
Insights and limitations during 500+ flight hours with a single aircraft are used to motivate 

the dual-aircraft approach in ACTIVATE to study aerosol–cloud–meteorology interactions.
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T he latest Intergovernmental Panel on Climate  
 Change (IPCC 2013) report stated that the largest  
 uncertainty in estimating global anthropogenic 

radiative forcing is associated with the interactions 
of aerosol particles with clouds. Furthermore, the 
latest Decadal Survey for Earth Science (National 
Academies of Sciences, Engineering, and Medicine 
2017) recommended a designated mission to study 
aerosols and clouds as one of the “most important” 
priorities for the Earth observing system. Warm 
marine boundary layer (MBL) clouds cover more 
than 45% of the ocean surface (Warren et al. 1998) 
and consequently exert a large net cooling effect 
(Hartmann et al. 1992). They are of special interest 
owing to their pivotal role in unresolved climate 
change questions associated with climate sensitivity 
and cloud feedbacks (Mülmenstädt and Feingold 
2018). Recent decades have experienced a prolifera-
tion of field experiments targeting aerosol–cloud–
meteorology interactions for MBL clouds. These 

labor-intensive, expensive, and challenging efforts 
have resulted in several datasets that have not been 
fully exploited because of inconsistencies in measure-
ments and flight strategies between campaigns, and 
the extensive time and resources needed for quality 
assurance and in-depth analysis of the vast amount 
of data collected (Sorooshian et al. 2018). The im-
portance of this research field has been motivated in 
countless reports and review papers that examine the 
state of the field and suggest future research needed 
to help answer some of the most pressing problems 
(Fan et al. 2016; Seinfeld et al. 2016; Wood et al. 2016; 
Mülmenstädt and Feingold 2018).

We begin by reflecting on a multiyear effort that 
aimed to address these limitations by keeping several 
features in common: i) core group of instruments, ii) a 
single aircraft, iii) geographic region, iv) time of year, 
and v) quality control and assurance strategy. The 
region off the coast of California is one of the most 
extensively studied for aerosol–cloud–meteorology 
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interactions owing to proximity to aircraft bases and 
a wide range in aerosol concentrations coupled to a 
persistent marine cloud deck, especially in the sum-
mertime when experiments are usually conducted. 

Extensive ship traffic in this study region served as a 
focal point of many experiments (e.g., Durkee et al. 
2000; Russell et al. 2013) since the formation of ship 
tracks represents one of the clearest visual demonstra-

tions of how aerosol perturbations 
impact clouds when viewed from 
space. Diversity of other pollutant 
sources, with varying characteristic 
physical and chemical properties, 
provides an additional benefit for 
studying this region.

The lessons learned from the 
California studies sponsored by the 
Office of Naval Research (ONR) pro-
vide motivation for a five-year NASA 
Earth Venture Suborbital (EVS-3) 
investigation off the opposite coast 
of the United States. A dual-aircraft 
approach with combined in situ and 
remote sensing instrumentation will 
be coupled to an unprecedented 
number of f lights to maximize 
statistics in a region with diverse 
aerosol and meteorological condi-
tions, including the continuum of 
warm cloud types spanning strati-
form to cumulus. The Aerosol Cloud 
meTeorology Interactions oVer 
the western ATlantic Experiment 
(ACTIVATE) is described in detail, 
with a description of data analysis 
and multiscale modeling that will 
address the complexity of the pro-
cesses being examined ranging in 
spatial scale from ~10–7 to 106 m (i.e., 
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Fig. 1. Summary of flights conducted with the CIRPAS Twin Otter 
in six summertime campaigns between 2005 and 2016. The coordi-
nates for the expanded white box are 35.3°–37.5°N, 121.5°–123.5°W. 
(MASE = Marine Stratus/Stratocumulus Experiment; E-PEACE = East-
ern Pacific Emitted Aerosol Cloud Experiment; NiCE = Nucleation 
in Cloud Experiment; BOAS = Biological and Oceanic Atmospheric 
Study; FASE = Fog and Stratocumulus Evolution Experiment.)
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single particle to synoptic scale). We conclude with a 
preview of how the generated results can be used by 
the research community.

COASTAL CALIFORNIA FLIGHTS. Data 
were collected using the Center for Interdisciplinary 
Remotely-Piloted Aircraft Studies (CIRPAS) Twin 
Otter on 113 flight days for a total of 514 flight hours 
in the areas shown in Fig. 1. The payload is sum-
marized in Table ES1 (https://doi.org/10.1175/BAMS 
-D-18-0100.2) with datasets provided by Sorooshian 
et al. (2017, 2018). The general flight pattern included 
level legs at various altitudes (below cloud, in cloud at 
different levels, above cloud) with occasional vertical 
soundings as either slants or spirals (Fig. 2). The level 
legs (~10–15 min) were meant to generate statistics at a 
fixed altitude, in addition to providing sufficient time 
for measurements with longer time resolutions (e.g., 
cloud water collection, scanning mobility particle 
sizers) and enhancing accuracy of measurements 
requiring the aircraft to remain level (e.g., wind mea-
surements). The soundings (~10–15 min at an incline 
rate of 90 m min–1) were useful for characterizing 
the vertical environmental profile. For the full set of 
calculations desired for aerosol–cloud interactions in 
these campaigns, it was necessary to have data below, 
in, and above clouds, which 
amounted to a total of 297 
cases, hereinafter referred 
to as “cloud events.” This 
number was reduced from 
the 439 events sampled 
owing to lack of data or 
poor data quality for at 
least one of the requisite 
parameters.

Histograms of relevant 
parameters for aerosol–
cloud interactions dem-
onstrate the wide range 
of conditions that have 
drawn researchers to study 
the coastal California re-
gion (Fig. 3). The bound-
ary layer height for the 
coastal California clouds 
can be extremely shallow 
(Zuidema et al. 2009), with 
cloud-top heights (CTHs) 
ranging in these f lights 
between 135 and 1,150 m, 
with a mean of 541 m. 
Cloud depths and liquid 

water paths (LWPs) ranged between 40 and 760 m 
and 10 and 310 g m–2, respectively. Clouds were typi-
cally subadiabatic (average adiabaticity = 0.766 ± 
0.134; Braun et al. 2018). On average, the observed 
LWC lapse rate tended to be a fairly constant fraction 
of the adiabatic LWC lapse rate through the bottom 
90% by height of the cloud; however, in the top 10% 
of the cloud, a sharp decrease in LWC was observed 
[Fig. 4 of Braun et al. (2018)], most likely due to 
processes such as cloud-top entrainment and pre-
cipitation. Cloud droplet number concentrations Nd 
reached as low as ~20 cm–3 and as high as ~400 cm–3. 
This broad range is driven by variability in out-of-
cloud aerosol levels, with both sub- and above-cloud 
Passive Cavity Aerosol Spectrometer Probe (PCASP) 
concentrations Dp (~0.1–2.6 µm) spanning three 
orders of magnitude. Aside from sea spray and 
marine biogenic sources of aerosols (Modini et al. 
2015), ship exhaust was a major subcloud source 
(Coggon et al. 2012; Wang et al. 2014). The major 
sources impacting the above-cloud aerosol budget 
were transported continental emissions of wildfire 
plumes (Maudlin et al. 2015; Mardi et al. 2018), dust, 
biogenic secondary organic aerosol (SOA), and urban 
pollution (Hegg et al. 2010; Prabhakar et al. 2014; 
Wang et al. 2014). The aerosols above cloud in the 

Fig. 2. Flight strategies employed by a single Twin Otter aircraft in previous 
aerosol–cloud field investigations (dashed green and purple lines), in contrast 
to the comprehensive plan for ACTIVATE using a dual-aircraft approach 
(red lines). Relevant parameters that are typically needed for analysis are 
shown where they are measured, with some values integrated over cloud 
depth and others as a function of altitude [i.e., f(z)]: LWP = liquid water 
path, WVP = water vapor path, ∆Z = cloud thickness, τ = cloud optical depth, 
CTH = cloud-top height, Na = subcloud aerosol concentration, w = cloud base 
updraft velocity, R = rain rate, Nd = cloud droplet concentration, re = drop 
effective radius, σa = vertically resolved remote sensing parameters such 
as aerosol extinction coefficient, T = temperature, q = humidity, u/υ = wind 
components. Variables in blue and black are measured via remote sensing 
and in situ techniques, respectively; note though that T(z), q(z), u(z), and υ(z) 
are measured with dropsondes released from the higher aircraft.
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free troposphere had a distinctly different chemical 
signature than below cloud owing to greater organic 
mass fractions and thus less hygroscopic aerosol 
(Hersey et al. 2009). The very thin (tens of meters) 
entrainment interface layer (EIL) immediately above 
cloud top and below the free troposphere contained 
a mixture of free tropospheric particles, boundary 
layer particles processed by clouds, and nucleated 
particles (Dadashazar et al. 2018).

In situ measurements in these campaigns provided 
insights into a number of key processes illustrated 
in Fig. 4 through the use of case study flights that 
probed specific questions related to the ways in which 
aerosols impact clouds and clouds impact aerosols, 
the underlying effect of meteorology on both types of 
interactions, and the intrinsic coupling between aero-
sols and cloud droplets that affects the formation and 
loss of both. A series of three flights helped to unravel 
some of the details associated with large stratocumu-
lus cloud clearings, which exhibit intriguing diurnal 
characteristics such as growth in clearing area during 
the day and contraction at night (Crosbie et al. 2016). 
Another series of flights explored why ship tracks are 
not observable from space on all single-layer cloud 
days, including the inf luence of mesoscale cloud 
structure and free tropospheric humidity (Chen et al. 

2012). Strategic flight patterns immediately behind 
cargo and tanker ships revealed significant amounts 
of giant cloud condensation nuclei (CCN; giant CCN 
is defined here as having diameters >2 µm) emitted 
via some combination of wave breaking and stack 
exhaust (Sorooshian et al. 2015a); even low levels of 
giant CCN can reduce cloud albedo via enhanced col-
lision–coalescence, offsetting the impact of the small-
er CCN in ship exhaust (Feingold et al. 1999; Jung 
et al. 2015). As wind directions became favorable for 
blowing continental emissions (e.g., dust, urban pol-
lution, wildfire plumes) over the stratocumulus deck, 
opportunities arose to identify chemical pathways 
of organo-nitrogen (Sorooshian et al. 2009a; Youn 
et al. 2015), organo-sulfur (Sorooshian et al. 2015b), 
and organic acid (Sorooshian et al. 2007, 2010a) pro-
duction in addition to already documented sources 
from marine biogenic emissions. Free-tropospheric 
aerosols and fresh smoke with high organic mass 
fractions were coincident with suppressed aerosol 
hygroscopicity at relative humidity >70% (Hersey 
et al. 2009; Wonaschütz et al. 2013) and sometimes 
revealed reductions in particle size after humidifica-
tion owing possibly to particle restructuring and/or 
volatilization effects (Shingler et al. 2016). The various 
case studies of aerosol impacts on clouds have been 

Fig. 3. Histograms summarizing the range of conditions associated with aerosol and cloud parameters during 
the six Twin Otter campaigns. Some of the x axes extend to higher values but are truncated here to better 
represent the variability of the majority of the cases. Values for Nd, re, τ, LWP, cloud depth, and R represent 
cloud-columnar mean values.
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assisted in great part by chemical measurements of 
both cloud water, such as with the Axial Cyclone 
Cloud Water Collector (AC3; Crosbie et al. 2018), and 
droplet residual particles (e.g., Sanchez et al. 2016) 
with a Counterflow Virtual Impactor inlet (Shingler 
et al. 2012). These measurements have also been in-
strumental in advancing knowledge of cloud impacts 
on aerosol including wet scavenging (MacDonald et 
al. 2018) and chemical, collisional, and coalescence 
processing (Sorooshian et al. 2007, 2013; Ervens 
et al. 2014; Asa-Awuku et al. 2015; Weiss-Penzias 
et al. 2018).

Aside from case studies, important analyses can 
be conducted using the full set of data and statistics 
such as for constraining the values of aerosol–cloud 
interaction (ACI) metrics that relate to model pa-
rameterizations. Changes in cloud droplet number 
concentration Nd with an aerosol number concentra-
tion proxy α [ACIN in Eq. (1)] can be related to droplet 
activation, where ACIN values range from 0 to 1, with 
higher values signifying activation of relatively more 
aerosol particles into cloud droplets. A parameter 
used in place of the aerosol proxy α is often the sub-
cloud aerosol concentration Na, which is derived from 
the PCASP in this analysis. The relationship between 
the cloud microphysical state (cloud droplet effective 
radius re) and the subcloud aerosol environment can 
additionally be quantified with Eq. (2) (ACIre

), which 
is theoretically bounded by 0 and 0.33 ACIre as = 1/3 
ACIN at fixed LWP (Feingold et al. 2001). Variations in 
precipitation rate R as a function of 
Nd [precipitation susceptibility So in 
Eq. (3)] provide a metric for evaluat-
ing autoconversion in models, where 
higher values of So indicate that for 
a fixed increase in Nd, R is more 
strongly suppressed. A large and ro-
bust statistical dataset provides more 
opportunities for holding nonaero-
sol factors fixed, which is required 
to isolate the impact of aerosol 
perturbations on cloud properties. 
Studies that focus on a specific cloud 
regime implicitly reduce the effect of 
meteorology (e.g., sea surface tem-
perature (SST), lower troposphere 
stability (LTS), horizontal advection, 
large-scale subsidence) on the ACI 
calculation. In addition, control for 
the cloud dynamics can to some 
extent be achieved by binning the 
observations as a function of cloud 
thickness (e.g., Lu et al. 2009) or 

LWP (e.g., Lu et al. 2009; Painemal and Zuidema 
2013), as in Eqs. (2) and (3) (|LWP):

  (1)

  (2)

  (3)

Figure 5a shows that ACIN is 0.51 ± 0.06, which is 
similar to the average value obtained by surface-based 
measurements in the same coastal region (0.48), but 
in contrast with values reported for stratiform clouds 
in several other regions (0.63–0.99) (McComiskey 
et al. 2009, and references therein). Higher values of 
ACIN indicate that Nd is more enhanced for a fixed 
increase in Na, with reasons for differences includ-
ing choice of proxy for α, relative range of LWP and 
Na observed, scale of analysis, cloud base updraft 
velocity, and aerosol size distribution and composi-
tion (McComiskey et al. 2009). Mean values of ACIre

 
varied considerably from as low as 0.04 to as high as 
0.25 with significant standard deviations in the last 
three LWP bins (140–160, 160–180, 180–320 g m–2) 
due to reduced sample sizes. Reduced ACIre

 values 
at the highest LWP values can be linked at least 
partly to increased collision–coalescence, drizzle, 

Fig. 4. Airborne field campaigns, including especially those with the 
Twin Otter and the upcoming ACTIVATE mission, aim to improve 
understanding and model representations of these illustrated aero-
sol–cloud–meteorology interactions; Z and qe represent altitude and 
equivalent potential temperature, respectively.
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and scavenging (McComiskey et al. 2009). Values of 
So ranged from 0.16 to 2.31 with a mean of 1.45 ± 0.63. 
The LWP-dependent trend and absolute values of So 
cannot be intercompared in an “apples to apples” 
sense to other studies (e.g., Sorooshian et al. 2009b, 
2010b; Bangert et al. 2011; Terai et al. 2012, 2015; 
Gettelman et al. 2013; Mann et al. 2014) due to the 
sensitivity of the results to factors highlighted in a 
number of studies (Duong et al. 2011; Feingold et al. 
2013; Lebo and Feingold 2014) and variability owing 
to whether results came from aircraft, remote sensing, 
or modeling. Noteworthy though is that others have 
provided observational and theoretical justification 
for So decreasing with LWP for stratocumulus clouds 
(e.g., Wood et al. 2009; Terai et al. 2015). The fact 
that numerous works now show that So varies with 
LWP and cloud thickness raises alarm for the use of 
a simple power law treating autoconversion in models 
(R ~ LWPα Nd

–β), which assumes So (equivalent to β 
at fixed LWP) is fixed with a value often set to 1.79 
(Khairoutdinov and Kogan 2000).

A number of factors need to be considered with 
regard to the i) applicability of these results to mod-
els, ii) intercomparison with other studies relying 
on different approaches and datasets, in particular 
from remote sensing, and iii) identification of the 
source of the large standard deviations in Fig. 5. These 
factors include the i) impact of wet scavenging and 

above-cloud aerosol layers on the independent vari-
able of Eqs. (1)–(3) (Duong et al. 2011; Coggon et al. 
2014; Prabhakar et al. 2014; Dadashazar et al. 2018; 
MacDonald et al. 2018); ii) choice of how to calculate 
parameters such as LWP, α, Nd , re, and R (e.g., Lu et al. 
2009; Jung et al. 2016); iii) degree of cloud coupling to 
the surface layer (Crosbie et al. 2016; Wang et al. 2016); 
iv) cloud contact time (Feingold et al. 2013); v) cloud 
lifetime (Jiang et al. 2010); vi) absolute value of the Na 
range examined (Feingold et al. 2013); vii) presence of 
giant CCN (Dadashazar et al. 2017); viii) turbulence 
(Terai et al. 2015); and ix) scale (McComiskey and 
Feingold 2012; Mülmenstädt and Feingold 2018). 
Other factors likely exist that coincide with in-cloud 
adjustments that absorb or “buffer” the system to 
aerosol perturbations (Stevens and Feingold 2009). 
More statistics across a range of values for parameters 
such as Na, LWP, and LTS are necessary to better 
constrain the values of such metrics for cloud types 
other than stratiform, which have been the focus of 
major field efforts off the western coasts of North 
America, South America (Mechoso et al. 2014), and 
southern Africa.

The Twin Otter campaigns have been very suc-
cessful in advancing knowledge of aerosol–cloud–
meteorology interactions for stratocumulus clouds 
off the California coast, but a number of challenges 
motivate the need for a new approach in order to 

Fig. 5. Aerosol–cloud interactive analyses using the cumulative dataset from the Twin Otter campaigns. (a) 
Comparison of Nd vs Na, where the slope is equal to ACIN in Eq. (1). (b) LWP-dependent values of aerosol–cloud 
interaction metrics defined in Eqs. (2) and (3). The number of data points used for quantification of So and ACIre

 
in each LWP bin is shown in red and black, respectively. A major limitation in the campaigns was the lack of 
statistics to bin the data in tighter LWP bins and to hold other nonaerosol factors fixed to reduce the size of 
the standard deviations.
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improve our understanding of such interactions 
across all warm cloud regimes. While the wide aerosol 
variability in coastal California has been advanta-
geous for certain studies, one limitation has been the 
narrow conditions of high LTS and low LWP (Fig. 3) 
observed in the region. A single aircraft also has 
limited ability to simultaneously acquire all the nec-
essary data in a column (below, in, and above cloud). 
For instance, more flight time is typically allocated 
to level legs used to characterize aerosol and cloud 
properties, leaving fewer opportunities for vertical 
soundings needed for in situ data to calculate LWP 
(Fig. 2). Also, even with 514 flight hours, sample sizes 
were still sufficiently small to lead to large standard 
deviations for metrics in Fig. 5 for each LWP bin; with 
more statistics, LWP bins could be made narrower 
and additional parameters [e.g., LTS, SST, horizontal 
advection, large-scale subsidence] could also be held 
fixed to better isolate the aerosol influence on clouds. 
The use of multiple aircraft allows for simultaneous 
in situ and remote sensing data collection, with the 
significant caveat that the aircraft must not have 
significantly different air speeds.

ACTIVATE: A NEW PATH FORWARD. 
ACTIVATE is motivated by the limitations noted 
above associated with statistics, measurement ob-
stacles, and regional characteristics. Furthermore, 
ACTIVATE follows the Decadal Survey’s recom-
mendation to target specific cloud types and integrate 
multiplatform observations with modeling activities 
(National Academies of Sciences, Engineering, and 
Medicine 2017); in particular, the combined deploy-
ment of a lidar and polarimeter on an airborne 
platform is considered a top priority for advancing 
aerosol–cloud science (National Academies of Sci-
ences, Engineering, and Medicine 2017). A key com-
ponent of ACTIVATE is the planned 150 joint flights 
between two closely coordinated aircraft with similar 
airspeeds for acquiring simultaneous, collocated in 
situ and remote sensing measurements that reduce 
sampling differences; this will amount to ~600 joint 
total f light hours for each aircraft conducted over 
three years. An advancement that will be leveraged 
by ACTIVATE is the enhanced maturity of remote 
sensing retrievals of aerosol and cloud properties, 
which fill a primary measurement role that comple-
ments, rather than duplicates, in situ measurements. 
More specifically, past EVS missions [i.e., Deriving 
Information on Surface Conditions from Column 
and Vertically Resolved Observations Relevant to 
Air Quality (DISCOVER-AQ) and North Atlantic 
Aerosols and Marine Ecosystems Study (NAAMES)] 

helped with the development and validation of such 
retrievals versus contemporaneous and collocated 
in situ measurements (e.g., Sawamura et al. 2017; 
Alexandrov et al. 2018). Planned flights will take place 
between February–March and May–June between 
2020 and 2022. ACTIVATE’s three main objectives 
are as follows:

• Objective 1. Quantify relationships between Na, 
CCN concentration, and Nd , and reduce uncer-
tainty in model parameterizations of cloud droplet 
activation.

• Objective 2. Improve process-level understanding 
and model representation of factors that govern 
cloud micro-macrophysical properties and how 
they couple with cloud effects on aerosol.

• Objective 3. Assess advanced remote sensing capa-
bilities for retrieving aerosol and cloud properties 
related to aerosol–cloud interactions.

Why the western North Atlantic? The choice of region 
is important for a multiyear campaign that aims to 
generate significant statistics targeting a wide range 
in aerosol variability of natural and anthropogenic 
sources, and meteorological conditions, in addition 
to the presence of different cloud types. The western 
North Atlantic Ocean region is subject to a distinct 
and undersampled range of LTS. This gives rise to 
wider LWP variability as compared to subtropical 
stratiform marine regions (Fig. 6). Shallow cumu-
lus clouds constitute the major low-cloud weather 
state (e.g., Tselioudis et al. 2013) with a frequency 
of occurrence of about 17%. Marine stratocumulus 
cloud regimes are less frequent in the region, occur-
ring on average around 6% of the time, in contrast 
with the eastern ocean boundary regions where their 
frequency of occurrence is near 36%. The ability to 
study MBL clouds spanning the continuum of strati-
form to cumulus clouds includes focused sampling of 
cloud types with particularly strong modeling chal-
lenges, namely, postfrontal clouds and associated cold 
air outbreaks (Field et al. 2014, 2017).

The ACTIVATE domain (25°–50°N, 60°–85°W) 
is one of the oceanic regions that has undergone 
the largest increase in aerosol burden and Nd since 
preindustrial times (Merikanto et al. 2010; Bauer and 
Menon 2012; Lee et al. 2016). Although there has been 
a decrease in the aerosol burden since the early 1980s 
(Yoon et al. 2014), the ACTIVATE domain is still 
significantly impacted by aerosol transport from the 
continental United States (Stamnes et al. 2018). The 
region is characterized by the importance of aerosol 
effects on cloud feedbacks on climate (Gettelman and 
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enhancement, mediated by changes in aerosol load-
ing. While aerosol–cloud interaction signatures are 
apparent over the ACTIVATE domain, this region 
departs from other MBL regimes in some significant 
ways. For instance, the mean satellite-derived LWP 
(Fig. 6) and CTH (Fig. 8d) feature greater spatial vari-
ability (30–120 g m–2 and 1,400–2,400 m, respectively) 
than that typically observed in eastern oceanic stra-
tocumulus cloud regimes in the subtropics (Bennartz 
2007; Zuidema et al. 2009). This advantageously 
extends the range of available conditions, which is 
a critical component of understanding how aerosol 
susceptibility metrics covary with meteorological 
regime. In addition, cloud fraction less than 60% 
(Fig. 8c) often occurs in the ACTIVATE region, and 
is favorable for the near-collocated remote sensing of 
both clouds and vertical aerosol structure.

A critical feature of the wintertime meteorology 
affecting the western North Atlantic Ocean is the 
frequent passage of cold fronts, which can induce 
prominent low-level cold-air advection (cold air 
outbreaks) across the coastal waters. During these 
events, strong surface heat and moisture fluxes es-
tablish predictable and widespread offshore gradients 
in the MBL, including cloud structure and associated 
thermodynamic properties, making these events 
favorable targets for repetitive sampling. Although 
less temporally persistent, winter/spring season cold 
air outbreaks could be considered as a canonical cloud 
regime in the ACTIVATE sampling domain similar 
to how the summertime stratocumulus deck is for 
eastern subtropical oceans. Postfrontal clouds are 
underrepresented in climate model simulations over 

Fig. 6. Normalized probability density function (PDF) of (a) daily 1° × 1° MODIS LWP and (b) daily 0.625° × 
0.5° MERRA-2 LTS for the northeast Pacific (30°–37°N, 110°–130°W; red) during Jul, and an oceanic subdomain 
(30°–45°N, 65°–78°W; black) of the ACTIVATE region during the combined Feb–Mar and May–Jun periods 
(2010–15). The ACTIVATE data reveal a greater LWP range and a distinct and undersampled LTS regime ideal 
for developing more robust parameterizations.

Sherwood 2016). ACTIVATE will evaluate CCN and 
Nd parameterizations across the full dynamic range 
of continental to clean marine conditions (Figs. 7c–f), 
with zonal gradients evident based on aerosol optical 
depth (AOD) and Nd for the different 2-month flight 
periods planned (February–March, May–June; e.g., 
Figs. 7a,b and 8a). Diverse emission sources include 
anthropogenic and biogenic emissions from the 
Eastern Seaboard, sea salt and marine biogenic emis-
sions, shipping, and even Saharan dust (Castanho 
et al. 2005) that collectively give rise to an aerosol 
gradient between the coast and mid-Atlantic. The 
North Atlantic also experiences ultraclean conditions 
(<20 cm–3) associated with North Atlantic postfrontal 
clouds (Wood et al. 2017). This wide range of CCN 
concentrations, from pristine to polluted conditions, 
provides a range of cloud susceptibilities to increases 
in CCN (Koren et al. 2014), which, while it may not 
replicate the preindustrial state, provides a valuable 
dataset for evaluating whether model simulations of 
that state are plausible (Hamilton et al. 2014). This 
is important because estimates of effective radiative 
forcing associated with aerosol–cloud interactions 
are based on comparing present day forcing to pre-
industrial times. To obtain data representative of the 
latter, field campaigns have focused on clean remote 
areas such as the Southern Ocean (McCoy et al. 2015; 
Seinfeld et al. 2016). The ACTIVATE region can 
mimic such conditions in a more readily accessible 
location.

Changes in cloud albedo attributed to frac-
tional increases in Nd (Fig. 8b) peak near the 
coast, suggesting a link between Nd and albedo 
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the North Atlantic region, 
w it h  model s  show i ng 
shallow cumulus (mostly 
postfrontal) cloud coverage 
at only a few percent com-
pared to remote sensing 
observations of 15%–20% 
(Remillard and Tselioudis 
2015). Furthermore, nu-
merical challenges also ex-
tend to weather forecast 
models, with Field et al. 
(2014) showing poor model 
prediction of shallow strati-
form clouds and an overall 
underestimation of LWP 
during a specif ic North 
Atlantic cold air outbreak. 
The underprediction of 
coverage of shallow cumu-
lus clouds in the cold-air 
sector is a generic problem 
with climate model repre-
sentations of postfrontal 
clouds in both the North-
er n a nd t he Sout her n 
Hemispheres (Williams 
et al. 2013; Bodas-Salcedo 
et al. 2014). We therefore 
expect the results from 
ACTIVATE, insofar as they 
can be used to improve 
the simulation of shallow 
cumulus clouds in the cold-
air sector, to also be relevant to the Southern Ocean. 
Improving the simulation of these clouds is a particu-
lar focus of ACTIVATE, because the primary reason 

for the excess of solar radiation reaching the Southern 
Ocean surface predicted in most models (Trenberth 
and Fasullo 2010) is the low cloud cover in the cold-air 

Fig. 7. MERRA-2 (2003–17; Randles et al. 2017) climatology of AOD over the 
western North Atlantic Ocean for the two 2-month periods that ACTIVATE 
will target: (a) Feb–Mar and (b) May–Jun. Mean annual time series (2003–17) 
are shown for Aqua MODIS-derived parameters including (c) CTH, (d) cloud 
LWP, (e) Nd, and (f) AOD. CERES Edition 4 was used for cloud retrievals 
(Minnis et al. 2011) and Collection 6 was used for AOD (Levy et al. 2013). In 
addition, the AOD time series only includes data with cloud fraction less than 
0.5 (50%), whereas the cloud property time series are for overcast pixels. 
Gray areas correspond to the monthly standard deviation. The ACTIVATE 
periods are denoted by black markers, which capture the wide range in AOD, 
Nd, and cloud properties desired for building robust model parameterizations.

Fig. 8. Satellite-based annual-mean climatology of low-cloud properties over the western North Atlantic Ocean 
region for (a) MODIS Nd, (b) CERES cloud albedo susceptibility to fractional changes in Nd (Painemal 2018), (c) 
MODIS LWP (in colors) and cloud fraction (contours), and (d) MODIS CTH.
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FLIGHT TYPES

Two flight profiles will be employed 
during ACTIVATE to maximize 

sampling of low cloud regimes that are 
known sources of model uncertainty in 
low cloud simulations. Weather state 
analysis will be performed in the flight 
planning stages (e.g., Tselioudis et al. 
2013; Remillard and Tselioudis 2015) to 
identify the cloud regimes that will be 
expected to be sampled by the planned 
flight patterns. The “statistical survey” 
pattern (Fig. SB1a) involves close 
coordination between both aircraft to 
provide near coincident sampling of 
Nd, CCN concentration, and/or Na at 
and below cloud base and above and 

within cloud top. This dual-aircraft 
pattern provides more than twice the 
amount of data that could be obtained 
using only a single aircraft, which must 
reverse course and fly at both low 
and high altitudes to allow in situ and 
remote sensors to sample the same 
region. The nominal statistical survey 
vertical profiles are shown in Fig. SB1c.

Approximately 10% of the 
ACTIVATE flights (~60 joint flight 
hours) will target intensive sampling in 
localized (~100 km × 100 km) regions 
focused on specific cloud systems 
(e.g., postfrontal clouds); the pres-
ence of those systems and desirable 

weather will be used in decisions of 
when to do “process study” flights. 
The process study flight pattern 
(Fig. SB1b) used for these flights 
includes vertical profiles of the HU-25 
ranging from 0.15 to ~3 km as shown 
in Fig. SB1d. The dots in Fig. SB1b 
represent dropsonde locations (10–15 
dropsondes throughout the sampling 
region) deployed from the B-200. This 
pattern is optimized for large-eddy 
simulation studies. Flight patterns 
will also be executed to acquire data 
under satellite sensors (e.g., CALIOP, 
ATLID, VIIRS) as satellite tracks and 
conditions warrant. 

sector and this excess of radiation leads to erroneous 
simulation of temperature and affects the accuracy of 
modeling current and future climate.

A more comprehensive approach. To address the issue 
of statistics, ACTIVATE will deploy two complemen-
tary NASA Langley Research Center (LaRC) aircraft 
f lown simultaneously over the same region but at 
two different altitudes: a low-flying HU-25 Falcon 
(minimum altitude of 0.15 km) and higher-f lying 
B-200 King Air (nominal flight altitude of 9 km; see 

sidebar “Flight types”). The payload summaries for 
both aircraft are provided in Table ES1 to contrast 
with that from the Twin Otter campaigns. The HU-25 
payload focuses on acquiring detailed in situ aerosol, 
cloud, precipitation, and meteorological state param-
eters below, within, and above MBL clouds. The B-200 
will simultaneously acquire remote sensing retrievals 
of aerosols and clouds and deploy dropsondes to mea-
sure the vertical profile of the meteorological state 
parameters. ACTIVATE’s two-aircraft approach can 
capture all necessary data for the equivalent of a Twin 

Fig. SB1. Example of the (a),(c) statistical survey and (b),(d) process study flight patterns from the pri-
mary base (LaRC) and secondary bases (Charleston, Portsmouth, and Bermuda) of operations, with 
(d) being specifically for the low-flying aircraft. The colors in (a) distinguish the different patterns: yel-
low shows flights between potential secondary bases, red is the same and is highlighted to match the 
profile shown in (c), and green is a local flight from LaRC (similar local flights from secondary bases are 
possible but not shown). These flight patterns show the flexibility and range for intensive MBL cloud 
sampling to address ACTIVATE objectives.
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Otter cloud event (~90 min) in ~10 min, 
which includes a few minutes both below 
and in cloud with the low-flying aircraft 
and a steady altitude with the high-flying 
aircraft (Fig. 9).

A particular strength of the B-200 
payload will be the simultaneous deploy-
ment of the High Spectral Resolution 
Lidar-2 (HSRL-2) and the Research Scan-
ning Polarimeter (RSP). These instru-
ments have flown together on this aircraft 
over the western North Atlantic Ocean 
during the Department of Energy (DOE) 
Two-Column Aerosol Project (TCAP; 
Berg et al. 2016) and over the southeast-
ern Atlantic Ocean during the NASA 
ORACLES deployments (e.g., Xu et al. 
2018). HSRL-2 data acquired during TCAP 
were used to i) characterize the vertical 
distribution of aerosols and AOD in this 
region (Berg et al. 2016); ii) evaluate the 
ability of WRF-Chem v3.7 and CAM5 
v5.3 models to simulate profiles of aerosol 
properties (Fast et al. 2016); iii) dem-
onstrate the ability of multiwavelength 
lidar measurements to retrieve profiles of 
aerosol effective radius and aerosol num-
ber, surface, and volume concentrations 
(Müller et al. 2014); and iv) validate AOD 
retrievals derived from the RSP measure-
ments (Stamnes et al. 2018). Modifications 
to HSRL-2 performed prior to ACTIVATE 
will enable the acquisition of very high vertical reso-
lution (1.25 m) data, similar to HSRL-1 during the 
Ship-Aircraft Bio-Optical Research (SABOR) and 
NAAMES missions (Hostetler et al. 2018). This capa-
bility also enables retrievals of cloud-top extinction 
profiles and cloud-top lidar ratios (ratio of extinc-
tion to backscatter) as well as profiles of particulate 
backscatter, extinction, and depolarization below the 
ocean surface (Hair et al. 2016; Schulien et al. 2017). 
RSP data have been used to derive aerosol proper-
ties such as AOD, effective radius, single-scattering 
albedo, and refractive index (Stamnes et al. 2018; 
Xu et al. 2018), as well as cloud drop size distribu-
tions together with parametric retrievals of effective 
radius and variance (Alexandrov et al. 2012, 2018). 
The RSP capability to retrieve cloud optical depth τ 
simultaneously with remote sensing and in situ cloud 
microphysical properties provides the connection 
between aerosol–cloud physical processes and their 
radiative manifestations needed to clarify the impact 
on atmospheric energy balances.

The combination of HSRL-2 retrievals of cloud-
top extinction and RSP retrievals of cloud-top 
droplet size distribution enables an additional and 
unique retrieval of cloud-top Nd and LWC without 
assumptions about cloud adiabaticity. The recent 
NAAMES campaigns, noted above, provided an 
opportunity to evaluate these cloud-top size retriev-
als (Alexandrov et al. 2018) and also allowed initial 
comparisons of the cloud-top extinction from the 
lidar. Comparisons were made to in situ cloud drop-
let size distributions and Nd measured by a cloud 
droplet probe (CDP) that sampled within the same 
cloud during stacked aircraft f light profiles. The 
vertical profiles of aerosols from the lidar, detailed 
cloud-top size distributions from the polarimeter, and 
combined instrument retrievals of LWC and Nd on a 
single aircraft during ACTIVATE enable a unique 
opportunity to diagnose cloud-top (typically top 
50–100 m) autoconversion rates (e.g., Wood 2005) and 
mixing processes at cloud top (Liu and Daum 2004). 
Moreover, by deploying the HSRL-2 instrument, 

Fig. 9. A representative hour of an ACTIVATE flight to effi-
ciently capture data needed for calculations of aerosol–cloud–
meteorology interactions. The B-200 and HU-25 flight altitudes 
are overlaid on an image showing aerosol and cloud backscatter 
measured by HSRL-1 (an earlier generation of HSRL-2) over the 
southwest Atlantic Ocean on 23 May 2007 during a CALIOP val-
idation flight. The B-200 has a constant nominal flight altitude 
of 9 km while the HU-25 conducts boundary layer and cloud 
sampling between 0.15 and 3 km. Coordination of both aircraft 
are within ~1–2 km (between aircraft tracks) and 10 min. The 
nominal ground speed of both aircraft flying at their respec-
tive altitudes planned for the ACTIVATE patterns is 120 m s–1.
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MEASUREMENTS-TO-MODELS APPROACH

A hierarchy of modeling tools including large-eddy simula-
tions (LESs), cloud-resolving models (CRMs), a chemical 

transport model (CTM) and trajectory model, single-
column GCM models (SCMs), and full GCMs is employed 
to study the transport and spatial distribution of aerosol 
particles, physical and dynamical processes that con-
trol the formation and evolution of cloud systems, and 
the interactions between aerosols and clouds at various 
spatiotemporal scales (Fig. SB2). The detailed ACTIVATE 
measurements of meteorological 
conditions, large-scale forcing, and 
cloud/aerosol properties, with the 
innovative sampling strategy, will 
be used to constrain and evalu-
ate model simulations. CTM and 
trajectory model simulations will be 
used to examine transport pathways 
and quantify source attributions 
of aerosols. LES/CRM models will 
be used to gain improved process-
level understanding of aerosols, 
MBL clouds, and their interactions 
and subsequently to improve the 
representation of these processes 
in GCMs. In particular, we will use 
LES/CRM results to quantify the 
spectrum of cloud-scale updraft 
velocity, which is a critical link 
between clouds and aerosols, and to 
assess the impact of its crude repre-
sentation in GCMs on Na–CCN–Nd 
relationships. Parameterization 
evaluations will be first performed 
in the SCM version of the GCMs. 
SCM simulations will be constrained 
with observed or reanalysis [e.g., 
Modern-Era Retrospective Analysis 
for Research and Applications, 
version 2 (MERRA-2)] meteorologi-
cal and aerosol fields to allow for 
a better process-level compari-
son to CRM/LES simulations and 

observations. Under this framework, the ability of GCMs 
to simulate the physical/dynamical processes that control 
the formation/evolution of MBL clouds and interactions 
with aerosols can be evaluated and improved. The improved 
parameterizations will then be applied to the corresponding 
full GCM simulations to directly investigate Na–CCN–Nd 
relationships, compared to other GCMs, and evaluated 
using observations and ACI metrics that can also be pro-
vided by current and future satellite missions.

which measures profiles of backscatter at 355, 532, 
and 1,064 nm and extinction via the HSRL technique 
at 355 and 532 nm, ACTIVATE bridges the existing 
Cloud–Aerosol Lidar with Orthogonal Polarization 
(CALIOP; 532, 1,064 nm) to planned [Earth Clouds, 
Aerosols and Radiation Explorer–Atmospheric Lidar 
(EarthCARE-ATLID) 355 nm, scheduled for launch 
in 2020] satellite lidar measurements for their valida-
tion and intercomparisons. In addition, ACTIVATE 
will deploy a new compact multifrequency Profiling 
Airborne Microwave Radiometer (PAMR) to provide 
LWP retrievals beyond the redundant measurements 

by other methods on the HU-25 (from in situ LWC) 
and B-200 (RSP); these retrievals rely on different 
physics from that of the RSP and are not significantly 
affected by assumptions regarding vertical profiles of 
liquid water (e.g., Zuidema et al. 2012). This combina-
tion of remote sensors will enable an additional RSP/
PAMR-based retrieval of Nd that is aided by similar 
subkilometer spatial sampling and has space-based 
counterparts [e.g., Moderate Resolution Imaging 
Spectroradiometer (MODIS) and Advanced Micro-
wave Scanning Radiometer 2 (AMSR2)]. Remote 
sensing retrievals of collocated in situ measurements 

Fig. SB2. Measurements-to-models strategy to address the three science 
objectives discussed in the “ACTIVATE: A new path forward” section 
(in bold numbers). Colored boxes denote four ACTIVATE components: 
preanalysis and flight planning (green), suborbital observations (purple), 
satellite observations and missions (orange), and modeling hierarchy (blue). 
Arrows show connections/interactions among the components driven by 
science objectives (text boxes and bold numbers).
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of key ACI microphysical properties (e.g., CCN, Nd, 
re, τ) during ACTIVATE are critical to evaluate and 
validate advanced retrieval algorithms applicable to 
both current and future satellite instruments [e.g., 
MODIS on the NASA Terra and Aqua satellites, 
Visible Infrared Imaging Radiometer Suite (VIIRS) 
on the Suomi-NPP and Joint Polar Satellite System 
(JPSS)-1 satellites, and Advanced Baseline Imager 
(ABI) on Geostationary Operational Environmental 
Satellite (GOES)-16 and -17].

SUMMARY AND OUTLOOK. Various airborne 
field campaigns have addressed aerosol–cloud–
meteorology interactions during the past two de-
cades. Although these efforts have led to an increase 
in the sophistication of aerosol and aerosol–cloud 
interaction treatments in weather and climate mod-
els, model uncertainties remain large in part due 
to a lack of observations purposefully addressing 
known uncertainties, as well as insufficient mea-
surement statistics. The Decadal Survey (National 
Academies of Sciences, Engineering, and Medicine 
2017) recommends reducing these uncertainties with 
an approach that ACTIVATE embraces, focused on 
targeting specific cloud types and integrating multi-
platform observations with hierarchical multiscale 
modeling activities. The overall ACTIVATE strategy 
is to systematically analyze suborbital observations 
to advance scientific understanding and evaluate/
improve satellite retrievals and global models. Pro-
cess models with integrated observations bridge the 
scale and knowledge gaps in between (see sidebar 
“Measurements-to-models approach”).

ACTIVATE also has a comprehensive strategy to 
reduce parametric and structural uncertainties in 
the underlying physical parameterization schemes 
characterizing aerosol–cloud interactions in GCMs. 
The pragmatic innovation in the sampling strategy 
with two closely coordinated aircraft is built upon 
the lessons learned in numerous past field studies 
including those from the CIRPAS Twin Otter dis-
cussed in this work.
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