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Abstract: A challenging aspect of conducting airborne in situ observations of the atmosphere is how
to optimize flight plans for specific objectives and constraints associated with weather and flight
restrictions. For aerosol-cloud interaction research, two recent campaigns utilized a “stairstepping”
approach whereby an aircraft conducts level legs at various altitudes while moving forward with
each subsequent leg: the 2019 MONterey Aerosol Research Campaign (MONARC) over the north-
east Pacific and the 2020–2022 Aerosol Cloud meTeorology Interactions oVer the western ATlantic
Experiment (ACTIVATE) over the northwest Atlantic. We examine the homogeneity of several
atmospheric variables both vertically and horizontally in the marine boundary layer with a focus
on the sub-cloud environment. In well-mixed boundary layers, there was generally good horizontal
and vertical homogeneity in potential temperature, winds, water vapor mixing ratio, various trace
gases, and many aerosol variables. Selected aerosol variables exhibited the most variability owing to
sensitivity to humidity and near-cloud conditions (supermicrometer aerosol concentrations), coastal
pollution gradients (e.g., organic aerosol mass), and small spatial scale phenomena such as new
particle formation (aerosol number concentration for particles with diameter >3 nm). Illustrative cases
are described when stairstepping can pose issues requiring extra caution for data analysis: (i) poor
vertical mixing and layers decoupled from those below; (ii) multiple cloud layers; (iii) fluctuating
cloud base/top and boundary layer top heights; and (iv) horizontal variability across specific features
leading to sharp gradients such as right near coastlines and over the Gulf Stream with strong sea
surface temperature changes. Results from this study provide a guide both for future studies aiming
to examine these mission datasets and for designing new airborne campaigns.

Keywords: ACTIVATE; airborne sampling; aerosol; cloud; in situ observations

1. Introduction

A challenge in airborne flight science targeting marine boundary layer (MBL) processes
is how to optimize flight plans to characterize the horizontal and vertical dimensions with
high spatial resolution (~hundreds of meters). How best to fly in the MBL depends
largely on research goals, instrument payload requirements, and flight constraints. For
instance, research into surface fluxes (as measured by co-variance) benefit from flying the
lowest possible leg within a surface mixed layer [1]. Studies on cloud top entrainment
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warrant slant patterns near cloud top in a sawtooth pattern [2]. Of interest to the current
study is investigation into aerosol-cloud interactions, for which certain vertical layers are
of interest including: (i) as low as possible over the sea surface to characterize surface
fluxes; (ii) immediately below cloud base to characterize terms relevant for understanding
aerosol-cloud interactions (e.g., updraft velocity and/or vertical wind statistics, aerosol
size distribution, aerosol composition); (iii) legs in cloud, often above base and below top,
to characterize cloud microphysical properties, entrainment, and cloud processing; and
(iv) at least one leg above cloud to sample the overlying environment.

A common flight strategy to conduct horizontal and vertical characterization of atmo-
spheric variables relevant to aerosol-cloud interactions is to fly stacked level legs (“wall”
pattern) [3]. These patterns have the downside of being limited in horizontal coverage as
a typical 5–10 min leg in a wall covers only few tens of kilometers depending on aircraft
airspeed. Horizontal coverage is desirable as variability in weather and pollution character-
istics helps populate data across a wider dynamic range of values for variables relevant
to aerosol-cloud interactions. Sawtooth [2] and “spiral” (i.e., ascending or descending
in a circular shape) soundings [4] are limited in terms of statistics at a fixed level, which
is critical for some data types (e.g., winds, aerosol size distributions, and composition)
requiring tens of seconds of time for robust calculation of desired quantities. Another
strategy is “stairstepping”, which incorporates enough time at a level altitude for building
sufficient statistics for the most time-demanding measurements, while allowing for probing
different vertical levels across a wider horizontal range as compared to a wall or sound-
ings; the limitation is that the level legs are not on top of each other to provide a detailed
characterization of a vertical atmospheric column. Numerous campaigns have utilized
some version of a stairstepping approach including the Cloud System Evolution in the
Trades (CSET) [5], the Southern Ocean Clouds, Radiation, Aerosol Transport Experimental
Study (SOCRATES) [6], and the Holistic Interactions of Shallow Clouds, Aerosols and
Land Ecosystems (HI-SCALE) campaign [7], all three of which studied aerosol and cloud
properties. While this strategy of flying is not new, there have been limited attempts to
quantitatively characterize how well the strategy works and, more broadly, how success
can even be assessed.

Two recent airborne experiments targeting aerosol-cloud interactions used stairstep-
ping to produce datasets that afford the opportunity to explore how well the flight strategy
works in terms of horizontal and vertical characterization. These experiments include the
MONterey Aerosol Research Campaign (MONARC) and the Aerosol Cloud meTeorology
Interactions oVer the western ATlantic Experiment (ACTIVATE). A challenge is how best
to quantify the success of such a strategy and this work aims to do this quantitatively in a
few ways. Some variables are expected to change more spatially such as aerosol properties
owing to spatial and temporal patterns in emissions, growth processes, transformations,
and sinks, in addition to sensitivity to ambient meteorology. Section 2 of this work summa-
rizes the data and methods, while Section 3 presents the following analyses: (i) comparing
atmospheric variable values both vertically and horizontally in the MBL separately for
two regions where these campaigns took place (northeast Pacific and northwest Atlantic)
(Sections 3.1 and 3.2); (ii) quantifying various measures of variability horizontally for indi-
vidual leg types (Section 3.2); and (iii) discussion of case study situations requiring extra
attention and guidance about how to adapt to such scenarios (Section 4). Section 5 con-
cludes with a discussion and conclusions. Implications of this work range from providing
guidance for the interpretation of surface-based ocean measurements (e.g., ships and buoys)
used as a proxy for sub-cloud conditions to aiding decisions about flight paths for future in
situ airborne measurements. These results provide a useful resource for the interpretation
of MONARC and ACTIVATE datasets, with implications still for past and future airborne
in situ campaigns using stairstepping.
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2. Methods
2.1. Field Campaigns and Flight Approach

The MONterey Aerosol Research Campaign (MONARC) involved 14 research flights
based out of Marina, California between May and June 2019 with the Center for Remotely-
Piloted Aircraft Studies (CIRPAS) Twin Otter [8]. The goal of this mission was to character-
ize aerosol-cloud interactions over the northeast Pacific using out-and-back flights (~5 h)
over the same path each day (Figure 1a). The Aerosol Cloud meTeorology Interactions oVer
the western ATlantic Experiment (ACTIVATE) involved 40 research flights in its first year
of flights between 14 February–12 March 2020 and 13 August–30 September 2020 [9]. The
out-and-back flights (~3–4 h) comprised two aircraft in vertical coordination deployed from
NASA Langley Research Center in Hampton, Virginia to sample the northwest Atlantic
(Figure 1b). The low-flying aircraft, the HU-25 Falcon, conducted in situ measurements
of trace gases, aerosol particles, clouds, and meteorological variables in the MBL (≤3 km).
Although not relevant to this work, the high-flying (~9 km) King Air deployed remote
sensors and launched dropsondes.
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Figure 1. The midpoints of Minimum Altitude (Min. Alt.) and below cloud base (BCB) legs,
described more below, overlaid on flight tracks conducted in (a) MONARC (May 2019–June 2019)
and (b) ACTIVATE (February 2020–March 2020 and August 2020–September 2020).

The flight approach for both campaigns was similar (Figure 2) and thus we describe
first specifically how ACTIVATE was designed, followed by MONARC which only varied
slightly. Flights were flown in repeated stairstepping “ensembles” to be both (i) adaptable
to variable cloud conditions and boundary layer structure and (ii) prescriptive, such that a
set of governing rules made implementation and decision making less subjective.

During ACTIVATE, the Falcon flew at ~120 m s−1 and conducted level legs at key
altitudes for a duration of ~3 min (~20–25 km). The standard “cloud” ensemble comprised
two pairs of level legs flown adjacent to the cloud base; alternating between ~100 m below
the estimated cloud base and ~100 m above the estimated cloud base (BCB = below cloud
base and ACB = above cloud base, respectively). Upon completion, the aircraft descended
to the minimum operational altitude (Min. Alt.: ~150 m Above Sea Level (ASL)) for a
level leg before climbing to approximately ~150 m above the estimated cloud top altitude
(ACT = above cloud top) for a level leg, providing a continuous profile across all altitudes
of interest. The last leg of the ensemble was approximately ~100 m below the cloud tops
(BCT = below cloud top). Typical cloud ensembles lasted 35 min spanning ~250 km. The
standard “clear” ensemble mimicked the last three legs of the “cloud” module except that
the cloud top estimate was replaced with an estimate of the top of the MBL or, in some
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cases, the residual continental boundary layer, providing sampling at Min. Alt., above the
boundary layer top (ABL), and below the boundary layer top (BBL).
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Figure 2. Typical flight path conducted during cloud ensembles of (a) MONARC 2019 and (b) 2020
ACTIVATE research flights, with gray shading representing a cloud layer. Clear ensembles including
a Min. Alt. leg followed by below boundary layer top (BBL) and above boundary layer top (ABL)
legs and then a slant descent back to Min. Alt.

Ascending and descending transitions were designed to allow a revised estimate of
cloud base, cloud top, or MBL height, either visually or through real-time data. Leg altitudes
were then adjusted accordingly and if the boundary was less well defined, the offset
altitude differentials were increased (e.g., to stay below cloud on a BCB leg). Sometimes
cloud tops were so variable as to preclude providing any reasonable estimate (e.g., in
summertime conditions where convective development was prevalent), and occasionally
multiple cloud layers interacted in a complex environment. These unorthodox cases
required some additional judgement and were flown on a more ad hoc basis. In a few
special cases, bonus legs were added to capture features such as aerosol layers in the free
troposphere. During clear air sampling with high aircraft coincidence, a remote sensing leg
(RS) was sometimes added between BBL and Min. Alt. (at a fixed altitude of 250 m) to aid
lidar and in situ aerosol comparisons near the surface, although those are not focused on in
this work.

MONARC cloud ensembles had slight differences as compared to those in ACTIVATE
to leverage the clouds more typical of the northeast Pacific having well-defined vertical
extent and a strong capping inversion. The legs were as follows in order: minimum altitude
(Min. Alt.) leg below ~60 m ASL, below cloud base (BCB), above cloud base (ACB), mid-
cloud (MC), below cloud top (BCT), wheels-in (WI; right above top with wheels ideally
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positioned at cloud top), above cloud top (ACT), descent back down to Min. Alt. to start
a new ensemble. The wheels-in leg was more suitable in MONARC (versus ACTIVATE)
owing to the more well-defined cloud tops. Standard clear ensembles were identical to
ACTIVATE with the caveat that sometimes multiple BBL legs were completed at different
altitudes to obtain more vertically-resolved information. At the farthest west point of
each MONARC flight, a spiral sounding was conducted. The Twin Otter typically flew at
~55 m s−1, with the duration of each leg and ensemble being 6 min (~20 km) and 50 min
(~165 km), respectively.

2.2. Data Variables and Measurements

The relevant instrument data used from ACTIVATE (HU-25 only) and MONARC are
summarized in Table 1, including diameter ranges (if relevant) and the instrument name
and manufacturer. This work relies on only a subset of all the measurements deemed
sufficient to achieve objectives of this study. Beginning with ACTIVATE which had a larger
payload, aerosol number concentrations (Na) were recorded for different diameter ranges
using a combination of two condensation particle counters (CPCs; >3 nm and >10 nm), a
laser aerosol spectrometer (LAS; 0.1–5 µm), and a fast cloud droplet probe (FCDP; 3–50
µm). Submicrometer aerosol composition for non-refractory species was measured with
an Aerodyne Aerosol Mass Spectrometer (AMS), with only sulfate and organics used here
as they were the most abundant components. Cloud data included cloud drop number
concentrations (Nd: 3–50 µm), liquid water content (LWC: 3–50 µm) from the FCDP, and
rainwater content (RWC: 51.3–1464.9 µm) from a two-dimensional optical array imaging
probe (2DS; SPEC Inc., Kansas City, KS, USA) [10,11]. Trace gas concentrations were
measured with a combination of a PICARRO G2401 gas concentration analyzer (CH4, CO2,
CO), a 2B Technologies dual beam photometer (O3), and a diode laser hygrometer (DLH;
H2O). Various meteorologically-relevant variables such as wind speed and temperature
were measured from the Turbulent Air Motion Measurement System (TAMMS) and a
Rosemount 102 total temperature sensor, respectively. All ACTIVATE variables were
measured at 1 s time resolution except for most gases (CH4, CO2, CO, O3, 0.5 Hz), winds
(20 Hz), and the AMS that operated in 1 Hz Fast-MS mode with data averaged to 25 s time
resolution [12]. As shown in Table 1, measured variables in MONARC (all 1 s resolution)
were similar to those from ACTIVATE with the use of different instruments and model
numbers.

Table 1. List of relevant variables for this study as measured by the Twin Otter in 2019 MONARC
(M) flights and from the Falcon in 2020 ACTIVATE (A) flights, including instrument information.

Mission Variable Diameter Instrument Manufacturer/Reference

A/M Aerosol number
concentration (Na>3nm) >3 nm Condensation Particle Counter (CPC),

model 3776 (A) and 3025 (M) TSI Inc.; [13]

A/M
Aerosol number

concentration
(Na>10nm)

>10 nm Condensation Particle Counter (CPC),
model 3772 (A) and 3010 (M) TSI Inc.; [13]

A
Aerosol number

concentration
(Na100–1000nm)

100–1000 nm Laser Aerosol Spectrometer (LAS),
model 3340 TSI Inc.; [14]

A
Aerosol number

concentration
(Na>1000nm)

1–5 µm Laser Aerosol Spectrometer (LAS),
model 3340 TSI Inc.; [14]

A
Aerosol number

concentration
(Na>3000nm)

3–50 µm Fast Cloud Droplet Probe (FCDP) SPEC Inc.; [15]

M
Aerosol number

concentration
(Na127–901nm)

127–901 nm Passive Cavity Aerosol Spectrometer
Probe (PCASP)

PMS Inc., modified by
DMT Inc.; [16]
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Table 1. Cont.

Mission Variable Diameter Instrument Manufacturer/Reference

M
Aerosol number

concentration
(Na>901nm)

901–3390 nm Passive Cavity Aerosol Spectrometer
Probe (PCASP)

PMS Inc., modified by
DMT Inc.; [16]

M
Aerosol number

concentration
(Na>3270nm)

3.27–36 µm Forward Scattering Spectrometer
Probe (FSSP)

PMS Inc., modified by
DMT Inc.; [16]

A Organic, sulfate mass
concentration <1 µm High-Resolution Time-of-Flight

Aerosol Mass Spectrometer (AMS) Aerodyne; [17]

A Liquid water content 3–50 µm Fast Cloud Droplet Probe SPEC Inc.; [15]
M Liquid water content 3–50 µm Particle Volume Monitor-100A [18]
A Rain water content 51.3–1464.9 µm 2DS Stereo Probe SPEC Inc.; [11]

M Rain water content 16–1563 µm Cloud Imaging Probe Droplet Measurement
Technologies, Inc.

A Methane concentration
(CH4) – G2401 gas concentration analyzer PICARRO; [19]

A Carbon dioxide
concentration (CO2) – G2401 gas concentration analyzer PICARRO; [19]

A Carbon monoxide
concentration (CO) – G2401 gas concentration analyzer PICARRO; [19]

A Ozone concentration
(O3) – Dual Beam Photometer, Model 205 PICARRO; [19]

A Water vapor (H2O) – Diode Laser Hygrometer (DLH) [20]
M Water vapor (H2O) – Chilled Mirror Hygrometer EdgeTech Vigilant; [16]

A Horizontal wind
speed (Wind) – Turbulent Air-Motion Measurement

System (TAMMS) [21]

M Horizontal wind
speed (Wind) – Five-Hole Radome Gust Probe [16]

2.3. Calculations

For calculations of data variables along level aircraft legs presented in this study, extra
details are described here:

• Aerosol variables (i.e., measurements provided by CPCs, LAS, PCASP) were screened
to remove possible contamination due to the presence of cloud or rain. A strict
approach was taken to omit aerosol data in a window of 2 s before and after when
either liquid water content or rain water content exceeded 0.005 g m−3.

• In the case of more than one leg (typically 2) flown at the same vertical level in a single
ensemble (e.g., two BCB legs in cloud ensembles of ACTIVATE), the one that was
closer in distance to the Min. Alt. leg was selected for analyses requiring a comparison
of adjacent Min. Alt. and BCB leg data.

• The distance between two legs was calculated based on the distance between the
midpoints of the two legs using the great circle equation [22].

• As part of our analysis centers around how well measured values of common variables
agree between different legs, statistical analysis was performed. First, linear regres-
sions were performed to assess the degree of correlation between measured variables
in two legs. Second, similarity between leg-mean values of specific variables (xi)
between two legs was quantified using the mean absolute relative deviation (MARD):

MARD =
2
n

n

∑
i=1

∣∣∣xi, leg1 − xi, leg2

∣∣∣∣∣∣xi, leg1 + xi, leg2

∣∣∣ (1)

where n is the total number of leg pairs examined. MARD is unitless as its normalized
by the averages of two legs. For variable values greater than zero, MARD is between 0
and 2 with values closer to 0 associated with more similarity between two legs.
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• The standard deviation in horizontal wind speed (σwind) was calculated as a measure
of turbulence in the MBL. Higher σwind values indicate more turbulence and likely
greater vertical mixing in the MBL. Furthermore, potential temperature (θ) was derived
using measurements from Table 1.

3. Results
3.1. Vertical Comparisons

We begin by comparing data values between adjacent Min. Alt. and either BCB or BBL
legs since they are adjacent legs in horizontal space within a single cloud or clear ensemble,
respectively. It is presumed that data from each pair of legs should yield similar values in a
well-mixed MBL for variables without small spatial scale gradients. The results agree with
this notion, although there are some exceptions as discussed below. A factor contributing
to differences in measurement values between legs being compared is wind direction
relative to aircraft heading. Horizontal homogeneity should increase when sampling
along the wind in contrast to crosswind situations. As in any field campaign there will be
imperfect alignment between an aircraft and wind direction at certain times. As a result,
we examine the datasets without any special consideration of wind direction to keep the
results more generalizable.

3.1.1. MONARC

Table 2 summarizes MONARC’s descriptive statistics for data variables between Min.
Alt. and the associated BCB or BBL leg for each cloud or clear ensemble, respectively. The
median flight altitude of Min. Alt. legs was 32 m for both cloud and clear ensembles,
respectively, in contrast to 218/190 m for both BCB/BBL legs. The average horizontal
distance between Min. Alt. and BCB/BBL legs was 22/21 km.

Table 2. Statistics for selected aerosol, gaseous, and meteorological variables measured during
MONARC 2019 flights. Statistics are calculated for Min. Alt./BCB legs and Min. Alt./BBL legs
for cloud and clear ensembles, respectively, in the first two data columns (additional statistics for
25th/75th percentiles and minimum/maximum values are in Table S1). The rightmost three columns
report correlation statistics between different leg pairs conducted at different heights within the MBL
for cloud (i.e., Min. Alt. and BCB) and clear (i.e., Min. Alt. and BBL) ensembles during MONARC
2019 flights.

(Min. Alt./BCB)/(Min. Alt./BBL) Cloud/Clear

Parameter Median No. Pairs Slope R2 MARD

Altitude (m) (32/218)/(32/190) 31/30 - - -
Na>3nm (cm−3) (329/349)/(1041/1035) 23/26 0.59/0.95 0.68/0.84 0.24/0.18
Na>10nm (cm−3) (281/292)/(728/802) 23/26 0.64/0.77 0.69/0.73 0.25/0.24

Na127–901nm (cm−3) (51/47)/(138/125) 23/26 0.93/0.86 0.97/0.83 0.26/0.15
Na>901nm (cm−3) (0.97/0.75)/(2.29/1.85) 23/26 0.63/0.92 0.75/0.66 0.44/0.35
Na>3270nm (cm−3) (0.92/1.83)/(0.82/0.76) 23/26 2.83/1.87 0.43/0.46 0.75/0.50

H2O (g kg−1) (8.4/8.3)/(7.9/7.2) 31/30 1.18/0.51 0.94/0.12 0.03/0.14
wind (m s−1) (11.3/13.0)/(11.8/14.2) 31/30 1.09/1.21 0.94/0.84 0.10/0.23
σwind (m s−1) (0.5/0.4)/(0.6/0.5) 31/30 0.57/0.77 0.34/0.77 0.27/0.32

θ (K) (284.9/284.9)/(285.2/285.3) 31/30 1.18/1.44 0.80/0.93 0.00/0.00

There was generally good agreement for thermodynamic and meteorological variables
consistent with coupling and mixing between the different levels. The agreement in
potential temperature was especially strong between Min. Alt.-BCB and Min. Alt.-BBL
leg pairs, with the ratio of the leg-median value between the two pairs of legs similarly
being 1.0. Ratios between the two pairs of legs (Min. Alt.-BCB and Min. Alt.-BBL) for
water vapor mixing ratio were 1.01 and 1.10 for cloud and clear ensembles, respectively.
A similarly calculated ratio for wind speed yielded values of 0.87 (cloud) and 0.83 (clear).
The ratio for the turbulence variable σwind was 1.25 and 1.20 for cloud and clear ensembles,
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respectively. When comparing the various forms of Na differing based on the diameter
ranges being examined, the ratio between the two pairs of legs was fairly close to unity for
clear and cloud ensembles.

Table 2 summarizes relationship statistics between Min. Alt. and either BCB (cloud
ensembles) or BBL (clear ensembles) legs, respectively, including linear best-fit slopes,
coefficient of determination (R2), and MARD. Scatterplots of four selected variables (Na>3nm,
Na>3270nm, θ, water vapor mixing ratio) are shown in Figure 3 (cloud ensembles) and
Figure S1 (clear ensembles). The relationships between pairs of legs for the different
variables were good (e.g., R2 > 0.53, MARD ≤ 0.44) for all variables except Na>3270nm (clear
and cloud) and H2O (only clear). Deviating outliers (~7 out of 30 points; Figure S1) are
linked to special cases of poor mixing in the MBL. Potential temperature exhibited the
greatest correlation in MONARC as compared to other variables similar to what will be
shown for ACTIVATE subsequently. In cloud ensembles, H2O exhibited high correlation
and similarity between Min. Alt. and BCB legs. For particle number concentration variables,
the diameter range of 127–901 nm yielded slightly better results in that slopes were closest
to unity (0.93/0.86 for cloud/clear) with high R2 (0.97/0.83 for cloud/clear) and fairly
low MARD (0.26/0.15 for cloud/clear) between pairs of legs. The other size ranges were
not too different except for Na>3270nm owing to some points with heightened values in
either BCB or BBL as compared to Min. Alt. That the outliers exist in both cloud and clear
ensembles suggests that cloud contamination is not the sole possible reason, especially with
the use of a strict criteria of LWC < 0.005 g m−3. A possible contributing factor could be
increased humidification at the BCB/BBL levels as compared to the Min. Alt. level leading
to increased particle number concentrations with diameters exceeding 3270 nm.
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3.1.2. ACTIVATE

The BCB (median ~ 749 m) and BBL (median ~ 613 m) legs were conducted at higher
altitudes as compared to the MONARC campaign (Table 3) partly due to the greater
variability in MBL structure over the northwest Atlantic as compared to the northeast
Pacific [23]. The average horizontal distance between Min. Alt. and BCB (BBL) was
55 (61) km, which was more than twice those from MONARC owing largely to the faster
airspeed of the Falcon in ACTIVATE as compared to the Twin Otter in MONARC.

Table 3. Statistics for selected aerosol, gaseous, and meteorological variables measured during
ACTIVATE 2020 flights. Statistics are calculated for Min. Alt./BCB legs and Min. Alt./BBL legs
for cloud and clear ensembles, respectively, in the first two data columns (additional statistics for
25th/75th percentiles and minimum/maximum values are in Table S2). The rightmost three columns
report correlation statistics between different leg pairs conducted at different heights within the MBL
for cloud (i.e., Min. Alt. and BCB) and clear (i.e., Min. Alt. and BBL) ensembles, including separation
for winter and summer seasons.

(Min. Alt./BCB)/(Min. Alt./BBL) Cloud (All,Summer,Winter)/Clear (All,Summer,Winter)

Parameter Median No. Pairs Slope R2 MARD

Altitude (m) (118/749)/(119/613) 111/54 - - -
Na>3nm (cm−3) (1374/1388)/(3022/2617) 111/54 (0.49,0.89,0.42)/(1.16,1.28,1.13) (0.63,0.88,0.59)/(0.57,0.61,0.52) (0.22,0.15,0.27)/(0.36,0.27,0.43)
Na>10nm (cm−3) (1097/1091)/(2469/2028) 111/54 (0.53,0.89,0.46)/(0.98,1.24,0.91) (0.67,0.88,0.64)/(0.52,0.62,0.47) (0.22,0.16,0.27)/(0.34,0.27,0.40)

Na100–1000nm (cm−3) (247/258)/(520/513) 111/54 (0.90,0.94,0.78)/(0.79,0.81,0.78) (0.87,0.93,0.70)/(0.76,0.78,0.75) (0.20,0.15,0.24)/(0.23,0.15,0.29)
Na>1000nm (cm−3) (0.92/0.85)/(0.63/0.53) 111/54 (0.91,0.86,1.03)/(0.63,0.65,0.52) (0.81,0.79,0.70)/(0.60,0.60,0.46) (0.21,0.20,0.22)/(0.42,0.39,0.44)
Na>3000nm (cm−3) (0.31/0.42)/(0.22/0.14) 106/48 (1.38,1.37,1.66)/(0.96,1.36,0.41) (0.68,0.75,0.43)/(0.47,0.64,0.14) (0.36,0.33,0.39)/(0.57,0.46,0.63)
Organic (µg m−3) (1.01/0.92)/(2.15/2.36) 111/53 (0.95,0.95,0.81)/(0.80,0.69,0.90) (0.91,0.90,0.78)/(0.84,0.76,0.88) (0.36,0.40,0.33)/(0.30,0.31,0.29)
Sulfate (µg m−3) (0.81/0.84)/(0.99/1.02) 111/53 (0.94,0.88,0.90)/(1.00,0.92,0.86) (0.86,0.83,0.83)/(0.89,0.83,0.77) (0.20,0.22,0.19)/(0.19,0.16,0.22)

CH4 (ppb) (1968/1969)/(1988/1986) 111/54 (0.95,0.96,0.91)/(0.90,0.98,0.74) (0.94,0.95,0.87)/(0.82,0.93,0.62) (0.00,0.00,0.00)/(0.01,0.01,0.01)
CO2 (ppm) (417.7/414.8)/(419.3/418.3) 111/54 (0.97,0.91,0.93)/(0.89,0.75,0.52) (0.97,0.93,0.88)/(0.83,0.77,0.29) (0.00,0.00,0.00)/(0.01,0.01,0.01)
CO (ppb) (129.2/128.9)/(135.3/137.8) 111/54 (0.95,0.97,0.81)/(0.85,1.06,0.63) (0.95,0.93,0.79)/(0.76,0.92,0.41) (0.03,0.03,0.02)/(0.06,0.04,0.07)
O3 (ppb) (41.2/41.8)/(45.2/46.0) 110/54 (1.02,1.06,0.95)/(1.00,1.04,0.75) (0.94,0.92,0.89)/(0.80,0.82,0.66) (0.04,0.06,0.02)/(0.07,0.10,0.04)

H2O (ppm) (11422/11351)/(9589/9989) 111/53 (0.99,0.99,0.95)/(0.90,0.87,0.80) (0.97,0.95,0.92)/(0.93,0.82,0.69) (0.09,0.06,0.11)/(0.23,0.13,0.31)
wind (m s−1) (8.1/7.6)/(6.6/6.4) 109/54 (0.99,0.92,1.03)/(0.82,1.02,0.75) (0.80,0.80,0.81)/(0.48,0.64,0.43) (0.18,0.13,0.22)/(0.31,0.21,0.38)
σwind (m s−1) (0.7/0.6)/(0.5/0.3) 111/53 (0.77,0.70,0.78)/(0.54,0.03,0.63) (0.71,0.79,0.59)/(0.25,0.00,0.32) (0.24,0.24,0.24)/(0.55,0.58,0.53)

θ (K) (288.8/289.4)/(286.3/289.9) 111/54 (1.01,1.01,1.03)/(0.99,1.20,1.09) (0.99,0.98,0.96)/(0.97,0.96,0.88) (0.00,0.00,0.00)/(0.00,0.00,0.01)

Most variables were similar in value between Min. Alt. and either BCB or BBL legs,
consistent with MONARC. Table 3 compares more statistical values when comparing the
pairs of legs, including a division between winter and summer seasons to tease out potential
differences owing to different meteorological conditions. Potential temperature exhibited
the highest correlations most of the time, regardless of cloud/clear conditions or seasons.
The slopes (BCB/BBL vs. Min. Alt.) were close to unity except for summer clear ensembles
where the slope reached as high as 1.2; Figures 4 and S2 visually show the high degree of
correlation between Min. Alt. values and those of either BCB or BBL, respectively. The
MARD for potential temperature was generally 0.0 similar to MONARC suggesting that
the MBL was usually well mixed.

There were good correlations for gaseous variables including water vapor between
pairs of legs ranging from R2 = 0.76 for CO in clear ensembles to R2 = 0.97 for water vapor
and CO2 in cloud ensembles. Both types of ensembles (clear and cloud) exhibited greater
correlations in summer for all gas species. Slopes were close to unity when combining
both seasons (0.95–1.02 for cloud and 0.85–1.00 for clear) with clear modules showing more
of a difference between seasons with slopes deviating more below unity in the winter.
Differences in R2 and slope values for winter and summer were highest for CO. This could
be linked to the predominant wind direction in winter coming offshore [12,24], resulting in
a sharper gradient in anthropogenic pollution as compared to the summer.

For both cloud and clear ensembles, variables related to aerosol number concentration
exhibited reduced slopes below unity and a lower level of correlation and similarity
between leg pairs as compared to gas measurements. Particles with diameters between 100
and 1000 nm exhibited slopes closest to unity (0.90/0.79 for cloud/clear) with the greatest
correlation (R2) and similarity (MARD). The least restrictive size variables (Na>3nm and
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Na>10nm) had considerably lower slopes in cloud conditions (0.49 and 0.53, respectively)
with a significant difference between seasons where they were much closer to unity in
summer (0.89 each) in contrast to winter (0.42 and 0.46); a likely explanation could be the
higher prevalence of new particle formation events in winter, especially in cloud ensembles,
as compared to summer that can yield considerable differences between different vertical
levels in the ACTIVATE region [25]. The largest particles (Na>3000nm) exhibited slopes of
1.38/0.96 in cloud/clear conditions with correlations similar to the Na>3nm and Na>10nm
variables (R2 ~ 0.5–0.7).
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Among AMS variables, organic and sulfate consistently exhibited high R2 (≥0.76) and
slopes (≥0.69) across ensemble types and seasons. Sulfate exhibited the most similarity
between pairs of legs between the two seasons and ensemble types, presumably as it
exhibits less distinct offshore gradients as compared to organics.

3.2. Horizontal Comparisons

Spatial heterogeneity in data variables for specific leg types (e.g., Min. Alt., BCB)
are problematic for data interpretation. Figure 5 demonstrates a case during ACTIVATE
research flight 17 on 8 March 2020 where potential temperature exhibits variability both
within an individual leg and between legs of the same type throughout a flight. The
horizontal gradient in the Min. Alt. leg in Figure 5c would “contaminate” a slant vertical
profile conducted around that time, which is evident in Figure 5d. Stairstepping, by
design, has the disadvantage that horizontal gradients add uncertainty to the comparison
of vertical levels, in the same way that a “wall” flight pattern relies on variables being
temporally unchanged across its duration. If horizontal changes are abrupt, such as an
airmass gradient, then even adjacent leg comparisons may be ill constrained. In the case
of a large-scale gradient, whose characteristic length scale far exceeds the length scale
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of the stairstep ensemble, then horizontal and vertical structure may be deconvolved by
regridding the observations onto a horizontally coincident location (such as the centroid of
an ensemble of stairstep legs).
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Figure 5. (a) Time series of the HU-25 Falcon altitude (left y-axis; colored by UTC time) and measured
potential temperature during Min. Alt. legs (right y-axis; black markers) of research flight 17 on 8
March 2020. (b) Flight tracks for the entire flight with the numbers corresponding to each Min. Alt.
leg in order from 1 to 5, with the median wind direction along each of those five legs shown by arrows.
(c) Time series of Falcon altitude and potential temperature during a slant descent followed by a
Min. Alt. leg (i.e., Min. Alt. 1 in panel (b)) and then an ABL leg during a cloud-free period. (d) Two
vertical profiles of potential temperature using data from the slant descent before the first Min. Alt.
leg (Sounding 1 in black; UTC 14:18:31-14:21:47) and the slant ascent immediately after that Min. Alt.
leg (Sounding 2 in red; UTC 14:25:03-14:28:16). (e) Map showing the location of the first Min. Alt. leg
that is examined in more detail in panels c-d. The backdrop is sea surface temperature obtained from
the Modern-Era Retrospective Analysis for Research and Applications-Version 2 (MERRA-2) [26]
product “inst1_2d_asm_Nx” at 14:00 UTC time, which is closest to the time when the first Min. Alt.
leg was conducted.

In the case of Min. Alt. legs (as an example), it would be convenient to use one leg’s
worth of data to represent that same altitude in space while an aircraft flies other leg types
higher in altitude until the next Min. Alt. leg. If a data user’s application necessitated it,
an interpolation technique could be applied to obtain a variable’s value intermediate to
two legs of the same type with more success under specific conditions. These conditions
include the absence of multiple scales of horizontal variability and/or sharp gradients as
compared to no variability or a slowly varying large-scale gradient. To build on these ideas,
Table 4 (MONARC) and Table 5 (ACTIVATE) report statistics associated with specific leg
types including the slope of variable values along a leg relative to the distance of a leg and
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the standard deviation of values along individual legs. Slopes represent the absolute value
to remove any dependence on the direction the aircraft flew in.

Table 4. Median values for calculated quantities along individual leg types in MONARC 2019 flights,
including the absolute value of the slope of each variable along a leg type (in native units below per
km), the “range” (slope multiplied by the distance of a leg type), and the standard deviation. Slopes
represent the absolute value to remove any dependence on the direction the aircraft flew in. Standard
deviations along single legs were calculated after detrending the data along each leg using linear best
fit information as demonstrated in Figure S3.

(Min. Alt./BCB)/(Min. Alt./BBL)

Parameter Slope Range Standard Deviation

Na>3nm (cm−3) (2.65/2.53)/(6.14/7.11) (36/37)/(84/7) (31/36)/(75/85)
Na>10nm (cm−3) (2.28/2.07)/(4.31/5.60) (33/29)/(55/6) (15/17)/(31/20)

Na127–901nm (cm−3) (0.57/0.65)/(0.43/0.44) (10/9)/(6/0) (10/10)/(13/13)
Na>901nm (cm−3) (0.0185/0.0258)/(0.0141/0.0184) (0.25/0.34)/(0.17/0.02) (1.37/1.35)/(1.53/1.38)
Na>3270nm (cm−3) (0.0181/0.0887)/(0.0055/0.0087) (0.27/1.19)/(0.08/0.01) (0.32/0.80)/(0.26/0.26)

H2O (g kg−1) (0.01/0.01)/(0.00/0.01) (0.1/0.1)/(0.1/0.0) (0.1/0.1)/(0.1/0.1)
wind (m s−1) (0.022/0.038)/(0.051/0.049) (0.4/0.6)/(0.6/0.0) (0.6/0.5)/(0.6/0.6)

θ (K) (0.006/0.008)/(0.006/0.008) (0.1/0.1)/(0.1/0.0) (0.1/0.1)/(0.1/0.1)

Table 5. Same as Table 4 but for ACTIVATE 2020 flights.

(Min. Alt./BCB)/(Min. Alt./BBL)

Parameter Slope Range Standard Deviation

Na>3nm (cm−3) (4.46/4.89)/(18.11/7.68) (98/112)/(393/176) (74/87)/(181/138)
Na>10nm (cm−3) (3.46/3.60)/(13.76/6.30) (80/83)/(307/160) (37/52)/(102/97)

Na100–1000nm (cm−3) (1.09/1.07)/(1.02/1.73) (25/24)/(20/47) (24/28)/(36/38)
Na>1000nm (cm−3) (0.008/0.0091)/(0.0077/0.0074) (0.19/0.22)/(0.16/0.17) (0.97/1.00)/(0.88/0.82)
Na>3000nm (cm−3) (0.0021/0.0043)/(0.002/0.0017) (0.05/0.10)/(0.04/0.04) (0.13/0.18)/(0.11/0.10)
Organic (µg m−3) (0.0119/0.0112)/(0.0159/0.0164) (0.27/0.25)/(0.31/0.35) (0.15/0.18)/(0.14/0.18)
Sulfate (µg m−3) (0.0053/0.0048)/(0.0054/0.0034) (0.10/0.10)/(0.11/0.08) (0.05/0.05)/(0.04/0.05)

CH4 (ppb) (0.08/0.06)/(0.17/0.16) (2/2)/(4/4) (0/1)/(1/2)
CO2 (ppm) (0.010/0.010)/(0.021/0.015) (0.2/0.2)/(0.4/0.3) (0.1/0.1)/(0.1/0.2)
CO (ppb) (0.069/0.062)/(0.099/0.100) (1.6/1.3)/(2.3/2.5) (3.1/3.2)/(3.2/3.4)
O3 (ppb) (0.038/0.029)/(0.059/0.036) (0.8/0.7)/(1.3/0.7) (1.0/1.1)/(1.0/1.1)

H2O (ppm) (20.22/16.65)/(19.82/34.85) (453/383)/(395/920) (261/411)/(256/453)
wind (m s−1) (0.023/0.030)/(0.025/0.030) (0.5/0.7)/(0.6/0.7) (1.2/0.8)/(1.3/1.3)

θ (K) (0.009/0.009)/(0.009/0.014) (0.2/0.2)/(0.2/0.3) (0.1/0.1)/(0.1/0.1)

Median values of MONARC slopes for a given variable along a leg for an individual
leg type are expectedly low relative to typical absolute values of the variables investigated.
As an example, potential temperature exhibited a median slope of ≤0.008 K km−1 for the
leg types in Table 4, which equates to a total median change of ≤0.1 K when accounting for
leg distance. The slopes were similar for potential temperature and winds in ACTIVATE
but they were somewhat larger for aerosol variables presumably owing to more continental
influence leading to stronger offshore gradients as compared to the MONARC region.
Similarly, the standard deviation of most aerosol variable values (except supermicrom-
eter Na variables) were higher for ACTIVATE. Additional statistics associated with the
25th/75th percentile and minimum/maximum values of slopes and standard deviations
for MONARC and ACTIVATE can be found in Tables S3–S6 as they can be useful in guiding
future types of analyses for these datasets.

Section S1 and Figure S4 report on a different type of horizontal analysis by comparing
adjacent BCB legs during ACTIVATE where they were spaced close to one another in each
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ensemble. Results point to a high degree of similarity, generally consistent with the other
analyses in this section.

One application of the type of results rooted this section is that data users can apply
desired threshold values to create an objective “flag” to specify if an ensemble occurred
within a homogeneous or slowly varying airmass versus whether it was influenced by
rapid changes. This type of flag product can inform data users as to when more or less
caution may be warranted when focusing on the horizontal and/or vertical structure of
the atmosphere.

4. Case Studies

Case study flight scenarios are now profiled that point to the importance of carefully
interpreting field data relying on a stairstepping flight approach. This flight strategy
becomes problematic in certain situations highlighted below.

4.1. Sharp Gradients along Level Legs

Sometimes along a level leg there can be considerable variation in values of variables
such as potential temperature and water vapor mixing ratio. An example was already
shown in Figure 5 where a significant potential temperature gradient was observed during
the first Min. Alt. leg of research flight 17 on 8 March 2020. Such a gradient would impact
any nearby vertical slant sounding and the ability to apply that leg’s data to adjacent areas
less impacted by that small-scale gradient. These types of features were sometimes evident
during ACTIVATE by the Gulf Stream edges where significant sea surface temperature
gradients impacted the thermodynamic structure of the overlying atmosphere (Figure 5e).
Steep gradients within a level leg were most pronounced when winds were aligned along
the border of the Gulf Stream (~northerly) rather than being perpendicular (~westerly).
In other words, the gradients were steeper when the aircraft was sampling in crosswind
conditions, which is the case in Figure 5b with the median wind direction during the first
Min. Alt. being 17◦ (N/NE) in contrast to the aircraft moving southeast (~130◦). Figure 5d
clearly shows how the two slant profiles on either side of the Min. Alt. leg going over
the western border of the Gulf Stream yield a different range of values. Data users are
cautioned to subset data near such features to treat them differently. As already noted (e.g.,
Section 3.1.2), trace gas and aerosol variables can exhibit considerable variability in their
concentrations near coastlines of polluted areas with offshore flow.

4.2. Heterogeneous Cloud Base/Top and Boundary Layer Top Heights

Figure 5c highlights a case when a level leg above the MBL top (i.e., ABL leg around
UTC 14:28–14:32) goes in and out of the MBL leading to increased variability in variables
such as potential temperature. This case has an analogue when the aircraft flies BCB/ACB
and BCT/ACT legs since when the aircraft flies level, it can still penetrate in and out of
clouds leading to undesired data. Although these issues are not unique to just stairstepping
flights (as they also occur for walls), it is important to exercise caution when using data in
such scenarios. A simple time series of thermodynamic and cloud variables (e.g., LWC) can
reveal when unwanted penetrations are made in or out of either clouds or the MBL.

4.3. Poor Vertical Mixing and Multiple Cloud Layers
4.3.1. MONARC Research Flight 8 (6 June 2019)

MONARC research flight 8 (RF08) on 6 June 2019 is summarized in Figure 6a,b with
vertical profiles of potential temperature, LWC, water vapor mixing ratio, and aerosol
concentration variables varying in diameter range (>3 nm, 127–901 nm, >3270 nm). Hori-
zontal lines mark the altitudes of various level legs conducted in the ensemble closest to
the sounding from which the vertical profiles come from. In this case there were three BBL
legs varying in altitude (BBL1 = 510 m, BBL2 = 575 m, BBL3 = 658 m) to better characterize
the MBL. This case study is associated with cloud-free conditions.
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Figure 6. Sounding data for MONARC research flights (RFs) 8 (6 June 2019) and 11 (11 June 2019)
and ACTIVATE RF 24 (17 August 2020) in which MBLs were not well mixed. Top (a,b), middle
(c,d), and bottom (e,f) are associated with MONARC RF08, MONARC RF11, and ACTIVATE RF24,
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respectively. Horizontal lines denote locations of various legs conducted in the closest ensemble
to each sounding (see Table 6 for comparative analysis between the legs). MONARC soundings
were conducted in clear modules (RF8 = spiral, RF11 = slant) with no cloud layer present whereas
the ACTIVATE sounding (slant) was associated with cloud conditions. Sounding times: MONARC
RF08 = 6 June 2019, 20:37:52–20:56:58 UTC; MONARC RF11 = 11 June 2019, 19:19:31–19:30:24 UTC;
ACTIVATE RF24 = 17 August 2020, 16:30:35–16:34:30 UTC.

Table 6. The differences in leg-mean values for selected variables between Min. Alt. and BBL or BCB
for special cases shown in Figure 6. Leg pairs closest in time to the soundings were selected for the
comparisons. “–” refers to insufficient data available. For RF08, three BBL legs were conducted and
the corresponding numbers are shown in the parentheses in order (left to right) from BBL1 to BBL3.

|Diff.| a

Parameter RF08 (MONARC) RF11 (MONARC) RF24 (ACTIVATE)

Na>3nm (cm−3) 220,215,287 668 39
Na>10nm (cm−3) 188,186,251 432 19

Na 127–901nm (cm−3) b 40,40,44 74 40
Na>3270nm (cm−3) c 0.18,0.22,0.36 – 0.03

H2O (g kg−1) d 0.9,0.9,2.1 5.9 275
θ (K) 0.3,0.3,1.0 6.0 0.9

a |Diff.|=|xMin. Alt-xBCB| or |xMin. Alt-xBBL|. b ACTIVATE: Na 100–1000nm (cm−3). c ACTIVATE: Na>3000nm (cm−3).
d ACTIVATE: H2O (ppm).

Potential temperature remained relatively constant (284.8 K–285.0 K) up to 512 m ASL
while above that it decreased with altitude until it reached 287.7 K just below the inversion
layer base. Water vapor mixing ratio also decreased with altitude but at a slower rate below
512 m as compared to above 512 m. There was a slight decreasing gradient in aerosol
concentration up to 512 m with the exception of Na>3270nm, which shows fluctuations
without a consistent trend up to that altitude. In contrast, above 512 m all three aerosol
variables exhibited a sharp drop with altitude, which is likely due to less vertical mixing in
the layer decoupled from the surface.

This flight represents a case in which the boundary layer is well mixed up to a certain
height in the MBL while the upper portion of the MBL is decoupled from the surface layer.
Depending on altitude, there are varying levels of similarity between variables measured
in the BBL and Min. Alt. legs. The BBL1 and BBL2 legs closest in altitude to the Min.
Alt. leg exhibited decent similarity in aerosol variable values, potential temperature, and
water vapor mixing ratio as shown in Table 6; in contrast BBL3 exhibited more deviation
with higher potential temperature and reduced values for water vapor mixing and the
aerosol concentration variables. For cases such as this in which the MBL is not completely
well mixed, stairstepping is a reasonable approach with the caveat that soundings are still
critical to include, and that the choice of where to conduct legs and how many to have is
critical. For example, a BBL leg closer to 1 km would have very different values compared
to even the BBL3 leg. From a data analysis perspective, the sounding data are critical to
know how best to intercompare different level legs as the assumption of strong vertical
mixing will not always apply.

4.3.2. MONARC Research Flight 11 (11 June 2019)

MONARC RF11 flown on 11 June 2019 was a cloud-free situation similar to RF08. Con-
trary to RF08, the MBL was detached from near the surface as both potential temperature
and water vapor mixing ratio sharply decreased with altitude above the ocean surface. The
potential temperature at altitudes relevant to the closest BBL (169 m) and Min. Alt. (36 m)
legs were 294.0 and 288.3 K, which is a 1.7 K temperature drop over 133 m. Moreover,
the water vapor mixing ratio decreased from 9.5 g kg−1 (Min. Alt.) to 3.2 g kg−1 (BBL)
equivalent to 6.3 g kg−1 drop over 133 m demonstrating high stability and very low mixing
over the entire MBL.
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It is interesting to note that potential temperature continued to decrease with altitude
with a similar rate up to 320 m, with a substantial reduction in slope above that point in the
free troposphere. On the other hand, the water vapor mixing ratio shows a different trend
as it starts to increase just above 169 m and then remains somewhat constant up to 700 m,
and above that altitude drops back to lower values. The profile of the water vapor mixing
ratio suggests that above the BBL leg altitude there was a different air mass as compared
to below.

Up to the altitude at which the BBL leg was conducted (169 m), aerosol concentrations
generally dropped except Na>127–901nm, which remained relatively constant. Above 169 m,
concentrations of Na>3nm and Na>127–901nm increased, and then started to decrease above
~700 m, which resembles the trend for water vapor mixing ratio. Na>3270nm sharply de-
creased just above the surface which was also evident in RF08 above the decoupled layer,
which is likely due to these layers lacking influence of mixing from the ocean surface that
is emitting the sea salt particles. The aerosol vertical profiles further confirm the presence
of various air masses in the MBL likely because of poor mixing in the MBL. Table 6 further
highlights how the differences in variables in MONARC RF11 between Min. Alt. and the
BBL leg were large in contrast to RF08.

Overall, RF11 represents a special case of a decoupled boundary layer and sharp
gradients in the MBL, representing a scenario in which legs at different altitudes are
required to capture the overall picture of MBL. In this case, stairstepping was a decent
strategy but the choice of where the legs were placed was very critical and soundings were
necessary to fully capture the behavior of the MBL and to inform flight scientists about
what level legs to focus on to capture different features. Just like the last case study, data
analysis comparing different stairstepping legs for such a case requires extra caution.

4.3.3. ACTIVATE Research Flight 24 (17 August 2020)

Contrary to the previous cases in MONARC, ACTIVATE RF24 on 17 August 2020
was a case study representing a cloudy region, as shown by the LWC profile (Figure 6e).
This marine boundary layer consisted of two distinct parts: a bottom layer that is well
mixed and coupled to the ocean surface and a top layer that is relatively less mixed. This
separation is evident from small changes in potential temperature and water vapor mixing
ratio up to 530 m right below a thin cloud layer (~100 m thickness). Above this thin cloud
layer, there is a deeper layer characterized by more significant gradients in both potential
temperature and water vapor mixing ratio. On top of the second layer there is a deeper
cloud layer (215 m), which was a case of a cumulus cloud from below potentially feeding
into a larger stratiform cloud deck above.

Aerosol profiles in Figure 6f exhibit interesting characteristics. In the well-mixed
bottom layer, Na>3nm and Na100–1000nm, contrary to water vapor, exhibit a sharp increase
which can be associated with the presence of freshly emitted pollution. This observation
highlights the potential for spatial inhomogeneity in aerosol variables owing to strong
plumes. This limitation is especially problematic near coastal regions and/or in the presence
of freshly emitted particles or new particle formation events when there had not been
enough time for mixing in the MBL. Na>3000nm also exhibits an interesting trend, where in
the well-mixed bottom layer it increases with altitude with a sharp maximum right below
cloud base followed by a downward trend and then another upward trend before reaching
the base of the second cloud layer. As with the other two case studies, the stairstepping
pattern appeared to provide valuable information but the sounding was critical again as
choosing one BCB level is insufficient in cases of multiple cloud layers. A second BCB level
would ideally be flown to capture the characteristics below the second deeper layer aloft to
link better with cloud legs in that layer.

5. Discussion and Conclusions

Stairstepping is widely used as a flight approach for in situ sampling, especially in
campaigns targeting aerosol-cloud interactions. It allows for sampling broader spatial areas
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by allowing an aircraft to move forward rather than work in a stacked column such as
with a “wall pattern”, while at the same time allowing sufficient time at a level to collect
statistics and robust data for instruments with lower time resolution (~minutes). This study
presented results focused on examining the variability in atmospheric variable values
between level legs as a way of providing context to data users about how best to use data
for their applications assuming horizontal and vertical variability impact their intended
goals. Most variables investigated exhibited good similarity and correlation between
adjacent legs (i.e., Min. Alt. versus BCB/BBL) when the MBL was well mixed. Most
similar across the combination of legs compared was potential temperature and trace gases
including water vapor mixing ratio. A few variables had reduced similarity such as some
aerosol variables (e.g., Na>3nm, Na>3000nm) for reasons such as spatial inhomogeneity due to
coastal gradients or phenomenon such as new particle formation or aerosol humidification.
Calculated quantities are provided for both MONARC and ACTIVATE to provide a sense
of horizontal variability in a variety of variables in case they can guide decisions about how
to interpret data during flights.

Case studies pointed to the importance of not exclusively relying on pre-defined legs
such as BCB and BBL in representation of large portions of the MBL owing to the possibility
of air masses decoupled from the surface layer and/or when there are multiple cloud
levels. Furthermore, level legs penetrating in and out of cloud base/top and MBL top
require attention in addition to sharp and short-lived gradients (e.g., along the edge of
the Gulf Stream or by polluted coastal areas). For future flight experiments considering
stairstepping, the case studies emphasize the importance of the soundings to offer the
overall context of the MBL to choose levels carefully to avoid pitfalls such as decoupled
layers or multiple cloud layers. Data users should refer to sounding data to understand the
MBL structure before relying on the level leg data depending on their specific applications.
Issues linked to poor vertical mixing (Sections 4.3.1 and 4.3.2) in this study were shown to
often occur in cloud-free conditions since cloudy boundary layers are typically well-mixed.
This motivates the use of stairstepping when targeting cloudy conditions.

For some cases such as with deeper MBLs as in ACTIVATE as compared to MONARC,
foregoing the Min. Alt. leg for a subset of ensembles in a flight can be favorable if there is a
well-mixed MBL. This is because such a strategy saves time and fuel as an aircraft would
need to descend a considerable distance below where the cloud layer of interest would be.
Furthermore, on a long climb back up to cloud-relevant altitudes, the horizontal gap from
the Min. Alt. level to the latter cloud altitudes is higher than a shallower MBL, making it
harder to link different parts of a flight if flying in a region prone to sharp gradients. Lastly,
owing to the variability in aerosol variables between legs as compared to other studied
variables, caution is recommended if trying to use surface-based measurements such as
from ships to represent the aerosol impacting clouds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13081242/s1. S1. Comparison of Adjacent Below Cloud
Base Legs in ACTIVATE. Table S1. Statistics for selected aerosol, gaseous, and meteorological variables
measured during the pair of two BCB legs in each cloud ensemble of MONARC 2019 flights. Table S2.
Statistics for selected aerosol, gaseous, and meteorological variables measured during adjacent Min.
Alt./BCB legs and Min. Alt./BBL legs for cloud and clear ensembles, respectively, for ACTIVATE
2020 flights. Table S3. Statistics for the absolute value of the variable slopes measured during adjacent
Min. Alt./BCB legs and Min. Alt./BBL legs for cloud and clear ensembles, respectively, for MONARC
2019 flights. Table S4. Statistics for the standard deviation of variable values measured in cloud and
clear legs during MONARC 2019 flights. Table S5. Statistics for the absolute value of the variable
slopes measured in cloud and clear legs during ACTIVATE 2020 flights. Table S6. Statistics for the
standard deviation of variable values measured in cloud and clear legs during ACTIVATE 2020
flights. Table S7. Statistics for selected aerosol, gaseous, and meteorological variables measured
during ACTIVATE 2020 flights. Statistics are calculated for adjacent BCB legs for cloud ensembles
in the first two data columns. The rightmost three columns report correlation statistics between the
two BCB legs in cloud ensembles, including separation for winter and summer seasons. Figure S1.
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Scatterplots of leg-mean values for selected variables measured in BBL and Min. Alt. legs in clear
ensembles during 2019 MONARC flights. The plots on the sides are marginal distri-butions based on
Kernel density estimation. Figure S2. Scatterplots of leg-mean values for selected variables measured
in BBL and Min. Alt. legs in clear ensembles during 2020 ACTIVATE flights. The plots on the sides
are marginal distri-butions based on Kernel density estimation. Figure S3. Example of removing
the linear trend across an individual level leg. (a) Raw data for potential temperature for the Min.
Alt. let in ACTIVATE research flight 4 on 21 February 2020 between UTC 19:14:58 and 19:18:17.
(b) Detrended data for the same Min. Alt. leg. Figure S4. Comparison between two consecutive BCB
legs for selected variables measured in cloud ensembles during 2020 ACTIVATE flights. Markers
represent leg-mean values.
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