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ABSTRACT: The transition layer in the trades has long been observed and simulated, but the physical processes produc-
ing its structure remain little investigated. Using extensive observations from the Elucidating the Role of Clouds–Circulation
Coupling in Climate (EUREC4A) field campaign, we propose a new conceptual picture of the trade wind transition layer,
occurring between the mixed-layer top (around 550 m) and subcloud-layer top (around 700 m). The theory of cloud-free
convective boundary layers suggests a transition-layer structure with strong jumps at the mixed-layer top, yet such strong
jumps are only observed rarely. Despite cloud-base cloud fraction measured as only 5.3% 6 3.2%, the canonical cloud-free
convective boundary layer structure is infrequent and confined to large [O(200) km] cloud-free areas. We show that the ma-
jority of cloud bases form within the transition layer, instead of above it, and that the cloud-top height distribution is bi-
modal, with a first population of very shallow clouds (tops below 1.3 km) and a second population of deeper clouds
(extending to 2–3 km depth). We then show that the life cycle of this first cloud population maintains the transition-layer
structure. That is, very shallow clouds smooth vertical thermodynamic gradients in the transition layer by a condensation–
evaporation mechanism, which is fully coupled to the mixed layer. Inferences from mixed-layer theory and mixing diagrams,
moreover, suggest that the observed transition-layer structure does not affect the rate of entrainment mixing, but rather the
properties of the air incorporated into the mixed layer, primarily to enhance its rate of moistening.

SIGNIFICANCE STATEMENT: The physical processes producing the structure of the trade wind transition layer, a
thin atmospheric layer thought to be important for regulating convection, are not yet well understood. Using extensive
observations from a recent field campaign, we find that the cloud-free convective boundary layer structure, with an
abrupt discontinuity in thermodynamic variables, is infrequent, despite cloud-base cloud fraction being small. We show
that very shallow clouds both forming and dissipating within the transition layer smooth vertical gradients compared to
a jump, except in large [O(200) km] cloud-free areas. This condensation–evaporation mechanism, which is fully coupled
to the mixed layer, does not appear to affect the rate of entrainment mixing, but rather the properties of air incorpo-
rated into the mixed layer.

KEYWORDS: Marine boundary layer; Cumulus clouds; Diabatic heating; Mixing; Stability; Buoyancy

1. Introduction

The transition layer in the trades is often associated with a
thin layer (100–200 m thick) at the interface between the turbu-
lent mixed layer (around 500–600 m depth in the trades) and
the overlying cloud layer. It is typically identified from vertical
moisture and temperature gradients that differ from the nearly
zero vertical gradients in the mixed layer below and different
vertical gradients in the cloud layer (e.g., Malkus 1958; Augstein
et al. 1974; Betts 1976; Yin and Albrecht 2000). This layer has
long been observed (e.g., Malkus 1958; Augstein et al. 1974;

Betts 1976; Yin and Albrecht 2000) and simulated (e.g., Stevens
et al. 2001). The physical processes that give rise to its structure
are, however, still not well understood.

There are numerous ambiguities related to the identification
of the transition layer and its characteristics. One such ambigu-
ity is whether the transition layer is a ubiquitous feature of the
trade wind atmosphere in both cloud-topped versus cloud-free
boundary layers, as well as within cloudy versus clear sound-
ings taken in cloud-topped boundary layers. Malkus (1958),
for instance, examines vertical gradients in 25 trade wind
soundings to conclude that the transition layer was always
(100%) present in clear-sky regions and generally (55%) ab-
sent in cloudy regions, but from this analysis it was difficult to
ascertain whether the clear-sky soundings were taken in larger
areas of clear skies, as might be associated with a cloud-free
boundary layer, or in the clear-sky portions of cloud-topped
boundary layers. Malkus also proposed that the transition
layer is thicker in clear soundings (200 m) than in cloudy
soundings (80 m), as illustrated schematically in Fig. 1a. Betts
(1976) also highlights differences in the profiles of temperature
and mixing ratio, as well as the lifting condensation level, for
cloudy and clear-sky soundings.
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Another ambiguity relates to where cloud base is located
relative to the transition layer. Early observational studies
placed cloud base above the transition-layer top (Malkus
1958; Augstein et al. 1974). Augstein et al. (1974), for in-
stance, proposes a qualitative scheme (their Fig. 12) that the
trade wind transition layer is maintained by dry convection
and mechanically driven turbulence, whereas clouds form and
moist convective processes play a role in producing the verti-
cal structure above the transition-layer top. More recent con-
ceptual model studies contend that cloud bases form within
the transition layer (Neggers et al. 2009; Gentine et al. 2013),
yet their conceptualization of the transition layer remains
somewhat ambiguous: in Neggers et al. (2009), the mixed-layer
top and cloud base coincide, but what they call the transition

layer is above these two levels; Gentine et al. (2013) call the
offset between the mixed layer and cloud layer the “dry inver-
sion layer,” with cloud bases occurring somewhere within this
layer. Inferences of strong vertical potential temperature gra-
dients over the transition layer and cloud bases forming above
the transition-layer top established a conceptual picture of the
transition layer as a barrier to convection that regulates sub-
cloud- to cloud-layer transports (e.g., Ooyama 1971; Augstein
et al. 1974; Yin and Albrecht 2000; Neggers et al. 2006).

In the years subsequent to these early observational studies,
modeling studies idealized the trade wind transition layer as
an infinitely thin layer exhibiting a “jump,” or abrupt disconti-
nuity, above the well-mixed layer. This idealization}clearly
recognized as a simplification of reality}was made in analogy

FIG. 1. (a) Representing specific humidity profiles from Malkus (1958) with the heights and gradients given in that
study. The mean profile (dark blue) is the weighted average between 16 clear-sky (averaged in light blue) and
9 cloudy (averaged in medium blue) soundings. The transition-layer gradients are shown in solid lines in the clear and
cloudy profiles compared to dashed lines for the mixed and cloud layers. According to this view, clouds start to form
above the transition-layer top. (b) An idealized profile of specific humidity similar to those in previous conceptual
models (e.g., Arakawa and Schubert 1974; Albrecht et al. 1979; Stevens 2006). That the infinitely thin transition layer
can vary in height is indicated by the up-and-down arrow. (c) Figure reproduced from Garcia and Mellado (2014)
(their Fig. 2), showing the logarithm of the buoyancy gradient (similar to the uy gradient) from their direct numerical
simulation of a dry convective boundary layer. Colors correspond to increasing values, from black to blue to green.
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with stratocumulus regimes (e.g., Lilly 1968) or cloud-free
convective boundary layer (e.g., Stull 1976; Tennekes 1973;
Arakawa and Schubert 1974; Albrecht et al. 1979; Stevens
2006). Such a conceptual view is shown in Fig. 1b. A cloud-
free direct numerical simulation exhibiting a strong vertical
gradient at the mixed-layer top is reproduced in Fig. 1c (Garcia
and Mellado 2014). These illustrations highlight a mixed layer
that is well mixed by turbulence, and capped locally by an
abrupt discontinuity. To the extent a transition layer or entrain-
ment zone emerges, it is associated with deformation between
updraft plumes, or with the statistical signature of undulations
in the capping layer, so that it is not generally thought of as a
mixing layer. In the trades, the maximum cloud-base cloud
fraction is small. It was recently measured to be 5.3% 6 3.2%
[mean and standard deviation from 20 flights from a lidar–
radar synergy product in Bony et al. (2022)]. Given this small
cloud-base cloud fraction, it appears reasonable to assume that
the transition-layer structure with strong jumps is the baseline
structure, as in Stevens (2006).

As part of the Elucidating the Role of Clouds–Circulation
Coupling in Climate (EUREC4A) field campaign, which took
place east of Barbados in January and February 2020 (Bony
et al. 2017; Stevens et al. 2021), we collected the necessary
data to investigate the structure of the trade wind transition
layer and the physical processes that produce this structure.
In a previous paper (Albright et al. 2022) it was shown that a
transition layer can be identified on the basis of vertical ther-
modynamic profiles. That same analysis highlighted how the
presence of a finitely thick transition layer introduced ambi-
guity into the application of mixed-layer theory to the quanti-
fication of subcloud-layer moisture and heat budgets.

The ambiguity arises because in the presence of a transition
layer, jumps are not well defined. To estimate the entrainment
velocity (Albright et al. 2022) adopted an effective mixing
layer of depth h which they associated with the subcloud
layer, and related the entrainment velocity V1 to effective
jumps such that

V1C1[uy (h 1 dh) 2 uy ] 52w′u′y |1 5 Aew
′u′y |0: (1)

In this expression, uy denotes the virtual potential temperature,
overlines denote means over the mixing layer, and the “jumps”
are implicitly defined as some fraction of the difference between
the mixed-layer values, and some value well (dh) above the mix-
ing layer, which introduces the parameter C1; Ae then deter-
mines the effective buoyancy flux that would be required at the
top of a mixed layer to balance the mixed-layer budgets. A
Bayesian framework was then used to estimate the free parame-
ters, C1 andAe, where C1 was allowed to vary between the mois-
ture and heat budgets but converged to similar values. This
resulted in a value of Ae 5 0.43, which was substantially larger
than its canonical value of 0.2, raising the question as to why,
and whether the physical processes that give rise to the structure
of the trade wind transition layer could be identified in ways that
might explain this apparent discrepancy.

In section 2, we introduce the data used in this study. We
then briefly review the method to define the transition layer
from thermodynamic profiles from Albright et al. (2022)

(section 3a) and compare our conceptual view with past stud-
ies (sections 3b and 3c). In section 4, we discuss the physical
mechanisms producing the observed transition-layer struc-
ture. Finally, section 5 explores impacts of the transition-layer
structure on entrainment mixing efficiency, mixed-layer ther-
modynamic state, and surface fluxes, before presenting discus-
sion and conclusions in section 6.

2. EUREC4A field campaign data and large-eddy
simulation output

We primarily use observations from the EUREC4A field
campaign. First, we employ 810 dropsondes from the High
Altitude and Long Range Research Aircraft (HALO) oper-
ated between 22 January and 15 February 2020 (Konow et al.
2021). These dropsondes provide vertical profiles of pressure,
temperature, relative humidity, and wind, which have been
processed and interpolated into a common altitude grid with
10 m vertical resolution (George et al. 2021). As described in
Albright et al. (2022), dropsonde measurements were distrib-
uted along the “EUREC4A circle,” defined by a circular flight
pattern with an approximately 220 km diameter, centered at
13.38N, 57.78W. The spatial scale of the EUREC4A circle cor-
responds to the “meso-b,” or mesoscale environment on
scales 20–200 km as defined by Orlanski (1975), or the typical
size of a climate model grid box. A “circle mean” averages
about 12 dropsondes along the EURC4A circle over the
course of about 1 h. A “circling mean” is the average of three
such circle means, and thus each circling mean comprises
about 36 dropsondes over about 3 h. Typically, each flight in-
corporated two}temporally well-separated}periods of cir-
cling. This circular flight pattern was repeated 69 times,
yielding 69 one-hour circle means and 24 three-hour circling
means, over 12 flights. Given that measurements did not tar-
get specific meteorological conditions they provide unbiased
statistical sampling of the environment. On the EUREC4A
circle-mean scale, George et al. (2021) also calculate diver-
gence and vertical velocity from horizontal wind measure-
ments following Bony and Stevens (2019), and we employ
these circle-mean vertical velocity measurements in the pre-
sent study. Also used are clear-sky, aerosol-free radiative
heating profiles from Albright et al. (2021).

To estimate cloud-base heights, we use ceilometer cloud-
base height estimates from two platforms, the R/V Meteor
and the Barbados Cloud Observatory (BCO; Stevens et al.
2016), at 10-s resolution from 19 January to 19 February 2020.
The R/V Meteor sailed within the eastern portion of the
EUREC4A circle, whereas the BCO is about 200 km down-
stream from the circle center. Data during nighttime that the
HALO aircraft did not fly are dropped. Cloud-base heights
vary, and to estimate the base of clouds forming from updrafts
within the subcloud layer, the first-detected cloud-base
heights [as in Nuijens et al. (2014): “cbh1, where the super-
script 1 denotes it is the first detected base, rather than the
second or third”] between 350 and 1000 m are analyzed. We
bin data into 3-hourly segments and then select the most
frequently sampled value as a representative cloud base. Typi-
cally, the first peak corresponds to the absolute peak of the
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distribution. In the cases where they differ, we select the first
peak that is within 50% of the absolute distribution peak. The
first peak is chosen because the first decile is biased by rain,
whereas higher deciles increasingly reflect cloud side detec-
tion from sheared convection or decaying cloud fragments
that are not indicative of cloud base (Nuijens et al. 2014).
Two examples of 3-hourly cloud-base distributions are given
in Fig. 2 to illustrate the methodology. In the following analy-
sis, the ceilometer cloud-base height distribution refers to the
aggregate of distribution peaks from 3-hourly data (e.g., in
Fig. 3c).

Cloud-top height data are taken from the Water vapor Lidar
Experiment in Space (WALES) instrument, a water vapor differ-
ential absorption lidar. This lidar operates at four wavelengths
around 935 nm to measure water vapor mixing ratio profiles be-
low the HALO aircraft (Wirth et al. 2009; Konow et al. 2021).
Data products used are a cloud flag and cloud-top height having
both a precision and accuracy of about 10 m (Konow et al.
2021). By way of comparison, even high-resolution satellite re-
trievals from the Advanced Spaceborne Thermal Emission and
Reflection Radiometer instrument have a vertical uncertainty of
250–500 m on cloud-top height estimates (e.g., Mieslinger et al.
2019), rendering the WALES cloud-top height estimates with
their high vertical resolution particularly valuable.

For the purposes of comparison, we also use output from a
large-eddy simulation (LES) of the tropical Atlantic, east of
Barbados, to be comparable with the EUREC4A campaign
(Dauhut et al. 2023). This simulation is on a 100 km3 200 km
grid, with 100 m horizontal and 40 m vertical grid spacing and
time step of one second over a 7 h simulation. The simulation
focused on a case study of 2 February 2020 that resolved an
about 100 km diameter cluster of clouds known as a “flower
cloud” (e.g., Stevens et al. 2020; Bony et al. 2020).

3. Identifying the transition layer using EUREC4A
observations

In this section, we first summarize a method to identify the
transition-layer location and depth from observed thermodynamic

profiles (section 3a). We then discuss the stability of this layer in
terms of potential temperature gradients (section 3b) and where
the transition layer is located relative to cloud-base heights
(section 3c).

a. Defining the transition-layer depth

A method for identifying the transition-layer location and
its depth from vertical thermodynamic profiles is given in
Albright et al. (2022) and summarized here. The transition
layer is known to occur above the mixed-layer top, but defini-
tions demarcating these layers are often imprecise, if not con-
flicting (e.g., Malkus 1958; Augstein et al. 1974; Betts 1976;
Yin and Albrecht 2000). One general approach, which we call
the jump or gradient method, is to identify the mixed-layer
top as the height at which a given profile deviates from being
well mixed vertically, by a certain threshold (e.g., Canut et al.
2012). We apply this method to different thermodynamic vari-
ables, including specific humidity q, potential temperature u,
and virtual potential temperature uy 5 u(1 1 0.608q). A
closely related method is to identify the mixed-layer top with
the height where the relative humidity maximizes. Another,
somewhat different method, which we call the parcel method,
identifies a mixing (rather than a mixed) layer with the level
of neutral buoyancy, measured by uy, of a surface parcel.

Applying the jump method to q, u, and uy, we find a bimodal
distribution, with a first layer corresponding to a well-mixed
layer in q and u}which also corresponds to the distribution of
relative humidity maxima}and a second layer that is well
mixed in uy and corresponds to the parcel method height dis-
tribution. We find such a bimodal distribution across all scales
of aggregation, from individual dropsondes (Fig. 3a) to 1-h
circle-mean and 3-h circling-mean data. This consistency across
scales indicates that the height bimodality is not simply a func-
tion of aggregating soundings. The first height distribution has
a mean depth of 500 m for individual soundings and 555 m for
circle-mean data (Figs. 3a,b). This mean height is found by av-
eraging the q jump, u jump, and relative humidity maxima dis-
tribution. A layer that is well mixed vertically in q and u has
previously been called the mixed layer (e.g., Malkus 1958;

FIG. 2. Example 3-hourly cloud-base height distributions from the R/V Meteor ceilometer (black solid) and the
Barbados Cloud Observatory (BCO) ceilometer (black dotted), annotated with the first distribution peak (“pdf peak,”
blue vertical line, either solid for the R/V Meteor or dotted for the BCO). Also shown is the 5% quantile of the cloud-
top height distribution estimated from WALES lidar for the same time interval (purple dashed vertical line). The unit
“density/103” is chosen so the axis labels round to single digits.
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Augstein et al. 1974), and we adopt this same terminology.
The lower mean mixed-layer-top height averaged across indi-
vidual soundings is likely due to the presence of cold pool
soundings (Touzé-Peiffer et al. 2022), which are well mixed to
a much lower altitude, around 150 m (see Fig. 3a).

The buoyancy variable, uy, by contrast, remains better
mixed over a deeper layer. Such a layer that is better mixed
deeper in uy than q and u individually was observed previ-
ously and referred to as the subcloud layer, often corresponds
to the environmental-mean lifting condensation levels (e.g.,
Malkus 1958; Augstein et al. 1974; Nicholls and Lemone 1980;
Yin and Albrecht 2000). In our observations, the subcloud-
layer top has a mean depth of 710 m in individual soundings
and 708 m in circle-mean data. We continue to call this the
“subcloud” layer, although the nomenclature can be confus-
ing because clouds already start to form below the top of this

layer. Indeed, calculating the lifting condensation levels from
individual soundings}rather than circle-mean or circling-mean
data that represent environmental-mean air}shows that the
moistest profiles already have their lifting condensation levels
closer to the mixed-layer top, with values 604 6 152 m denot-
ing the mean and standard deviation (Fig. 3a).

This bimodal distribution stands in contrast with the concep-
tual idealization of a well-mixed layer topped by an abrupt dis-
continuity, or an infinitely thin transition layer. We associate
this ambiguous vertical region}the difference between the
subcloud-layer-top and mixed-layer-top distributions}with the
transition layer. That is, we define the transition layer as the dif-
ference between the subcloud-layer top and mixed-layer top, in
both individual soundings and aggregated profiles. Using indi-
vidual dropsondes and taking the difference between the top of
the subcloud-layer and mixed-layer distributions, we find a

FIG. 3. Methodology of defining the transition layer. Figure adapted from Albright et al. (2022) but related to cloud-base and cloud-top
heights. (a) Distributions of different height methods, as described in section 3a, applied to 810 dropsondes to estimate the mixed- and
subcloud-layer heights. Height distributions are shown for the mixed layer (blue, averaging three methods based on q and u individually,
and relative humidity), subcloud layer (orange, averaging the uy-gradient and parcel method), and the lifting condensation levels calcu-
lated from individual dropsonde soundings (black). Also shown is the distribution of cloud-top heights of very shallow clouds below
1.3 km estimated from the WALES lidar (gray filled distribution). (bottom) Sixty-nine circle-mean profiles for (b) q, (c) u and uy, and
(d) ue, across time (from darker to lighter blue), as well as their time mean (black). Dotted lines mark the mixed-layer height (blue) and
subcloud-layer height (orange) calculated using circle-mean data. Note that the mixed-layer and subcloud-layer height values in (b) are
calculated from circle-mean profiles, explaining the difference in heights with (a) calculated from individual soundings. (e) The empirical
cumulative distribution function of aggregated ceilometer cloud-base height distributions measured by the R/V Meteor (light gray) and at
the BCO (darker gray), as described in section 2.
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transition-layer thickness of 1806 207 m, with the values denot-
ing the mean and standard deviation. The values are 1516 77 m
for circle-mean and 1526 50 m for circling-mean data, converg-
ing toward a mean depth of about 150 m and smaller standard
deviation for increasing scales of averaging. That the difference
is larger for individual soundings again likely relates to the pres-
ence of cold pool soundings, which have very shallow mixed
layers (see Fig. 3a). The estimated transition-layer depth is con-
sistent with previous observational ranges between 100 and
200 m depth (e.g., Malkus 1958; Augstein et al. 1974; Yin and
Albrecht 2000).

b. Transition-layer stability

Some previous conceptualizations of the transition layer con-
tend that the transition layer acts as a barrier or cap to convec-
tion (section 1), which would suggest relatively strong
thermodynamic gradients. The transition-layer gradients given
in Malkus (1958) and Augstein et al. (1974) are a useful point
of comparison. Figure 4 shows that transition-layer u and uy
gradients observed during EUREC4A (black line) are, on aver-
age, weaker than those in Malkus (1958) and Augstein et al.
(1974). Specific humidity gradients are similar, and the weaker
uy gradient in EUREC4A is driven by a slightly weaker mean u

gradient. These composite profiles are constructed from the
mean mixed-layer value; mean gradients over the mixed layer,
transition layer, and cloud layer (from 710 to 1800 m); and
mean heights of the mixed layer and transition-layer top calcu-
lated from individual soundings.

We speculate that the reason for the greater stability implied
by the mean profiles in Malkus (1958) and Augstein et al.
(1974) is their smaller sample size and that their sampling was
not entirely unbiased, compared to the extensive, unbiased
sampling in EUREC4A. Malkus (1958), for instance, launch 16
out of their 25 soundings in clear skies, whereas the other nine
soundings explicitly targeted active cloud cores. The extent to
which their clear sky soundings sampled cloud-free boundary
layers, versus the clear-sky regions of cloud-topped boundary
layers was difficult to ascertain. Augstein et al. (1974) analyze a
larger set of soundings from field campaigns in 1965 and 1969.
Soundings are, however, removed when a transition layer was
not apparent, which could bias results toward stronger transi-
tion-layer gradients. During EUREC4A, strong gradients with
the magnitude of those in Malkus (1958) and Augstein et al.
(1974) are seen, but they occur infrequently (Fig. 4). That the
transition layer is not always a more stable region than the
cloud layer is more consistent with Betts (1976), who noted
the absence of a marked stable layer near cloud base in aver-
aged profiles. These figures also reinforce that the transition
layer can be identified from vertical thermodynamic gradients
that differ from those in the overlying cloud layer}in particu-
lar, a more negative q gradient and a less positive uy gradient
in the transition layer than in the cloud layer.

c. Cloud bases form within the transition layer

Another difference with Malkus (1958) and Augstein et al.
(1974) is that we find that the majority of cloud bases are

FIG. 4. Composite profiles of (a) specific humidity q and (b) virtual potential temperature uy. EUREC4A data are plotted in black, both
the campaign mean (thick black line) and individual dropsondes (thin gray lines), with the mixed-layer mean value indicated by the black
dot (disregard the dot’s height; it is simply half the mixed-layer height). M58 (blue) corresponds to Malkus (1958), and A74 (red) refers to
Augstein et al. (1974). uy gradients are given in Augstein et al. (1974), with mean values adjusted to the mean mixed-layer value in
EUREC4A for purposes of comparison. For Malkus (1958), uy values are calculated from observed temperature, mixing ratio, and pres-
sure profiles in her Fig. 7. Note, moreover, that the visualization in Fig. 4 exaggerates the extent of the strongest vertical gradients by ex-
trapolating these strong vertical gradients, which are often found over short distance, over the mean depth of the transition layer. Also
shown are the 25th and 75th percentiles of lifting condensation levels (LCL; purple solid line) calculated from individual dropsondes,
wherein each LCL value per sonde is the mean of the distribution of LCL values calculated every 10 m from 100 to 300 m. (d) The concep-
tual picture [on top of the q profile from (a), albeit with increased transparency] by which the condensation–evaporation dipole leads to
smoother gradients, compared to a jump (idealized dotted black line), by first drying and warming, and then moistening and cooling.
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already found within the transition layer, instead of above its
top. Examining ceilometer cloud-base estimates, about 60%
of 3-h cloud-base peaks occur below the subcloud-layer-
top height. A cumulative distribution of these cloud-base
heights is given in Fig. 3e, showing that the R/V Meteor
ceilometer has 61% of cloud-base peaks below 710 m (55%
for the BCO ceilometer). Below 500 m, approximately the
mixed-layer-top height, 6% of clouds measured by the R/V
Meteor ceilometer already have their bases (9% clouds at
BCO ceilometer). Clouds with bases below 500 m are
likely associated with precipitation and not encompassed
by the processes considered in the present manuscript,
though we still include this small fraction of clouds in the
analysis.

Cloud bases therefore form close to the mixed-layer top
(Fig. 3a), with the majority of cloud bases having formed at
the subcloud-layer top (Fig. 3e). In Vogel et al. (2022), the sub-
cloud-layer top corresponds to what is measured as the maximum
level of cloud-base cloudiness. Another way of conceptualizing
the transition-layer depth}not from thermodynamic profiles but
rather based on cloudiness}is thus that the transition layer spans
the level from cloud base to the level of maximum cloud-base
cloudiness.

Given that the majority of clouds already have their bases
within the transition layer, we conjecture that cloud-mediated
processes could play a role in creating its structure. Many
clouds may continue to grow above the transition layer, yet a
substantial fraction of clouds both form and dissipate within
the transition layer. When clouds form, they warm and dry
the ambient environment, and when they dissipate, they cool
and moisten the environment, such that this air takes on prop-
erties that more closely resemble mixed-layer air. Such cloud-
driven processes could “precondition” the surrounding air
and reduce the work to entrain more-buoyant air into the
mixed layer. We thus hypothesize that 1) the structure of the
transition layer is an important way in which the cloud-topped
boundary layer (CTBL) differs from a cloud-free, or dry
boundary layer (CFBL), and 2) these different vertical struc-
tures could influence entrainment mixing and the state of the
mixed layer. These hypotheses can directly be tested using
EUREC4A observations.

4. Physical origins of transition-layer structure

a. Does the presence of clouds change the
transition-layer structure?

We first test the idea that the presence of clouds changes
the transition-layer structure through a denial-of-mechanism
approach. As before we distinguish a CFBL from a CTBL,
whereby in the latter, cumulus clouds, even very small cumulus
clouds, top updrafts rising through the mixed layer. Because the
CTBLs that we sample tend to have a small cumulus cloud frac-
tion, most soundings we analyze are of clear skies. We distin-
guish large cloud-free regions (.100 km2 area devoid of clouds)
from clear-sky areas between the clouds, because the area be-
tween clouds within the CTBL will still be influenced by cloud
condensate detrainment and mixing from previous, “ghost”

clouds. We identify CFBLs: first, by eye, from GOES-E satellite
movies at 1-min resolution overlain with dropsonde locations
and times (Bony et al. 2022); and second, using the cloud flag
product from WALES lidar to select large cloud-free areas, as
described in section 4b.

Figure 5 illustrates two case studies, for 22 January (Figs. 5a–e)
and 2 February (Figs. 5f–j), both of which exhibit large clear-
sky swaths. In each case, GOES-E satellite movies are used
to identify one dropsonde from an extensive CFBL, spanning
the diameter of the EUREC4A circle, and another sonde
within a CTBL. The CFBL sondes exhibit a well-mixed-layer
structure topped by a jump. In the CTBL sondes, a disconti-
nuity is not visible, and instead there are smoother vertical
gradients (Fig. 5). Examining the associated clear-sky radia-
tive heating profiles (Albright et al. 2021) shows that CFBL
profiles have peaks in radiative cooling associated with these
sharper humidity gradients, whereas the CTBL profiles do
not show any strong peak in radiative cooling (though such a
cooling peak would be expected had we sampled clouds and
accounted for condensate in the input to the radiative trans-
fer calculations). The radiative heating peak at the top of the
mixed layer, below the radiative cooling peak, is partly due
to stronger shortwave solar absorption from water vapor in
the cloud-free profile (not shown). Whether this radiative
cooling–heating dipole sharpens the transition-layer humid-
ity gradient or weakens it by engendering radiatively driven
turbulence is a question that remains to be investigated.

To next test whether the expected difference between
cloud-free (CFBL) and cloud-topped (CTBL) boundary layer
profiles generalizes across the 810 dropsondes, we find the dis-
tribution of the maximum vertical gradient (over 10 m) in
each dropsonde vertical profile of specific humidity, q, be-
tween 300 and 800 m. This maximum vertical gradient metric
captures the strongest jump that is evident in an observed
boundary layer moisture profile. The lower bound of 300 m is
chosen to avoid possible surface-layer influences, and 800 m
acts as a conservative estimate of the mixed-layer top. Results
are similar for different choices of lower and upper bound, as
well as for calculating more sustained vertical gradients (e.g.,
over 20, 50, or 100 m instead of 10 m) The vertical layering of
the atmosphere is present in numerous variables, but particu-
larly evident in moisture (e.g., Augstein et al. 1974), motivat-
ing our choice of q, though results are similar for other
thermodynamic variables.

Figure 6 shows that the majority of soundings have small
values of this maximum vertical gradient metric, correspond-
ing to smooth gradients at the mixed-layer top. The 25th-
percentile and median values of the maximum vertical gradient
are 0.17 and 0.25 g kg21 compared to a standard deviation of
1.06 g kg21 for q averaged from 100 to 500 m. Examining verti-
cal gradients above the 95th percentile compared to satellite
images, we find that larger values systematically occur in
large clear-sky areas. Figures 6b and 6c show satellite images
for two days having numerous soundings making up the larg-
est-5% vertical gradient values. On these days, large clear-
sky areas frequently extend across the EUREC4A circle.
This analysis provides an initial indication of an association
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between sharp gradients in thermodynamic profiles and large,
cloud-free areas.

b. Two populations of clouds

A population of clouds is identified that we hypothesize is
responsible for changing vertical gradients in the transition
layer of the CTBL relative to what is found in the CFBL.
Figure 7 shows the distribution of cloud-top heights estimated
from the WALES lidar (section 2; cf. Jacob et al. 2020). This
cloud-top height distribution is bimodal, with peaks around
850 and 1900 m. The bimodality in cloud-top heights was pre-
viously identified (e.g., Genkova et al. 2007; Leahy et al.
2012), but the uncertainty on these early observational esti-
mates (250–500 m) was large compared to the depth of the
first cloud population and offset between shallow and deeper

clouds, and much larger than the uncertainty in the WALES
cloud-top height data. There is an apparent scale separation
around 1500 m, similar to the value of 1300 m used to sepa-
rate two cloud populations simulated at the Barbados Cloud
Observatory by large-eddy simulations in Vial et al. (2019).
The first peak is associated with very shallow, likely nonpreci-
pitating clouds, and the second peak is associated with deeper,
potentially precipitating shallow clouds (Lonitz et al. 2015)
and stratiform clouds resulting from detrainment near the
trade wind inversion around 2–3 km. Very shallow clouds are
more frequent than deeper clouds, and they appear to vary
relatively little in height, with a standard deviation of 184 m
for cloud tops below 1300 m (Fig. 7). A portion of these very
shallow clouds has their tops within the transition layer, as
can be seen in Fig. 3a.

FIG. 5. Two pairs of dropsonde profiles for specific humidity q, potential temperature u, and net clear-sky, aerosol-free radiative heating
profiles, wherein one sounding per pair is launched in a large clear-sky area (red) and the other in an area influenced by clouds (blue).
Pairs of dropsondes are from (top) 22 Jan and (bottom) 2 Feb. (a),(b),(f),(g) Their corresponding GOES-E satellite images, which show
mesoscale cloud organization patterns corresponding to (a),(b) “fish” and (f),(g) “flower” patterns (e.g., Stevens et al. 2020). The sonde
times are given in the legends for dropsonde profiles, and the sonde location (outlined in blue or red circle) is overlain on the satellite im-
age. Note that the vertical profiles are aligned to have approximately the same mixed-layer mean value to better compare the transition-
layer structure; offsets are given in the legend.
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c. Very shallow clouds appear to produce
transition-layer structure

To test how very shallow clouds influence the transition-
layer structure, we revisit the maximum vertical gradient distri-
bution (Fig. 6), but condition on scenes using cloud-top height
estimates. The goal is to isolate large clear-sky swaths that
are relatively free from cloud influences and compare the
transition-layer structure in these cloud-free cases (which we
associate with the CFBL) versus other cases (which we associ-
ate with the CTBL). Using the WALES cloud flag and cloud-
top heights, measurements are separated into three categories:
large clear-sky areas, cloudy areas with cloud tops below
1.3 km (shallow clouds; e.g., Fig. 7), and all areas that are not
large clear-sky areas, including cloudy and smaller cloud-free
areas (overlapping with the second category). This separation
allows us to test whether 1) large clear-sky areas do systemati-
cally exhibit stronger vertical gradients in the transition layer,
and 2) the presence of shallow clouds is sufficient to change the
transition-layer structure from that found in the CFBL, inde-
pendent of the influence of deeper clouds.

Large cloud-free areas are selected by first identifying all
cloud-free segments using the cloud flag, calculating the 95th
percentile of segment lengths, and then considering segments
that are greater than this 95th percentile as large clear-sky
areas. These large cloud-free patches are identified with the
CFBL as they correspond to 15 min of flight time without en-
countering a cloud, or about 180 km at a typical flight speed
of 200 m s21. The associated dropsondes are then selected for
these large clear-sky areas, corresponding to 13% of all drop-
sondes. For cloudy areas, the disjoint set of the large clear-sky
swaths is chosen, including clear-sky in between clouds, shallow
clouds, and deeper clouds. The category of shallow clouds is
selected by removing cases with cloud tops greater than 1.3 km.

We then repeat the analysis from Fig. 6 for these three cate-
gories. Figure 8 shows that the maximum vertical gradients

are indeed stronger in large clear-sky areas than other scenes.
The distribution of gradients estimated for shallow clouds is,
moreover, nearly identical with the distribution of gradients
for all conditions (including deeper clouds).

To identify whether such associations might be causal we
look for a statistical relationship between the maximum verti-
cal gradients and a variety of environmental variables that
might explain their strength, including surface wind speed,
mixed-layer humidity and potential temperature, vertical ve-
locity at various altitudes, cloud fraction at the level of its
cloud-base maximum (measured from the ATR-42 aircraft,
section 2), and the fraction of shallow clouds (,1.3 km) versus
deeper clouds at cloud-base maximum cloudiness. We take
the maximum vertical gradient (over 10 m) for the 810 drop-
sondes (as described in section 4a) and aggregate these values
into circle-mean values. We then compare the circle-mean
values to the mean mixed-layer state, the magnitude of the
subsidence at different heights, and different measures of

FIG. 6. (a) Distribution of the maximum vertical gradient (across
10 m) found in a given specific humidity q profile between 300 and
800 m. The red box highlights the largest-5% vertical gradients.
(b),(c) Two example GOES-E satellite images illustrating large
clear-sky swaths from which profiles with the largest-5% vertical
gradients are drawn.

FIG. 7. Distribution of cloud-top heights estimated from
WALES lidar data as described in section 2. Vertical dashed lines
correspond to approximately the peaks in the bimodal distribution,
around 850 m for shallower and 1900 m for deeper clouds. The
solid turquoise line marks the 5th percentile of cloud-base heights
estimated from R/V Meteor and BCO ceilometers, giving a lower
bound of cloud-base heights. The unit “density/104” is chosen so
the axis labels round to single digits.

FIG. 8. As in Fig. 6, but with distributions conditioned on large
clear-sky scenes of at least 15 min without encountering a cloud
(red), shallow clouds with cloud-top heights estimated from
WALES lidar data below 1.3 km (light blue), and all areas outside
of large clear-sky scenes (dark blue). Each colored vertical line is
the mean of the distributions.
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cloudiness. Because the cloud-free areas we observed are
smaller than the circle scale (George et al. 2021), some signal
is lost through this aggregation, but this approach enables a
comparison to the mesoscale vertical velocity estimates. The
strongest relationship, r5 0.40, is found between the thickness
of the transition layer and cloud fraction at the level of its
cloud-base maximum, whereas the correlation between the
transition-layer gradients and cloud fraction (r 5 20.31) is
weaker and of opposite sign, as would be expected if clouds
were responsible for thickening the transition layer and weak-
ening its gradients. The strength of the subsidence also shows a
weak correlation with the strength of transition-layer gradients,
with its magnitude (r 5 20.34) maximizing with subsidence es-
timated at a height of 1900 m, examining subsidence at levels
between 400 and 4000 m at 10 m intervals. No meaningful rela-
tionship was found with any properties of the mixed layer.

From the conditional sampling, and the statistical analysis, a
physical picture emerges that the life cycle of shallow clouds
forming and dissipating in the transition layer changes vertical
gradients relative to cloud-free conditions. The proposed phys-
ical mechanism}when shallow clouds dissipate or detrain
about 100–200 m above the level where they form, they cool
and moisten the environment, such that the ambient air more
closely resembles the mixed-layer properties}is consistent
with the observed differences in transition-layer structures in
Fig. 8. And while the presence or absence of cloudiness may it-
self also depend on the strength of the shallow mesoscale over-
turning circulations (George et al. 2023), we assert that it is
the strength of this cloud dissipation–driven mixing, which de-
termines the strength of the transition-layer jumps.

d. Further support from large-eddy simulations

As a point of comparison, Fig. 9 shows that the large-eddy
simulation output from Dauhut et al. (2023) exhibit a similar
transition-layer structure, with stronger vertical gradients in large
clear-sky areas than in areas influenced by clouds. For the simula-
tions, we look at vertical differences from 400 to 1000 m, instead
of 300 to 800 m in the dropsonde profiles because the mixed layer
is deeper in the simulation; yet the results are qualitatively similar
for different vertical ranges. The simulation vertical grid spacing is
40 m versus 10 m in the soundings; hence, there are larger jumps
in Fig. 9 than for the soundings. These simulations further support
that smoother vertical gradients in cloudy areas are not spurious
observational error (e.g., slower sensor response times if a sonde
became wet after passing through clouds; cf. Albright et al. 2022)
and represent a physical difference that we endeavor to explain.
Repeating a similar correlation analysis in the LES yields a
consistent picture with, notably, a weak correlation between the
strength of vertical velocity (coarsened to 5 km horizontal resolu-
tion to minimize the signal of updrafts and downdrafts and exam-
ined between 400 and 4000 m at 40 m vertical intervals) and the
strength of the transition-layer gradient.

5. Implications of a cloudy transition layer

Clouds appear to be responsible for the observed transi-
tion-layer structure and its deviation from the canonical struc-
ture of a sharp jump in a dry convective boundary layer. It is
less clear to what extent the emergence of a cloudy transition
layer matters for the evolution of the mixed layer and, hence,

FIG. 9. Vertically integrated cloud liquid water content (in kg kg21 m) and the maximum vertical gradient in specific humidity q over
the 40 m vertical grid spacing, calculated between 400 and 1000 m altitude. (a),(c) 1600 UTC 2 Feb 2020 in a 200 km 3 100 km domain
simulation of trade wind cloudiness (“flower” pattern) in Dauhut et al. (2023); (b),(d) 1400 UTC, wherein the flower cloud is advected
from right to left over the course of the simulation.
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the net air–sea exchange of energy and moisture. Using
“mixing diagrams” (Paluch 1979) and mixed-layer theory, we
compare the structure of the lower atmosphere in (section 4)
cloud-free (CFBL) and cloud-topped (CTBL) boundary
layers. In both cases, however, the sondes are believed to
sample primarily clear air. This comparison allows us to quan-
tify the efficiency of mixing in the two cases, and the extent to
which differences in the transition-layer structure imprint
themselves on the mixed-layer properties.

Mixing diagrams and mixed-layer theory

To answer these questions, we apply mixed-layer theory to
mixing diagrams. To introduce the ideas, we first examine the
campaign-mean HALO dropsonde sounding through the
lower 3 km. Figure 10 presents the mixing diagram of this
sounding using potential temperature u and specific humidity
q as thermodynamic coordinates. Each point in this space rep-
resents the mean across all 810 dropsondes at a given height.
We use u and q coordinates because we almost exclusively
sample clear skies, and they are ostensibly independent, at
least insofar as any variables in a tightly coupled system are
independent. Clearly the ability to follow additional tracers,
such as ozone and dimethyl sulfide (e.g., Stevens et al. 2003),
would augment our analysis, but such measurements were not
made. Frameworks, based on moist conserved variables, such
as the saturation point coordinate system of Betts (1982),
might also be informative, but their interpretation is more nu-
anced and complicated by an inability to sample, or our lack
of samples, of saturated air using the dropsondes.

A mixed layer shows up as a cluster of points around a single
value, which in the case of Fig. 10 is around q 5 15.4 g kg21 and
u 5 298.3 K. Adiabatic mixing between layers of the atmosphere
with distinct thermodynamic properties will scatter along a line
spanning the space between the points that characterize the re-
spective layers (e.g., Paluch 1979; Betts 1982; Betts and Albrecht
1987; Heus et al. 2008; Böing et al. 2014). Figure 10 shows that
the same mixing line includes both the mixed and transition
layers. This structure suggests that air in the transition layer is en-
trained into the mixed layer. The observed mixing line only
changes its slope around 900 m, above the top of the subcloud
layer, suggesting that air above this height is no longer directly in-
corporated into the mixed layer. For reference, Fig. 10 also plots
the fundamental lines defined by constant-uy and constant-ue
lines. This visualization shows that the subcloud layer, whose
points are roughly aligned with a line of constant uy are better
mixed in this quantity than in terms of either q or u. The
constant-ue line shows the slope that a saturated, cloudy up-
draft would follow. The mixing line in the cloud layer more
closely approaches a constant-ue line, suggesting that these
two fundamental lines could be taken as limiting distributions
for the subcloud versus the cloud layers.

A generalized budget equation for the value of a scalar, q
within the mixed layer, is derived in the appendix and can be
expressed as

q 5
q′
0 1 A*q1

(1 1 A*) with q′
0 5 q0 1 Sq

h
V0

: (2)

This represents two point mixing between air above the bound-
ary layer, whose properties are given by q1, and surface values
(denoted by q0) as modified by nonturbulent processes, i.e., ad-
vection, storage, or radiative heating. The strength of these non-
turbulent processes are measured by Sq and act on a time scale
t 5 h/V0, with h the mixed-layer depth and V0 the surface ex-
change velocity (drag coefficient-weighted 10 m wind speed, see
the appendix), which helps parameterize the surface turbulent
fluxes. Equation (2) introduces an important quantity, A*, a
nondimensional entrainment rate, which defines the nondi-
mensional entrainment velocity E5A*V0. It weights the in-
fluence of the surface (and nonturbulent processes) and the
properties of the air being incorporated into the mixed layer
on the state of the mixed layer.

We use Eq. (2) to calculate theoretical mixing lines whose
slopes depend on the choices of q1 and u1 and whose end
points are given by q′

0, varying A*. To calculate q′
0 we used

the observed q0, Qq, and h/V0 values from the soundings. We
then find that the best-fit mixing line to the observations in-
corporates air from 10 to 150 m above the mixed-layer top
(Fig. 10). The best fit mixing line diverges once the source re-
gion begins to extend above the transition layer and suggests
that the transition layer is part of the same mixing layer as the
mixed layer, and that the mixed-layer properties can be con-
ceptualized as two point mixing between air at the top of the
transition layer and air imbued with surface properties

FIG. 10. Scatterplot of observed q and u values up to 3 km (gray
points) and theoretical mixing lines from the surface to 3 km (black
and gray dashed lines). Also shown are the campaign-mean surface
value (blue downward triangle), values averaged from 100 to 400 m
(white star), values at 550 and 700 m (approximate transition-layer
extent), value at 900 m (blue upward triangle), constant lifting con-
densation level at 945 hPa (green dotted line), constant-uy line
(orange dotted line), and constant-ue line (dark blue dotted line).
Theoretical mixing lines are calculated from Eq. (2), as described in
section 5. The black dashed line is the theoretical mixing line incorpo-
rating air from 10 to 150 m above the mixed layer. The gray dashed
line multiples the surface wind speed by 0.73.
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modified by nonturbulent processes, as measured by Qq act-
ing on the time scale given by t 5 h/V0.

The agreement of this theoretical mixing line, incorporating
air from within the transition layer, with the observed values can
be empirically improved by increasing t 5 h/V0, for instance, by
multiplying the wind speed by a factor 0.73 in the V0 term
(Fig. 10, gray dashed line). These adjustments suggest potential
limitations in how the surface exchange velocity is represented,
or the effects of missing source terms, such as cloud induced per-
turbations to the radiative heating. Figure 10a also plots q–u val-
ues corresponding to a constant lifting condensation level at
945 hPa. The observed and best-fit theoretical mixing line are
nearly perpendicular to the constant lifting condensation level
curve. Whether this is a coincidence, or whether mixing aligns to
maximize variance in the lifting condensation level, merits fur-
ther study, and perhaps would benefit from an analysis using
moist-conservative coordinates as in Betts (1982).

1) EFFECT OF A CLOUDY TRANSITION LAYER ON

ENTRAINMENT

Given the mixing line connecting q′
0 with q1, the nondimen-

sional entrainment rateA* can be measured by inverting Eq. (2).
By deriving A* from soundings taken in regions without clouds,
versus soundings from regions with scattered clouds (albeit the
soundings are still assumed to have fallen through some clear
skies), it should be possible to identify if the presence of a cloud-
maintained transition layer leads to changes in the rate of sub-
cloud-layer deepening, i.e., greater values ofA*.

The resulting mixing diagrams are shown in Fig. 11. Both
seem to show that the cluster of mixed-layer points lie at about
the same distance along the mixing line, suggesting at least that
differences in A* are subtle. More quantitatively, given
{q′

0, q, q1}, Eq. (2) can be inverted for A*. We follow this pro-
cedure for each case, estimating q′

0 by assuming both cases
have the same q0, but allowingQq to vary (giving u′0 5 297:1 K
and q′0 5 21:1 g kg21 for the CFBL and u′0 5 297:1 K and
q′0 5 21:4 g kg21 for the CTBL profile). In this case, q1 is cho-
sen as the point where a data-derived mixing line (a linear re-
gression to observations from 400 to 700 m) departs from the
observations by 0.1 g kg21, a point whose location and height
are included on the diagram. This analysis suggests that A* is
slightly smaller (3.1) in the CFBL as compared to the CTBL
(3.3) case. This result is consistent with the notion that the life
cycle of shallow clouds grows the transition-layer structure. As
a consistency check we apply the same procedure for u to esti-
mate A*, it also yields a larger A* value for cloudy than large
cloud-free area profiles.

The differences in A* are, however, small and equivocal.
That our analysis does not identify a substantial change in A*

between boundary layers largely devoid of clouds, versus
those in which clouds are present, suggests that the clouds are
not a first-order influence on the rate of mixing. The main dif-
ference appears to be that the clouds modify the properties of
the air that is being incorporated into the mixed layer, rather
than the rate at which it is being incorporated, as we discuss
in the next section.

2) EFFECT OF A CLOUDY TRANSITION LAYER ON THE

MIXED LAYER

That the differences in the transition-layer state influence the
mixed layer and hence surface fluxes is apparent in Fig. 11. The
mixing line of the cloud-free soundings is clearly distinct from
that of the cloudy soundings, mostly by virtue of the value of q1.

Were this not the case we would expect the value of q1 to lie
on the mixing line of the CTBL soundings, albeit extending to
a drier and warmer state. That this is not the case can mostly
be attributed to differences in q1, suggesting that the main role
of the clouds is to moisten the transition layer, rather than to
cool it}noting that this moistening arises because much of the
condensate reevaporates, rather precipitates.

To illustrate this idea, we consider a case of a “dry transi-
tion layer.” That is, instead of incorporating the campaign-
mean transition-layer air (averaged between 550 and 700 m),
we incorporate air from higher aloft that is assumed to sub-
side without evaporative cooling of cloud liquid water. This
case would imply a stronger jump in the transition layer.
To estimate such an example q1–u1 pair, we consider the
campaign-mean specific humidity at 1500 m (having a value of
10.03 g kg21) and find the corresponding u value such that the
uy value at 1500 m equals its mean transition-layer value. A
constant uy is motivated by the idea that gravity waves will re-
move buoyancy differences at similar levels, e.g., between the
observed transition-layer value and our “dry transition layer”
example. Adopting q1 and u1 values of 10.03 g kg

21 and 299.4 K
as q1 values and predicting the mixed-layer q–u pair following
Eq. (2) yields a predicted mixed-layer mean value of 298.9 K
and 11.8 g kg21. We set A* 5 5 and otherwise keep terms equal
to the values in the adjusted mixing line (gray dashed line in

FIG. 11. As in Fig. 10, but for q and u soundings aggregated for
large clear-sky areas (red) and areas influenced by cloudiness
(blue, following the conditional sampling in Fig. 6). Also shown are
the campaign-mean surface value (blue downward triangles), value
averaged from 100 to 400 m (white stars), q1 value annotated with
its height (black stars), and value at 900 m (blue upward triangles).
Data-derived mixing lines are linear regressions to the observed
profile from 400 to 700 m (gray dotted lines).
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Fig. 10). These values are warmer and drier than the prediction
using u1–q1 values in the transition layer, which were 298.3 K
and 15.44 g kg21. This comparison suggests that the presence of
a cloudy transition layer leads to a moister and cooler mixed
layer compared to that of a cloud-free transition layer (not-
ing that entrainment still dries and warms the layer in abso-
lute terms). These differences largely compensate in terms
of buoyancy, and thus have a negligible influence on the
energetics.

6. Conclusions

In the trades, we observe a transition-layer structure with a
finite thickness (about 150 m) and smooth vertical gradients
compared to a jump. We identify the transition layer from ther-
modynamic soundings, as a region above the mixed layer, within
which the specific humidity gradients approximately balance the
potential temperature gradients to maintain a layer of nearly
constant virtual potential temperature. This layer is almost al-
ways extended; jumps, or sharp changes in conserved quantities
at the top of the mixed layer}as, for instance, are familiar from
studies of stratocumulus and to a lesser degree over clear con-
vective boundary layers}are rare, and tend to occur in scenes
that are cloud-free over large [O(200) km] areas. In areas where

clouds are actively ventilating the mixed layer, and which also
extend to momentarily unsaturated areas between the
clouds, the transition of the thermodynamic profiles of
potential temperature and specific humidity to their free-
tropospheric values are more gradual. Analysis of ceilome-
ter and lidar data from several sites finds evidence for two
populations of clouds: shallow clouds with bases near the
top of the mixed layer and a vertical depth commensurate
with the depth of the transition layer, and a population of
deep clouds that extend through the about 1500-m-deep
cloud layer. The second population, of deeper clouds, is always
accompanied by the first, but not vice versa. This allows us to
establish that the presence of shallow clouds is sufficient to
maintain the transition-layer structure as it is found irrespective
of whether deep clouds are present or not.

Based on these findings, we propose a conceptual picture
whereby the transition layer is maintained by the formation
and dissipation of shallow clouds. That is, the transition-layer
structure is predominantly determined by cloudy, not dry
processes}although dry processes, like enhanced subsidence
from nearby regions of more active convection may lead to
the absence of clouds. We argue that the transition layer is
maintained by a population of shallow clouds analogously to
the way a population of deeper clouds maintains the trade

FIG. 12. (a) Photos taken during a EUREC4A flight in the WP-3D aircraft that illustrate the ubiquity of very shal-
low clouds, (left) often with their bases in the transition layer and (right) deeper clouds wicking or injecting moisture
to maintain the inversion layer as in the mechanism proposed by Riehl et al. (1951). (b) Reproducing a schematic
from Riehl et al. (1951), who proposed that the evaporation of deeper clouds maintains the trade wind inversion layer.
(c) Illustration of a conceptual picture suggesting a symmetry between deeper clouds growing and maintaining the
trade wind inversion layer following Riehl et al. (1951) and Stevens (2007), and shallower clouds growing the transi-
tion layer. The dissipation of shallow clouds in the transition layer moistens and cools (denoted by the transparent
blue area) the transition layer, rendering gradients smoother and weaker compared to the dry boundary layer case.
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wind inversion. The mechanism is qualitatively explained by
Riehl et al. (1951) who write,

It is well known that the bases of the cumuli have a nearly uniform
height, but that the tops are very irregular. Some are found within
the cloud layer, many near the inversion base, and some within the
inversion layer as active clouds penetrate the base. As shown by vi-
sual observation and many photographs, the tops of these clouds
break off and evaporate quickly. In this way moisture is introduced
into the lower portions of the inversion layer, and the air there sit-
uated gradually takes on the characteristics of the cloud layer.

and described quantitatively by Stevens (2007) These ideas are
further illustrated with the help of Fig. 12b, which we adapt
from Riehl et al. (1951). In a similar way, we propose that a pop-
ulation of shallow clouds, forming at the top of the mixed layer
and evaporating in the lower part of the cloud layer, thicken the
layer over which the thermodynamic profiles transition between
their mixed-layer and cloud-layer values. As such, within cloud-
topped boundary layers, the transition layer forms analogously
to the trade wind inversion layer, albeit through the action of
shallower clouds (Fig. 12c). By moistening and destabilizing the
lower cloud layer small clouds “precondition” the large-scale en-
vironment and decrease the resistance to convection by weaken-
ing vertical gradients in the transition layer, making the lower
cloud layer less hostile to the development of deeper convection.
This process suggests that smaller clouds beget larger clouds, in
ways reminiscent of the “acceleration-detrainment layer” pro-
posed by Neggers (2015).

Shallow clouds support the development of a deepermixing
layer, albeit not a deeper mixed layer. Stevens (2007) showed

that the additional work required to maintain the quasi equi-
librium of such an extended mixing layer, can be provided by
the linearly increasing liquid water flux within the cloud layer.
We simply extend these ideas to the case of mixing dominated
by a shallow population of clouds, who maintain the transition
layer in this fashion. The basic idea is presented with the help
of Fig. 13. This schematic distinguishes between the minimum
of the nondimensional buoyancy flux A from its effective
value Ae, obtained by extending the region of linear fluxes to
the top of the mixing layer, as would be required to maintain
the same rate of warming and drying over a mixed layer as
deep as the mixing layer. The value of Ae is thereby larger
than the canonical value of A ’ 0.2 and rationalizes the find-
ing of Albright et al. (2022) wherein an entrainment formula-
tion based on mixed-layer theory and dry boundary layers
was used, but required a much larger value of A to reproduce
the observed mixed-layer heat and moisture balances.

Although clouds influence the value of Ae, we find no evi-
dence that they strongly influence the rate of mixing, as mea-
sured by the entrainment velocity. Comparing mixing diagrams
in large cloud-free regions, and regions where a transition layer
is maintained by fields of shallow transition-layer clouds, at most
a small (10%), but not significant, increase in the mixing can be
identified. This implies that the larger values of Ae needed to ex-
plain the mixed-layer heat and moisture balances, as in Albright
et al. (2022), are mostly balanced by proportionally larger effec-
tive jumps in the buoyancy at the top of the mixed layer. The
main effect of shallow transition-layer clouds thus appears to be
to precondition a shallow layer in ways that modify the

FIG. 13. Profiles of the ratio of the buoyancy flux to its surface buoyancy flux for different cases, which are used to illustrate the entrain-
ment efficiency A or its effective value Ae. (a) The classical mixed-layer model view of an abrupt discontinuity at the mixed-layer top,
wherein A is the minimum ratio of the buoyancy flux to its surface value and is found at the layer top. (b) This view is contrasted with a
finite-thickness transition layer in which the minimum buoyancy flux (corresponding to A) is not found at the mixed-layer top, but rather
Ae extrapolated (in the dotted black line) to the layer top is the value required to obtain the correct mixed-layer heating and cooling rates
from the slope of the buoyancy profile. (c) Illustration of how the liquid water flux (dotted blue line) can contribute to the net buoyancy
flux (solid blue line) and compensate for more negative (extrapolated, dotted black line) dry buoyancy fluxes and larger Ae. The contribu-
tion of the liquid water flux can be thought of as an additional “boost” to the energetics of entrainment mixing.
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development of the mixed layer and make it easier for
deeper trade wind clouds to develop and organize. To the
extent that areas of deeper and more organized trade wind
convection enhance subsidence in their environment and
thereby suppress shallow clouds, it suggests that the devel-
opment and organization of clouds in the trades might de-
pend on the interplay between these two populations of
clouds, with shallow clouds sheltering the boundary layer
and deeper clouds ventilating it.
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Data availability statement. JOANNE data are available at
https://doi.org/10.25326/246. All EUREC4A data are also acces-
sible at https://observations.ipsl.fr/aeris/eurec4a-data/. For in-
stance, WALES cloud-top height data are accessible at
https://observations.ipsl.fr/aeris/eurec4a-data/AIRCRAFT/HALO/
WALES-LIDAR/cloudtop/, and BCO ceilometer cloud-base
height data are at https://observations.ipsl.fr/aeris/eurec4a-data/
BARBADOS/BCO/Ceilometer/ncfiles/. Large-eddy simulation
data from Dauhut et al. (2023) can be found at https://obse
rvations.ipsl.fr/aeris/eurec4a-data/SIMULATIONS/LES-02FEB20-
MesoNH-v0-1/.

APPENDIX

Derivation for Theoretical Mixing Line Equation from
Mixed-Layer Theory

As discussed in Stevens (2006), for a mixed-layer scalar q
after performing a Reynolds decomposition on the conser-
vation equation (Dq/Dt5Qq, where Qq is a diabatic
source term) and integrating over the depth of the layer,
the mixed-layer budget of q can be written as

hSq 5 w′q′ |0 2 w′q′ |1: (A1)

We neglect the horizontal gradients in w′q′ , which are
small compared to the vertical gradients. Sq includes the
contribution of the mean flow to the material derivative (in-
cluding the storage term and horizontal advection), as well
as the diabatic source term Qq. This diabatic source term
Qq can include radiation or precipitation and evaporation
effects. We set Qq 5 0 for moisture, neglecting the influ-
ence of evaporating precipitation on the subcloud-layer
moisture budget, but we do account for radiation in the
heat budget using clear-sky, aerosol-free radiative heating

profiles (Qu Þ 0). The equation expresses that the vertical
divergence of the turbulent flux balances the Sq term, times
the thickness of the layer, h (e.g., Betts 1976; Stevens 2006).
Note that here, h refers to the mixed-layer top given our
focus on processes in the transition layer above the mixed-
layer top. The subscript 0 denotes values at the lower inter-
face of the bulk layer (ocean-to-mixed-layer interface), and
the subscript 1 denotes values at the upper interface (the
mixed-layer-to-transition-layer interface), and w refers to
the vertical velocity.

Two closure assumptions are commonly used regarding
Eq. (A1). First, the flux at an interface i is expressed as the
product of the velocity relative to the mean flow and a
“jump,”

w′q′ |i 52ViDiq, (A2)

where Diq defines the change in q across the interface, from
top to bottom, so that D1q5 q1 2q and D0q5 q 2 q0.

With this notation, we can rewrite Eq. (A1) as

hSq 52V0D0q 1 V1D1q: (A3)

Second, it is assumed that the uy flux (proportional to the
buoyancy flux) at the upper interface is energetically con-
strained by its source of surface uy fluxes, such that

V1D1uy 52AeV0D0uy , (A4)

with Ae defining the entrainment efficiency and assumed to be
constant. In Albright et al. (2022), a mean value Ae 5 0.43
was found from a Bayesian inversion of uncertain entrainment
parameters in subcloud-layer thermodynamic budgets closed
with EUREC44A data.

With this second closure assumption in Eq. (A4) and taking
q 5 uy, Eq. (A3) becomes

2V0(1 1 Ae)D0uy 5 hSuy : (A5)

Rearranging Eq. (A5) to solve for the uy jump at the sur-
face yields

D0uy 52
hSuy

V0(1 1 Ae)
: (A6)

With Eq. (A6), Eq. (A4) can be manipulated to solve for
the velocity at the upper interface, V1:

V1 5 A*V0 where A* 52
D0uy
D1uy

: (A7)

The modified constant A* is similar to the effective entrain-
ment buoyancy flux ratio Ae: whereas Ae relates the buoyancy
flux at the upper and lower interfaces, A* is a nondimensional
parameter relating the surface exchange buoyancy jump to
the jump at the upper interface. A* is, however, not energeti-
cally constrained by the surface buoyancy source (e.g., that
the buoyancy flux used at the upper interface is generated at
the surface, such that Ae cannot exceed one).

A L B R I GH T E T A L . 1561JUNE 2023

Unauthenticated | Downloaded 11/25/24 11:06 AM UTC

https://doi.org/10.25326/246
https://observations.ipsl.fr/aeris/eurec4a-data/
https://observations.ipsl.fr/aeris/eurec4a-data/AIRCRAFT/HALO/WALES-LIDAR/cloudtop/
https://observations.ipsl.fr/aeris/eurec4a-data/AIRCRAFT/HALO/WALES-LIDAR/cloudtop/
https://observations.ipsl.fr/aeris/eurec4a-data/BARBADOS/BCO/Ceilometer/ncfiles/
https://observations.ipsl.fr/aeris/eurec4a-data/BARBADOS/BCO/Ceilometer/ncfiles/
https://observations.ipsl.fr/aeris/eurec4a-data/SIMULATIONS/LES-02FEB20-MesoNH-v0-1/
https://observations.ipsl.fr/aeris/eurec4a-data/SIMULATIONS/LES-02FEB20-MesoNH-v0-1/
https://observations.ipsl.fr/aeris/eurec4a-data/SIMULATIONS/LES-02FEB20-MesoNH-v0-1/


Using the above formulations, including A*, the general-
ized budget equation in Eq. (A3) can be solved for q:

q 5
q0 1 A*q1 1 Sqt

(1 1 A*) , where t 5
h
V0

: (A8)
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