to determine
the heading offset (crosswind reverse heading) and the pressure defect (alongwind). They were done above the
marine boundary layer, in clean, homogenous air masses at various altitudes up to 15 kft. Due to the removal of
the Applanix post each campaign, the heading offset changed from year to year. The calibration results of the
speed variations and sideslips for all three years of the ACTIVATE program are provided in Figures S1 and S2
in Supporting Information S1, respectively. They show that both the angles of attack and sideslip vary linearly
with pitch and, yaw respectively, and that the results are repeatable from year to year and calibration to calibra-
tion, regardless of altitude. A Fourier power spectra for a three-minute segment in the marine boundary layer is
shown in Figure S3 in Supporting Information S1. It shows that the derived vertical winds show the desired —5/3
falloff all the way down to 10 Hz with no noticeable noise interference. When all calibrations are applied to the
calculations of the horizontal winds, the wind speed and direction will be independent of the aircraft heading.

To investigate how turbulence impacts ACI, we also use data from the aerosol and cloud droplet probes on
board the HU-25. These are provided by the Langley Aerosol Research Group (LARGE) instrument suite, which
includes probes to measure ultrafine, total, and nonvolatile aerosol number densities and cloud condensation
number (CCN) concentrations, cloud particle size, and to collect liquid water among others (https://science-data.
larc.nasa.gov/large/). Cloud droplet number concentrations are also measured by the Fast Cloud Droplet Probe
(FCDP) (Knop et al., 2021). Rain water content is derived from the two-dimensional stereo (2DS) instrument
(SPEC Inc.) Total aerosol number concentrations are integrated for diameters >10 nm.

We also use measurements from the HSRL-2 and RSP onboard the King Air. Mixed layer height (MLH) is
estimated from HSRL-2 measurements during clear sky conditions (Scarino et al., 2014). Aerosol MLHs, which
are a good proxy for boundary layer heights during the daytime, were derived by identifying sharp gradients in
vertically resolved profile measurements of aerosol backscatter at 532 nm. Since 2006, HSRL-derived MLHs
have been used to evaluate modeled boundary layer heights, as well as be used as a constraint for measured and
modeled parameters.

Cloud fraction is derived from an RSP cloud test-passed product. This data containing five bits, each representing
a different cloud type. We rely on bits 2 and 4 which refer to low-level clouds over water. Cloud fraction was
found by dividing the number of times bits 2 and 4 found clouds by the total number of samples.

3. Methods

There is a several decade long history of obtaining turbulence measurements from aircraft. For instance, Lenschow
et al. (1980) studied the turbulence measurements from AMTEX, investigating the applicability of known scaling
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laws and budget analyses during CAOs. Such an analysis largely relies on vertical profiling legs (e.g., Jen-La
Plante et al., 2016; Lenschow et al., 1988; Tjernstrom, 1993). Most recently, Dodson and Small Griswold (2021)
and Nowak et al. (2021) investigated turbulence measured in both level legs and vertical profiles.

Since most of the sampling during ACTIVATE occurs during level legs during the vast majority of statistical
surveys, we focus on analyzing the turbulence from the flights in each of the level legs for cloudy and clear
ensembles except for takeoff, landing, and transit during the winter and summer deployment flights in 2020. The
turbulent perturbations of the zonal and meridional (#’ and V', respectively) and vertical (w") wind speeds are
calculated by subtracting the leg means from the 20-Hz TAMMS data. Wind variances are calculated as the leg
means of the square of the turbulent perturbations of wind components (<u'%>, <v'?>, and <w’%> where <>
indicates an average over a certain period of time). Thus, TKE is calculated as:

TKE = 2 (<u” >+ <0 >+ <w’>) )

The skewness of the vertical velocity is defined as:

<w’>
Sky = —(< w/2>)3/2 2)

where <w’3> is the third moment. The skewness in scalars (i.e., total water content ¢, and liquid potential temper-
ature 6)) is defined in respect to Sk, (Larson, 2017; Larson & Golaz, 2005).

Despite our focus on the level legs, our goal here is to use the ACTIVATE observations to aid in the evaluation
of ESM simulated turbulence. Because it is not really possible to define similar level legs in the coarse horizontal
and vertical resolution of ESM grid boxes, we also use the vertical profiles from the nonlevel legs (i.e., ascents,
descents, and spirals). Average profiles of meteorological quantities of wind speed, potential temperature, and
specific humidity are derived from averaging the observational data across 30 m elevation bins. Similarly, vertical
profiles of turbulent quantities are found by finding perturbations across the same 30 m elevation bins.

Similar to the wind perturbations, we also calculate perturbations in virtual potential temperature 6, and liquid
potential temperature 6, along with those of specific humidity g and total water content g, such that

0, ~ 6(1 + 0.61q) 3)

O0L,q,

0, ~6-—
' C,T

“

where C, is the specific heat of air at constant pressure, g is found from the measured temperature and dew point,
and

q9,=9+tq )

where ¢, is the liquid water content, assuming that the cloud is completely liquid.

From these, the covariances between vertical velocity and virtual potential temperature (<w’'6,">) and between
vertical velocity, water vapor specific humidity (<w’g’>), and total water content (<w’g,">) are also determined.
As in Dodson and Small Griswold (2021), these are converted to energy fluxes:

F,=pC,<w6, >, (6)
Fy=pL,<w'q > and @)
Fq=pL,<w'q/> ®

where p is the mean air density, C, is the specific heat of air, and L, is the latent heat of vapourization.

Frequency distributions of the above turbulent wind variances, TKE, Sk, , and fluxes are found from the number
of occurrences within bins of fixed width for each of the level legs for cloudy ensembles during the winter and
summer flights and clear ensembles for the summer flights. As there were only four clear ensembles sampled
during the winter deployment, cloud-free boundary layers are not investigated here. The various distributions are
summarized by the medians, means, and interquartile ranges (IQRs) (i.e., the 25th to 75th percentiles).
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We further determine if the observed frequency distributions have any relevance to model evaluation by compar-
ing them to those found from simulations from the atmosphere models in CESM2 (Danabasoglu et al., 2020) and
E3SMv2 (E3SM Project, DOE, 2021), that is, the Community Atmosphere Model version 6 (CAM6) and the
E3SM Atmosphere Model version 2 (EAMV2), respectively. Both of these models use the higher-order scheme
CLUBB that unifies boundary layer turbulence, shallow convection, and cloud macrophysics. The main differ-
ence in the CLUBB implementation between these two models is that EAMv2 recently underwent a retuning of
the parameters used to define the width of the binormal PDFs as well as the effects of the turbulence skewness Sk,
in the determination of quantities (Ma et al., 2021). This retuning was undertaken to improve the simulation of the
subtropical stratocumulus decks. These two ESMs also utilize the same algorithms for the representation of cloud
microphysics (Gettelman & Morrison, 2015) and to calculate surface turbulent fluxes (Large & Pond, 1982) as
well as the same four model aerosol (MAM-4).

The simulations presented here are active atmosphere-land simulations, in which sea surface temperature is
prescribed from observations. Both models are spun up for three months from October 2002 by nudging the
model vertical profiles toward those in the Modern-Era Retrospective Analysis for Research and Applications
version 2 (Gelaro et al., 2017). From January 2003, the model has run normally without being nudged; this is
the ongoing main simulation with the usual monthly mean output. This is not sufficient to diagnose problems in
the model. Therefore, branch simulations are initialized at specific times from the ongoing main simulation to
produce enhanced instantaneous output at the resolution of the 30-min time steps. These branches were run for
15 days from 19 February to 5 March and 22 August-5 September beginning in 2004 (after the main simulation
is allowed to relax from the nudging for a whole year) until 2010. The frequency distributions are derived from
all ocean grid cells between 32° and 40°N and 67°-77°W, which geographically encompass all of the ACTIVATE
flight tracks from 2020 during day time steps between 0600 and 1800 local time.

Verification of the juxtaposition of observations with the ESM simulation results is also assisted via comparison
to Weather Research and Forecasting model (Skamarock et al., 2019) run inLES mode (Wang & Feingold, 2009).
Three simulations were performed for the process study days of 28 February, 1 March, and 2 June 2020. The
domain for these simulations was 60 X 60 km with a horizontal resolution of 300 m. Model top was located at
7 km with 153 layers with a vertical resolution in the boundary layer of 33 m. Li et al. (2022) describe these LES
runs in more detail.

4. Results
4.1. Meteorological Context

The flight tracks of the ACTIVATE flights performed in 2020 are shown in Figure 2. All flights originate from
Langley, Virginia, going out as far east as ~67°W, as far south as ~32°N, and as far north as ~40°N. Table S1
in Supporting Information S1 summarizes the takeoff and landing times of each flight pictured in Figure 2, also
summarizing the HSRL-2 mixed layer heights and RSP cloud fractions from each flight. MHLs range from 177
to 1906 m during the winter deployment and from 137 to 1775 m in the summer deployment. Cloud fractions
range from 0% to 100% in both deployments.

Box plots of level leg mean wind speed, potential temperature 0, and specific humidity ¢ are given in Figure 3.
Mean and median winter cloudy ensemble wind speeds are roughly the same at all level legs at ACB and below
cloud (~9 m s~! means and ~8 m s~! medians) with higher spread wind speeds at BCT and ACT (11 and 12 m
s~! means, respectively, and 10 m s~! medians). Interquartile ranges (IQRs, i.e., the difference between the 75th
and 25th percentiles) are highest at ACT (18 m s~! vs. 812 m s~! below) (Figure 3a). Mean and median poten-
tial temperatures as well as IQRs are nearly constant at ~284 and ~12 K, respectively, up to the BCT typical of
a mixed layer that is not decoupled (Figure 3b). Specific humidity profiles are what would be expected from a
CTBL with a slight decrease through the cloud and a sharper decrease at ACT (Figure 3c).

Summer deployment cloudy ensemble wind profiles are very similar to those from the winter deployment
(Figure 3d). Mixed layer potential temperatures are ~12 K warmer than in the winter deployment (Figure 3e).
Specific humidity is also higher (Figure 3f). Wind speeds in the clear ensembles during the summer deployment
are even lower than in the cloudy ensembles (Figures 3e and 3g). However, the potential temperature within the
boundary layer in the summertime is similar in the clear or cloudy ensembles (Figure 3h). Also, the potential
temperature at ABL in the clear ensembles is similar to that at ACT in the cloudy ensembles. Specific humidity

BRUNKE ET AL.

7 of 24

Q6T ‘2202 '966869TC

 wouy

85US01 ] SUOLUWLIOD BAERID 2|1 [dde U} Aq peusenob a1e el VO ‘esn JO SBINJ 0} AZeiq 1 3UNUO 481 UO (SUORIPUOO-PUB-SULIBYLI0Y' A3 | 1M AJeid] U [UO//SHHU) SUORIPUOD PUB S L 3U3 885 *[2202/TT/82] U0 A%IqIT 2UIIUO ABIIM “UBWeS Z}joUWRH " Ul Lued witey N1 "3 WNAUeZ 4asia Aq 0879€0ArZZ0Z/620T OT/10p/wod A3 Im'A:



A~ .
I Journal of Geophysical Research: Atmospheres 10.1029/2022JD036480
AND SPACE SCIENCE
78°W 76°W 74°W 72°W 70°W 68°W 66°W
Falcon tracks
— RFl  — RF21
: — RF2 RF22
40.5°N e 40.5°N RF3 RF23
| — RF4 o RF24.
— RF5 RF25
s o |— RF6 o RF26
N Ty R T A PN g e RF27
— RF§ o RF28
A — RF3 e RF29
37.5°N oo e R /R et e e VL1 — e — S| 37.5°N |~ RF10 RF30
’ — RF11 o RF31
— RF12 RF32.
,- — RF13 oo RF33
L R | B e S EE ——136°N — RF14 - RF34
— RF1S - RF35
RF16 - RF36
RF17 oo RF37
34 50N [N oo e T = S| 34-5°N | RF18 RF38
— RF19 RF39
RF20 RF40

33°N |-,

78°W

- everareim e - vl 33°N

------------- N 31.5°N

76°W 74°W 72°W 70°wW 68°W 66°W

Figure 2. Flight tracks of the 2020 aerosol cloud meteorology interactions over the western Atlantic experiment flights. Winter deployment flights are shown in the
solid lines, while the summer deployment flights are shown in the dotted lines.

in summer is also similar in the clear or cloudy ensembles, but there is a clear decrease in specific humidity from
MinAlt up to ABL in the clear ensembles (Figure 3i).

In summary, during the 2020 deployment, wind speeds are nearly constant with height within the boundary
layer but are highest in the winter cloudy ensembles. Potential temperatures and specific humidity are higher
in summer than in winter. However, there is a distinct difference between humidity profiles in cloudy and clear
ensembles, with nearly constant specific humidity within the boundary layer and decreasing specific humidity
with height throughout the boundary layer, respectively. Another distinction between winter and summer condi-
tions is that MLHs are slightly higher in winter. Next, we will summarize the observations of turbulent quantities
made during the 2020 deployment.

4.2. Turbulence Measurements

The frequency distributions of TKE for the cloudy ensembles are given in Figure 4. The distributions are wider,
with frequency peaking at higher TKE within the boundary layer in winter (BCT and below, Figures 4b—4e). The
median, mean, and IQRs are shown in Figure 5a and listed in Table 1. The highest median (mean) and IQR are
1.39 (1.71) and 1.20 m? s72, respectively, at BCT. The lowest median (mean) TKE is 0.58 (0.70 m? s~2) at ACT.
Within the boundary layer, the lowest median (mean) and IQR (0.94/1.08 and 0.55 m? s~2) are found at BCB.

Similar to TKE, the highest median (mean) and IQR in <u’'?> also occur at BCT: 1.91 (2.60) and 1.85 m? s72,
respectively (Figures 5b and Table 1). For <v'2>, the highest median is at ACT (0.64 m? s~2) (Figures 5¢ and
Table 1), whereas it is highest at MinAlt (0.61 m? s~2) in <w’?> (Figures 5d and Table 1). Below ACT, mean
and median <u’?> is much higher than for <v'2> and <w’?> (Table 1). The similarity between TKE and <u'?>
suggests that most of TKE is going into zonal wind perturbations rather than in meridional or vertical wind
perturbations. The near-surface peak in <w’2> differs from what Dodson and Small Griswold (2021) found for
subtropical stratocumulus.
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Figure 3. Box plots of wind speed, potential temperature, and specific humidity for winter cloudy (top row), summer cloudy (middle row), and summer clear (bottom
row) modules. The boxes indicate the interquartile ranges from the 25th to 75th percentiles, and the vertical lines inside the boxes indicate the median values. The wings
of the boxes span from the 10th to 90th percentiles. Arrows indicate that the wing extends beyond the edge of the plot. Also plotted are the mean values (open circles).

Turbulence in the summer deployment CTBL is lower in magnitude than those in the winter deployment as indi-
cated by the lower median (mean) TKE for all level legs in Figure Se. Frequency distributions are also narrower
(Figure 4), as indicated by the generally smaller IQRs (Figures 5e and Table 1). Median (mean) TKE is highest at
BCT (0.95 m? s~ median and 0.98 m? s~2 mean) as it is in winter. It similarly follows that the frequency distribu-
tions of the contributions to TKE (i.e., <u’%>, <v'%>, and <w’2>) in the summer deployment are narrower with
medians that are lower than in the winter deployment (Figures 5f—5h).
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Figure 4. Frequency distributions of turbulence kinetic energy in cloudy ensembles during the winter (February and March 2020) and summer (August and September
2020) flights. The numbers in the upper right of each panel indicate the number of level legs.

Median TKE for summer deployment clear ensembles is smaller than for cloudy ensembles (Figures 5i and
Table 1), and the frequency distributions are even narrower (Figure 6) as indicated by the smaller IQRs in
Figure 5i. Median (mean) TKE ranges from 0.17 (0.23) m? s~2 at BBL to 0.34 (0.70) m? s~2 at MinAlt (Table 1).
The wind variances contributing to TKE are also smaller (Figures 5j—51 & Table 1). Thus, clear boundary layers
are less turbulent than cloudy ones, at least in summer, as clouds generally enhance boundary layer turbulence
through cloud top radiative and evaporative cooling and cloud-bottom warming from condensation (Dodson &
Small Griswold, 2021; Pasquier & Jonas, 1998).

The legs in the cloudy ensembles include both cloudy and clear portions. The cloud fraction derived from the
cloud flags in the HSRL-2 measurements on board the King Air ranges from 0% to 100%. On average, though,
the cloud fraction is higher in the winter deployment (41%) than in the summer (32%). Therefore, most cloudy
ensemble legs are not completely cloud-covered. Crosbie et al. (2016) investigated the difference in turbulence
across the boundaries between cloud and clearings in stratocumulus off of the California coast. They found that
TKE in the clear air was lower than within the cloud. We also look at how the turbulence differs between the
cloudy and clear portions of in-cloud legs ACB and BCT. Cloudy portions defined are samples in which liquid
water content >0.2 g m—. The frequencies in TKE and the wind variances in the clear portions peak at the same
or lower values than in the cloudy portions in the winter ensembles (Figure S4 in Supporting Information S1).
For instance, at BCT, TKE frequencies are highest at 1.3 m? s~ for the cloudy portions, whereas they are highest
at 0.7 m? s~2 for clear portions. However, the cloudy and clear frequency distributions are very similar in the
summer ensembles (Figure S5 in Supporting Information S1).

Figure 7 and Table 2 present the medians, means, and IQRs for buoyancy fluxes F, (Equation 6) and moisture
fluxes F, (Equation 7), the frequency distributions of which are shown in Figures S6 and S7 in Supporting Infor-
mation S1. Median F, is highest (46 W m~2) at MinAlt and near-zero at the other legs above. Similarly, in the
summer deployment cloudy ensembles, median F, is highest at MinAlt but is much smaller in magnitude (7 W
m~2), and it is near-zero at the other legs above. Median F, is near-zero at all levels in the summer deployment
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Figure 5. Box plots of turbulence kinetic energy and the horizontal and vertical wind variances in the winter cloudy (top), summer cloudy (middle), and summer clear
ensembles (bottom). The boxes indicate the interquartile ranges from the 25th to 75th percentiles, and the vertical lines inside the boxes indicate the median values. The
wings of the boxes span from the 10th to 90th percentiles. Arrows indicate that the wing extends beyond the edge of the plot. Also plotted are the mean values (open

circles).

clear ensembles when the boundary layer winds are the weakest (Figure 3). In all three ensemble types, the
highest mean F, is at MinAlt. MinAlt is also the level with the highest <w’2>, whereas the highest <u'?> is
at BCT, where there is higher wind shear (Figure 5). Therefore, below-cloud is more likely to be driven by
surface-generated buoyancy, while the cloud layer is more influenced by wind shear.

Median F P is greater below clouds (at BCB and MinAlt) than within clouds (at ACB and BCT), and is near-zero
at ACT in winter and summer cloudy ensembles (Figure 7 & Table 2). This is to be expected, since there is
a loss of water vapor from condensation in the cloud. The F, values are generally greater in winter than in
summer. In summer deployment clear ensembles, the median F, is overall smaller. F, can be negative from time
to time. Many of these instances occur in downdrafts. Total water content g, is a conservative quantity with the
presence of clouds. Therefore, F,, should be continuously and linearly decreasing from below-to above-cloud
(Garratt, 1992), but, in Figure 7 and Table 2, F, is simply higher than F,.

Median and mean vertical velocity skewness Sk,, derived from Equation 2 is near-zero at all levels and for all
cloudy ensembles and clear ensembles during the summer deployment. This is consistent with the near-zero
median <w’3> (Figure 8, Table 3, Figures S8 and S9 in Supporting Information S1). In both winter and summer
deployment cloudy ensembles, Sk, is positive below cloud (at BCB and MinAlt) and at BCT but near-zero at
ACB. The small Sk,, contrasts with the high Sk, found in the mixed layer of a decoupled boundary layer in eastern
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Figure 6. Frequency distributions of turbulent kinetic energy for the clear ensembles during the summer flights. The number given in each panel is the total number of

samples used.

Table 1

Median, Mean, and Interquartile Ranges of Turbulence Kinetic Energy (TKE) and Wind Variances (m? s=2)

Median Mean Interquartile range
TKE W' v w? TKE  w? v  w? TKE u? v w?
Winter cloudy ensembles
ACT 0.58 0.46 0.23 0.24 0.70 0.76 0.42 0.24 0.58 0.67 033 021
BCT 1.39 1.91 0.44 0.45 1.71 2.60 0.76 0.49 0.97 1.85 0.89 0.37
ACB 1.06 1.28 0.64 0.46 1.15 1.46 0.84 0.51 0.70 1.28 091 046
BCB 0.94 1.21 0.53 0.48 1.08 1.41 0.70 0.56 0.61 1.03 0.54 045
MinAlt 1.03 1.22 0.50 0.61 1.13 1.41 0.62 0.64 0.93 1.15 0.59 0.49
Summer cloudy ensembles
ACT 0.40 0.22 0.24 0.09 0.40 0.32 0.34 0.15 0.34 0.28 033 0.17
BCT 0.95 0.71 0.43 0.12 1.11 0.98 0.74 0.28 1.08 1.14 1.06  0.18
ACB 0.48 0.45 0.32 0.13 0.74 0.58 0.53 0.28 0.66 0.47 0.53 0.19
BCB 0.43 0.43 0.32 0.16 0.78 0.62 0.54 0.31 0.82 0.51 0.73  0.29
MinAlt 0.47 0.46 0.34 0.20 0.77 0.66 0.51 0.35 0.60 0.58 048 0.21
Summer clear ensembles
ABL 0.25 0.13 0.24 0.04 0.34 0.18 0.37 0.07 0.22 0.21 031 0.06
BBL 0.17 0.17 0.12 0.04 0.23 0.22 0.16 0.08 0.25 0.23 0.16  0.08
MinAlt 0.34 0.29 0.23 0.11 0.70 0.38 0.88 0.15 0.32 0.33 036 0.16

North Atlantic stratocumulus (Lambert et al., 1999). According to Golaz et al. (2002), a positive Sk, is indicative

of cumulus cloud layers, which is the dominant cloud type in this region (Painemal et al., 2021). These observa-

tions indicate that positive Sk, in cumulus-topped boundary layers exists below-cloud and near cloud top.

In summary, cloudy ensemble TKE reaches its maximum at BCT, with more TKE possible in the winter deploy-

ment than in the summer deployment. TKE is smallest in the summer clear ensembles. F, in the cloudy ensembles

is highest at MinAlt, higher in winter than in summer, but near-zero above. It is also near-zero on average at all

levels during the summer clear ensembles. F_ is higher below cloud. Sk, is near-zero at all levels.

4.3. Implications for Model Evaluation and Improvement

The ACTIVATE turbulence observations can be used to evaluate ESM simulated turbulence over the WNAO. For
instance, boundary layer heights produced by CAMG6 are consistent with the observed MLHs (173-2970 m during

TKE (m?s3)

TKE (m?s3)

TKE (m?s3)
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Figure 7. Box plots of buoyancy flux (F,), water vapor flux (F, P and total water flux (F,) in the winter cloudy (top), summer cloudy (middle), and summer clear
ensembles (bottom). The boxes indicate the interquartile ranges from the 25th to 75th percentiles, and the vertical lines inside the boxes indicate the median values. The
wings of the boxes span from the 10th to 90th percentiles. Arrows indicate that the wing extends beyond the edge of the plot. Also plotted are the mean values (open
circles). Note that there are different ranges in the x-axis in the various panels.

the CAM6 winter simulations vs. 177-1906 m from HSRL-2 and 181-1825 m during the summer simulations
compared to 137-1775 m from HSRL-2). Further, we compare the observed vertical profiles of wind speed,
potential temperature, and specific humidity from the nonlevel, cloudy legs of the aircraft to the vertical profiles
in CAMG (Figure 9). As indicated by the winter cloudy level legs, wind speeds during winter cloudy nonlevel legs
on average are fairly constant up to ~1,600 m, but there is a local maximum in average wind speed at ~200 m.
Average potential temperature vertical profiles are also nearly constant at ~282 K to about ~1,200 m. Average
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Table 2
Median, Mean, and Interquartile Ranges of Buoyancy, Water Vapor and Total Water Fluxes (W m=2)
Median Mean Interquartile range
F, F, F, F, F, I F, F, .
Winter cloudy ensembles
ACT 1.39 —-1.66 —1.66 4.39 —27.70 —22.88 43.78 41.55 41.55
BCT —7.44 47.65 52.83 —7.44 32.72 52.42 46.78 135.84  180.85
ACB —2.82 25.90 35.24 —2.82 42.63 84.21 50.10 123.14  234.28
BCB —2.06 46.37 49.51 —2.06 57.80 60.28 28.84 107.67  111.26
MinAlt 46.17 53.39 53.39 59.60 58.06 58.07 77.68 100.25  100.26
Summer cloudy ensembles
ACT —2.63 -1.18 —-1.18 -10.23 —23.18 —22.63 17.82 59.41 59.41
BCT 1.91 —20.09 —23.98 —-0.97 -30.56 —32.41 29.47 188.89  168.55
ACB 1.01 27.40 32.93 —0.80 48.3 54.92 20.40 124.91 157.87
BCB —-1.49 39.38 43.39 -9.62 72.41 43.39 12.13 10470  115.41
MinAlt 6.60 29.54 30.05 14.53 42.87 45.45 26.08 49.21 53.51
Summer clear ensembles
ABL 0.04 —-0.70 —2.96 3.14 —26.24 5.56 5.43 44.63 68.88
BBL —0.83 —9.14 —9.14 434 —23.25 —-16.19 8.20 113.73 142.53
MinAlt 0.01 27.17 66.57 5.60 39.10 -0.71 4.80 4249  184.86

specific humidity profiles decrease with height from ~5 g kg™! near surface. Summertime cloudy average wind
speed profiles are calmer than in winter but is also nearly constant up to a higher altitude. However, average
potential temperatures and specific humidity are higher than in winter.

The average profiles from all ocean grid cells containing clouds in the ACTIVATE region from CAMSG is also
shown in Figure 9. The winter (15 February—5 March) profiles of wind speed, potential temperature, and specific
humidity are all within the observed spread (minimum to maximum) (Figures 9a—9c), but there are differences in
the average profiles. Average profiles in wind speeds are in general higher than the observed averages (Figure 9a).
Average potential temperature profiles are very similar to the observed average (Figure 9b), whereas specific
humidity is a little higher than observed (Figure 9c).

CAMG average wind speeds are smaller than the observed profile for summertime cloudy conditions (Figure 9d),
but average potential temperature and specific humidity profiles are similarly biased in summer as in winter
(Figures 9e and 9f). Still, average profiles for all three variables are generally within the observed spread.

The model spread is also shown as the area between the red-dashed lines. The observed spread is wider than
observed in winter because the model simulations capture more variability in meteorological conditions than was
sampled by the aircraft. However, in summer, the model spread is similar to the observed one, indicative of the
persistence of similar conditions between the model simulations and the real world during the summer.

We also compare the observed vertical profiles of TKE and the contributions to TKE to the simulated ones in
Figure 10. Observed average TKE for winter cloudy ensembles is ~0 m? s~ up to ~825 m, reaches a maximum
at ~900 m, and decreases back to ~0 at ~1,600 m (Figure 10a). Observational spread in TKE is also maximum
at ~900 m. Of the contributions to TKE, the vertical profile of <u'2> is the most similar to that of TKE, whereas
the averages and spread in <v'%> and <w’%> are much smaller (Figures 10b—10d). In CAMS, highest TKE is
generated near the surface, so that model TKE is of course higher than observed (Figure 10a). Of the wind
variances, <w’%> is highest closer to the surface, whereas <u’?> and <v'%2> are comparable to <w’2> further
up (Figures 10b—10d). In summertime cloudy ensembles, the average maximum TKE is at ~700 m where the
spread is also the maximum (Figure 10e). During these ensembles, <v'2> vertical profiles are most similar
to the TKE vertical profile (Figure 10g). CAM6 produces less TKE and smaller wind variances in summer
(Figures 10e—10h). The difference between the observed horizontal wind variances indicates that the observed
turbulence is not isotropic.
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Figure 8. Box plots of vertical velocity skewness Sk, and <w’3> in the winter cloudy (top), summer cloudy (middle), and
summer clear ensembles (bottom). The boxes indicate the interquartile ranges from the 25th to 75th percentiles, and the
vertical lines inside the boxes indicate the median values. The wings of the boxes span from the 10th to 90th percentiles.
Arrows indicate that the wing extends beyond the edge of the plot. Also plotted are the mean values (open circles).
We can further evaluate the simulated turbulence by comparing the observed frequency distributions of the
wind variances to those produced by CLUBB in CAM6 and EAMv2. The observed frequency distributions for
winter cloudy ensembles are shown in the top row of Figure 11. At ACT, <u'?>, <v'?>, and <w’?> are all most
frequently at a low value <0.04 m? s~2 (Figure 11a). This remains the case for <v'2> and <w’%> at the lower level
legs, but the frequency distribution in <u’?> becomes wider at those level legs, indicating that <u’?> is more
often higher than <v'?> and <w’?> (Figures 11b-11e). This is consistent with the vertical profiles in Figure 10.
We can produce the same frequency distributions using all of the fully ocean grid cells in the ACTIVATE region
(32°-40°N and 67°-77°W) containing cloud (liquid water content >0.2 ¢ m~3 anywhere in the model column
BRUNKE ET AL. 15 of 24
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Table 3

where pressure >680 hPa). Because it is not really possible to define the

Median, Mean, and Interquartile Ranges of Skewness (Unitless) and the same level legs in the model grids with coarse vertical and horizontal reso-

Moment of Vertical Velocity (m® s=3)

Iution, we generate frequency distributions for the layers that are in-cloud,

Median

Mean Interquartile range below-cloud (but above the last model layer if the cloud does not go all the

Sk, w'?

w

Sk

w

— way down to that layer), and the lowest model layer (if the cloud does not go
w’? Sk, w’? all the way down to this layer). These are shown for CAM6 in the middle row

Winter cloudy ensembles

of Figure 11. CLUBB generates the lowest <u’?> and <v'?> most frequently

ACT -0.02 0

0.01

—001 030 0.02 in- and below-cloud and in the lowest model layer, whereas the frequency
distribution in <w’?> becomes wider below-cloud and in the lowest model

BCT 0.12 0.03 —-0.02 0.03 0.37 0.10

ACB —-0.01 0 0.003 0.03 0.22 0.07
BCB 0.1 0.02 —0.02 0.09 0.26 0.09

layer, contrary to what is observed (Figures 11f—11h). Thus, the mean hori-
zontal wind variances are lower than observed at all levels (e.g., 0.25-0.36 m?
s72 for mean <u'?>> in CAM6 vs. 1.08-1.71 m? s2 mean observed in- or

MinAlt 0.16 0.05 —-0.04 0.11 0.21 0.10 below-cloud) (Table 1 and Table S2 in Supporting Information S1). To see

Summer cloudy ensembles

the effects that CLUBB parameter retuning would have, we also compare the

ACT 0.07 -0.01 -0.003 -0.01 0.69 0.02
BCT 0.01 0.03 0.004 0.03 0.32 0.01
ACB 0 0.03 0.001 0.03 0.36 0.02

EAMV2 vertical profiles to be observed. EAMv2's <w'2> frequency distri-
butions (bottom row) do not become as wide as in CAM6 below cloud in
the lowest model layer. Therefore, the mean <w’2> are lower than CAM6 at
these two levels (Table S3 in Supporting Information S1).

BCB 0.13 0.09 —-0.02 0.09 0.29 0.06
MinAlt 0.19 0.11 —0.04 0.11 0.26 0.03

Smaller mean wind variances and narrower distributions are produced in
summer (Tables S3 and S5 and Figure S10 in Supporting Information S1).

Summer clear ensembles

Therefore, despite the lesser turbulent boundary layers overall being produced

ABL 0.07 0.05 0.006 0.01 0.27 0 in CAM6 and EAMv2, the model is simulating less turbulence in summer

BBL -020 -0.17

0.02
MinAlt 0.12 0.13 —-0.02 0.02 0.41 0.02

0.01 0.61 0.01 than in winter, as observed.

Furthermore, we can derive joint frequency distributions from the observa-

tions to assess the validity of the bivariate normal PDF over the WNAO. An

example is given for vertical velocity perturbations w’ and liquid potential
temperature perturbations @) in Figures 12a—12e for the cloudy ensembles in the winter deployment. The joint
frequency distributions are consistent with a bivariate normal distribution at every level. The univariate distri-
butions of the individual quantities w’ and 6, appear to be Gaussian with a near-zero skewness, consistent with
Figure 8 & Table 3. The bivariate frequency distributions become wider along the w’ axis going down toward the
surface, as the w’ distributions become wider with decreasing height (Figures 12f—12j) with standard deviations
ranging from 0.60 m? s=2 at ACT to 1.1 m? s~ at MinAlt. On the other hand, the ] distributions are similarly
narrow at lower heights than at ACT (Figures 12k—120). Similar distributions are found for the cloudy ensembles
in the summer deployment (Figure S11 in Supporting Information S1), but they are less skewed at lower levels.
For the clear summer deployment ensembles, the distributions are not skewed at any level (Figure S12 in Support-
ing Information S1).

On average, median TKE is highest at BCT, that is, within cloud, in the cloudy ensembles in both deployments,
whereas model TKE is highest near-surface in Figure 10. Maximum TKE within cloud suggests that the CTBL is
coupled, whereas maximum TKE below-cloud would be consistent with the cloud layer being decoupled from the
surface mixed layer (Durand & Bourcy, 2001). This is further illustrated in six examples of instantaneous TKE
vertical profiles in CAM6. Figure S13 in Supporting Information S1 gives three examples from the CAM6 winter
simulations at a location near the middle of the ACTIVATE region (37°N and 72.5°W), while Figure S14 in
Supporting Information S1 gives three examples from the summer simulations. On 24 February 2004, the model
generates maximum TKE below cloud indicative of decoupling, whereas maximum TKE is near-surface on 24
February 2006 and 2008 with a secondary maximum of TKE at the cloud top in 2006. In summer, with the cloud
cover on 27 August 2004, maximum TKE is generated at the cloud top, as on 24 August 2004 but is near-surface
in the other summer examples with no cloud cover.

The model generates maximum TKE most often below cloud (72%) in the winter simulations, while it is gener-
ated 25% of instances in the lowest model layer and only 3% of the time within cloud. In summer, the model still
generates maximum TKE most frequently below cloud (59%) but generates it more often in the lowest model
layer (39%). The preponderance of decoupling in the model is contradicted by the ACTIVATE observations, with
maximum TKE below cloud (at BCB) only 2% of the time in winter and 4% in summer. Instead, maximum TKE
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Figure 9. Mean vertical profiles of wind speed, potential temperature, and specific humidity for nonlevel legs during the winter (top) and summer (bottom)
deployments. These are compared to the average vertical profiles from the cloud-containing grid cells in the community atmosphere model version 6 winter (top) and
summer (bottom) simulations. The minimum to maximum range in the observations is indicated by the gray shading.
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Figure 10. Mean vertical profiles of turbulence kinetic energy, <u'>>, <v'2>, and <w’?> for nonlevel legs during the winter (top) and summer (bottom) deployments.
These are compared to the average profiles from the cloud-containing grid cells in the community atmosphere model version 6 winter (top) and summer (bottom)
simulations. The minimum to maximum range in the observations is indicated by the gray shading. Note that some of that range extends outside the panel maximum of
1.5m?s2
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Figure 11. (a—e) Frequency distributions of <u'?> (red), <v'>> (green), and <w’2> (blue) at each level leg in cloudy ensembles during the winter deployment.

Also shown are the frequency distributions from cloudy grid cells in the (f-h) community atmosphere model version 6 and (i—k) atmosphere model version 2 winter
simulations. The numbers given in each panel are the total number of samples used (for each quantity identified by matching colors in the observations in the top row).
Note the difference in the x-axes.

is more often within cloud (at ACB or BCT; 36% in the winter deployment and 51% in the summer deployment),
with it being at MinAlt 27% of the time in both deployments. This within-cloud maximum TKE has been shown
to be common in CTBLs (e.g., Dodson & Small Griswold, 2020). Decoupling is often associated with precipi-
tation. The predominance of model decoupling has been shown to be due to evaporation of precipitation below
cloud (Zheng et al., 2020). During the 2020 deployments, the amount of precipitating 2DS samples is only 1% in
the winter deployment and 0% in summer. With such little precipitation sampling in these two deployments, it is
not possible to properly investigate the effects of precipitation on the observed turbulence here.

Even when the maximum TKE is below-cloud, a local TKE maximum may still exist in-cloud. To illustrate this,
we use LES for the process study days of 28 February, 1 March, and 2 June 2020 for which domain average TKE
profiles are shown in Figure 13. TKE is highest in-cloud on 28 February, while there is a local maximum in TKE
on 1 March. Both the absolute and local maxima occur near the cloud top. There is also a small local maximum in
TKE within the deeper cloud layer of 2 June. Higher or highest TKE in all three profiles can be found just above
the surface, with a minimum in TKE just above cloud base. The above results are from the 300-m resolution
LES. We tested the sensitivity of boundary layer structure and turbulence fluxes to the horizontal resolution in a
simulation with a finer horizontal resolution of 100 m and found that the finer resolution LES yields essentially
the same results as the coarser resolution. These LES results are consistent with the ACTIVATE observations
(Figure S15 in Supporting Information S1).

Model horizontal wind variance may be lower because of the intrinsic difference between what is represented
by the linear aircraft measurements and the coarse grid cells in the ESM. We test if this is possible by randomly
sampling LES columns containing clouds that would be more representative of what would be seen by an aircraft.
There is a wide variation in TKE in all simulations, from values lower than the domain average to values much
larger (Figure 13).

While it might be natural to have lower mean TKE represented by the coarse grid cells in an ESM, the widest
distributions are from <w’%>, especially lower in the model vertical profile, whereas it is in <u'?> in the obser-
vations (Figure 11). In the mean vertical profiles (Figure 10), highest TKE is generated near the surface. Of the
wind variances, <w’2> is highest closer to the surface, whereas <u’?> and <v'> are higher than <w’%> further
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Figure 12. (a—e) Bivariate frequency distributions between observed turbulent perturbations in liquid potential temperature ¢, and vertical velocity w’ and univariate
distributions of (f—j) w’ and (k—o) §,’ for each of the level legs in cloudy ensembles during the winter deployment.
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Figure 13. Domain-averaged turbulence kinetic energy profiles in the large eddy simulation (LES) corresponding to 28
February, 1 March, and 2 June 2020. Two different horizontal resolutions of the LES are shown: the original 300 m (black)
and 100 m (red). Randomly sampled profiles of columns containing clouds in the 100-m resolution simulations are also
provided (gray lines). Cloud layers are indicated by the gray (for 300-m resolution) or pink (for 100-m resolution) shading.
Elevation is normalized by cloud top height (z/z,,).

up. This suggests that CLUBB is converting more TKE to turbulence in the vertical direction close to the surface
while providing it more for the horizontal turbulence toward the upper part of the boundary layer. However, the
bivariate normal PDF assumed for the closure of CLUBB is consistent with the observed bivariate frequency
distributions from ACTIVATE (Figure 12).

5. Discussion and Conclusions

The boundary layer turbulence has been characterized in both CTBLs and boundary layers clear of low-level
clouds over the WVAO using high temporal resolution (20 Hz) meteorological measurements made aboard
the NASA Falcon aircraft during the winter (February and March) and summer (August and September) 2020
deployments of ACTIVATE. Various turbulent quantities are binned so as to obtain frequency distributions. Such
frequency distributions reveal that turbulence was stronger in CTBLs observed during the winter deployment
than in CTBLs during the summer deployment. The observed frequency distributions can be used to evalu-
ate turbulence simulated by ESMs like the CAM6. Bivariate frequency distributions are also analyzed. Also,
observed univariate frequency distributions of the turbulent wind variances are compared to those derived from
high temporal resolution model output from CAM6. Model turbulence is not as strong as observed in winter
and summer cloud-covered grid cells, but it is weaker in summer than in winter, as observed. The lower model
turbulence relative to the ACTIVATE observations is likely due to the fundamental difference between the linear
measurements made by the aircraft and the model grid cell averages, as demonstrated by the comparison of
domain-average LES results and randomly sampled columns in the LES. Another difference between model
turbulence and observations is that the model wind variances are widest for vertical wind variances but are
widest for zonal wind variances in the observations. Thus, CLUBB is converting TKE more into vertical wind
perturbations rather than in the zonal wind variances as observed. Also, TKE is highest in the observations within
cloud, whereas the model generates maximum TKE below cloud indicative of a greater decoupling not observed.

The turbulence observations made during ACTIVATE can aid in the evaluation of the simulated turbulence
generated by the CLUBB parameterization in CAM6. For instance, the premise that turbulent quantities can
be closed using a bivariate normal PDF (Larson et al., 2002) is consistent with the bivariate Gaussian-looking
frequency distributions for all level legs sampled during the 2020 ACTIVATE flights. However, the simulated
turbulence is shown to be lower than that observed. The lower turbulence in CAM6 has been noted with impli-
cations for ACI in the model (Atlas et al., 2020), as the simulated updrafts would be weaker. These implications
are demonstrated in Figure 14. While there is plenty of aerosol in CAM6, the model simulates less cloud droplet
number concentrations as compared to FCDP and LARGE observations (Figure 14b). The weaker model turbu-
lence produces weaker updrafts. That updraft velocity controls how much aerosol is brought up to cloud base
(Seinfeld et al., 2016). It is also the main determinant of supersaturation (Sullivan et al., 2016), which is the
controlling factor on how much aerosol is activated to form CCN and what the cloud droplet number concentra-
tion is at cloud base (Calmer et al., 2018; Conant et al., 2004). In fact, in cloud parcel models (e.g., Fountoukis
et al., 2007; Snider et al., 2003), cloud droplet number concentration is directly related to updraft velocity.
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Figure 14. Ranges of (a) below cloud base cloud aerosol number concentration (V,) and (b) above cloud base cloud droplet
number concentration (N,) from observations and from all of the 15-day simulations of enhanced output in community
atmosphere model version 6 for the winter (19 February—5 March simulations).

The weaker turbulence coming from CLUBB as used in CAM6 might be rectified from a revision of its parameters.
Ma et al. (2021) recently performed a retuning of the parameters used to define the width of the bivariate normal
PDFs as well as the effects of the turbulence skewness Sk, in the determination of quantities in the development
of the E3SM EAMYV2. This retuning was performed using theoretical considerations to improve the simulation of
mostly subtropical stratocumulus decks. Only observations of bulk cloud properties (e.g., the top-of-atmosphere
cloud radiative effects) were used in the retuning. To see the effect of these retuning on turbulence character-
istics, we also performed similar simulations in EAMv2 for 2004-2010, as was done in CAM6. The velocity
variance frequency distributions from these simulations were also compared to observations and those of CAM6.
EAMV2's frequency distributions are closer to the observed ones, showing an improvement over CAM6 and more
drastically from the pre-retuning version EAMv1 (not shown). However, the EAMv2 frequency distributions still
represent less turbulent conditions than observed in CLUBB; the bivariate normal PDFs are not used to close
the horizontal wind variances. Instead, these quantities are prognosed using equations that include a term that
defines the dissipation of TKE in those directions using a prescribed parameter. Such a parameter may need to be
further tuned in addition to the parameters that define the shape of the binormal PDFs by Sk, . Using ACTIVATE
measurements to constrain the tuning of the turbulence parameterization will be very helpful.

The EAMv2 and CAMG turbulent quantities as well as the cloud and aerosol microphysical quantities presented
here are the instantaneous output at the 30-min time steps. This represents the outcome of the iteration of
several (six in EAMv2) substeps performed by CLUBB within each time step. On a global scale, the behavior
of the turbulence and cloud microphysics parameterizations can show discernible differences across the differ-
ent substeps (not shown). Whether such cross-substep variations are significant in the time periods and spatial
domain covered by ACTIVATE is not yet clear and will be investigated further.

The results presented here demonstrate that the analysis of the full set of ACTIVATE turbulence observations can
be used to aid in the revision of CLUBB in CAM6 and EAMV2 for the improvement of extratropical low-level
clouds. The role of large-scale meteorological conditions can also be explored with the full set of observations by
stratifying the observations by quantities like lower tropospheric stability or cold air outbreak index. The limited
amount of observations in this first glance at the first two ACTIVATE deployments presents the motivation for
such an analysis to be done rigorously in the near future.

Data Availability Statement

The Aerosol Cloud Meteorology Interactions over the Western Atlantic Experiment data used in this study can
be downloaded from the experiment's archive (www-air.larc.nasa.gov/missions/activate/index.html; https://doi.
org/10.5067/SUBORBITAL/ACTIVATE/DATA001, ACTIVATE, (2021)). Community Atmosphere Model
version 6 and the Energy Exascale Earth System Model (E3SM) Atmosphere Model version 2 can be downloaded
as part of the Community Earth System Model version 2 and E3SMv2. Details on downloading these Earth
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