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Abstract: Coastal Stratocumulus clouds have a diurnal cycle, influenced by solar heating and sea
breeze dynamics. These clouds typically thin after sunrise, and some of them fragment and then
dissipate, a transition that has proven difficult to predict. In this work, we study the role of sea
breeze in the dissipation transition by analyzing observations at two coastal sites, Antofagasta, Chile,
and San Diego, CA. Surface measurements of solar irradiance and wind speed allow us to diagnose
cloud fragmentation time, dissipation time, and the onset of sea breeze. While both locations differ in
meteorological conditions, the transition has a distinctive sequence with similar average times at both
locations: sunrise, then sea breeze (43 min later), and finally fragmentation (1.25 h) and dissipation
(4.1 h). While the sequence suggests that sea breeze may be causing fragmentation, correlations do
not support that hypothesis. Conversely, earlier dissipation events correspond, on average, to weaker
wind speeds. Causality between wind speed and solar irradiance was assessed using Convergent
Cross Mapping, showing a bidirectional positive correlation. However, the causality is dominated by
wind speed, more strongly in Antofagasta than in San Diego, highlighting the role of sea breeze in
causing changes in cloudiness.

Keywords: stratocumulus; sea breeze; cloud fragmentation; cloud dissipation

1. Introduction
Present in more than one-fifth of the ocean surface, stratocumulus clouds (Sc) are a type of low-

altitude clouds whose convective dynamics result from turbulence that is maintained by a combination
of radiative cooling of the upper cloud layer, surface heating, and shear [1]. They have a global impact
on the climate due to their high capacity to reflect incoming radiation and emit radiation outward,
generating a cooling effect on the global net radiative balance [2]; although their future features
are uncertain under climate change conditions [3,4]. The interaction between different processes,
such as radiation, turbulence, surface fluxes, sea breeze, and precipitation, controls the physics of Sc
[5]. Consequently, the thickness and coverage of Sc are strongly modulated by interactions between
synoptic variables, complicating the modeling and understanding of the process [6].

Sc clouds are abundant over cold regions of tropical, subtropical, and mid-latitude oceans be-
cause the low ocean temperature produces strong stability in the lower troposphere, promoting their
formation [5]. The coasts of Chile and California are part of these locations and where we focus the
study. Antofagasta, on the coastal edge of northern Chile, has a desert climate, and the atmospheric
boundary layer (ABL) is limited by strong subsidence resulting from the coastal circulation and the
dominance of the southeastern sector of the South Pacific High [7]. Between May and November,
a higher percentage of cloud ceiling occurrence is observed, reaching nearly 50% in August and
September [8]. Similarly, southern California, presents coastal low-altitude stratiform clouds, stratus,
and fog, mainly between May and September due to the strong thermal inversion affecting the area
during the summer, generated by the North Pacific High, which varies on interannual and interdecadal
time scales related to sea surface temperature variability [9].
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The diurnal cycle of Sc is strongly influenced by solar radiation along with many other factors
[10–12]. During the night, the absence of solar radiation allows the formation of Sc that increases in
thickness due to radiative cooling. This growth is countered during the day, as solar heating raises
the temperature of the atmospheric boundary layer, causing the cloud base to rise and its thickness to
decrease. This thinning can eventually lead to cloud fragmentation and dissipation, especially over
coastal regions where the surface fluxes are stronger than over the ocean [13]. The sea breeze is also a
consequence of the coastal diurnal cycle. Following the coastal solar heating, warm air rises, creating a
divergent motion that invites marine air during the day and reverses overnight. However, marine air
can be cooler and moister than over land on some occasions, meaning that the sea breeze advection
can mitigate and counteract cloud thinning [14]. This intricate balance could determine if and when
the cloud layer dissipates.

The coastal transition of an Sc layer to a fragmented cloud field prior to dissipation has not been
extensively studied. There are two observational studies on coastal Sc dissipation stemming from solar
irradiance measurements: one proposing methods to detect and characterize the breakup and solar
variability [15], and another indicating that inland clouds thin at a characteristic rate prior to dissipation
[16]. Some modeling studies have also focused on the evolution of coastal Sc. First, [14] used Large
Eddy Simulations (LES) and a Mixed-Layer model (MLM) to describe the diurnal cycle of the ABL over
southern California, showing that a later dissipation can occur for conditions of moister land surfaces
(lower Bowen ratio), and by activating sea breeze advection. Second, [11] used an MLM to explore the
effect of 15 meteorological variables on coastal Sc dissipation time over southern California, finding
that initial conditions of thicker clouds and deeper ABLs are related to later dissipation times and also
remarking that co-variability strongly impacts the actual effect of each variable. Lastly, [17] modeled a
coastal Sc over West Africa using LES; in the case studied, the boundary layer decoupled, forming
Cumulus clouds underneath the Sc layer prior to fragmentation. They also reported that top wind
shear enhanced entrainment and resulted in a 2-hour earlier fragmentation, while dissipation occurred
only 1 hour earlier. None of their diagnostic parameters explained the timing of the fragmentation,
and their study was mostly descriptive. Other studies have also linked wind shear to a reduced Sc
cloud fraction [18,19], which could potentially contribute to cloud fragmentation. Lastly, a modeling
and another observational study continued the analysis of coastal Sc over West Africa, where the first
explored the incidence of aerosol concentration on the life cycle of Sc clouds [20], finding that stronger
concentrations and smaller particles lead to reduced cloud fraction and earlier dissipation. The second
focused on the incidence of initially coupled and decoupled boundary layers on Sc fragmentation [21].
This study identified that there are distinct features for coupled and decoupled transition types, but
the cause of the different transitions and the fragmentation drivers were not understood. Therefore,
many aspects of the coastal Sc transition remain to be explored.

Convergent Cross Mapping (CCM) is a methodology grounded in nonlinear state space recon-
struction, designed to identify causal networks and determine the directionality of interactions between
variables. It enables the differentiation between causality and mere correlation within time series
data embedded in complex systems, where multiple interacting variables create high-dimensional,
dynamic structures [22]. This approach is widely applied across diverse fields, including climatology,
epidemiology, and financial regulation, as it facilitates the analysis of complex causal dynamics in
systems characterized by nonlinear interactions among multiple factors [23].The ability to detect
causality by inferring it from observational data [24], even when masked by noise and where variables
may appear uncorrelated, motivated us to apply this approach to examining the interplay between the
sea breeze and global horizontal irradiance (GHI) analyzed in this study.

In this paper, we aim to contribute to the understanding of the coastal stratocumulus (Sc) transition
by investigating the influence of a critical factor in its development: the sea breeze. Observational
data from two locations, Antofagasta and San Diego, are analyzed to characterize the dynamics and
temporal evolution of the key moments in the dissipation process and to establish causality within
the system. By leveraging observational data, this study incorporates varying daily conditions into
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the analysis, accounting for natural and complex co-variability effects. Additionally, the comparison
between the two locations facilitates the identification of potential differences in the transition process
attributable to environmental factors.

The paper is structured as follows: Section 2 details the data and methodologies employed to
detect features of clouds and sea breeze. Section 3 presents the results and discussion, beginning
with statistical analyses for both locations, followed by correlation analyses, and concluding with an
examination of causality. Finally, Section 4 provides the conclusions and discusses potential avenues
for future research.

2. Materials and Methods
2.1. Observations in Antofagasta and San Diego

The location of both sites is shown in Figure 1. For Antofagasta, surface observations, ceilometer
data, and radiosondes were gathered at the Cerro Moreno airport, (23.4ºS, 70.4ºW, 135 m above sea
level), covering 773 days between December 2013 and February 2016. In the case of San Diego, we
combine available data from three close sites in La Jolla, covering 252 days between May 2016 and
November 2017. The combined data set includes surface data at the EBU 2 building at UC San Diego
(32.88°N, 117.23°W), wind speed at the Scripps Pier (32.86°N, 117.25°W)[25], and radiosondes at the
NKX Miramar Corps Airport (32.86°N, 117.13°W)[26].

Figure 1. Location of measurements in (a) Antofagasta, where all stations are located at Cerro Moreno; and (b) La Jolla in San Diego, with wind
measurements at point 1, solar measurements at point 2, and other surface measurements and soundings at point 3.

2.1.1. Surface Observations

In Antofagasta and San Diego, surface observations include 5 min resolution time series of
surface temperature (T), relative humidity (RH), and downwelling shortwave irradiance or global
horizontal irradiance (GHI). For Antofagasta, additional observations of dew point temperature (Td)
and atmospheric pressure (p) were available. Wind speed magnitude (w) and direction (α) had a 5
min time resolution in Antofagasta, while in San Diego, the data at the Pier originally had 1 second
resolution, so we averaged them to 5 min whenever necessary. Some days in San Diego also had GHI
with 1 second resolution.

These time series are represented by their statistics during the fragmentation and dissipation
process. For surface observations, we considered the mean xi f , minimum xmin,i f , maximum xmax,i f ,
and standard deviation SDx of temperature, relative humidity, and pressure.

2.1.2. Lower Atmosphere

The state of the lower atmosphere is assessed using radiosondes, with additional ceilometer data
in Antofagasta. We considered the morning radiosondes available at 12 UTC at both sites. We process
the vertical profiles following a mixed-layer approximation [11], delivering the following variables:
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number of cloud layers ncld, lifting condensation level zLCL, cloud base height zb (based on 95% RH),
inversion base height zib, inversion top height zit, ABL mean water mixing ratio q, inversion jump of
water mixing ratio ∆q, water mixing ratio at 3 km q3km, ABL mean potential temperature θ, inversion
jump of potential temperature ∆, potential temperature at 3 km θ3km, ABL mean wind speed wABL,
ABL mean wind direction αABL, and potential temperature and mixing ratio differences throughout
the ABL ∆decθ and ∆decq–indicators of decoupling [27], as decoupled ABLs could display a larger cloud
fraction [28].

In the case of Antofagasta, the ceilometer provided time series of cloud base height, zb,ceil , with 1
min resolution. Note that while sounding data is in m above sea level (m a.s.l.), ceilometer data was in
m above ground level (m a.g.l.); therefore, data was converted to m a.s.l. for the analysis. Similarly
to surface observations, we consider the mean, median, maximum, and standard deviation of cloud
base height obtained 1 hour prior to the start of the fragmentation for cloud bases lower than 2500
m. Cloud thickness values are obtained as h = zib − zb, from radiosonde data, and hceil = zib − zb,ceil ,
from radiosonde and ceilometer data.

2.2. Detecting Cloud Fragmentation and Dissipation

We study the cloud fragmentation and dissipation process by analyzing GHI as a proxy for
cloudiness, following [15]. The dissipation process consists of three stages. Starting from a cloudy state
at sunrise, first, the cloud layer thins uniformly, which translates into a growing GHI progressively
reaching the clear sky irradiance. Eventually, the cloud layer transitions from a thin homogeneous
layer into a broken cloud field, generating intense GHI variability. Finally, the cloud layer completely
dissipates, and the GHI becomes that of a clear sky.

In order to gather statistics for both sites, we first perform a visual inspection of days with a
morning cloudy-to-clear transition, resulting in a dataset of 252 days in San Diego and 773 days in
Antofagasta. We find the sunrise time t0 as the first time when the GHI surpasses 5 W/m2. Then, we
detect the times after cloud dissipation using a clear sky detection algorithm [29], where the GHI is
compared to a clear sky model irradiance GHIcs, adjusted to observations with the Linke turbidity
(LT). With that, we compute the clear sky index k, defined as the ratio between GHI and GHIcs. Then,
we find the initial fragmentation time ti, defined as the first local maximum of GHI with an upper
limit of k < 1.2. The fragmentation ends when dissipation occurs at t f , defined as the first time when
the clear skies follow for at least 20 min [29]. The thresholds used for the definition of initial and final
fragmentation times, the upper limit of 1.2, and the permanence of 20 min were subjected to sensitivity
analyses with San Diego data. Varying k ∈ (0.6, 1.6) led to a constant detection of ti on 59% of the days
starting at k = 1.2 (Table A1), while varying the posterior clear time between 10 and 35 min led to a
constant detection of 59% below 20 min, with longer times decreasing the days detected (Table A2).

2.3. Detecting the Onset of Sea Breeze

With the wind speed w in m/s and direction α in degrees, we calculated the zonal wind as
u = −w · sin(α), the meridional wind as v = −w · cos(α), recovering the wind speed magnitude as
w =

√
|u|2 + |v|2.

During the morning, the solar heating over coastal land drives the local circulation and strengthens
the wind speed. We defined the onset of the sea breeze as the sea breeze start time tsb, defined when
there is a sustained increase in wind speed magnitude w for at least 20 min after sunrise. The choice of
20 min was subjected to a sensitivity analysis between 10 and 35 min, where longer times led to a later
tsb (Table A3).

We also consider the statistics of sea breeze. First, daily features: daily averages of zonal wind u,
meridional wind v, wind direction α, and wind speed magnitude w; maximum and minimum daily
wind speed magnitude, wmax and wmin; wind speed magnitude at the onset of the sea breeze wsb; and
wind speed magnitude at sunrise w0. Second, fragmentation process features: average, maximum,
and minimum wind speed magnitude during cloud fragmentation wi f , wi f ,max, wi f ,min; and the wind
speed magnitude at the initial fragmentation time wi.
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2.4. Day Selection

After filtering the days that display a cloudy to clear transition in the presence of Sc clouds,
only days with existing radiosonde-derived data and a fragmentation process of at least 5 min were
considered to observe their distributions and correlations. The resulting case studies in San Diego
represent 58% of the total, corresponding to 147 days out of the 252 days studied, and in Antofagasta
are 67%, 523 out of 773 days. These locations display a different monthly frequency (Figure 2), and the
remaining days correspond to either clear days, days with persisting Sc clouds, or other cloud patterns
that did not match the Sc dissipation behavior. While in San Diego these events are less frequent
during the fall (October to December) and more frequent during the summer (June to September), in
Antofagasta the frequency is more homogeneous throughout the year, with the lowest occurring in
February (local summer), and the highest in November (local spring), matching previous results in the
literature [8].

(a) (b)

Figure 2. Monthly distribution of observed Sc dissipation events in (a) Antofagasta and (b) San Diego.

2.5. Correlation and Causality

We study the relationship among the variables of interest by analyzing inter-correlations and
exploring causality using Convergent Cross Mapping (CCM). For correlations, relationships with
significant coefficients were analyzed, initially considering a 0.5 correlation threshold which later also
included other meaningful but lower correlations to complement the analysis.

CCM is a technique developed for the study of nonlinear complex systems[23], and it allows the
identification of causality and determines the direction and sign of the interactions. In this case, we
study the relationship between sea breeze and cloudiness by analyzing the time series of wind speed
and global horizontal irradiance (GHI). Following [24], we first determine the optimal parameters
needed, the time lag τ, using mutual information, and the embedding dimension E. The nonlinearity
of the variables was confirmed by examining the decay in prediction accuracy of the Simplex method
for forecasting horizons between 1 and 10 units, as in [23], where each unit corresponds to the sampling
interval. In order to preserve the original patterns and the different behavior of these two variables
over the year, data was not normalized. The analysis focuses on τ = 1 to evaluate direct causality and
the relationship between increasing wind speed and cloud dissipation. The embedding dimension E
was determined using the EmbedDimension function from the pyEDM library [? ] to adequately capture
the underlying system dynamics.
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There were some differences in the implementation of CCM for both locations. Since convergence
depends on the library size, which is the number of data points in each time series, time resolution
matters. Convergence was found to be stable for data series of at least 2500 data points, ensuring good
results and minimizing false positives in detecting causal relationships. Therefore, the analysis in
Antofagasta covers full 24-hour cycles of consecutive days to capture both diurnal and nocturnal cloud
formation and dissipation processes, comprising a single continuous time series to meet convergence
conditions since GHI and wind speed series had 5 min resolution. This series was segmented into
windows of 8000 data points for evaluation. A total of 785 days, including not only dissipation
days, of data recorded at 5-minute intervals were analyzed, with gaps filled by interpolation to avoid
discontinuities. The embedding dimension E was systematically evaluated across various library sizes,
with E = 5 identified as the most stable and representative value.

In the case of San Diego, since wind speed and GHI had a finer original resolution for some days
in the dataset, the analysis was conducted on daily time series with 1-minute intervals over 46 days
using CCM. The analysis covers the period from April 11 to October 28, 2017, focusing on 10 hours
per day (14:00 to 00:00 UTC). The embedding dimension was initially set to E = 2 for consistency in
temporal dynamics comparisons. Although the GHI-Wind Speed relationship indicated an optimal
embedding dimension of E = 9, the inverse analysis showed inconsistencies; therefore, E = 2 was
maintained for robust comparative analysis.

3. Results and Discussion
3.1. Meteorological Conditions and Cloud Properties

The selected days include a wide variety of meteorological conditions, as portrayed in Figure 3,
which shows the distributions of the variables obtained from the radiosonde for both locations. A first
glimpse reveals that the ABLs that develop Sc dissipation events in San Diego are shallower, moister,
and slightly warmer than those in Antofagasta. It is important to note that since both radiosondes are
launched at 12:00 UTC, data correspond to an earlier local standard time (LST) for San Diego (04:00
LST) than Antofagasta (08:00 LST). Many of the analyzed Sc events in San Diego corresponded to low
inversions, determining low cloud bases. This can not be directly interpreted as San Diego having
shallower ABLs in a climatological sense; rather, the Sc that dissipates has a lower inversion at this
location, which matches previous observations of persisting Sc displaying a deeper ABL [11].

Figure 3. Distributions of the sounding-derived meteorological variables for the dissipation events.

While the radiosonde-derived mean cloud base height was 470 m a.s.l. for all the cases in San
Diego, in Antofagasta, this value was 934 m –slightly higher than the ceilometer readings, which
reported the following mean values for all the cases an hour prior to fragmentation: a minimum of
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830 m, a mean of 866 m, and a maximum of 903 m, a mean difference of 68 m. For the cloud top,
represented by the inversion base, the mean height was 523 m in San Diego and 999 m in Antofagasta.
This leads to relatively thin layers, with a mean cloud thickness of 117 m in San Diego and 87 m in
Antofagasta; however, if considering the ceilometer cloud base, it results in an average of 125 m. This
comparison suggests a negative bias of the RH method, meaning that the 95% threshold might be a bit
low; however, due to the radiosonde’s low resolution with height, it is hard to use a 100% threshold in
order to detect cloud layers.

Figure 4. Relationships between the sounding-derived meteorological variables.

Previous studies indicate that the cloud base height of Sc in Antofagasta exhibits a daily cycle
characterized by minimum values during the early morning and maximum values during the afternoon,
ranging between 600 and 700 m a.s.l, reaching up to 800 meters during the afternoon [30]. According
to Figure 3, Sc dissipation events may correspond to relatively high cloud bases for this location.
Otherwise, there could be differences stemming from the few measurement points in that height range,
forcing the radiosonde algorithm to interpolate the data. Conversely, the inversion base height is
consistent with the expected range between 700 and 1200 m [30].

While the range of ABL potential temperature θ is similar for both locations, with a mean difference
of 1 K, the ABL total mixing ratio q has a larger mean difference of 2.57 g/kg. A closer look at the
joint behavior of some of these variables in Figure 4 reveals that while the inversion strength ∆θ does
not have a major correlation with the inversion base height zib, the ABL mean q and θ show a linear
relationship –with a different slope at each site. This can be interpreted as a stronger correlation
between q and θ for Antofagasta. Another interesting feature is that while inversion height and ABL
mean q are anti-correlated for San Diego, which has been interpreted as q being a dependent variable
in [11], this is not the case for Antofagasta, where instead zib shows a correlation with θ.

3.2. Sea Breeze Patterns

To understand the diurnal and annual behavior of the sea breeze, we observe the wind statistics
in both sites in Figure 5. While both locations show a diurnal cycle of wind speed magnitude, values
are greater in Antofagasta, maxing at 9 m/s, while in San Diego, that limit is near 6 m/s. While in
Antofagasta, the meridional wind dominates all throughout the year (Figure 5c), in San Diego, it is the
zonal wind (Figure 5d), which weakens in winter. This difference in wind direction is not explained
solely by the main coast geography, which is predominantly North-South at both locations and from
which we would expect the zonal wind to dominate. The case of Antofagasta differs because the
station is located in a peninsula intruding into the southerly coastal winds associated with the South
East Pacific Anticyclone. The local sea breeze, the regional circulation, and the terrain west of the
station all favor a southerly component of the local near-surface winds.
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(a) (b)

(c) (d)

Figure 5. Average daily profiles of wind speed magnitude in (a) Antofagasta and (b) San Diego, and wind speed
direction in (c) Antofagasta and (d) San Diego during the studied period. Colors represent the frequency as a
percentage.

Considering both magnitude and direction, the diurnal cycle is more defined at Antofagasta,
starting near sunrise around 06:00 LST until 20:00 LST, where wind magnitude decays overnight.
San Diego presents more variability in the diurnal cycle with weaker wind magnitudes and a wind
direction that shifts from a nocturnal zonal wind to a northwestern direction during the day.

3.3. Sample Day Transitions

An example of the fragmentation and dissipation process is illustrated in Figs. 6 and 7, showing
GHI, wind speed, and clear sky index for July 26, 2014 in Antofagasta, and July 12, 2016, in San Diego.

Both cases show a strong influence of morning clouds, in Antofagasta (Figure 6), the fragmentation
starts around 13:10 UTC and variability persists until 15:50, where clear skies follow 160 min after
sunrise. In San Diego, (Figure 7) we can first see GHI attenuation from sunrise, causing a monotonic
increase of k until fragmentation starts at 15:15 UTC and ends at 16:35 UTC, 158 min after sunrise.
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(a) (b)

Figure 6. Analysis for July 26, 2014 in Antofagasta, showing (a) solar irradiance (red), wind speed magnitude
(magenta) and its 15-min average (dashed blue), as well as the detected times ti, t f and tsb, and (b) the clear sky
index for, to display more clearly the detection of the initial and final times of fragmentation, ti, and t f .

Fragmentation and dissipation detection are better understood when looking at the clear sky
index time series. In Antofagasta, Figure 6b shows that ti is detected when variability appears, in this
case, with a k near 0.8, and dissipation is detected at t f , after variability ends. For San Diego, Figure
7b shows a shorter fragmentation period, where variability starts at a value of k greater than 1. The
detection method works well with both types of curves of k.

(a) (b)

Figure 7. Analysis for July 12, 2016 in San Diego, showing (a) solar irradiance (red), wind speed magnitude
(magenta) and its 15-min average (dashed blue), as well as the detected times ti, t f and tsb, and (b) the clear sky
index for, to display more clearly the detection of the initial and final times of fragmentation, ti, and t f .

We can also observe the dynamics of wind speed in Figure 6a and 7a (magenta and dashed blue).
Notably, for these selected days, the wind speed is stronger in San Diego than in Antofagasta, and
while the first peaks near noon, the latter does at sunset. In Antofagasta, the daily profile follows the
solar diurnal cycle, increasing after sunrise, while in San Diego, there is first a nocturnal increase and
then a second growth period after sunrise, which effectively corresponds to the sea breeze and justifies
the search only after sunrise.
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3.4. The Fragmentation and Dissipation Process

Despite the differences in sea breeze and cloud conditions in both sites, we find that, on average,
the fragmentation and dissipation process is strikingly similar. In terms of mean times, as shown in
Figure 8, the process at San Diego (Antofagasta) starts at sunrise, 52 min (33 min) later occurs the
onset of the sea breeze, followed by the start of the fragmentation at 1.2 h (1.3 h), and ending with
dissipation at 3.8 h (4.4 h), followed by clear skies. This transition where we first have sea breeze and
then fragmentation occurs not only in the mean sense but also for the majority of the cases: 69% in San
Diego and 84% in Antofagasta, and rarely occurs at the exact same time: 4% in San Diego and 3% in
Antofagasta.

Figure 8. Distribution of variables related to Sc fragmentation, including initial and ending times, ti and t f , as
well as the onset of sea breeze, tsb.

The whole fragmentation process has a mean duration of 2.6 h in San Diego and 3.1 h in Antofa-
gasta. This distribution is more skewed to the right for San Diego, where 91.3% of the cases last less
than 5 h, similar to Antofagasta, where that maximum duration covers 88% of the events. Events with
a longer fragmentation process are strongly correlated to a later dissipation, meaning that while the
initial time is relatively similar for all cases, the duration of the process does vary, determining the end
of the process.

The sea breeze start time is the one with the largest difference (21 min), and its magnitude is
slightly stronger in San Diego during fragmentation, with an average of 1.35 m/s at the start and, as
expected, increasing to a mean of 2.85 m/s during the process since it occurs at a later time. The same
values are 1.1 m/s and 2.01 m/s for Antofagasta.

Many factors can contribute to a later dissipation, but we first focus on our main variable of
interest, the sea breeze magnitude during fragmentation, wi f . Comparing the effect of stronger and
weaker winds, considered as those greater and lower than the mean, Figure 9 shows that stronger
wind is related to a later t f , confirming the influence of sea breeze on delaying dissipation. Note that
the relationship is more robust for Antofagasta due to the greater number of cases considered and that
there is considerable overlap between the behavior of weak and strong winds, meaning that other
factors can balance sea breeze effects to determine dissipation. Meanwhile, there is no effect of wi f on
ti, thus resulting in longer fragmentation processes for later dissipation cases.
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Figure 9. Relationship between fragmentation initial and end times, ti and t f , and the average wind speed
magnitude during fragmentation, wi f . Cases are separated by strong (red stars) and weak winds (blue dots).

3.5. Relevant Correlations

Figure 10 shows all the relevant correlations within the different variables in each data set. Since
we have constructed a large data set, it is hard to assess all relationships in a simple way. In the
following, we analyze the most relevant relationships found, first looking at the strongest correlations,
greater than 0.5 or smaller than -0.5. Note that correlation indices are reported as ρA for Antofagasta
and ρSD for San Diego.

First, it is important to notice that many variables are strongly correlated due to their definitions.
For instance, there are many statistics related to wind speed magnitude, temperature, and moisture,
and therefore, their positive correlations are not meaningful for our analysis.

Second, we start by focusing on variables related to the fragmentation and dissipation process,
mainly ti and t f . Initial fragmentation time is correlated to two irradiance statistics at both locations:
the mean and minimum solar irradiance during fragmentation GHImin,i f (ρA = 0.85, ρSD = 0.77) and
GHIi f (ρA = 0.57, ρSD = 0.58). These values indirectly represent cloudiness, and minimum irradiance
would correspond to the cloudiest condition, which we can interpret as thicker clouds breaking later.
While solar irradiance may indeed be a factor that influences cloud fragmentation, we also know that
this value grows with time, which could explain part of the correlation. Modeling efforts could help
elucidate this effect.

Other statistics that had slightly weaker correlations are RHmax,i f (ρA = −0.41, ρSD = −0.2)
and Tmin,i f (ρA = 0.25, ρSD = 0.49) each stronger at a different location. Combined, they can
be interpreted as colder and more saturated surfaces favoring an earlier fragmentation. Another
temperature metric appears, SDT,i f (ρA = −0.34, ρSD = −0.31), which is hard to interpret but
relates an earlier fragmentation to low thermal variability. Finally, for Antofagasta, we see some
effect of cloudiness through ki f (ρA = 0.26), which represents that thinner clouds may have a later
fragmentation. These results are complex, but at the same time, they hint towards a role marked by
solar and thermal surface behavior, suggesting that the sea breeze is not directly causing fragmentation.
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(a)

(b)

Figure 10. Correlation map for all variables in (a) Antofagasta and (b) San Diego. Refer to Section 2 or the
nomenclature for a description of each index.
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Dissipation time, or the end of the fragmentation, t f , is also correlated to irradiance statistics,
as well as to fragmentation duration, at both locations. Only in Antofagasta t f is correlated to
pressure variability and wind statistics. The correlation to fragmentation duration is not relevant,
as it was argued when analyzing Figure 9 since ∆t is mostly determined by t f ; this is also evident
when looking at the correlations with fragmentation duration, being almost identical to those of t f .
The correlated irradiance statistics are the max GHImax,i f (ρA = 0.84, ρSD = 0.95), the mean GHIi f

(ρA = 0.7, ρSD = 0.67), and the standard deviation SDGHI,i f (ρA = 0.74, ρSD = 0.84). While the mean
GHI was also correlated to ti, now the maximum is related to t f instead of the minimum, and also
the SD, which represents solar variability during fragmentation. Since a longer fragmentation event,
related to a later t f , could display more variability and reach a higher GHI, the correlation is logical. In
Antofagasta, the correlation to SDp,i f (ρA = 0.69) can be explained similarly by a longer duration.

The correlations of t f to wind speed statistics wmax,i f (ρA = 0.66) and w f (ρA = 0.58) show an
incidence of wind speed in cloud dissipation, suggesting that sea breeze effectively delays dissipation
in Antofagasta. For San Diego, correlations of t f to wind statistics were below 0.5, but not for much:
maximum wind speed during fragmentation wmax,i f had ρA = 0.46, meaning that there is an influence
but since dissipation is determined by other factors as well, a weaker influence in San Diego is
consistent with the more variable sea breeze behavior. Another statistic that did not surpass the 0.5
mark is the clear sky index at the start of the fragmentation, ki (ρA = −0.38, ρSD = −0.41). In this case,
ki is also a proxy for cloudiness, with a lower value representing a thicker cloud. Therefore, we can
interpret that initially thicker clouds determine a later dissipation, in agreement with previous studies
[11,15].

In terms of meteorological conditions, as mentioned in Section 3.1, the ABL main thermodynamic
parameters q and θ are strongly correlated (ρA = 0.85, ρSD = 0.83), probably corresponding to near
saturation conditions since clouds are present in all the considered events. Inversion base height zib had
a strong correlation with wABL (ρA = 0.7, ρSD = 0.67), which is the sounding derived wind profile, but
not to surface derived wind statistics. This seems counterintuitive but since radiosondes are launched
in the early morning, dawn conditions differ from the metrics related to fragmentation. Inversion
height zib is also strongly correlated to qt in San Diego but not in Antofagasta (ρA = 0.1, ρSD = −0.61)
as discussed in Section 3.1. In Antofagasta, the inversion height was correlated to decoupling metrics,
∆decθ (ρA = −0.52) and ∆decq (ρA = 0.49). We usually expect decoupled ABLs to be deeper, as the
positive correlation with the moisture decoupling metric, so the negative relation is counterintuitive.
When looking at the decoupled states, with the criterion ∆decθ > 0.5 K or ∆decq > 0.5 g/kg [27], we
find that there are only 4 days in Antofagasta satisfying the first condition, and none in San Diego.
Many other days have negative ∆decθ values as they have a well-mixed temperature profile, and that is
what causes the relationship; therefore, this is not a meaningful correlation either. For the moisture
decoupling criterion, 51 days in Antofagasta and 20 days in San Diego may be decoupled, which could
help sustain the positive correlation.

The radiosonde-derived cloud base height also shows some strong correlations; in Antofagasta, it
is to θ (ρA = 0.57), and in San Diego, to q (ρSD = −0.66), meaning that warmer ABLs in Antofagasta
and drier ABLs in San Diego are correlated to a taller cloud base. Both relationships are expected
physically, but since the correlated variable differs for each site, once again, it may be a consequence of
how they relate to inversion height differently at these two locations. Despite the mentioned differences
with ceilometer-derived zb,ceil in Antofagasta, the statistics strongly correlate within a 0.82-0.84 range.

Finally, we analyze cloud thickness, the radiosonde-derived h and the ceilometer-derived hceil

for Antofagasta. Both variables are strongly correlated to ∆decθ, for h (ρA = −0.59, ρSD = −0.87)
and for hceil (ρA = −0.72). As argued for inversion height, this decoupling metric is not significant
as there were not many decoupled days; however, it still is representative of how well-mixed is the
temperature profile. In this way, it makes sense that the most well-mixed profiles, represented by a low
∆decθl , would have thicker clouds due to the effect on saturation, resulting in a sharper liquid water
mixing ratio profile. In San Diego, h is also correlated to qt (ρSD = −0.45), which is a counterintuitive
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relationship, but it can be explained by its correlation with zi, as analyzed by [11]. In Antofagasta, the
correlation between the two metrics, h and hceil , is 0.63, which again confirms that the RH method to
detect cloud base has room for improvement.

3.6. Causality Between Sea Breeze and Cloudiness

Figure 11 shows the results of the CCM, in particular, the average and standard error of the mean
(SME) for the full set of days of each cross-correlation ρ, as a function of the library size, where each
unit is equivalent to a sampling frequency of 5 min. The analysis demonstrates that wind speed has a
causal influence on global horizontal irradiance (GHI), revealing a positive bidirectional relationship
between the two variables. This mutual causation can be conceptualized as a feedback mechanism,
where wind speed affects GHI, and GHI, in turn, influences wind speed. Notably, the magnitude
of these causal interactions varies between the two study locations while maintaining a consistent
positive correlation.

(a)

(b)

Figure 11. Convergent cross mapping of solar irradiance (GHI) with wind speed magnitude for (a) Antofagasta
and (b) San Diego. The plots include the mean correlation coefficients, and the spread corresponds to the SEM
(standard error of the mean).

In San Diego, the causal influence of GHI on wind speed is quantified with the asymptotic
correlation (ρ = 0.51), while the influence of wind speed on GHI is slightly higher (ρ = 0.62).
Conversely, in Antofagasta, both causal relationships are notably stronger, with GHI influencing wind
speed (ρ = 0.60) and wind speed affecting GHI (ρ = 0.65). It is also interesting to note that even
though the correlations are stronger for Antofagasta, the difference between correlations is larger for
San Diego, a sign of stronger bidirectionality and, therefore, a more relevant influence of wind speed
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over GHI. Comparing these results, we hypothesize that the relatively weaker coefficients in San Diego
could be attributed to a diminished temperature gradient between the ocean and the land, influenced
by significant urbanization and population density. Such anthropogenic factors may suppress wind
subsidence and reduce surface-level wind speeds, thereby weakening the diurnal features of GHI and
wind speed. Meanwhile, Antofagasta may have stronger causality due to a more dynamic interplay
between wind dynamics and solar irradiance in the region. Antofagasta’s geographical and climatic
characteristics, defined by its proximity to the Atacama Desert and the Humboldt Current, create
pronounced thermal gradients and intensified wind activity. These conditions may strengthen the
feedback loop between solar radiation and wind speed, resulting in stronger causation relationships.
Regarding the correlation difference being larger in San Diego, this is mainly caused by a reduced
influence of GHI on wind speed in this location. This could be related to the less defined sea breeze
pattern in San Diego; if the local sea breeze circulation is less frequent or weaker at this location, the
causal relationship of GHI could be reduced, while wind speed will always have an advection effect on
cloudiness and, therefore, GHI, even if these wind speed changes do not correspond to the sea breeze.

4. Conclusions
We have studied the coastal Stratocumulus fragmentation and dissipation transition in two

locations, Antofagasta and San Diego, with a particular emphasis on analyzing the role of sea breeze
in this process. Using different observation data, including radiosondes, surface solar, and wind
measurements, we were able to extract relevant meteorological variables and detect relevant times.
In particular, we used solar irradiance data to detect initial fragmentation time and dissipation time
based on variability and clear sky conditions. We also detected the onset time of the sea breeze based
on wind measurements.

With a final dataset of 523 days in Antofagasta and 147 days in San Diego presenting Sc dissipation,
we observed differences in the Atmospheric Boundary Layer (ABL) state from the morning soundings,
finding that these ABLs are shallower, moister, and slightly warmer in San Diego. Despite these
differences, cloud fragmentation has a standard sequence: sunrise, then sea breeze, then fragmentation,
and finally dissipation, where a clear sky follows. This sequence occurred for 84% of the cases in
Antofagasta and 69% in San Diego. Fragmentation and dissipation times are surprisingly similar; for
Antofagasta and San Diego, respectively, the sea breeze starts 33 min and 52 min after sunrise, then
fragmentation starts at 1.3 h and 1.2 h, ending with dissipation at 4.4 h and 3.8 h.

The transition sequence suggests a causal effect of sea breeze on fragmentation, but correlations
were not able to confirm it. The starting fragmentation time was mainly correlated to solar irradiance
and thermodynamic variables, dismissing sea breeze as a causing agent. Final fragmentation time,
on the other hand, while also correlated to solar irradiance metrics, was correlated to wind speed
statistics, suggesting a more direct contribution, although more strongly in Antofagasta than in San
Diego. Correlations also informed differences in thermodynamic relationships at the two locations,
mainly that the relationship between inversion height and qt is predominant in San Diego, while in
Antofagasta is between inversion height and θl .

Finally, we complemented the correlation analysis by studying causation through Convergent
Cross Mapping (CCM), exploring the relationship between wind speed magnitude and solar irradiance
as a way to understand sea breeze and cloudiness. CCM confirmed a bidirectional causality between
the two, with a dominant role of wind speed, suggesting that wind may drive more changes in
cloudiness. This dominance was stronger for Antofagasta, which could be due to the differences in
local climate and demographics, with conditions in San Diego being more variable than in Antofagasta.

Future research should continue exploring causality with other variables to find robust corre-
lations, such as wind and wind shear at higher altitudes, radar-derived data when available, and
cloudiness or solar variability, to focus the data analysis on the fragmentation process. Additionally,
research should explore the temporal scales at which these causal relationships can be identified,
acknowledging the bidirectional nature of the interactions and the potential for distinct temporal dy-
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namics across system variables. Furthermore, the relationship between sea breeze and stratocumulus
cloud cover could be expanded to more regions, accounting for spatial and geographical variability.
Modeling efforts using Numerical Weather Prediction or Large Eddy Simulation models could help
confirm or elucidate some of these relationships through sensitivity analyses in either idealized or
realistic case studies.
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Abbreviations and symbols
The following abbreviations and symbols are used in this manuscript:

Abbreviations
ABL Atmospheric Boundary Layer
CCM Cross Convergent Mapping
LST Local Standard Time
LT Linke Turbidity
RH Relative Humidity
Sc Stratocumulus
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Nomenclature
α Surface wind speed direction
αABL ABL mean wind speed direction from radiosonde data
∆θ Inversion jump of potential temperature
∆decθ Difference of potential temperature within the ABL, an indicator of decoupling
∆q Inversion jump of water mixing ratio
∆decq Difference of water mixing ratio within the ABL, an indicator of decoupling
∆t Duration of the fragmentation process
E Embedding dimension for CCM
GHI Global Horizontal Irradiance
GHIcs Clear sky GHI
h Cloud thickness estimated with radiosonde data
hceil Cloud thickness estimated with ceilometer and radiosonde data
k Clear sky index
ncld Number of cloud layers from radiosonde data
ρ Correlation
p Atmospheric pressure
q ABL mean water mixing ratio
q3km Water mixing ratio at 3 km
SDx Standard deviation of variable x during the fragmentation process
T Temperature
Td Dew point temperature
t0 Sunrise time
ti Initial fragmentation time
t f Dissipation time
tsb Initial sea breeze time
τ Time lag for CCM
θ ABL mean potential temperature
θ3km Potential temperature at 3 km
u Zonal wind
v Meridional wind
w Wind speed magnitude
wABL ABL mean wind speed magnitude from radiosonde data
xi f Average of variable x during the fragmentation process
xmax,i f Maximum of variable x during the fragmentation process
xmin,i f Minimum of variable x during the fragmentation process
x0 Value of variable x at sunrise
xi Value of variable x when fragmentation starts
x f Value of variable x at dissipation
xsb Value of variable x when sea breeze starts
zb Cloud base height estimated from radiosonde data
zb,ceil Cloud base height from the ceilometer
zib Inversion base height
zit Inversion top height
zLCL Lifting condensation level height

Appendix A
We have included the results of sensitivity tests for the time detection methods. Table A1 shows

the effect of maximum k for detecting ti, Table A2 shows the effect of posterior time for detecting t f ,
and Table A3 shows the effect of posterior time on detecting tsb.
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Table A1. Sensitivity of initial fragmentation detection (ti) to the choice of maximum k. The selected value is
marked in bold.

Max k Detected cases Detection percentage

0.6 98 38%
0.8 122 48%
1.0 140 55%
1.2 149 59%
1.4 150 59%
1.6 150 59%

Table A2. Sensitivity of dissipation detection (t f ) to the choice of posterior time. The selected value is marked in
bold.

Time (min) Detected cases Detection percentage

10 149 59%
15 149 59%
20 149 59%
25 141 56%
30 133 53%
35 130 52%

Table A3. Sensitivity of sea breeze start detection (tsb) and its relation to fragmentation to the choice of posterior
time. The selected value is marked in bold.

Time (min) Cases with tsb > ti Cases with tsb = ti Cases with tsb < ti

10 34 5 110
15 39 6 104
20 44 6 99
25 52 6 91
30 57 6 86
35 60 4 85
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