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RESUMEN

Se analiza la presencia de brisa marina (BM) en nueve estaciones meteorológicas al noroeste de Costa Rica 
(Península y Golfo de Nicoya, GF); dos del experimento Ticosonde-NAME, Universidad de Costa Rica, y 
siete del Instituto Meteorológico Nacional, para el 1 de julio al 16 de septiembre de 2004. Se aplica un algo-
ritmo de detección objetiva de BM a datos horarios de las estaciones y temperatura del mar (TM) que utiliza 
el gradiente de temperatura y la dirección del viento. Las estaciones Pinilla y Guacalillo muestran 64% de 
BM en los 78 días analizados. Liberia (20 km tierra adentro) presenta un 44.9% de BM asociada a vientos 
sinópticos débiles del este. Puntarenas presenta casos dudosos por errores en el viento, mientras que las otras 
estaciones no presentan las series completas. Algunos de los días sin BM son dominados, por un lado, por un 
fuerte flujo sinóptico del noreste asociado al chorro de bajo nivel del Caribe durante lapsos de reducción de 
lluvia y, por otro, a flujo sinóptico del suroeste asociado al tránsito de sistemas meteorológicos en el Caribe 
occidental. El algoritmo muestra buena habilidad para detectar la BM, a pesar de la escasa resolución espa-
cial de la TM. Coherente con una circulación típica de BM, la precipitación en casi todas las estaciones se 
caracteriza por actividad convectiva costera y precipitación en horas de la tarde-noche. Los resultados son 
alentadores por su aplicación potencial a actividades de pesca artesanal, agricultura y turismo, así como a la 
calidad regional del aire, ya que en el GN hay puertos muy activos (Puntarenas y Caldera) y puntos de intenso 
movimiento de barcos turísticos y comerciales que impactan negativamente las condiciones ambientales.

ABSTRACT

The presence of sea breeze (SB) is analyzed at nine meteorological stations in the northwest of Costa Rica 
(Peninsula and Gulf of Nicoya, GF); two from the Ticosonde-NAME experiment, University of Costa Rica, 
and seven from the National Meteorological Institute, for the period from July 1 to September 16, 2004. An 
objective detection algorithm for SB is applied to hourly data from the stations and sea surface temperature 
(SST). The algorithm uses temperature gradient and wind direction. Pinilla and Guacalillo stations show 64% 
of SB on the 78 days analyzed. Liberia (20 km inland) presents 44.9% of SB associated with weak synoptic 
winds from the east. Puntarenas presents doubtful cases due to wind errors, while the other stations do not 
present complete records. Some of the non-SB days are dominated, on one hand, by strong synoptic flow from 
the northeast associated with the low-level Caribbean jet that in turn coincides with the periods of reduced 
rainfall or mid-summer drought and, on the other hand, by synoptic flow from the southwest associated with 
the passage of weather systems in the western Caribbean. The algorithm shows a good ability to detect SB 
despite the poor spatial resolution of SST. Consistent with a typical SB circulation, precipitation at almost 
all stations is characterized by coastal convective activity and precipitation in the late afternoon and evening 
hours. The results are encouraging for their potential application to artisanal fishing, agriculture, tourism, and 
regional air quality, as there are very active ports in the Gulf of Nicoya (Puntarenas and Caldera), points of 
intense movement of tourist and commercial ships that negatively impact environmental conditions.

Keywords: midsummer drought, Caribbean low-level jet, land/sea breeze, mesoscale/synoptic interactions, 
Central America.
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1.	 Introduction
Wind circulation has been studied for thousands 
of years. Estoque (1961, 1962) and Neumann and 
Mahrer (1971) inspired some of the theoretical 
foundations of sea breeze (SB), the most common 
low-level wind circulation at many coastal locations. 
Afterward, many papers have covered this mesoscale 
flow, using experimental frameworks (Mitsumoto et 
al., 1983; Intrieri et al., 1990), numerical modeling 
(Abbs, 1986; Mora et al., 2020; He et al., 2022; 
Román-Cascón et al., 2022), and theoretical ap-
proaches (Qian et al., 2009; Drobinski et al., 2011). 
Research combining numerical and observational 
approaches, such as the studies by Abbs (1986), Mora 
et al. (2020), Rafiq et. (2020), and Reddy et al. (2022), 
is very valuable to understanding the physical and 
dynamical processes of the SB. However, in Central 
America, these investigations are scarce (Mora et 
al., 2020). In Costa Rica, Mora et al. (2020) used a 
numerical-observational approach to examine the 
structure, the inland penetration, and the precipitation 
distribution due to the SB front during a special local 
campaign (Ticosonde-NAME) along the Grande de 
Tárcoles river basin (GTRB); they found that maxi-
mum precipitation occurs between 14:00-17:00 local 
solar time (LST), showing a time lag of 2-3 h after 
the temperature maximum, suggesting that local di-
urnal heating is key to convection. The SB maximum 
inland incursion was 24 km, with no evidence of 
its penetration into the Central Valley. July-August 
precipitation exhibited a rainfall decrease along the 
GTRB due to the SB dynamical processes interaction 
with larger-scale systems, such as the Caribbean 
low-level jet (CLLJ).

The mesoscale SB processes have also been 
studied in the framework of similar or larger-scale 
domains using various datasets gathered by different 
acquisition equipment. For example, Guille et al. 
(2003, 2005) used QuikSCAT data to analyze the 
global signals of SB, especially over the oceans. 
However, their results lacked specific features, such 
as the complex topography in the region, which is a 
relevant element in defining local circulations such 
as the SB. Pérez et al. (2018) characterized the SB 
phenomenon using station data along the Colombian 
Caribbean coastline; the study found that the marine 
breeze signal on the Colombian Caribbean coast is 
stronger during the dry season (December-March), 

when it reaches the highest gradients of sea/land 
temperature and with a predominantly diurnal com-
ponent.

Allende-Arandía et al. (2020) investigated the 
diurnal wind component associated with the breeze 
phenomenon in Sisal, Yucatan, Mexico. Their results 
indicated that Sisal (inland) experienced a large 
diurnal cycle of ~5 ºC, and thermal differences of 
about 4 ºC. In this work, the diurnal signal at most 
inland stations is in the order of 6-8 ºC, implying less 
inland penetration of the SB front with wind speeds 
in the range of 2-4 m s–1 and confirming the role of 
the thermal contrast in developing SB winds. Several 
recent studies have also considered that the direction 
and strength of the synoptic-scale flow also affect the 
structure and evolution of the SB (Azorin-Molina and 
Cheng, 2009; Anjos and Lopes, 2019; Mora et al., 
2020; di Bernardino et al., 2021; Reddy et al., 2021). 
However, other aspects such as topography (Abbs, 
1986; Abel et al., 2007; Qian et al., 2009; Davis et 
al., 2019), type of surface-sea barrier such as man-
groves (Lizano et al., 2001), and shape of coastline 
(Abbs, 1986) affect the SB circulation, mechanism 
driven by the differential heating between the land 
and sea surfaces.

Due to the relevance of the direct effect of SB on 
weather patterns of temperature, precipitation, wind 
speed, and direction in coastal regions and adjacent 
inland areas, it is important to continue improving 
our understanding of this local circulation, its im-
pact, and potential benefits to tourism and fishing 
operations, two of the most important activity for 
local development, as generators of employment 
in coastal areas. The present study is an extension 
of Mora et al. (2020), who analyzed the structure 
and evolution of the SB along the GTRB in Costa 
Rica from July to September 2004. In this research, 
the emphasis is given to the characterization of SB 
circulations in the Peninsula of Nicoya (PN) and the 
Gulf of Nicoya (GN) in northwestern Costa Rica for 
the same period studied in Mora et al. (2020). The PN 
is of huge importance for the country’s economy, as 
artisanal fishing, agriculture, and tourism are the most 
significant socio-economic activities. In addition, the 
second busiest airport in Costa Rica, Liberia’s Daniel 
Oduber International Airport, is located in the north-
ern part of the peninsula. The PN is also one of the 
world’s seven Blue Zones, geographical areas with 
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a high concentration of long-lived populations based 
on a healthy and outdoor lifestyle (Madrigal-Leer et 
al., 2020).

Using station and gridded data, the objective of 
this work is to analyze the coastal evolution of the SB 
in the GN and its relationship with the intensity of the 
CLLJ. Mora et al. (2020) results will be contrasted 
with the ones obtained here to validate their findings 
for a larger domain, the PN. To better delineate the 
scope of this work, the paper has been organized as 
follows. The study area is presented in the next sec-
tion. Data information, quality control, and analytical 
and statistical procedures are discussed in section 3, 
which also describes the SB detection algorithm and 
the definition of indexes for the CLLJ and the MSD, 
two systems of a scale larger than that of the SB, to 

explore some of their interactions. In section 4, the 
results are discussed. Section 5 finally summarizes 
the conclusions of this study.

2.	 Study area
The PN is on the northwestern Pacific coast of Costa 
Rica (Central America), being the largest peninsula in 
the country. It comprises regions of Guanacaste and 
Puntarenas provinces and has an area of ~5157 km2 
(personal communication), about 2.1% of the Costa 
Rican territory. The PN is limited to the east by the 
Tempisque River and the GN, to the north by the 
Gulf of Papagayo, and to the south and west it is 
bounded by the Pacific Ocean (Fig. 1). The PN is a 
relatively flat terrain with a well-defined dry season 
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(c) central PN (see Table I for details).
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from December to April and a wet season from May 
to November (Whelan, 1989), with a relative mini-
mum of precipitation during July-August, known as 
the midsummer drought (MSD, Magaña et al., 1999). 
This decrease in rainfall marks a bimodal precipita-
tion annual cycle over the Central America Pacific 
slope, with two maxima in June and September-Oc-
tober (Magaña et al., 1999; Maldonado et al., 2016).

The GN is a tectonic estuary east of the peninsula, 
consisting of a shallow body of water between the 
peninsula and Costa Rica’s mainland. Rivers such 
as the Tempisque, Tárcoles, and Barranca carry 
freshwater into the Gulf of Nicoya. The estuary is 
one of the most important fishing grounds of Costa 
Rica and one of the world’s most productive tropical 
estuaries (Alms and Wolff, 2019). A large part of the 
coastal residents in GN depend on artisanal fishing for 
their living. Unfortunately, the intense use of natural 
resources, excessive urbanization, and industrial and 
agricultural pollution have negatively impacted their 
inhabitants (Castro-Campos and Jiménez-Ramón, 
2021). Also, this region includes the two major 
Costa Rican ports along the Pacific coast, Puerto 
Caldera and Puntarenas, both being relevant points 
for touristic cruises and industrial ships and hosting 
multiple businesses.

3.	 Data and methods
3.1 Station data
To analyze the SB diurnal cycle and its relationship 
with other meteorological variables and atmospheric 
processes, surface data from nine automatic stations 

were used. Hourly data from seven stations located 
on the PN and surroundings were provided by Costa 
Rica’s National Meteorological Institute (IMN, by its 
Spanish acronym) for the period July 1 to September 
16, 2004 (78 days). Hourly records from the other two 
stations were obtained through the Ticosonde-North 
American Monsoon Experiment (Ticosonde-NAME) 
and a local campaign by the University of Costa Rica 
and the National Meteorological Institute to comple-
ment the analysis. The spatial distribution of all nine 
observing sites is shown in Figure 1.

To characterize the representative patterns of 
the observed diurnal cycle of precipitation and 
temperature, the time series of the 1-h accumulated 
precipitation and mean temperature were computed 
for all the stations in LST. Temperature and surface 
wind records were used to develop a simple algorithm 
to detect SB. The information about the automatic 
meteorological stations is shown in Tables I and II. 
Note from Fig. 1, that Puerto Caldera lies between 
Puntarenas and Guacalillo, stations examined in this 
study.

3.2 Gridded data
Since one of the primary drivers of the SB circulation 
is the difference between air temperature over land 
and sea surface temperature (SST), SST data were 
necessary to identify SB days. Global daily SST 
estimates were derived from measurements carried 
out by the infrared sensors onboard polar-orbiting 
satellites: the Advanced Very High-Resolution Ra-
diometers (AVHRRs), the Along Track Scanning 
Radiometers (ATSRs), and the Sea and Land Surface 

Table I. List of stations with the corresponding central points of regions S1, S2, and S3.

Station
number

Station
name

Latitude
(N)

Longitude
(W)

Altitude 
(masl) Central point

1 Guacalillo 09º 48’ 0.5” 84º 38’ 52” 24 S1: [09º 54’ 37.5”, 
84º 50’ 37.5”]2 Paquera 09º 49’ 17” 84º 56’ 20” 10

3 Puntarenas 09º 58’ 49” 84º 46’ 12” 3

4 Finca La Ceiba 10º 06’ 40” 85º 19’ 03” 58 S2: [10º 15’ 0”,
85º 19’ 30”]5 Santa Cruz 10º 17’ 07” 85º 35’ 30” 40

6 Hacienda Mojica 10º 27’ 10” 85º 09’ 55” 33

7 Playa Garza 09º 54’ 49” 85º 36’ 55” 10 S3: [10º 16’ 15.6”, 
85º 37’ 30”]8 Pinilla 10º 15’ 36” 85º 50’ 16” 15

9 Aeropuerto Liberia 10º 35’ 20” 85º 33’ 08” 89
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Temperature Radiometer (SLSTR). These data are 
provided at different processing levels, in this study, 
the product Level 4 (L4) containing daily data at 0.05º 
× 0.05º horizontal grid resolution was used. Merchant 
et al. (2019) provide a complete description of this 
SST dataset. According to the authors, the evaluated 
global median uncertainty for the SST pixel is 0.18 K.

Hourly zonal wind at 10 m (u10) from ERA5 re-
analysis (Hersbach et al., 2020) and daily incoming 
radiation data from CLARA-A2 (Karlsson et al., 
2017) were used to explore the potential interaction 
between the CLLJ and the MSD with the SB circu-
lation, respectively (details in sections 3.4 and 3.5). 
Both datasets provide information on a rectangular 
grid of 0.25 × 0.25º. Surface incoming shortwave 
(SIS) radiation from CLARA-A2 consists of cloud, 
surface albedo, and surface radiation budget products 
also derived from the AVHRR sensor carried by 
polar-orbiting, operational meteorological satellites. 
Uncertainties are associated with cloud masking.

3.3 The sea breeze detection algorithm
Azorin-Molina et al. (2011) developed a method 
for identifying SB days (SBd) using 30-min surface 
observations of wind, temperature, relative humidi-
ty, and precipitation. Their algorithm requires three 
conditions (named filters 1 to 3) for SB detection 
and another three for confirmation. Filter 1 requires 
the 30-min wind speed mean and maximum curves 
to steadily increase from sunrise until midday and 
gradually decrease afterward until sunset. In filter 2, 
the 30-min wind direction must show onshore flow 

after sunrise. Filter 3 is the detection of onshore flow 
for at least 2 h.

Using 3-hourly surface data and 6-hourly radio-
sonde measurements, Masouleh et al. (2019) identified 
SB when the following conditions were met: (1) days 
with positive temperature difference between land 
and sea surface; (2) offshore wind speed at 700 hPa 
less than 7.5 m s–1, between 12:00 and 14:00 LST; 
(3) either of these two situations occur: (a) calm 
condition or offshore wind in the early morning with 
onshore flow in the afternoon, followed by calm or 
offshore wind in the night, or (b) afternoon wind 
speeds greater than 1.5 m s–1 on days with light on-
shore breeze (less than 2 m s–1) during the morning 
and evening hours, and (4) afternoon SB detected in 
at least two consecutive readings (at least 3 h).

Based on the above criteria and given the data 
availability on the region of study (Table II) and the 
temporal resolution of wind and temperature mea-
surements, an algorithm is proposed here to determine 
SBd. The following three criteria are necessary for 
SB occurrence. (1) Days with maximum temperature 
over land greater than the surrounding SST. The daily 
SST value used here results from averaging nine grid 
points located near each station’s coast. (2) Offshore 
wind for at least 3 h between 00:00 and 06:00 LST. 
(3) Onshore wind for at least 3 h between 12:00 and 
18:00 LST. This algorithm was applied to data col-
lected at the stations in Guacalillo, Puntarenas, Pinil-
la, and Aeropuerto Liberia, whose coastlines are ori-
ented from southeast to northwest, east to west, south 
to north, and southwest to northeast, respectively. 

Table II. Percentage (%) of missing data per meteorological variable and by gauge station.

Station
number 

Station name Temperature Precipitation Wind Operated by 

1 Guacalillo 17.7 17.7 17.7 Ticosonde-NAME
2 Paquera 0 0 100 IMN
3 Puntarenas 21.2 21.3 21.3 Ticosonde-NAME
4 Finca La Ceiba 37.6 37.6 37.6 IMN 
5 Santa Cruz 0 0 46.7 IMN
6 Hda. Mojica 0 0 11.5 IMN
7 Playa Garza 0 0 83 IMN 
8 Pinilla 0 0 0.05 IMN
9 Aeropuerto Liberia 0.5 0.5 0.5 IMN

INM: National Meteorological Institute.
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The former three are coastal stations, while the latter 
station is located further inland and provides infor-
mation on the extent of the intrusion of the SB in a 
relatively flat terrain.

The SB detection algorithm was performed using 
a Python computing environment (van Rossum and 
Drake, 2009). It does not include filters to confirm an 
SB event, as in Azorin-Molina et al. (2011), which 
can lead to some false positives. Data formatting and 
plots were prepared using the collection of Python 
packages.

3.4 Caribbean Low-Level Jet Index
The interaction between the CLLJ and the SB over 
the Peninsula and the Gulf of Nicoya was analyzed 
using the Caribbean Low-Level Index (CLLJI) based 
on the index proposed by Muñoz et al. (2008) and 
defined as an area average of u10 daily values over 
the CLLJ region (12º-16º N, 70º-80º W). Long-term 
seasonal averages (July-September) of hourly u10 
over the CLLJ region were calculated for the period 
1981-2020. The Strong CLLJI case (SC) was defined 
in terms of daily values of u10 under the 33rd per-
centile (–15.7 m s–1) of the seasonal values during 
the period of study. A Weak CLLJI case (WC) was 
identified when daily values of u10 surpassed the 
66th percentile (–13 m s–1) of the seasonal values. 
For each of the SBd identified at the gauge stations, 
the CLLJ intensity was determined and used to ex-
plore its effect on the SB characteristics. As a result, 
the SBd are categorized into three groups under the 
influence of: (1) SB and SC (SB + SC); (2) SB and 
WC (SB + WC), and (3) SB and normal CLLJI.

3.5. The midsummer drought identification
To improve prediction in the tropics, an important 
problem to be tackled first is the lack of dynamic 
knowledge about the atmospheric transition mecha-
nisms between different precipitation modes. The SB 
circulation is one the main rain producing systems, 
especially in the tropics, characterized by its variabil-
ity in time (intra to seasonal scales) and landforms 
(curved or linear coasts, for instance). Gouirand et 
al. (2020) addressed the problem of the interannual 
variability of changes between summer-winter and 
winter-summer in the Caribbean and Central Ameri-
ca. According to these authors, the above two changes 
reveal asymmetries in the annual cycle; however, in 

their research, no dynamic mechanisms were dis-
cussed. On seasonal time scales, MSD is perhaps the 
most difficult tropical feature to account for.

In this research, the approach to characterizing 
that feature is made through the inclusion of different 
parameters to identify the MSD, and to put forward 
a simple dynamical approach using precipitation, 
SIS, and maximum and minimum air temperatures 
(Tmax and Tmin, respectively), following a concep-
tual model proposed by Amador and Arce-Fernández 
(2022). The model is partially based on the schematic 
diagram of the dynamics of the MSD by Magaña 
et al. (1999), where the offshore extension of the 
MSD was not estimated due to a lack of marine data; 
however, in Amador and Arce-Fernández (2022), the 
use of lightning data from the World Wide Lightning 
Location (WWLLN) network allowed to estimate 
~500 km of it in the Gulf of Papagayo. Besides, the 
former work introduced a basic idea of the interaction 
of diurnal radiation changes, the cloud response, and 
the inland temperature reaction during MSD events. 
The conceptual model proposed by Amador and 
Arce-Fernández (2022) is described below.

MSD is a reduction of precipitation between 
two Pacific regional maxima in June and Septem-
ber-October. With fewer pentad convective clouds 
during the MSD on average, a major amount of SIS 
should reach the ground during that pentad, so the 
Tmax should increase during that MSD subperiod. 
Since almost cloudless nights may be expected with 
fewer daylight convection, Tmin must decrease due 
to an increased amount of surface outgoing infrared 
radiation. To test this simple dynamical model, the 
daily data (78 days) for all variables mentioned 
above for the three regions described in section 2.3 
were grouped in 5-day periods (pentad values); after 
that, the anomalies are estimated as the difference 
between each pentad and the mean pentad value for 
the period of study.

To identify and characterize the MSD, time series 
of maximum and minimum temperature, precipita-
tion, and radiation were obtained for three subregions 
(S), each of them defined as a 3-station group: Gulf 
of Nicoya (S1; Guacalillo, Paquera, and Puntarenas), 
Central PN (S2; La Ceiba, Santa Cruz, and Hacienda 
Mojica), and Western PN (S3; Playa Garza, Pinilla, 
and Liberia). The incoming shortwave radiation time 
series for S1, S2, and S3 were calculated, respectively, 
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from averages of the 8, 10, and 12 grid points en-
closing their 3-station groups and then normalized to 
account for different area sizes due to the asymmetric 
distribution of the grid points in each subregion. The 
central points of the defined subregions are marked 
with a white triangle in Figure 1.

At this point, it is important to question the re-
lationship between the MSD active period and the 
development of the Pacific land and SB. A crucial 
problem arising from the above synoptic-mesoscale 
interaction is to what extent the intensity of the CLLJ 
winds inhibits the evolution of the sea/land breezes and 
the conversion processes amidst them. The CLLJ also 
plays a relevant role in the convergence of moisture 
flux in the nearby region of Colombia, a mechanism 
that may inhibit or not convection associated with the 
SB processes (Hoyos et al., 2018). As suggested by 
Reddy et al. (2023), other variables, such as the lower 

atmosphere vertical wind shear, are crucial for the start 
of convection and thunderstorm activity.

4.	 Results
4.1 Diurnal cycle
Figure 2 shows the diurnal variations of surface air 
temperature (solid red line) and rainfall (blue bars) 
in the nine meteorological stations analyzed. Tmin 
is reached between 05:00 and 06:00 LST for all 
stations, and Tmax (approx. 31 ºC) near 12:00 LST 
in the three coastal areas, Guacalillo, Playa Garza, 
and Pinilla (Fig. 2a, g, h) and 1 h later at the inland 
stations, La Ceiba, Santa Cruz, Hacienda Mojica, 
and Liberia (Fig. 2d-f, i). After the midday peak, 
the temperature decreased through the afternoon 
and continued to cool slowly down overnight. This 
suggests that solar heating plays an important role in 
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Fig. 2. Right axis: hourly mean temperature (ºC, solid red line; the red vertical dashed line represents the hour of maxi-
mum temperature). Left axis: hourly total precipitation (mm) distribution. For (a) Guacalillo, (b) Paquera, (c) Puntarenas, 
(d) La Ceiba, (e) Santa Cruz, (f) Hacienda Mojica, (g) Playa Garza, (h) Pinilla, and (i) Liberia.
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temperature variability. Higher precipitation occurs 
in the afternoon-night period (between 14:00 and 
21:00 LST), showing a lag of 4-6 h after the Tmax 
peak. These results are consistent with the spa-
tial-temporal distribution of precipitation observed 
on the Pacific coast (Ramírez, 1983; Curtis, 2004; 
Mora et al., 2020; Wiggins et al., 2023).

In almost all stations, an accumulation of precip-
itation is observed during the early morning hours, 
especially in the coastal stations of Paquera and Playa 
Garza (Fig. 2b, g), followed by La Ceiba and Pinilla 
(Fig. 2d-h). The observed morning precipitation 
could be associated with convective activity, con-
sistent with the average oceanic monthly maximum 
lightning density in this region for July, August, and 
September (Amador and Arce-Fernández, 2022). 
The SB circulations play an important role in the 
climate and atmospheric environment of coastal 
and adjacent inland areas, having a direct effect on 
weather patterns of temperature, precipitation, and 
wind. Therefore, describing the diurnal variations of 
these variables is essential for understanding the local 
climate and the SB dynamics and their interaction 
with the weather patterns.

4.2 Wind and precipitation
Figure 3 shows the distributions of 2-m wind speed 
and direction during the detected SBd. In all four 
stations, weak offshore wind occurs during the early 
morning hours (00:00-06:00 LST). In this time slot, 
wind intensities range between 2 and 4 m s–1 in Pinilla 
and Liberia, while in Puntarenas and Guacalillo the 
magnitudes do not exceed 2 m s–1. The morning time 
(06:00-12:00 LST) can be regarded as a transition 
period, in which onshore winds begin to predominate 
due to land surface heating. Note that, in this case, 
wind magnitudes increase, with most of the values 
ranging from 2 to 6 m s–1. In the afternoon (12:00-
18:00 LST), relatively stronger onshore winds (with 
magnitudes greater than 4 m s–1) prevail, indicating 
the occurrence of SBd. Lastly, offshore winds (with 
weak intensities) return during the night (18:00-00:00 
LST) due to nearby land surface cooling, and prob-
ably the presence of katabatic winds related to the 
mountain range to the east. Studies such as Mapes et 
al. (2003a, b) have shown that the mean local diurnal 
cycle over tropical regions can be affected by several 
factors, including topography.

Using in situ observations, Davis et al. (2019) 
found a cross-shore wind speed of more than 8 m s–1, 
while WRF-modeled data presented larger am-
plitudes of the sea/land breeze with altitude from 
the coast over the Red Sea and the coastal Arabian 
Peninsula. A similar result was exhibited by the SB 
in Mora et al. (2020, see Fig. 3), where two of the 
in situ stations used (Lagunilla [9.85-84.61º, 172 m] 
and Orotina [9.94-84.54º, 185 m]) presented cross-
shore westerly maximum winds of 4 to 5 m s–1. 
Those observations were taken along a station profile 
from the Gulf of Nicoya to the steeper lands to the 
east. Results here are also in good agreement with 
the work of Allende-Arandía et al. (2020) in Sisal, 
Yucatan, Mexico, and Ma et al. (2021) for the Yellow 
Sea, China. The diurnal signal at most inland stations 
analyzed by Allende-Arandia et al. (2020) was in 
the order of 6-8 ºC, implying less inland penetration 
of the SB front with wind speeds in the range of 
2-4 m s–1. Ma et al. (2021) reported that “the biggest 
average horizontal SB wind speed was 5.6 m s–1 at 
425 m, and 4.5 m s–1 at 375 m”.

Two types of non-SBd were identified. The first 
type, shown in Figure 4, corresponds to days in which 
strong northeasterly synoptic flow dominated over the 
region of study (hereafter referred to as NEd), asso-
ciated with the MSD and enhanced CLLJ conditions. 
In addition, Liberia is under the influence of strong 
easterly gap winds; therefore, the number of NEd is 
greater in this station (48.7% of the total days). On 
the other hand, the second type (Fig. 5) involved days 
with predominant southwesterly synoptic forcing 
and maximum temperature over land equal to or less 
than SST (hereafter referred to as SWd) due to the 
presence of, for example, tropical disturbances in 
the Caribbean Sea, such as hurricane Ivan on Sep-
tember 2-24 (IMN-MINAE, 2004), or the transit of 
tropical waves. In Pinilla, Guacalillo, and Liberia, 5 
SWd were detected, corresponding to less than 8% 
of the total days, while 26 were found in Puntarenas 
(42.6% of the available days). The urban character of 
the station in Puntarenas and its location on a narrow 
strip of land may explain the large difference in SWd 
compared to Guacalillo.

According to the detection algorithm, Pinilla, 
Guacalillo, Liberia, and Puntarenas presented 53, 
41, 35, and 17 SBd, respectively, within the period 
of study (see Table III). The second and last stations 
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have a greater percentage of missing data (17.7% in 
Guacalillo and 21.3% in Puntarenas), which could 
have masked the number of SBd. Besides, wind data 
in Puntarenas requires further revision. In Pinilla and 
Guacalillo, SBd occurs in more than 64% of the total 
days (Totald). The station in Liberia, which is located 
approximately 20 km inland, registers nearly half 
(44.9%) of the available days under SB conditions. 
This penetration of the SB occurs during periods 

with weaker easterly winds and is facilitated by the 
relative flatness of the terrain. Regarding inland 
penetration, in some regions terrain shape and vege-
tation may inhibit large-distance incursions from the 
coast, although there are cases where studies have 
reported that the SB front entered 170 km in Bohai 
Bay, China (Li et al., 2023) and that it was still evident 
280 km inland in the Gulf of Carpentaria in northern 
Australia (Physick and Smith, 1985).

Early morning
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Fig. 3. Distribution of 2-m wind speed (m s–1) and direction in the early morning, morning, 
afternoon, and night during detected SBd for (a-d) Guacalillo, (e-f) Puntarenas, (i-l) Pinilla, 
and (m-p) Liberia. The light blue (light brown) sector is the direction of onshore (offshore) 
winds. See text for definitions.
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To determine the relation between the CLLJ 
and the occurrence of NEd events, the CLLJ area 
proposed by Amador (2008) is used to identify days 
under the influence of strong synoptic flows associ-
ated with intense Low-Level Jet conditions. These 
days are characterized by wind magnitudes over the 
CLLJ area greater than or equal to its 78-day average 
plus one standard deviation. In Table III, the values 
in bold parentheses indicate the number of strong 

CLLJ days associated with NEd, corresponding to 
16% to 23% of the detected events.

The mean diurnal cycle of precipitation and 
temperature during SBd and non-SBd is shown in 
Figure 6. In Guacalillo, Pinilla, and Liberia, precip-
itation mainly occurs in the afternoon during SBd, in 
response to land surface heating and the associated 
triggering of convective activity. In Puntarenas, the 
SWd contributes to most of the accumulated rainfall, 
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Fig. 4. Distribution of 2-m wind speed (m s–1) and direction in the early morning, morning, 
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Fig. 5. Distribution of 2-m wind speed (m s–1) and direction in the early morning, morning, 
afternoon, and night during detected SWd for (a-d) Guacalillo, (e-f) Puntarenas, (i-l) Pinilla, 
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winds. See text for definitions.

Table III. Absolute and percentage counts of SBd, NEd and SWd, compared to the 
Totald. Values in bold indicate the number of strong CLLJ days associated with NEd 
events (see text for definitions). 

Station Totald SBd NEd SWd 

Pinilla 78
(100%) 

53
(68.0%) 

20 (4)
(25.6%) 

5
(6.4%) 

Puntarenas 61
(100%) 

17
(27.9%) 

18 (3)
(29.5%) 

26
(42.6%) 

Guacalillo 64
(100%) 

41
(64.1%) 

18 (4)
(28.1%) 

5
(7.8%) 

Liberia 78
(100%) 

35
(44.9%) 

38 (9)
(48.7%) 

5
(6.4%) 
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followed by SBd. Despite the relative proximity of 
Guacalillo to Puntarenas, local conditions differ 
between them; on the one hand, Guacalillo is a site 
more open to the sea, while Puntarenas is a small 
coastal city located along a narrow strip of land, as 
mentioned before.

It is noteworthy that temperatures on SBd are 
higher than in the rest of the days in Puntarenas and 
Guacalillo. In Pinilla, the mean diurnal cycles of 
temperature during SBd and NEd are very similar. 
However, the strong northeasterly flow in the latter 
case prevents the development of SB circulations. 
On SWd, there are much lower land temperatures be-
tween 06:00 and 18:00 LST than on other days. This 
condition does not favor the onset of SBd, because 
the difference between maximum temperature over 
land and SST is not positive, which could be related 
to the occurrence of “temporales” (extended rainfall 

periods, Amador et al., 2018) and increased cloud 
cover. The cubic spline curves were drawn to roughly 
estimate and better visualize the time in which the 
maximum precipitation occurs at each station after 
Tmax is registered. The stations show, in general, that 
the precipitation lags 4-6 h after Tmax, even in the 
case of Liberia, located over relatively plain terrain.

4.3 Relationship between the sea breeze and the 
CLLJ
To explore the relation between the SB and the CLLJ, 
the SBd for Liberia, Guacalillo, and Pinilla are cat-
egorized in terms of the daily intensity of the CLLJ. 
Figure 7 displays the wind rose depicting different 
periods of the day for the defined SB categories (SB + 
SC, SB + WC, and SB + normal CLLJI). It is import-
ant to note that the CLLJ intensity has a well-defined 
diurnal cycle, characterized by a minimum during the 
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Fig. 7. Wind rose of each category of the sea breeze according to the CLLJ intensity. The top row shows the panels for Liberia, the middle 
row for Guacalillo, and the bottom row for Pinilla. Panels (a, d, and g) show the cases for SB + SC; (b, e, and h) for SB + WC; and (c, f, 
and i) for SB + normal CLLJI. The light blue (light brown) sector is the direction of onshore (offshore) winds. See text for definitions.
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morning and afternoon and a maximum in the night 
hours (Cook and Vizy, 2010). This contrast could 
facilitate the presence of westerly winds associated 
with the surface temperature-gradient-driven SB in 
all the studied stations during the hours of lower jet 
intensity.

In Liberia, during SB + SC (Fig. 7a), northeaster-
ly winds dominate through the night until the early 
morning, and the SB is established during the after-
noon. In addition, there is a southeasterly flow in the 
morning. On SB + WC (Fig. 7b), the wind intensities 
during the night, early morning, and morning are 
weaker than in SB + SC, and the wind directions 
are more scattered. Thus, the interactions with the 
synoptic flow are not clear during those periods. 
The intensity of the SB during the afternoon hours 
does not seem to be different between SB + SC and 
SB + WC. In the SB and normal CLLJI category, 
there is evidence of synoptic wind flow from north 
and southeasterly trades during the morning and 
night hours.

All the cases studied in Guacalillo (Fig. 7d-f) 
indicate that there is no clear influence of SC or WC 
on the intensity and onset of SB. The nighttime and 
early morning wind intensity is below 2 m s–1, and 
its northeasterly direction could be related to local 
circulations and katabatic winds due to the presence 
of a mountain range to the northeast of the gauge 
station. In the afternoon, the southwesterly wind is 
found in SBd either with SC, WC, or normal CLLJI; 
therefore, the influence of anabatic winds could be 
the most important mechanism to reinforce the on-
shore breeze. The largest difference in the wind flow 
pattern is found during the morning hours, where the 
southwesterly flows in both SB + SC and normal 
CLLJI are stronger than in SB + WC.

Pinilla (Fig 7g-i), does not show a clear dif-
ference in the wind circulation during the diurnal 
cycle. Onshore SB is clearly present during the af-
ternoon. Meanwhile, the easterly wind is dominant 
during the rest of the day and could interact with 
the land breeze, mainly during the night and early 
morning.

The above results indicate that the CLLJ does not 
clearly modulate the onset and intensity of the reg-
istered SB events because it is weak (approximately 
–12 m s–1) during the daytime hours, while local ef-
fects seem to play a more relevant role. Nonetheless, 

if the CLLJ is sufficiently strong in the morning and 
afternoon, it can overcome the sea/land flow, as in 
16% to 23% of the NEd events).

On the other hand, note that the southwester-
ly flow registered in most of the stations in the 
afternoon-evening period can be reinforced by 
synoptic-scale forcing in the eastern tropical Pacific 
(Zárate-Hernández, 1977; Amador et al., 2016).

4.4 Midsummer drought
The three subregions (Fig. 8) show a coherent pentad 
precipitation pattern suggesting the dominance of a 
mesoscale to synoptic scale system in the region, 
although some differences among regions a, b, and 
c are observed. At the beginning of the analysis 
period, negative precipitation anomalies dominate, 
followed by a short time of above-normal values. 
Pentads 7 to 11 (July 31 to August 24) have nega-
tive anomalies, mainly, while the rest of the period 
presents the largest positive anomalies of the whole 
period. Incoming solar radiation at the surface fol-
lows closely, with an apparent lag of one pentad, the 
precipitation pattern over land regions (b and c), with 
less radiation flux during rainy pentads (see pentads 
1-5, July 1-25) compared with the less rainy five-day 
periods (see pentads 7-15; July 31 to September 13). 
Maximum surface temperature also responds closely 
to the correspondence of positive Tmax anomalies 
to higher radiation flux and negative precipitation 
deviations. Tmin has a more complex distribution, 
although some pentads show a good correspondence 
between the above relationship and Tmin negative 
variations. During MSD days, the reduction of pre-
cipitation along the Pacific coast suggests stronger 
than normal sea/land temperature gradients due to 
an increase in SIS.

A moderate to strong CLLJI is usually associated 
with a stronger than normal low-level wind shear 
inhibiting convection and the observed reduction 
in precipitations in the Pacific lowlands (a basic 
characteristic of the MSD). During this reduction 
in precipitation, SB processes continue to work 
if thermal sea/land gradients allow for it. A more 
intense CLLJ may imply the reduction of SST near 
coastlines due to wind stress over the ocean sur-
face, providing favorable conditions for a land-sea 
breeze to develop depending on the strength of the 
thermal contrast.



183Sea/land breeze interactions with local and regional processes

5.	 Conclusions
This study focused on SB circulations over the Penin-
sula of Nicoya and the Gulf of Nicoya in northwestern 
Costa Rica, for the period from July 1 to September 16, 
2004. The same study period as in Mora et al. (2020) but 
including more meteorological stations in that region. 
Using station data, the coastal evolution of SB under 
different synoptic conditions related to the intensity of 
the CLLJ was studied. It is confirmed that SB circulation 
appears in four of the studied stations (Pinilla, Guaca-
lillo, Liberia, and Puntarenas). The main features found 
in these stations are summarized as follows.

Air temperature reached its minimum between 
05:00 and 06:00 LST and maximum values near 
12:00 and 13:00 LST. Precipitation peaks generally 
occur in the afternoon-night period (between 14:00 
and 21:00 LST), showing a lag of about 4-6 h after 
the maximum temperature is reached, even in the 
case of Liberia, located over relatively plain terrain. 

SB onshore winds (with magnitudes greater than 
4 m s–1) were detected in the afternoon between 12:00 
and 18:00 LST.

The SB inland penetration reaches about 20 km 
in a region characterized by relatively flat terrain. 
In Mora et al. (2020), there was no evidence of an 
SB system penetrating more than 25 km inland, as 
observed using a profile of meteorological station 
data from the Gulf of Nicoya into the Central Valley 
of Costa Rica, implying little or no connection with 
the convective activity and precipitation in that re-
gion. This feature contrasts with what is observed in 
Liberia regarding the inland incursion of the SB front 
and the associated observed precipitation distribution 
in the afternoons, 1 h or so after reaching the daily 
maximum temperature contrast. During night and 
dawn, offshore winds are weak due to the cooling 
of the land surface and probably mesoscale winds 
descending from the mountain chain to the east.

Fig. 8. Anomalies of the pentads estimated as the difference between the 5-day average and the mean 
of the study period for precipitation (blue bars), maximum and minimum temperature (red and green 
dotted lines, respectively), and surface incident shortwave radiation (dashed brown line) over (a) S1 
(Gulf of Nicoya), (b) S3 (western Peninsula of Nicoya), and (c) S2 (central Peninsula of Nicoya).
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Regarding the spatial variability of the SB charac-
teristics, the diurnal precipitation distribution is quite 
similar across the region of study, with maxima in 
the mid-afternoon. The inland penetration, however, 
is greater in the northern part of the PN mainly due 
to the flatness of the terrain.

During non-SBd, two different wind circulations 
were found: one related to strong northeasterly 
synoptic flow dominating the region, during the ap-
pearance of the MSD and enhanced CLLJ conditions. 
The second type of circulation is associated with 
predominant southwesterly synoptic forcing due to 
tropical disturbances or the transit of tropical waves 
from the Caribbean Sea. These results indicate that 
the CLLJ does not clearly modulate the onset and 
intensity of the registered SB events because it is 
weak (approximately –12 m s–1) during the daytime 
hours in this region, while local effects seem to play 
a more relevant role.

The influence of the CLLJ in the SBd over the 
Pacific coast of Costa Rica is detected as a change 
of direction of the u10, however, wind-topography 
interaction may be an important process that could 
change the low-level wind direction over the slopes, 
as shown by Mora et al. (2020), although more obser-
vations combined with numerical model experiments 
are needed to demonstrate this interaction.

The algorithm used is considered to have a good 
ability to detect the SB and its spatiotemporal charac-
teristics despite the SST data not having the desired 
spatial resolution. The daily precipitation patterns 
at the stations showed convective activity and pre-
cipitation in the afternoon hours, consistent with a 
typical SB circulation. The results are encouraging 
for future research, as the region is of great impor-
tance to the country’s economy due to its artisanal 
fishing, agriculture, and tourism, the most important 
socio-economic activities in the area. Furthermore, 
the analyzed region includes the two most important 
ports in the country on the Pacific, serving as points of 
arrival and departure for tourist cruises and industrial 
ships that negatively impact air quality.
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