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Abstract. Boundary layer moisture variability at the Eastern North Atlantic (ENA) site during marine condi-
tions is examined at monthly and daily timescales using 5 years of ground-based observations and output from
the European Center for Medium range Weather Forecast (ECMWF) reanalysis model. The annual cycle of the
mixed-layer total water budgets is presented to estimate the relative contribution of large-scale advection, lo-
cal moisture tendency, entrainment, and precipitation to balance the moistening due to surface latent heat flux
on monthly timescales. When marine conditions prevail, advection of colder and dry air from the north acts as
an important moisture sink (∼ 50 % of the overall budget) during fall and winter driving the seasonality of the
budget. Entrainment and precipitation contribute to the drying of the boundary layer (∼ 25 % and∼ 15 % respec-
tively), and the local change in moisture contributes to a small residual part. On a daily temporal scale, moist and
dry mesoscale columns of vapor (∼ 10 km) are analyzed during 10 selected days of precipitating stratocumulus
clouds. Adjacent moist and dry columns present distinct mesoscale features that are strongly correlated with
clouds and precipitation. Dry columns adjacent to moist columns have more frequent and stronger downdrafts
immediately below the cloud base. Moist columns have more frequent updrafts, stronger cloud-top cooling, and
higher liquid water path and precipitation compared to the dry columns. This study highlights the complex in-
teraction between large-scale and local processes controlling the boundary layer moisture and the importance of
spatial distribution of vapor to support convection and precipitation.

1 Introduction

Marine boundary layer warm clouds cover vast areas of
eastern subtropical oceans and persist for very long periods
(Klein and Hartmann, 1993). These clouds reflect a much
greater amount of radiation back to space compared to the
ocean surface and hence are an important component of the
Earth’s radiation budget. It is challenging for earth system
models (ESMs) used for predicting the future climate to ac-
curately simulate these clouds as they, and the associated
processes, occur at much smaller spatial and temporal scales
than the model resolution.

Marine boundary layer stratocumulus and shallow cumu-
lus are maintained by boundary layer turbulence through
the transport of water vapor above the lifting condensation
level. Some cloud parameterizations use the moments of the
joint probability density functions (PDFs) of temperature,
water vapor, and vertical air motion to simulate cloud prop-
erties. Hence changes in boundary layer water vapor criti-
cally impact cloud properties. Further the marine boundary
layer clouds exhibit a distinct mesoscale organization (Wood
and Hartman, 2006) with scales of 20–50 km. Recent mod-
eling studies have shown that cloud and rain properties are
organized in mesoscale structures and are closely related to
changes in boundary layer water vapor (Zhou and Brether-
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ton, 2019). Several modeling studies highlight the role of
“mesoscale humidity aggregation” and its positive feedback
in amplifying the moisture variance, cloudiness, and precip-
itation (Bretherton and Blossey, 2017; Lamaakel and Math-
eou, 2022).

To address scientific issues related to marine low clouds,
the Atmospheric Radiation Measurement (ARM) Climate
Research Facility (Mather and Voyles, 2013) operates the
heavily instrumented Eastern North Atlantic (ENA) site lo-
cated in the Azores archipelago. The location experiences a
distinct annual and diurnal cycle in aerosol, cloud, precip-
itation, dynamic, and thermodynamic fields (Zheng et al.,
2022; Lamer et al., 2020; Ghate et al., 2021; Giangrande et
al., 2019; Wu et al., 2020). It is evident from Fig. 1 that the
water vapor mixing ratio at the site presents a well-defined
annual cycle with lower mixing ratio in fall and winter and
a higher mixing ratio in summer (July–August). The bulk of
the vapor is located below 2 km; however, profiles at the site
appear perhaps moister in the free troposphere than what is
typically found for example in the southeast Pacific marine
boundary layer (e.g., Bretherton et al., 2010). The free tropo-
spheric humidity also exhibits an annual cycle, albeit much
weaker than that of the mixed-layer water vapor. The purpose
of this work is therefore to identify the relevant controlling
factors (mesoscale and local) that influence the total moisture
field in the boundary layer at the site during marine condi-
tions and investigate how changes in the moisture field are
connected to changes in clouds and precipitation.

We utilize the mixed-layer framework that has tradition-
ally been used to characterize the variability in boundary
layer moisture and its controlling factors (e.g., Brost et al.,
1982; Caldwell et al., 2005; Kalmus et al., 2014). In this
framework it is assumed that the boundary layer is thermo-
dynamically well-mixed and coupled to the surface with a
constant profile of total water (vapor plus liquid) mixing ra-
tio and liquid water potential temperature. Although previ-
ous studies have shown a prevalence of thermodynamically
decoupled conditions over the open oceans (e.g., Wood and
Bretherton, 2004; Serpetzoglou et al., 2008), the mixed-layer
framework offers a relatively straightforward way to char-
acterize sources and sinks of the boundary layer thermody-
namic variables. In the mixed-layer framework, the bound-
ary layer water field is modulated by advection, entrainment,
precipitation, and surface latent heat flux. The validity of the
mixed-layer framework has recently been shown to be suffi-
cient to explain synoptic and monthly variability in the sub-
cloud layer of the downstream trade winds near Barbados
(Albright et al., 2022). However, our dataset includes a mix
of coupled and decoupled cases, and it is therefore impor-
tant to understand how often the assumption of a well-mixed
boundary layer is verified at the site, as well as how it affects
the results.

In the first part of this work, we take advantage of continu-
ous atmospheric measurements with excellent quality avail-
able at the ARM ENA site for 5 years (2015–2020) to char-

acterize the marine boundary layer water vapor and its con-
trolling factors through annual mixed-layer total water bud-
gets. In the second part we use data collected during stratocu-
mulus cloud conditions to diagnose the relationship of the
mesoscale variability in the boundary layer water vapor with
cloud, precipitation, and radiation fields. Water vapor, unlike
liquid water path (LWP), does not exhibit a diurnal cycle;
therefore the annual and mesoscale variability are the pri-
mary modes through which the interaction between bound-
ary layer vapor and cloud processes can be examined. Both
modes influence clouds and precipitation, the annual vari-
ability being driven by large-scale advection, as shown later,
and the mesoscale variability being driven by local processes.

The remainder of the paper is organized as follows: Sect. 2
presents an overview of the data and retrievals utilized with
a discussion on the novelty of retrievals used to separate the
contribution of cloud and drizzle to the total LWP. The an-
nual cycle of precipitable water vapor (PWV) and LWP is
discussed in Sect. 3. In Sect. 4 the validity of the mixed-layer
approximation is discussed, and the marine boundary layer
total moisture budget (vapor and liquid, including rain) is de-
scribed in connection with the annual cycle of the vapor mix-
ing ratio shown in Fig. 1. Finally, the mesoscale variability
in water vapor during 10 selected days is analyzed in Sect. 5,
and the work is concluded with a summary and discussion
section.

2 Instrumentation, data, and retrievals

The Eastern North Atlantic is one of the ARM program’s
(Turner and Ellingson, 2016) permanent sites situated on
the island of Graciosa (39.1◦ N, 28.0◦W; 25 m) in the
archipelago of the Azores. The climate at the site is charac-
terized by a wide range of weather conditions influenced by
the frequent arrival of midlatitude winter storms (e.g., Rémil-
lard et al., 2012; Wood et al., 2015) and by the influence of
trade winds. Recent studies have evidenced the connection
between precipitation properties and large-scale conditions,
for example an increased frequency of precipitating clouds in
the wake of cold fronts (Lamer et al., 2020). The total cloud
fraction at the site is higher in winter (Dong et al., 2014),
while during summer the prevalence of a high-pressure sys-
tem reduces cloud cover and promotes the prevalence of fair-
weather conditions (Wood et al., 2015).

2.1 Instrumentation

The site has several instruments to observe the aerosol, cloud,
radiation, and thermodynamic fields. We mention here the
main operating characteristics of the instruments used in the
analysis. A vertically pointing Ka-band ARM zenith radar
(KAZR) records the full Doppler spectrum and its first three
moments at 2 s temporal and 30 m range resolution. The
KAZR was calibrated using a corner reflector, and its ac-
curacy is good within 3 dB (Kollias et al., 2019). A laser

Atmos. Chem. Phys., 23, 3453–3470, 2023 https://doi.org/10.5194/acp-23-3453-2023



M. P. Cadeddu et al.: Boundary layer moisture variability at the ARM Eastern North Atlantic observatory 3455

Figure 1. Monthly averaged water vapor mixing ratio (shades) and contours (white lines) from radiosondes at the ARM ENA site during
marine conditions.

ceilometer operating at 905 nm wavelength records the pro-
file of backscatter at 30 m range and 15 s temporal resolu-
tion along with the cloud-base height. A Doppler lidar (DL)
operating at 1.5 µm wavelength records the backscatter and
the mean Doppler velocity at 30 m range and 1 s temporal
resolution. The ceilometer and the DL were calibrated by
the authors using the technique proposed by O’Connor et
al. (2005). The details of the technique, as applied to this
site, are explained in Ghate et al. (2021). A Raman lidar
(RL), collocated to the KAZR, transmits at a wavelength
of 355 nm and records the backscattered radiation at wave-
lengths of 355, 387, and 408 nm at 10 s temporal and 7.5 m
range resolution. From this instrument, profiles of water va-
por mixing ratio are derived at 10 min temporal resolution.
Also present at the site is a three-channel microwave ra-
diometer (MWR3C) that measures the sky brightness tem-
peratures at 23.8, 31.4, and 90 GHz. The MWR3C is auto-
matically calibrated using tip curves as explained in Cadeddu
et al. (2013). An atmospheric emitted radiance interferome-
ter (AERI) measures the sky brightness temperatures from
3 to 19 µm wavelengths at 8 min time resolution. Collocated
with the remote sensors is a video disdrometer that measures
surface rain rates at 1 min resolution and a surface meteoro-
logical station for surface temperature, humidity, winds, and
pressure at 1 min resolution. Radiosondes are launched at the
site every 12 h at 00:00 and 12:00 UTC, and they measure
profiles of temperature, humidity, pressure, and winds.

In addition to the instruments listed above, we also used
output from the European Center for Medium Range Weather
Forecasting reanalysis model (ECMWF ERA5) over the re-
gion (Rodwell and Jung, 2020). Quantities from ERA5 in-
clude hourly surface latent heat fluxes, large-scale subsi-
dence, winds, and water vapor mixing ratio profiles. The
ERA5 profiles were compared to the local soundings be-
tween 2015 and 2020 and found to underestimate the mix-
ing ratio by about 10 % with a standard deviation of 1.0–
1.6 g kg−1 between 0 and 3 km and with a maximum under-
estimation of 15 % at the planetary boundary layer (PBL)
height. The ERA5 profiles are therefore suitable for the es-
timation of the advection component of the budget but not
suitable for the estimation of the PBL height. For this pur-
pose, we use radiosondes. A summary of the instruments and
retrievals used in the analysis is shown in Table 1.

2.2 Data selection

A total of 5 years and 4 months (1 August 2015 to 31 De-
cember 2020) of data from all instruments in Table 1 were
processed, except the RL, DL, and AERI that were used only
in the 10 selected cases discussed in Sect. 5. Drizzle liquid
water content below the cloud base, as well as retrievals of
water vapor, cloud, and drizzle water path, were derived ev-
ery minute and averaged hourly to match the time resolution
of the ERA5 data. After the necessary quantities were de-
rived, cases that were classified as “only marine conditions”
were identified and used for further analysis. Marine condi-
tions were defined, following Ghate et al. (2021), by select-
ing data corresponding to surface wind direction (measured
clockwise) greater than 310◦ or less than 90◦, thereby elimi-
nating cases where the boundary layer may have been influ-
enced by the island itself. Out of 52 608 total observations,
15 972 h (30 %) were identified as marine conditions.

Total, cloud, and drizzle water paths are produced when
precipitation does not reach the surface or when it is not
enough to contaminate the measurements. The mean dis-
drometer rain rate at the surface, when the retrievals con-
verged, was less than 0.05 mm h−1. The retrievals converged
in 12 131 h (76 % of the marine cases). This limitation in the
data selection due to the microwave radiometer’s inability
to produce reliable measurements during heavy precipitation
reduces the data sample size, but it does not alter the clima-
tological features of the dataset.

2.3 Retrievals

The KAZR and ceilometer data were combined to retrieve
profiles of drizzle properties below the cloud base using the
technique proposed by O’Connor et al. (2005). These re-
trievals were further combined with the brightness temper-
atures from the MWR3C to obtain water vapor, cloud, and
drizzle water path using the Synergistic Passive and Active
Retrieval of Cloud Properties (SPARCL) (Cadeddu et al.,
2017, 2020). Uncertainties in the water vapor and LWP re-
trievals are estimated from the a posteriori covariance infor-
mation obtained with the optimal estimation retrieval and are
of the order of 0.5 mm for water vapor and about 15 g m−2

for LWP. For 10 selected cases of weakly precipitating ma-
rine stratocumulus clouds, vertical profiles of water vapor
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mixing ratio were derived every 10 min using the optimal
estimation retrieval TROPoe (formerly AERIoe; Turner and
Löhnert, 2014; Turner and Blumberg, 2019; Turner and Löh-
nert, 2021). These retrievals use combined data from the RL,
AERI, and microwave radiometer and have an average un-
certainty of 0.6 g kg−1 in the first 3 km. They are further dis-
cussed in Sect. 5.

The retrieval of LWP with SPARCL enables the separation
of cloud and drizzle water path by exploiting the different
signature of cloud and drizzle drops on the 90 GHz frequency
of the microwave radiometer. These aspects of the retrievals
are discussed in more detail in Appendix A, where a compar-
ison with the microwave radiometer retrieval (MWRRET) is
presented and the retrievals used to estimate cloud adiabatic-
ity at the site.

3 Annual cycle

The annual cycle of water vapor and liquid water is charac-
terized next. Consistent with Fig. 1, the PWV shows a dis-
tinct annual cycle (Fig. 2a, b) characterized by higher aver-
age water vapor in summer (2.99 cm in August) and dryer
conditions in late fall and winter (1.4 cm in March). The ra-
diometric retrievals are in good agreement with the radioson-
des in both magnitude and variability. The annual cycle is
mostly visible in the lower troposphere (below 3 km) but is
still present, although much weaker, in the mid-troposphere
above 3 km (pink boxes). The annual cycle does not have the
same amplitude in the upper and lower troposphere, result-
ing in a stronger contribution of the free troposphere to the
total PWV in summer compared to winter. The proportion of
free-tropospheric PWV to the total amount ranges from 14 %
in February to 20 % in June. This points towards a greater
contribution of mid-tropospheric vapor towards reducing the
boundary layer radiative cooling in the summer compared to
the winter months.

The total LWP during marine conditions (Fig. 2c) is
characterized by a weak seasonal cycle with higher LWP
and higher variability during the fall and winter months.
When summarized in a seasonal cycle, the mean LWP
(in g m−2) is 82.3, 64.6, 67.3, and 75.1 g m−2 (December–
February (DJF), March–May (MAM), June–August (JJA),
September–November (SON)). For these weakly precipitat-
ing clouds captured by the radiometer, the monthly mean
LWP is less than 100 g m−2 throughout the year, with max-
imum hourly values not exceeding 300 g m−2. The cloud
component, shown in light brown in Fig. 2c, constitutes the
bulk of the total LWP (in dark brown), and it mimics the to-
tal LWP. Drizzle water path, which includes both below- and
in-cloud components and is shown in Fig. 2d, is detectable
through the entire year, even when the average LWP is low.
Drizzle water path displays a pronounced seasonal cycle with
averages in fall and winter about 17 % higher than in summer
and spring. The ratio of drizzle-to-total LWP increases from

∼ 11 % in summer to ∼ 15 %–17 % in winter. This propen-
sity of clouds with similar total LWP to produce more drizzle
in winter and fall may relate to a change in the prevalent ty-
pology of clouds and to the occurrence of midlatitude winter
storms in fall and winter. It points to the fact that the LWP
is only one of the factors controlling drizzle production. A
prominent feature of the annual cycle at the site is the weak
anticorrelation between the water vapor and the LWP. This
feature is discussed in more detail in the next section where
the relative contribution of the processes affecting the bound-
ary layer moisture fluxes are examined.

4 ENA site regional moisture budget

The 5 years of data, together with output from the ERA5
model, are used to estimate the boundary layer moisture bud-
get at the ENA site. Before going into the details of the anal-
ysis we investigate the validity of the mixed-layer assump-
tion. To this end, we examined 1825 soundings, of which
681 were marine conditions, and calculated a decoupling in-
dex (DI; Sena et al., 2016) defined as (ZCB−ZLCL)/ZCB. We
then classified strongly coupled cases as those with DI < 0.25
and weakly coupled cases as those with 0.25≤DI < 0.4. Ac-
cording to this classification, most marine cases (68 %) are
weakly or strongly coupled. The decoupling index is gener-
ally smaller when the cloud base is lower, and cases with
cloud base < 1.2 km have DI≤ 0.4 in 80 % of the cases. A
comparison between the decoupling index used in this study
and the one proposed by Jones et al. (2011) is shown in
Fig. S1 in the Supplement. The two indexes show that the
boundary layer at the ENA site is weakly decoupled for about
60 % of the time. Examples of single profiles associated with
coupled, weakly decoupled, and decoupled conditions are
shown in Fig. S2.

The observations are used to investigate which large-
scale processes control the moisture variability at the site on
monthly and seasonal temporal scales during marine condi-
tions. For the estimation of the moisture budget, we use the
total mixing ratio q t = qv+q l, which is the sum of water va-
por mixing ratio (qv) and liquid mixing ratio (q l), including
rain, when clouds are present and follow the formulation of
Caldwell et al. (2005). We therefore express the boundary-
layer-averaged formulation as follows (in units of W m−2):

L

g
p̂

(
∂〈q t〉

∂t
+〈v · ∇q t〉

)
−LHF−LP −

L

g
ω̂e1qt = 0, (1)

where L and g are the latent heat of vaporization (2.5×
106 J kg−1) and the acceleration due to gravity (9.8 m s−2),
〈x〉 indicates averages between the surface and the top of the
boundary layer, and p̂ = p0−pt is the difference between
surface pressure and pressure at the top of the boundary layer.
The first two terms represent the time change in the PBL-
averaged moisture (local tendency) and the large-scale hori-
zontal advection to the region with v being the wind vectors
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Table 1. Instruments used in the analysis, physical quantities, and use of data.

Instrument Retrieved physical quantity Used for

Surface meteorological station (MET;
Kyrouac and Shi, 2013)

Surface wind direction Identification of marine cases

Radiosondes Boundary layer thermodynamic proper-
ties and depth

TROPO-OE and SPARCL retrievals;
total water and mass budget

Disdrometer (Wang and Bartholomew, 2014) Rain rate and surface precipitation flux Total water budget analysis

Ka-band ARM zenith radar (KAZR;
Bharadwaj et al., 2019) and
ceilometer (Morris et al., 2013)

Drizzle properties below the cloud base Separation of cloud and drizzle water
path; estimation of qt in moist budget
and in MSE computations

Three-channel microwave radiometer
(MWR3C; Cadeddu et al., 2014)

Precipitable water vapor (PWV),
cloud water path (CWP), drizzle
water path (DWP), liquid water
path (LWP)

Climatology, total water budget analy-
sis, mesoscale humidity analysis, and
cloud adiabaticity

European Center for Medium-range Weather
Forecasting reanalysis model (ERA5)

Surface turbulent fluxes, large-scale
subsidence, and winds

Total water and mass budget analysis

Raman lidar (RL; Newsom et al., 2015) and
atmospheric emitted radiance interferometer
(AERI; Gero et al., 2016)

10 min profiles of water vapor
mixing ratio

TROPO-OE, mesoscale humidity
analysis

Doppler lidar (DL; Newsom and Krishna-
murthy, 2014)

1 min profiles of vertical velocity Mesoscale humidity analysis

and ∇qt the horizontal gradient. The third and fourth terms
represent the surface latent heat fluxes (LHFs) as reported
by ERA5 and the precipitation fluxes obtained from the dis-
drometer rain rate (P ; expressed in kg m−2 s−1) and multi-
plied by the latent heat of vaporization (L). The last term in
Eq. (1) is related to the turbulent fluxes due to entrainment
of dry air at the top of the boundary layer. Specifically, ω̂e is
the entrainment velocity and 1qt the gradient of the total wa-
ter mixing ratio across the top of the boundary layer. Some
quantities necessary in Eq. (1) are not available from mea-
surements and are therefore calculated using ERA5 reanaly-
sis data as shown in Table 1. Below we provide an overview
of the data and details on the methodology used to calculate
each term. All the terms were estimated on an hourly ba-
sis and averaged each month. All components were screened
for outliers eliminating points beyond 2 standard deviations
from the monthly mean and were passed through a 24 h run-
ning average. The vertically gridded data (radiosondes and
ERA5 profiles) were interpolated on a common vertical grid
of 50 m vertical resolution. Values for the quantities in Eq. (1)
are shown in units of watts per square meter (W m−2) in all
the subsequent analysis.

4.1 Datasets used for each term

The PBL height is used to determine the highest limit for in-
tegrating the water vapor profiles and to calculate the entrain-
ment rate. The ARM value added product (VAP) available

from the ARM archive (Sivaraman et al., 2013) reports PBL
heights from the radiosondes based on the Heffter (1980)
method that identifies the base of the inversion from the gra-
dient of the potential temperature. Because the ENA site only
launches two radiosondes per day (at 00:00 and 12:00 UTC),
we assume the PBL height to be as reported by the ra-
diosonde within±6 h of each radiosonde. If PBL height data
were not available for 1 entire day, the day was flagged as
missing. Uncertainty in the estimation of PBL height from
radiosondes is estimated to be 100–200 m (Sivaraman et al.,
2013). This is a lower-limit estimate in our case because the
PBL height is kept constant for 12 h.

The local change ∂〈q t〉
∂t

in the moisture profile at the site
was estimated as follows: vertical profiles of qv are available
from radiosondes twice a day. The vertical distribution of hu-
midity between 00:00–12:00 UTC (12:00–24:00 UTC) was
kept constant and equal to the morning (evening) radiosonde
reported values. The profiles were scaled to the MWR3C-
retrieved hourly PWV using a height-independent scale fac-
tor (e.g., Turner et al., 2003). For the estimation of ql, the
hourly averaged cloud LWP from the SPARCL retrieval was
distributed adiabatically between cloud base and cloud top.
Because the PBL height is only available twice per day or
less, monthly profiles of PBL heights were used to identify
the top of the boundary layer. The errors introduced by this
approximation are small because of the limited variability
in the PBL height, as shown later. Profiles of q t = qv+ q l
were then averaged between the surface and the top of the
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Figure 2. (a) Number of cases. (b) Annual cycle of total PWV from radiosondes (RSs) in grey and from the microwave radiometer in red.
(c) Monthly mean of PWV below 3 km in cyan and above 3 km in pink from radiosondes. (d) Monthly mean total (dark brown) and cloud
(light brown) water path derived from the MWR3C. (e) Monthly mean drizzle water path derived from the MWR3C. The dots denote the
means, the boxes enclose the interquartile range (IQR), and whiskers extend to 1.5 times the IQR.

boundary layer, and the difference between successive hours
was calculated and multiplied by p̂. The uncertainty of this
term is driven by the uncertainty of the microwave radiome-
ter retrievals that is estimated as 0.5 mm for water vapor and
15 g m−2 for the LWP. This translates into an uncertainty of
less than 0.25 g kg−1 for the average qt.

The large-scale moisture advection 〈v ·∇qt〉 was estimated
from ERA5 data by calculating the horizontal gradient of the
moisture field across grid points adjacent to the ENA site us-
ing the following equation:

v ·∇qt = vNS
∂qNS

∂xNS
+uEW

∂qEW

∂xEW
, (2)

where vNS and uEW are the boundary-layer-averaged merid-
ional and zonal components of the wind, and gradients de-
note differences – qXY = qY − qX – between grid points
(0.25× 0.25◦) adjacent to the ENA site. The bold notation in-
dicates that the differences are calculated at all vertical points
before averaging over the boundary layer. Note that only the

vapor component was estimated, and the contribution of liq-
uid water advection was neglected. As we selected only ma-
rine conditions for our analysis, we expect this component
to be dominated by a prevalence of colder and drier air from
the north. The uncertainty of the advection term is hard to
estimate. From a comparison of ERA5 and radiosondes pro-
files at the ENA site the mixing ratio uncertainty is expected
to be around 10 % with higher uncertainty of 15 % near the
top of the boundary layer, where the humidity gradient is
located. Hourly values of surface latent heat flux from the
ERA5 reanalysis model data are used for this analysis. Pre-
cipitation data from the disdrometer at the site were hourly
averaged and passed through a 24 h running average to elim-
inate excessive noise. The last term of the budget in Eq. (1)
requires the evaluation of the moisture gradient at the top of
the boundary layer and of the entrainment rate (see Sect. 4.2).
The term 1qt was defined as the difference between the to-
tal mixing ratio above the boundary layer inversion and the
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PBL-averaged qt and was therefore estimated from radioson-
des, retrieved water vapor, and cloud LWP. The largest un-
certainty in this term is the PBL height that is estimated to be
100–200 m. The annual cycle of all the quantities described
above is shown in Fig. 3.

The monthly mean PBL height did not display a marked
annual cycle but rather small perturbations around an annual
mean value of 1.6± 0.5 km. On average a deeper boundary
layer (1.7 km) is found in fall, and a shallower boundary layer
(1.4 km) is found in June and July. During summer months,
the humidity gradient at the PBL top was strongest and ex-
hibited the greatest variability. Conversely, a deeper average
boundary layer in fall and winter had weaker humidity gra-
dients at the PBL top. The southward boundary layer winds
were stronger in the winter months compared to the summer
months and so were the surface LHF fields and rain rates.
Collectively, this figure suggests that winter months exhibit
on average a deeper boundary layer, weaker boundary layer
inversion, and higher winds, fluxes, and rain rates compared
to the summer months. This is consistent with the finding in
Ghate et al. (2021), who observed higher boundary layer tur-
bulence in winter than in summer.

4.2 Boundary layer mass budget and entrainment rates

Assuming a near-constant air density within the boundary
layer, the mass budget can be written in terms of the changes
in PBL height. Here we utilize the boundary layer mass bud-
get to calculate the entrainment rates on monthly timescales.
The entrainment velocity at the boundary layer top is bal-
anced by local changes in the boundary layer height, advec-
tion of the PBL top, and large-scale vertical air motion at the
PBL top (Eq. 3).

ωe =
∂p̂

∂t
+ v ·∇p̂− ω̂s (3)

Following Wood and Bretherton (2004), all terms were av-
eraged monthly before being used in Eq. (3), and the monthly
averages of the terms were additionally filtered to eliminate
outliers beyond 2 standard deviations from the mean and un-
physical values and to reduce the large noise of the dataset.
The term ∂p̂

∂t
was computed taking the difference between

two successive soundings (12 h time step). Advection of the
PBL top v ·∇p̂ and the large-scale vertical air motion were
estimated from ERA5. Although the mass budget was com-
puted in pressure units (Pa s−1) for the calculations of the
fluxes in Eq. (1), we convert it to millimeters per second
(mm s−1) for the figures and in the following discussion to
facilitate comparison with previous work.

The monthly mean components of the mass budget and
resulting entrainment rates are reported in Table S1 in the
Supplement. The annual mean local tendency of the PBL
top, advection, and large-scale subsidence at PBL top were
−0.0061, 0.012, and 0.036 Pa s−1, which translate approx-
imately into 0.6, −1.0, and −3.2 mm s−1 respectively. The

values of the local tendency of the PBL top and advec-
tion were small during all months, and the advection of the
boundary layer height was less than 40 % of the entrainment
rate in winter but was somewhat more prominent in sum-
mer. The small contributions of the local tendency and of the
advection term resulted in a near balance between entrain-
ment velocity and subsidence (Fig. 4). Entrainment rates ex-
ceeded subsidence of ∼ 20 % in January, and for the rest of
the months entrainment was balanced or was slightly weaker
than subsidence. However, the high standard deviation indi-
cates a large variability throughout the year. The near balance
of entrainment and large-scale subsidence is consistent with
the observed small variability in the PBL height. On average,
the entrainment rates found here are slightly lower than what
was reported in Wood and Bretherton (2004) along the Pa-
cific coast; the variability is, however, well in the range of
values found in previous studies. The calculated entrainment
rates (ωe) display a weak annual cycle with higher values in
fall and winter and lower values in summer, with averages
varying from 1.7 mm s−1 in July to 4.1 mm s−1 in January.
The annual cycle is consistent with higher turbulence during
the winter months compared to the summer months. These
values are also in broad agreement with those found in previ-
ous studies at different locations (e.g., Painemal et al., 2017;
Ghate and Cadeddu, 2019; Albrecht et al., 2016) for stratocu-
mulus clouds.

4.3 Monthly and seasonal moisture budget

With all the terms in Eq. (1) accounted for, the annual cycle
of the moisture budget is shown in Fig. 5. Because the focus
is on marine conditions, the large-scale advection is predom-
inantly from the north and hence represents a boundary layer
drying along with entrainment and precipitation. The local
tendency term is often assumed to be zero (e.g., Caldwell et
al., 2005; Kalmus et al., 2014) but here is calculated explic-
itly for each month. The term is small and, except for the
months of January and May, acted as a weak moisture sink.
Annually, the surface latent heat flux, which constitutes the
only moisture source, is balanced by the local change, ad-
vection, entrainment, and precipitation with a residual term
of −1.4 W m−2. The fluxes are highest in the winter months
and lowest in the summer months, anti-correlated to the
boundary layer vapor annual cycle shown in Figs. 1 and 2a
and b. This largely represents the meteorological correlation
of calmer winds, lower sea-air temperature difference, shal-
lower boundary layers, and weaker advection with increased
vapor loading during the summer months compared to the
winter months. At this point we are in the condition to evalu-
ate the impact of including decoupled conditions in the anal-
ysis. We repeated the budget computations including only a
subset with cloud base < 1.2 km, which presents mostly cou-
pled conditions. The results showed a diminished contribu-
tion of the entrainment fluxes that decreased annually from
26 % to 18 %. It is therefore likely that the inclusion of de-
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Figure 3. Monthly box and whisker values of (a) PBL height, (b) humidity gradient at the boundary layer top, (c) rain rate, (d) latent heat
fluxes, and (e) zonal (u) and meridional (v) components of the wind. Dotted lines represent the annual mean in (a) and (b) and the zero line
in (e).

Figure 4. Monthly entrainment rates ωe and subsidence rates ωs with associated 1 standard deviation.

coupled conditions in the analysis leads to an overestimation
of the moisture sink due to entrainment fluxes.

The large-scale advection term is the largest moisture sink.
The contribution from advection in October and December
is almost twice the contribution in June and July. Corre-
sponding to the advection of colder and dry air from the
north, latent heat fluxes increase from September to Decem-
ber. In November and December, the monthly vapor source

and sink budget are not entirely balanced with higher resid-
uals in November and December. To better summarize the
dataset, Fig. 5b and Table 2 show the seasonal values of
all terms and the residuals. Seasonally the positive (LHF)
and negative terms of the moisture budget balance to within
±20 W m−2. As shown in Table 2 there are large standard de-
viations associated with the single components of the budget.
These standard deviations are partially a result of the uncer-
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tainty associated with the computations of the terms (model,
measurements, retrievals, approximations, etc.) and are also
due to the broad range of atmospheric conditions encoun-
tered in the dataset used. The budget closure is well within
the estimated uncertainty. Averaged annually, the moistening
from the surface is primarily balanced by advection drying
(∼ 50 %) and entrainment drying (∼ 25 %) with the rest com-
pensated through precipitation removal. Overall, the budget
analysis highlights the complexity of the moisture variability
in the region as advection is determined by large-scale fea-
tures external to the boundary layer, while the entrainment
and precipitation are determined by boundary layer internal
properties. This point is discussed further in the last section.

5 Mesoscale variability in water vapor

Besides the annual variability, water vapor also presents a
mesoscale variability that is strongly connected to clouds and
precipitation. Therefore we now focus on shorter timescales
(days and hours) to understand how mesoscale perturba-
tions of water vapor locally affect boundary layer radiative
cooling, clouds, turbulence, and precipitation. Mesoscale or-
ganizations of clouds are visible from satellites and have
been extensively studied to understand how they affect or
are affected by water vapor and precipitation (Stevens et al.,
2020; Wood and Hartmann, 2006; Bretherton and Blossey,
2017). Mesoscale self-aggregation is not, however, easily
discernible with ground-based observations, and some at-
tempts have been made at gathering observational evidence
from satellites (Lebsock et al., 2017) and from specific sites
and reanalysis (Schulz and Stevens, 2018). Here we focus on
the spatial organization of water vapor on a scale of 10 km
by identifying its perturbations over a background state, sim-
ilarly to the framework recently developed by Zhou and
Bretherton (2019).

5.1 Hourly spatial and temporal distribution of moisture

To analyze the mesoscale (10 km) distribution of water vapor,
we use 1 min averaged PWV and LWP from the radiometer
and rain rate from the disdrometer during 10 selected days at
the ENA site between 2016 and 2019. A list of selected cases
is in Table S2 in the Supplement. The selected days displayed
persistent boundary layer cloudiness and at times precipita-
tion. We also use vertical profiles of mixing ratio below the
cloud base from the combined RL, AERI, and two-channel
microwave radiometer (MWR) observations (see TROPO-
OE in Table 1) produced every 10 min and then linearly
interpolated over 1 min. When compared to radiosondes at
the site, the coincident TROPO-OE retrievals reproduce the
mean profile well. The bias between radiosondes and re-
trievals is less than 0.35 g kg−1 (or less than 6 %) from 150 m
to the cloud base, and the standard deviation of the differ-
ences is about 0.1 g kg−1 (Fig. S3). Hence the retrieved ver-

tical profiles of mixing ratio are well suited to investigate the
mesoscale variability in the moisture field.

The background water vapor value is found by implement-
ing a running average window with a width of 100 km on
the PWV, and a (sub-mesoscale) perturbed field is found
by implementing a running average window with a width
of 10 km. Because the data are on a uniform 1 min time
grid (= 60 s), the number of minutes over which the aver-
ages are performed is determined through the daily average
wind speed at cloud base as derived from the interpolated
sondes at the site. For example, if the average wind speed is
7 m s−1, the full mesoscale window is obtained by averaging
over 24 min. The background field is subtracted from the per-
turbed field to identify the magnitude of the mesoscale per-
turbations. Mesoscale regions with positive differences are
“moist” cells, and those with negative differences are “dry”
cells. The statistics of the 345 identified perturbations are
shown in Fig. 6.

About half (57 %) of the mesoscale perturbations are weak
and of short duration (∼ 25 min), 37 % of the perturbations
are of medium magnitude (±0.05 cm), and about 6 % of them
can be classified as strong (±0.1 cm). Positive and negative
perturbations balance each other in strength with a slight
prevalence of positive perturbations for the strongest cases
as shown later. The duration of the perturbations is propor-
tional to their strength. Medium and strong perturbations last
on average 68 and 129 min (1.1 and 2.15 h) respectively in-
dicating a marked difference in the wind speed at the cloud
base.

Examples of a case with strong and weak mesoscale or-
ganization are shown in Fig. 7. The day of 4 April 2019
was characterized by intermittent precipitation and areas of
higher localized moisture in regions of precipitating shafts.
The vertical distribution of the mixing ratio perturbations
from the background state clearly shows a spatial structure
where columns of moist and dry cells alternate over the site.
Moist regions are located below the cloud base and inside
the precipitating shafts. The moist columns correspond to re-
gions of increased LWP and precipitation. In the absence of
precipitation (as for example towards the end of 8 June 2019)
mesoscale perturbations from the background state are ab-
sent, and the spatial structure of the mixing ratio perturba-
tions is less defined.

Moist and dry neighboring columns lasting longer than
10 min for a total of 143 columns were identified, and the
average properties of each cell were compared to those of
its preceding and following neighbors. The turbulence forc-
ing (cloud-top cooling, surface fluxes, etc.) varied greatly be-
tween the cases, and hence we chose to characterize the dif-
ferences between neighboring columns rather than aggregate
them solely based on the water vapor perturbations as was
done in Zhou and Bretherton (2019). Our results are, how-
ever, consistent with theirs.

Figure 8 shows that dry and moist columns are preceded
and followed by perturbations of the opposite sign and sim-
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Figure 5. Monthly (a) and seasonal (b) components of the moisture budget. The left bars are moisture sinks, and the right bars are moisture
sources. Color bars represent advection (brown), local tendency (orange), entrainment (cream), precipitation (pink), and latent heat fluxes
(green). Numbers in the bottom plot are percent values. The residual terms are not shown in this figure.

Table 2. Seasonal average values and standard deviation of the budget components. In parenthesis are the contributions of each negative
term to the total boundary layer drying. Residuals are computed as the difference between source and sinks (W m−2).

DJF MAM JJA SON YEAR

L
g p̂

∂〈q t〉
∂t

−8.4± 67.5 (6.8 %) −7.6± 62.2 (7.7 %) −13.2± 58.5 (15.5 %) −9.6± 66.5 (8.1 %) −10.1± 63.5 (9.7 %)
L
g p̂〈v ·∇qt〉 −54.1± 51.3 (44.6 %) −51.9± 47.5 (52.9 %) −40.1± 41.6 (47.1 %) −56.9± 51.2 (48.3 %) −50.4± 48.2 (48.7 %)
1
g ωe1qt −27.8± 14.1 (22.9 %) −25.5± 12.1 (25.4 %) −22.4± 12.5 (26.3 %) −31.5± 15.9 (26.7 %) −25.8± 14.3 (23.7 %)
LP −44.9± 89.9 (33.2 %) −21.1± 46.9 (19.9 %) −20.7± 60.5 (21.4 %) −30.5± 63.5 (23.7 %) −26.7± 61.8 (23.6 %)
E 119.7± 57.7 106.7± 62.2 87.1± 48.1 141.2± 68.5 112.7± 63.3
Residual −15.4 0.6 −9.4 12.6 −1.4

Figure 6. (a) Distribution of the 345 water vapor perturbations
found in the 10 d analyzed. (b) Duration of water vapor perturba-
tions binned by the amplitude of the perturbation: N = 6, 31, 37,
89, 83, 37, 23, 17, and 8 for a total of 331 points. The 14 missing
cases are distributed in the bins below−0.07 cm and above 0.09 cm
with fewer than five points in each bin. A duration of ∼ 30 min cor-
responds to a wind speed of 5 m s−1, and a duration of 50 min cor-
responds to a wind speed of ∼ 3 m s−1.

ilar amplitude. The exception are cases in which there are
strong positive perturbations represented by the last two bins
on the right (PWV perturbations > 0.05 cm). In this case
the dry neighbors on each side of the moist cell are weaker
and present a weak asymmetry between the preceding and
the following dry columns, with the preceding column being
somewhat drier than the following column.

The few cases in the last bin are not sufficient to provide
a valid sample from which to draw definite conclusions. We
calculated cloud-top radiative cooling, rain rate, cloud, and
drizzle water path in each dry and moist mesoscale column.
These are shown in Fig. 9 as differences between the central
and the two adjacent columns. Moist patches always have
stronger (more negative) cloud-top cooling compared to the
adjacent dry regions, even when the water vapor perturba-
tion is weak, but a dependence on the magnitude of the va-
por perturbation is only visible in the last three bins where
average differences as high as −60 W m−2 can be reached.
Similarly, there are substantial differences between adjacent
dry and moist cells in cloud water path, drizzle water path,
and rain rate.
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Figure 7. From the top: radar backscatter, mixing ratio (mr) perturbations, PWV, and LWP on 4 April 2019 (a–d) and 8 June 2019 (e–h).
The blue and red vertical bars in (b) represent examples of the beginning and the end of dry (blue) and moist (red) adjacent columns. The
dark blue line in (c) is the background state, and red and cyan segments mark moist and dry perturbations.

Figure 8. Average water vapor perturbations in the columns pre-
ceding (black) and following (red) a central perturbation identified
on the x axis. The diagonal line indicates the point where vapor
perturbations in adjacent columns have the same magnitude as the
central column: N = 25, 22, 19, 15, 20, 15,13, and 5 for a total of
134 points. The nine missing cases are distributed in the bins below
−0.05 cm and above 0.09 cm with fewer than five points in each
bin.

Moist cells always have a higher LWP and precipitation.
Small differences in drizzle water path and rain rate between
positive and negative columns are still noticeable in the pres-
ence of weak vapor perturbations (< 0.03 cm). This weak
drizzle associated with a modest increase in the LWP may be
driven by the stronger radiative cooling (∼ 25 W m−2) in the
positive columns. In the presence of strong (> 0.03 cm) pos-
itive vapor perturbations, differences between moist and dry
columns increase proportionally to the vapor perturbations
indicating some correlation between the amount of moisture
in the boundary layer and the amount of drizzle and rain rate
in the mesoscale column. Mixing ratio differences between
moist and dry columns are not uniformly distributed but are
instead higher in the middle of the boundary layer as shown
by the average vertical distribution in Fig. 9.

5.2 Vertical air motion and moist static energy

Among the mechanisms proposed for mesoscale aggrega-
tion, shallow convection is one in which vertical air mo-
tion promotes moisture transfer from the dry to the moist
columns, thereby increasing moisture variance (Bretherton
and Blossey, 2017; Geet et al., 2022). In the theoretical
framework, a mesoscale circulation is characterized by up-
drafts in the moist columns and subsiding dry air in the
dry columns. With the help of the DL we therefore exam-
ine the vertical velocities in moist and dry cells and compare
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Figure 9. (a–d) Differences in cloud-top radiative cooling, cloud water path, drizzle water path, and rain rate at cloud base between each
identified region (x axis) and the two adjacent regions binned by the strength of the region’s PWV perturbation: N = 25, 22, 19, 15, 20, 15,
13, and 5. Differences are computed as center-minus-preceding (black) and center-minus-following (red) columns. (e) Vertical distribution
of the mixing ratio differences between moist and dry columns. The height is normalized to the cloud-base height.

them among adjacent regions in the sub-cloud layer. Only
heights where at least 80 % of the DL readings are valid in
a layer are used in calculating these averages. This resulted
in a total number of updrafts between 103 and 104 in the
lower half of the boundary layer and between 102 and 103

in the sub-cloud level. The samples were averaged inside
each of the 143 moist and dry columns. Figure 10 points
to increased updraft frequency in the moist columns and in-
creased downdraft frequency in the dry columns immediately
below the cloud base. In the same vertical range, downdrafts
are slightly stronger in dry columns (10 %–15 %) but not
in a statistically significant way. Similarly, in the sub-cloud
layer (Fig. 10c) the variance of vertical velocity is 20 %–60 %
higher in the dry columns than in the moist columns. Look-
ing at the relative contribution of updrafts and downdrafts in
moist and dry columns, Fig. 10d shows that updrafts in moist
and dry columns contribute to the total variance mostly in
the bottom part of the boundary layer. In the dry columns
the contribution of downdrafts increases from 40 % near the
surface to 60 % below the cloud base. Although the shown
differences are not statistically significant due to limited sam-
ples, these observations point towards the existence of a sub-
sidence region of increased turbulence in the sub-cloud layer
of the dry patches where dry air may be entrained and eventu-
ally mixed in the boundary layer, eventually reinforcing the
drying. On the other end there may be a reinforcing of the

moistening in the moist columns through the lower tropo-
sphere and the lifting up of moist air in the sub-cloud layer.
To examine this part, we show in Fig. 11 curves of moist
static energy (MSE) and virtual liquid static energy for the
moist columns and adjacent dry columns in the 2 d shown in
Fig. 7. The MSE in moist and dry columns is similar between
the surface and the lower boundary layer. As previously men-
tioned, in a well-mixed boundary layer, conserved quantities
such as the liquid water potential temperature are constant,
and the moist static energy is also conserved. Dry columns
have a similar MSE compared to moist columns near the sur-
face but a lower MSE in the upper part of the boundary layer,
starting in the layers immediately below the cloud base. This
appears to confirm the concave nature of the MSE and vir-
tual liquid static energy relationship shown by the previous
modeling study of Bretherton and Blossey (2017).

6 Discussion and conclusions

In this work we have examined the factors that control ma-
rine boundary layer moisture at the ARM ENA site on a sea-
sonal and daily temporal scale using 5 years of ground-based
observations and reanalysis data. Unlike LWP, water vapor
at the site does not present a diurnal cycle but presents an
annual and mesoscale variability that is strongly connected
with cloud and precipitation at the site. To our knowledge,
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Figure 10. (a) Frequency of updrafts and downdrafts, (b) vertical velocity, (c) variance of vertical velocity in moist (red) and adjacent dry
(blue) columns, and (d) contribution of updrafts to total variance in moist and dry columns. The contribution of downdrafts can be estimated
as 100− 100 · varup/var. The height is normalized to the cloud-base height.

Figure 11. Average moist static energy versus virtual liquid static
energy in moist and adjacent dry columns of the 2 d shown in
Fig. 9. Squares, circles, and triangles indicate surface, cloud base,
and cloud top.

the present analysis is also the first study to characterize and
determine the controls of moisture variability at a subtropi-
cal marine location, such as the ENA site, using a long-term
dataset of ground-based data. The boundary layer water va-
por was highest during the summer months and lowest dur-
ing the winter months. The mid-tropospheric humidity was
also highest during the summer months and lowest during
the winter months. The annual cycle of boundary layer (BL)
water vapor is anti-correlated to the annual cycle of cloud
and drizzle water path, highlighting the complex interaction
between water vapor and clouds in the region. During win-
ter months, turbulence, rather than water vapor, appears to
be the primary controlling factor of cloudiness in the region
(Ghate et al., 2021). An analysis of cloud adiabaticity shown
in Appendix A also shows that clouds are slightly more adia-
batic in winter. This could be associated with deeper bound-
ary layers, stronger turbulence, and a higher prevalence of
thermodynamically coupled boundary layers during the win-
ter months as compared to the summer months (Wang et al.,
2022).

Monthly marine boundary layer water budgets were esti-
mated using the mixed-layer framework. Although the ma-
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jority of marine cases at the site can be classified as cou-
pled or weakly coupled, the inclusion of decoupled cases
in the analysis introduces uncertainties leading to an over-
estimation of the contribution of entrainment fluxes to the
budget. The analysis shows that moistening from the latent
heat flux is balanced mostly by the large-scale advection of
colder and drier air (∼ 50 %), followed by entrainment dry-
ing (20 %) and precipitation removal (∼ 15 %). Latent heat
fluxes are enhanced in fall and winter, resulting in average
fluxes that are 26 % stronger in winter and 22 % weaker in
summer compared to the annual mean. Although significant
effort was spent in producing high-quality retrievals with low
uncertainty bounds (Cadeddu et al., 2020), the moisture bud-
gets could not be fully closed with an annual residual term
of ∼ 9 W m−2 and larger monthly residuals. This primarily
stems from the lack of PBL height and BL inversion strength
observations at hourly timescales, as they are derived from
the radiosonde launches made every 12 h. Additional uncer-
tainty is introduced due to the direct measurement of BL en-
trainment rates that are derived from the mass budget and ne-
cessitate reanalysis-predicted PBL depth. Measurements of
surface and BL thermodynamic properties around the site,
such as those available at the ARM Southern Great Plains
(SGP) site, can possibly alleviate this issue.

On a daily temporal scale, we examined the mesoscale
(10–100 km) organization of water vapor for 10 d, character-
ized by stratocumulus cloud conditions. Differences in wa-
ter vapor mixing ratio, LWP, rain rate, cloud-top radiative
cooling, moist static energy, and vertical air motion between
adjacent moist and dry mesoscale columns of vapor pass-
ing over the site were calculated. In these mostly drizzling
systems, there are sharp differences between moist and dry
patches, with moist cells always displaying stronger cloud-
top cooling and higher LWP and precipitation. Differences
between moist and dry patches increase when the vapor per-
turbations are stronger, suggesting some control of water va-
por over the amount of precipitation; however, even in the
presence of weak moist perturbations, there are detectable
differences in precipitation and LWP suggesting a role of tur-
bulence in drizzle initiation. Moist and dry patches present
differences in vertical velocity with dry regions (dashed blue
lines in Fig. 10a) displaying more frequent downdrafts than
moist regions (dashed red lines) immediately below the cloud
base. In the same layers, downdrafts in the dry columns ap-
pear 10 %–15 % stronger and the variance of vertical velocity
10 %–28 % higher. Finally, profiles of moist static energy in
adjacent moist and dry columns show a similar MSE in the
lower boundary layer, decreasing in the dry cells near the
cloud base. Additionally, the departure of MSE versus liq-
uid static energy from a straight line implies a difference in
the vertical mixing between moist and dry columns, condi-
tions that would be favorable to the maintenance and am-
plification of the moisture variance and the mesoscale or-
ganization. These results suggest the presence of mesoscale
convective aggregation in marine low clouds, as hypothe-

sized in the previously cited works, which is not represented
in current ESMs that have spatial resolutions of 100 km or
greater. However, as the ESMs increase in spatial resolution
(e.g., Caldwell et al., 2021), the cloud parameterizations will
have to account for the small-scale processes that cause this
mesoscale aggregation.

As a final consideration we would like to spend a few
words to highlight how the separation of cloud and drizzle
water path in the new retrievals reveals the ubiquitous pres-
ence of drizzle throughout the year even in seasons when
the average LWP is low. By looking only at the total LWP,
only a weak annual variation appears; however, the drizzle
LWP shows a more pronounced seasonal variability, point-
ing to the fact that LWP is only one of the factors influenc-
ing drizzle formation. These results can be useful for future
observational studies aimed at understanding the combined
effects of aerosols and turbulence in the development of pre-
cipitation, pointing to the importance of looking at processes
seasonally. With the presence of mesoscale cellularity and
with turbulence being higher in the winter as compared to
the summer, we expect the aerosol effects on the low clouds
to be more dominant in the summer months compared to the
winter months. In addition, the characterization of changes
in cloud and rain properties due to aerosols will also need to
involve the proper characterization of the water vapor fields
as mesoscale changes in water vapor fields can potentially
mask the aerosol effects. Finally, based on these results, an
examination of the annual regional moisture budget result-
ing from an earth system model (ESM) will inform whether
the ESM is accurately capturing the water vapor variability
in the region and its sources and sinks at different spatial and
temporal scales.

Appendix A: Microwave retrievals and cloud
adiabaticity

Because the retrieved column integrated values of liquid wa-
ter and water vapor form the basis of this work, we compare
SPARCL retrievals to the traditional LWP product (MWR-
RET; Turner et al., 2007) available in the ARM archive. Tra-
ditionally, the total LWP retrieved by radiometers is assumed
to represent the cloud water path; however, in the presence
of drizzle, cloud liquid water is only a component of the to-
tal LWP, and the radiometric retrievals cannot distinguish be-
tween the cloud and the below-cloud drizzle part. In the pres-
ence of drizzle drops with a diameter larger than ∼ 100 µm,
the brightness temperature at 90 GHz is affected by Mie scat-
tering effects that, if not interpreted properly, can result in an
overestimation of the LWP. A comparison between the two
retrievals is shown in Fig. A1. In the following discussion
only boundary layer clouds with a cloud fraction from the
ceilometer greater than 0.99 were selected (total of 3580 h).
As evident from Fig. A1a, the new LWP compares very well
with the traditional optimal estimation retrieval (MWRRET)
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Figure A1. (a) Scatterplot between total LWP in this work (SPARCL) and physical retrieval (MWRRET) LWP. (b) Difference between the
two retrievals (MWRRET minus SPARCL) for all samples (black) and samples with below-cloud drizzle water path greater than 50 g m−2

(orange). The dashed horizontal orange lines indicate ±25 g m−2. (c) Scatterplot between SPARCL cloud water path and MWRRET LWP.
Colors represent cases with no drizzle (cyan), drizzle water path below the cloud base less than 50 g m−2 (grey), and drizzle water path below
the cloud base greater than 50 g m−2.

available in the ARM archive (Turner et al., 2007; Cadeddu
et al., 2013). Looking closer, the subtle differences between
the two retrievals are apparent when the LWP is higher than
300 g m−2. This is better visualized in Fig. A1b where dif-
ferences between the retrievals are displayed as a function of
LWP. When the drizzle water path below cloud is higher than
50 g m−2, MWRRET (which assumes all the hydrometeors
are in the Rayleigh scattering regime) overestimates LWP be-
cause of the neglect of scattering effects from larger hydrom-
eteors. As shown in Fig. A1c, even in the presence of light
precipitation, the amount of drizzle water in clouds is non-
negligible, and the total LWP coincides with the cloud water
path only in non-drizzling clouds (cyan points in Fig. A1c).
When drizzle is formed, however, attributing the entire col-
umn to cloud drops leads to an incorrect interpretation of the
data. It should be noted that the SPARCL retrieval algorithm
also derives the in-cloud drizzle water path, and hence the
total drizzle water path (in cloud and below cloud) is greater
than that derived from the retrievals using data from active
sensors such as the radars and lidars.

The large dataset gives us an opportunity to analyze cloud
adiabaticity at the site by estimating the ratio between the
retrieved LWP and the LWP calculated using the adiabatic
assumption for cases coincident to radiosondes (Zuidema et
al., 2005; Albrecht et al., 1990). The quantities necessary
for the computation of the adiabatic LWP, such as cloud-
top height, temperature, pressure, and humidity profiles, are
taken from radiosondes, and the cloud-base height is taken
from the ceilometer. A total of 304 points satisfied all the
necessary requirements for the comparison (absent or weak
precipitation, marine condition, coincident radiosonde, cloud
fraction > 0.99) and are shown in Fig. A2 and in Table A1.

Clouds appear to be increasingly sub-adiabatic with in-
creasing cloud geometrical thickness, are on average slightly
more adiabatic, and display higher variability in winter than
in summer (Fig. A2, bottom).

Figure A2. (a) Adiabaticity of sampled clouds against geometri-
cal thickness for cloud with 50 < LWP < 100 g m−2 (orange) and
> 100 g m−2 (cyan). (b) Annual cycle of adiabaticity.

Table A1. Adiabaticity of sampled clouds and geometrical thick-
ness (H ). LWPad is the liquid water path calculated using the adia-
batic assumption.

H (m) LWP/LWPad

LWP > 100 g m−2 50 < LWP < 100 g m−2

200–300 – 1.0± 0.2
300–400 1.1± 0.2 0.8± 0.2
400–500 0.9± 0.2 0.6± 0.2
500–600 0.8± 0.3 0.3± 0.1
600–700 0.6± 0.2 0.2± 0.1
700–800 0.5± 0.2 –
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These results are consistent with previous observations
that evidenced the mostly sub-adiabatic nature of marine
clouds (e.g., Min et al., 2012, over the south pacific and Wu et
al., 2020, at the ENA site). In this dataset precipitation does
not seem to influence the degree of sub-adiabaticity, leading
to the speculation that entrainment of dry upper-tropospheric
air may be the main reason for the departure from adiabatic
behavior. Uncertainties in the estimation of the cloud bound-
aries and LWP are likely responsible for the small percentage
of clouds that become super-adiabatic. Increasing the cloud
thickness of 50 m decreased the mean LWP/LWPad from 0.56
to 0.45 or 20 % of the calculated value. Similarly decreasing
the cloud thickness of 50 m increased the mean LWP/LWPad
from 0.56 to 0.67 or 50 %. It is therefore likely that, in addi-
tion to the uncertainty in LWP, uncertainty in cloud bound-
aries affects the calculations.
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user facility, a U.S. Department of Energy (DOE) Office of Science
user facility managed by the Office of Biological and Environmental
Research, and are available from https://www.arm.gov (last access:
10 March 2023) and the following:

– https://doi.org/10.5439/1786358 (Kyrouac and Shi, 2013);

– https://doi.org/10.5439/1025315 (Wang and Bartholomew,
2014);

– https://doi.org/10.5439/1182009 (Bharadwaj et al., 2019);

– https://doi.org/10.5439/1181954 (Morris et al., 2013);

– https://doi.org/10.5439/1025248 (Cadeddu et al., 2014);
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