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ABSTRACT. Cold fronts (Cfs) in the Caribbean Sea significantly impact the coastal regions of South America,
generating extreme waves and causing severe damage, particularly during the winter season. This study aims to
analyze the climatology, trends, and atmospheric teleconnections of Cfs in the Colombian Caribbean from 1996
to 2021, providing a comprehensive assessment of their frequency and variability. A total of 6 to 9 additional
Cfs per year were identified compared to previous studies, indicating an increasing trend. The Dickey-Fuller
test confirmed that the time series was non-stationary. In contrast, Kendall's test rejected the absence of a
monotonic trend, supporting the existence of significant variations in Cfs occurrences. Regarding atmospheric
teleconnections, the El Nifio-Southern Oscillation (ENSO) and the Quasi-Biennial Oscillation (QBO) showed
weak correlations with Cfs frequencies. However, a stronger correlation was found with the Pacific North
American (PNA) pattern (r = 0.42, P < 0.05) and the North Atlantic Oscillation (NAO) (r = 0.48, P < 0.05),
indicating a more pronounced influence of these large-scale circulation patterns. The frequency of Cfs activity
was higher during EI Nifio events, the positive phase of the NAO and PNA, and the negative phase of the QBO,
suggesting that these climate modes modulate the penetration of frontal systems into the region. Additionally, a
detailed case study of a Cf event in January 2021 highlighted the development and progression of a baroclinic
cyclone and its associated frontal system over the Colombian Caribbean. The system's core remained at low
atmospheric levels, exhibiting intense westward flow and the presence of the Subtropical Jet Stream at upper
levels, contributing to its intensification.
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INTRODUCTION

Cold fronts (Cfs) in the northern hemisphere are
normally accompanied by rainfall, causing floods and
increasing winds and ocean waves (Locatelli et al.
1989, Beringer & Tepper 2000, Faustino-Eslava et al.
2011). The incursion of Cfs from mid-latitudes towards
the Caribbean Sea is frequent during winter when the
polar front is displaced towards the equator. In the case
of the eastern tropical Pacific, Cfs first cross the
Isthmus of Tehuantepec and continue to move southeast-
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ward, creating relatively high surface pressure a day or
two later in the southwestern Caribbean Sea. The
Earth's rotation contributes to the formation of
depression-type storms that move along these fronts.
These storms occur throughout the year at short time
intervals, resulting in wave conditions that can vary on
relatively short time scales with unpredictable patterns,
as these fronts shift frequently in the north-south
direction (Amador et al. 2006). Zarate (2013) analyzed
37 winter seasons in the Northern Hemisphere between
1975 and 2012, covering the period from November to
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February, including both cold air masses that entered
with well-defined Cfs and those that only exhibited
frontal shear lines. These incursions were referred to
interchangeably as cold pushes, which is synonymous
with cold air masses. In the span of 37 seasons, 600 cold
air masses, which reached Central America and the
Caribbean, were identified. When a winter cold air
mass with deep latitudinal penetration passes through,
the Caribbean Low-Level Jet (CLLJ) shows its
maximum velocity in the Pacific branch when the
meridional pressure gradient increases to a much
greater degree in that area than in the Caribbean Sea.
The increase in the intensity of the easterly wind over
Central America during the first 2 or 3 days due to the
passage of a cold air mass with deep latitudinal
intrusion is preferably linked to the maximum wind that
forms in the Pacific branch and not to the wind current
coming from the Caribbean, which during that period
tends to show lower speeds concerning the average
monthly values.

The Mojave or Arizona Deserts are areas from
where cold air masses begin their eastward motion,
crossing warmer and more humid areas such as the Gulf
of Mexico and occasionally the Caribbean Sea.
Incursions of cold mid-latitude air that penetrate deep
into the tropics are frequently observed to the east of
major north-south oriented mountain ranges. The so-
called cold surges are confined to the lower
troposphere, exhibit horizontal scales ranging from 500
to 1,000 km, and can be traced over periods of 2 to 7
days. The passage of a cold surge is typically
characterized by a rapid and marked decrease of air
temperature and dew point at low levels, a sharp
increase in surface pressure, and a day or so of
moderate to strong equatorward low-level winds. The
strong surface pressure gradient drives an equatorward
geostrophic low-level wind that advects the cold air and
dominates the local cooling. In turn, the cold air raises
the surface pressure and strengthens the meridional
pressure gradient (Garreaud 2001).

On the other hand, the intrusion of fronts in the
Caribbean Sea can produce changes in the wind,
pressure, and temperature fields, which are very well-
defined initially in the Gulf of Mexico but weaken as
the front advances towards the warm and humid waters
of the Caribbean Sea (Narvdez & Leon 2003). In the
Colombian Caribbean basin, they usually arrive
between November and April (Ortiz et al. 2013). Figure
1 shows the arrival of a Cf on February 20, 2024,
displayed on a satellite image (GEOCOLOR Compo-
site) and its corresponding surface map (this event was
also reported in Instituto Meteorol6gico Nacional de
Costa Rica-IMN 2024).

In the Colombian Caribbean Sea coast, the
latitudinal migration of the Intertropical Convergence
Zone (ITCZ) is the most important source of climate
variability. There is a bimodal behavior in precipitation
during which precipitation is scarce for one part of the
year (December-March) and where precipitation
increases for the other part of the year (April-
November), with October being the wettest month of
the year. Trade winds from the northeast are
predominant throughout the year. The distribution of
rainfall in the tropical zone of South America cannot be
explained only by the migration of the ITCZ and the
incidence of the trade winds; there are complex climatic
patterns (Poveda & Mesa 1999). Different macrocli-
matic oscillations have been reported as sources of
tropical variability close to the Colombian Caribbean
coast: El Nifio-South Oscillation (ENSO) has a strong
influence on the hydrological cycle (Poveda et al. 2002,
Poveda 2004), and the Madden-Julian Oscillation
(MJO) and the Pacific Decadal Oscillation (PDO) also
have some influence on the climate in this region (Jury
2017, Torres-Pineda & Pabdn-Caicedo 2017, Garavito-
Mahecha 2021). An increase in the magnitude of trade
winds in the Caribbean during the winter is associated
with the increase in the North Atlantic Subtropical High
(NASH); this increase is enhanced during the positive
phase of the North Atlantic Oscillation (NAO) (Van
Loon & Rogers 1981, Giannini et al. 2001) where the
heavy winds cause an appreciable rise in the significant
wave height regime (Morales-Marquez et al. 2023).

Concerning Cfs, their effects are especially concen-
trated in the alteration of the sea state, mainly along the
central and southwestern parts of Colombia'’s coastline;
these effects generate extreme waves and cause severe
damage to coastal infrastructure (Ortiz et al. 2014) and
even affect the fishing activity in the area (Doria-
Gonzalez et al. 2022).

The historic pier of Puerto Colombia, in the
Colombian Caribbean Sea, was destroyed by heavy
waves in 2009 due to the arrival of a Cf on the morning
of March 07 (Ortiz et al. 2014, Instituto Meteoroldgico
Nacional de Costa Rica-IMN 2009). In addition to this,
the strong waves generate flooding, causing economic
damage to the communities that rely on fishing and
tourism on the beaches for their livelihood. Concerning
the extremely significant wave height regime, it has
been determined that the central and southwestern
1,600 km of the Colombian coastline is dominated by
the arrival of Cfs rather than the passing of tropical
storms and hurricanes (Ortiz et al. 2014, Otero et al.
2016, Morales-Marquez et al. 2023). Other studies have
determined that the increase in Cfs played a significant
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Figure 1. Arrival of a cold front on February 20, 2024, at 20:10Z. Left: modified from CIRA/NOAA GEOCOLOR imagery.
Right: National Hurricane Center NHC/tropical analysis forecast branch of NOAA.

role in the so-called "Black summer” in Australia in
2019-2020, favoring atmospheric instability and
becoming an important synoptic-scale driver of forest
fire risk in this area of the Southern Hemisphere (Cai et
al. 2022).

Studies reported in the literature demonstrate how
the intrusion of fronts in the Caribbean leads to changes
in regional weather patterns and their relationship with
macroclimatic oscillations. For example, in the case of
cold pushes, they tend to project from the polar sector
towards the extratropical region and can reach the
tropical zone. The advance of the anticyclone
associated with the cold push to the south generates a
strong pressure gradient between the extratropical and
tropical flows. This gradient favors wind flow
advancing southward over Central America and the
Caribbean Sea, which interacts with the wind flow. In
some cases, during its advance through the Central
American sector and its maritime zone, the Cf may lag
behind the shear line; this occurs from November to
February. Occasionally, extra-temporal cold pushes
occur, as happened in 2016 when a cold push entered
Central America between May 5 and 9. However, these
are infrequent and of weak intensity due to the decrease
in thermal gradients between the Northern and
Southern Hemispheres. It was found that the high
number of cases presents greater negative temperature
anomalies located to the north of Costa Rica, favoring
a high thermal gradient between the cold and warm
flows. In low-pressure cases, when cold temperature
anomalies move towards the central part of the

Caribbean Sea, this gradient is smaller, resulting in a
lower response to extreme rainfall events. For the high
cases, the wind showed greater magnitude and northern
direction in the western Caribbean compared to the low
cases. It was found that the westerly anomalies for the
low cases invade much of the western Atlantic,
suggesting less low-level convergence in southern
Central America and within the Caribbean Sea. When
synoptic configurations, such as those described above
for the high cases, are identified, relevant extreme
rainfall events may occur in the Caribbean and the
northern zone of South America, as well as in the east
and north of the Central Valley (Chinchilla et al. 2016,
2017). Their correlation with different sources of
climate variability has been analyzed in some regions.
For example, in the southern USA, a non-significant
incidence of ENSO was established, along with an
increase in the frequency of Cfs. In contrast, a stronger
correlation was found between the NOA and the Pacific
North American Oscillation. The Mexican climate is
influenced by mid-latitude cyclones, which generate
Cfs. Mid-latitude systems utilize this current system in
the jet stream to acquire energy. The passage of Cfs in
the north of the Mexican Republic has become more
frequent, and with it, there have been more winter rains
in the north and center of the country, as well as in the
Yucatan Peninsula. The abnormally persistent presence
of Cfs during El Nifio winters causes temperatures in
much of the country to be below normal, with snowfall
in the Sierra Madre and even in the central part of
Mexico (Magafa-Rueda et al. 1999, Gonzalez 1999,
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Hardy & Henderson 2003, Lagerquist et al. 2020).
Between 1923-1924 and 1995-1996, a direct positive
relationship existed between Cfs and their penetration
into the western region of Cuba during El Nifio years
(Hernandez 2002). Additionally, the winter season in
Cuba is framed within the so-called dry period, which
lasts from November to April. During that season,
weather systems such as extratropical lows, "sures"
winds, and Cfs occurs, which affect the Cuban
archipelago, mainly its western region, causing abrupt
changes in the associated meteorological variables.
These changes can sometimes present severe weather
(Gonzélez 1999). The passage of episodic Cfs
northwest of the Gulf of Mexico generally induces the
reversing of long-shelf flows down the south of Texas
(Romero-Arteaga et al. 2022). However, there are no
studies on the atmospheric teleconnection of Cfs along
the Colombian Caribbean Sea coast. On the other hand,
some studies suggest that the Quasi-Biennial Oscillation
(QBO) also influences tropical climate variability
(Gray et al. 2018, Garcia-Franco et al. 2022).

In this sense, one of the main objectives of this study
is to present the climatological characteristics, long-
term trends, and large-scale teleconnections of Cfs in
the Colombian Caribbean from 1996 to 2021. By
employing statistical analyses and case studies, we aim
to identify significant variations in Cfs occurrences and
assess their relationship with major climate oscillations,
including NAO, Pacific North American (PNA), QBO,
and ENSO. Furthermore, this work seeks to enhance
the understanding of how these climate patterns
influence Cf activity, providing valuable information
for improving weather forecasting and coastal risk
management strategies.

This paper is structured as follows: Introduction,
Methodology, Results (including statistical analyses
and atmospheric teleconnection), Discussion, and the
Conclusions

METHODOLOGY

Data

The information on the number of Cfs was obtained
from the Centro de Investigaciones Oceanogréficas e
Hidrogréficas Del Caribe Colombiano (CIOH 2022) for
the period from 1996 to 2022. Monthly reports describe
the various ocean-atmosphere interaction processes
present in the Caribbean Sea and their primary
characteristics. The CIOH of Colombia bases its
meteomarine bulletins on information from several
sources, including: numerical forecasting models
which use global and regional atmospheric and

oceanographic models, such as the Global Forecast
System (GFS) and WaveWatch 111 (WW3) to predict
waves, wind, currents and sea level: satellite images
which receive data from meteorological and
oceanographic satellites that allow them to monitor Cfs,
tropical cyclones and other meteorological systems that
affect the Caribbean Sea and the Colombian Pacific;
oceanographic buoys and tide gauges which are
equipment deployed at sea that measures variables such
as temperature, pressure, wave height and sea level in
real time; coastal meteorological stations which gathers
data from stations installed at different points along the
Colombian coast to monitor winds, rainfall and
atmospheric pressure; and, finally, information from
other international agencies such as reports from the
National Oceanic and Atmospheric Administration
(NOAA), the Instituto Hidrografico de la Marina of
Spain, and other meteorological and oceanographic
centers. With this information, the CIOH generates
daily bulletins and special bulletins when extreme
phenomena occur, such as hurricanes or rough seas,
which are crucial for navigation, fishing, and safety on
the Colombian coasts (CIOH 2022).

For ENSO events, two main indices can be
analyzed: the Southern Oscillation Index (SOI) and the
Oceanic Nifio Index (ONI): the SOl index indicates the
development and intensity of EI Nifio (negative values)
or La Nifa events (positive values) in the Pacific
Ocean, calculated using the pressure differences
between Tahiti and Darwin, while the ONI index warm
(positive values or El Nifio) and cold (negative values
or La Nifa) periods are based on a threshold of £0.5°C
for the ONI [3-month running mean of ERSST.v5 SST
anomalies in the Nifio 3.4 region (5°N-5°S, 120-
170°W)] based on centered 30-year base periods
updated every 5 years. Both indices were obtained from
NOAA-Climate.gov (2024) for the period from 1996 to
2021. In this study, the index chosen is the SOI index.

The NAO index is based on the surface sea-level
pressure difference between the Subtropical (Azores)
High and the Subpolar Low. The time series was
obtained from the National Centers for Environmental
Information of the NOAA for the period from 1996 to
2021 (NCEI 2023). The PNA index was obtained from
the National Weather Service Climate Prediction
Center of NOAA. The monthly mean PNA index is
constructed by projecting the (00Z) 500 mb height
anomalies over the Northern Hemisphere onto the
loading pattern of the PNA (Climate Prediction Center-
NOAA 2023). In the case of the QBO index, it is
calculated from the zonal average of the 30 mb zonal
wind at the equator as computed from the National
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Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR)
reanalysis. The time series was obtained from the
NOAA Physical Sciences Laboratory (NOAA-PSL
2024) for the period from 1996 to 2021.

Statistical analysis

For the statistical analysis, descriptive calculations
were performed, including measures of central
tendency, dispersion, and asymmetry. Histograms,
box-and-whisker plots, and time series plots were
developed to visualize trends, seasonality, and changes
in the data over time. To analyze trends in the time
series, we applied the Dickey-Fuller test which tests the
null hypothesis (Ho) that the series has a unit root, i.e.
it is non-stationary, against the alternative hypothesis
(Hy) that the series is stationary. A P-value greater than
0.05 indicates that we do not reject the Ho, suggesting
that the series is non-stationary. In such cases, the
presence of a deterministic trend may be further
assessed through regression analysis and moving
averages. To further investigate the presence of a
deterministic trend in the CFs time series, the following
techniques were applied: moving average plots, linear
regression analysis, and modeling time as an
explanatory variable to predict the behavior of CFs over
the study period. A low P-value would indicate
evidence of a significant linear trend. The Mann-
Kendall test (Mann 1945, Kendall 1975) was used to
evaluate the presence of a monotonic trend in the total
number of Cfs time series. Suppose the P-value is less
than the significance level of 0.05. In that case, the Ho
of the absence of a monotonic trend can be rejected,
which indicates that there is sufficient evidence to
affirm that a trend exists in the time series. Finally, a
correlation analysis was performed to evaluate the
relationship between pairs of variables by calculating
Spearman's correlation coefficient and visually
representing the correlations through scatter plots or
correlation matrices. A P-value greater than 0.05
indicates no association between the variables in
question. A comparison of the number of Cfs
concerning the different phases of macroclimatic
oscillations was carried out. Strong positive and
negative phases of the oscillations were defined as
index values above or below the mean of each series
during the Cf season in the study area (November to
April).

Additionally, to assess whether the differences in Cf
frequencies between the positive and negative phases
of each oscillation were statistically significant, a Chi-
square test for independence was applied. This test

enabled us to assess the relationship between the
oscillation phase and the number of Cfs observed, and
the results are presented (Table 4). A P-value less than
0.05 was considered statistically significant.

Although advanced modeling techniques such as
Generalized Linear Models (GLM) can offer additional
inferential power, the present study is exploratory and
based on a relatively short time series (n = 26 years),
which limits the applicability of more complex
parametric models without risking overfitting. Given
this limitation, we prioritized robust, nonparametric
methods and simple linear models that are suitable for
small samples and allow for transparent interpretation
of results. Moreover, we enhanced methodological
rigor by detailing the data acquisition and quality
control procedures. Meteorological and climatic
indices were collected from official sources (CIOH,
NOAA), and quality assurance included cross-
validation with multiple databases, consistency checks,
and appropriate handling of missing or anomalous
values. This methodological framework ensures a
reliable basis for evaluating long-term variability in
cold front activity and its potential relationships with
large-scale climate oscillations.

RESULTS

Climatology of cold fronts (Cfs)

Table 1 shows the frequency of Cfs arriving on the
Colombian Caribbean Sea coast. They arrive as early as
November and some as late as April, which both
average 30 CFs, but the peak of frequency is in January
with 52 CFs (Fig. 2).

Two hundred thirty-three Cfs have arrived at the
Caribbean Sea during the study period, with the highest
frequency being in 2019 (29) and the lowest frequency
of occurrence being 3 in 1997, 2001, and 2004.

Table 2 presents various statistical measures for the
values corresponding to the number of Cfs during the
period from 1996 to 2021. The mean values in Table 2
indicate that the region experienced, on average, 9 Cfs
during that time. The corresponding distributions are
skewed to the right, as observed from the minimum,
maximum, and coefficient of variation (CV) values of
the dataset. Analyzing the 75th and 25th percentiles, it
is observed that, in Colombia, 75% of the number of
Cfs is greater than or equal to 13, and this occurs during
the months with the highest frequency. On the other
hand, during the months of lower frequency, 25% of the
Cfs are less than or equal to 5.
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Table 1. Statistical measures of cold front passage
frequencies during the period from 1996 to 2021 in the
Colombian Caribbean Sea coast. The year value is for the
two values: November-December and January-April.

Year Nov Dec Jan Feb Mar Apr Total Mean
1996 1 0 1 1 1 1 5 0.83

1997 1 1 1 0 0 0 3 050
1998 1 0 1 1 1 1 5 0.83
1999 0 1 1 2 2 1 7 117
2000 O 1 1 2 0 1 5 0.83
2000 O 1 0 0 1 1 3 0.50
2002 O 1 1 1 1 1 5 0.83
2003 O 0 2 1 0 1 4 0.67
2004 O 1 0 1 0 1 3 050
2005 2 1 1 2 2 1 9 150
2006 1 1 0 0 2 1 5 0.83
2007 2 1 2 2 1 2 10 1.67
2008 1 1 2 1 1 2 8 133
2009 1 1 1 1 1 1 6 1.00
2010 1 1 1 1 1 1 6 1.00
2011 1 1 1 1 1 0 5 0.83
2012 O 0 1 1 1 1 4 0.67
2013 3 2 2 2 3 1 13 217
2014 3 3 5 2 4 2 19 3.17
2015 O 5 3 4 1 0 13 217
2016 1 1 5 4 2 3 16 2.67
2017 O 1 5 3 3 2 14 233
2018 3 6 4 0 4 1 18 3.00
2019 7 7 7 2 3 3 29 4.83
2020 O 4 2 3 2 1 12 2.00
2021 1 2 2 1 0 0 6 1.00

Total 30 44 52 39 38 30 233
Mean 1.15 1.69 2.00 1.50 1.46 1.15 8.96

For the Cfs time series, a linear pattern is observed
during the period from 1996 to 2012, with values
ranging between 3 and 10 Cfs and an average of
approximately 5.47. Then, from 2013 to 2019, the
trajectory ascends, with values oscillating between 13
and 29 Cfs, or an average of approximately 17.43 Cfs.
Finally, in 2020 and 2021, the values decrease (12 and
6, respectively).

The results obtained from the Dickey-Fuller test
(ADF = -2.3284, P-value = 0.4473) indicate that the Ho
of a unit root cannot be rejected (P-value > 0.05),
suggesting that the CF_total time series is non-
stationary. This non-stationarity may be associated with
the presence of a deterministic trend. Such a trend can
be observed intuitively (Fig. 3), which displays the
CF _total time series (dots) along with a solid line
representing the 2-year moving average, calculated by
averaging every two consecutive annual values. This
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Figure 2. Seasonal variation of the number of cold fronts
in the Caribbean Sea. The bars represent the total occur-
rences from 1996-2021.

Table 2. Statistical measures for the values corresponding
to the total number of cold fronts (Cfs) during the period
from 1996 to 2021. CV: coefficient of variation, Q1.: first
quartile (25th percentile), Median: 50th percentile, Q3:
third quartile (75th percentile). SD: standard deviation.

Measure CF total
Min 3.00
Max 29.00
Mean 8.96
SD 6.27
CcVv 70%
Skewness 1.42
Q1 5.00
Median 6.00
Q3 13.00

visualization helps to highlight short-term fluctuations
and the overall upward pattern observed during the
latter part of the period.

The results found by performing a linear regression
test (F-statistic = 19.39 on 1 and 24 degrees of freedom,
P-value = 0.0002) indicate strong evidence of a
significant linear trend in the CF_total time series over
time (P-value < 0.05). Since the slope of the time
variable is statistically significant, this confirms the
existence of a positive linear relationship between time
and the number of Cfs. Complementing the above, the
results of the Mann-Kendall test (Z = 3.4926, n = 26, P-
value = 0.0048) also indicate a significant monotonic
trend in the series. Together, these findings provide
consistent evidence of an increasing trend in Cf
frequency over the study period.
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Figure 3. Cold fronts (Cfs) CF_total time series from 1996 to 2021. Annual values are shown as black dots, and the solid
line represents a 2-year moving average used to highlight short-term trends.

Statistical analysis of macroclimatic indexes

Most of the results presented above, especially those
related to variability, are shown (Fig. 4), which
represents the box-and-whisker plots of the mean NAO,
PNA, QBO, and SOI indices distributed by intervals
that aggregate the range of values of the number of Cfs.

Figure 5 shows the distribution of the wvalues
corresponding to the number of CF total and the
averages of the NAO, PNA, QBO, and SOI indices. In
the case of CF _total, it is observed that in that time
interval, between 3 and 29 Cfs occurred in Colombia.
In particular, 5 Cfs occurred 6 times, but from this
graph, we cannot find the specific time interval(s) in
which they occurred. For the rest of the number of Cfs
(3 to 4 and 6 to 29), the frequency of occurrences
oscillates between 1 and 3. For the case of the mean
NAO index values (NAO_mean), some peaks are
observed, which oscillate between -0.5 and 0.5. In the
case of the mean PNA (PNA_mean) indices, the peaks
range between 0 and 0.4; and, for the mean SOI
(SOI_mean), these mean values are around -3 and 3,
approximately, and for the mean QBO (QBO_mean),
the values range from -20 to 11.

While these histograms do not provide temporal
resolution (i.e. they do not show when specific values
occurred), they are useful for summarizing the
distributional characteristics, data dispersion, and
central tendencies of the variables included in the

analysis. These graphical summaries help confirm the
asymmetry, range, and frequency patterns, which are
crucial in interpreting correlation results and selecting
the appropriate statistical tests for the next stages of
analysis.

Spearman correlation and atmospheric teleconnec-
tion

Table 3 presents the results of the Spearman correlation
analysis between the total number of Cfs CF_total and
the mean values of the NAO, PNA, QBO, and SOI
during the Cf season (November-April) over the period
from 1996-2021. The table displays the Spearman
correlation coefficient (p) and its corresponding P-
value, which indicate the strength and statistical
significance of the monotonic relationship between the
variables.

According to the results, none of the correlations are
statistically significant at the 5% level (P > 0.05),
suggesting that the associations observed may be weak
or due to chance. The SOl shows a negligible
relationship with CF_total (» = 0.04, P = 0.83), while
QBO (p=0.17, P =0.41) and NAO (p = 0.25, P = 0.23)
show weak positive but non-significant correlations.
The strongest (though still not statistically significant)
correlation was found with the PNA index (p =0.31, P
= 0.12), which may suggest a moderate relationship
worthy of further investigation with larger datasets.
These findings highlight the complexity of the climatic
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Figure 4. Values corresponding to the mean values (November-April) of the North Atlantic Oscillation (NAO), Pacific
North American (PNA), Quasi-Biennial Oscillation (QBO), and Southern Oscillation Index (SOI), according to total of

cold fronts (Cfs), and the period 1996-2021 of total of Cfs.

Table 3. Spearman correlation coefficients (rho) and P-
value of the correlation test (p) between the mean of North
Atlantic Oscillation (NAO), Pacific North American
(PNA), Quasi-Biennial Oscillation (QBO), and Southern
Oscillation Index (SOI) indices and cold fronts passage
frequencies during the period from 1996 to 2021.

Index rho P-value
NAO 0.25 0.23
PNA 031 0.12
QBO 0.17 041
SOl 0.04 0.83

interactions and the limited influence of individual
indices in explaining Cf variability at low latitudes.
Table 3 summarizes the Spearman correlation coeffi-
cients and their corresponding P-values.

Additionally, Figure 6 provides a visual representa-
tion of the same results through a color-coded
correlation matrix, where the strength and direction of
each correlation are depicted using a blue-red scale. A
red "X" has been added to the cells where the
correlation is not statistically significant (P > 0.05),
helping the reader quickly identify relationships that
may not be meaningful.

Although none of the individual correlations
reached statistical significance (P > 0.05), the positive

association with the PNA index suggests a possible
climatological influence that warrants further explora-
tion with expanded datasets and multivariate modeling
techniques.

Another analysis involved establishing a compari-
son between the number of Cfs and the opposite phases
of each oscillation, as the Spearman correlation process
does not reveal the connection between the different
phases of the oscillations and the number of Cfs (Hardy
& Henderson 2003).

To establish a strong positive and negative, the
mean of the absolute values of each index was used.
The following were assessed in the case of ENSO,
where Cf passage frequencies during months having a
positive index value (index values > 0.5, EI Nifio) were
compared to Cf passage frequencies during months
having a negative index value (index values < -0.5, La
Nifia). The other index values were compared with the
QBO index values being > 6.2 and < -6.2; the NAO
index values being > 0.5 and < -0.5, and the PNA index
values being > 0.3 and < -0.3 respectively.

Table 4 indicates the comparison of Cf passage
frequencies during the opposite phases of each
teleconnection, with Cfs being much more frequent in
the positive phase of ENSO. These results are
consistent with the work of Hernandez (2002) in Cuba,
as well as in the states of New Mexico, Texas,
Oklahoma, Arkansas, Louisiana, Mississippi, Alabama,
Georgia, and South Carolina, according to Hardy &
Henderson (2003).
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Figure 5. Distribution of the values corresponding to the Cf_total and the averages (November-April) of the North Atlantic
Oscillation (NAO), Pacific North American (PNA), Quasi-Biennial Oscillation (QBO), and Southern Oscillation Index
(SQI) indices during the period from 1996 to 2021.
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cillation Index (SOI)) during the cold front season (November-April), from 1996 to 2021. Blue indicates positive correla-
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non-significant correlations (P > 0.05).
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Table 4. Total number of cold fronts (Cfs) observed
during strong positive and negative phases of each
macroclimatic oscillation, with results of the Chi-square
test of independence (y?) and associated P-values. Bold
values indicate statistically significant differences (P <
0.05). The data correspond to the Cf seasons from 1996 to
2021 (November-April).

Oscillation Positive (+) Negative (-)

ENSO 54 34
QBO 28 72
NAO 133 6

PNA 60 18

To assess whether these differences were statisti-
cally significant, a Chi-square test for independence
was applied to each pair of phases. The results indicate
that the differences are statistically significant (P <
0.05) in the cases of NAO, PNA, and QBO, while for
ENSO, the difference was not significant (P = 0.1063),
suggesting that although more Cfs occur during El
Nifio, the relationship is not strong enough to be
statistically conclusive.

Figure 7a shows that the number of Cfs in both the
positive (54) and negative (34) phases of ENSO is
similar, although there is a slight difference in the
increase of Cfs during the El Nifio phase. Figure 7b
shows that the largest number of fronts (72) occurs
during the negative phase of QBO. The likely effect of
the QBO on the Cf is unclear.

The situation is different with NAO; these results
are consistent with all Cfs arriving in all states analyzed
by Hardy & Henderson (2003) in the southern USA.
The marked difference between the number of Cfs
during the positive phase of the NAO is explained by
the fact that the greatest number of fronts (121)
occurred between 2014 and 2020, corresponding to
NAO positive indices values (Fig. 7¢). The numbers of
Cfs (67) during the positive phase of the PNA occurred
between 1997 and 2016, corresponding to positive
indices close to a 0.5 index value (Fig. 7d). One of the
events examined in this study was analyzed in detail.
The development of the baroclinic cyclone and the
advancement of the frontal system towards the
Colombian Caribbean Coast occurred between January
9 and 11, 2021 (Instituto Meteorologico Nacional de
Costa Rica-IMN 2021), where it is possible to observe
its strengthening over the hours (Fig. 8). Its core was
observed only at low levels of the atmosphere, while at
medium and high levels only the intense westward flow
was identified, with the presence of the Subtropical Jet

Stream. The core remained fixed at approximately
latitude 35°N, with a northeastward displacement,
presenting closed isobars around 994 mbar, according
to Mean Sea Level Pressure (MSLP) data. In the early
hours of January 9, the advancement of cold air can be
observed across the temperature advection fields over
parts of the Caribbean and Central America (12 UTC,
Fig. 8a). This exhibited quite visible baroclinic
characteristics, with cold advection at the forefront of
the system and warm advection at the rear. The position
of the frontal system also stood out in terms of
geopotential, with the Cf's progress following the
propagation of cold air along the trough axis, reaching
the study area with greater intensity at 00 UTC on
January 10 (Fig. 8b). The increased intensity of
convection associated with the frontal system in the
Colombian Caribbean region began several hours after
the frontal system entered the area, encountering the
warm air mass present in the region (06 UTC, Fig. 8c).
At the same time, satellite images indicate the
development of convective cells with intense vertical
growth, with cloud top temperatures ranging between -
60 to -70°C (Fig. 8g).

The weakening of the frontal edge occurred
gradually throughout the hours of January 10, with the
dissipation of cloudiness associated with the system
occurring around 20 UTC, where the frontal system's
characteristics could no longer be observed in the
meteorological fields (Fig. 7d) or satellite images (Fig.
7h).

DISCUSSION

Regarding global warming, some studies suggest that
as global temperatures rise, cold fronts are expected to
decrease (Seneviratne et al. 2021). However, in a large
part of the USA, the intensity of Cfs does not appear to
be decreasing at the same rate due to variability in the
polar vortex associated with Arctic warming (Cohen et
al. 2021). In this study (1996-2021), there is evidence
of an increase of 6 to 9 Cfs per year, compared to the
last study (1996-2012) by Ortiz et al. (2013). In
addition to finding that January is the month where
most Cfs arrive (2 on average), it is observed that in that
time interval, between 3 and 29 Cfs occurred in the
Caribbean Sea. The Dickey-Fuller test indicates that the
Cf series is not stationary. Additionally, a linear
regression test, along with Kendall's test, provides
sufficient evidence to affirm the presence of a trend in
the time series.

This study reveals that none of the macroclimatic
oscillations analyzed had a significant impact on the
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Figure 7. Comparison of the number cold front passage frequencies during the strong opposite phases (positive and negative
indexes values in the x axis) of each teleconnection pattern during the period 1996-2021: a) El Nifio-Southern Oscillation,
ENSO (mean value 0.5), b) Quasi-Biennial Oscillation, QBO (mean value 6.2), c) North Atlantic Oscillation, NAO (mean
value 0.5) and d) Pacific North American (PNA) (mean value 0.3).

arrival of Cfs at low latitudes during the period from
1996 to 2021. Of all of them, the NAO positive phase
could have the greatest effect. In this regard, it
coincides with the fronts in the southern USA, which
also aligns with Zarate-Hernandez (2013) using the
NAO-AO relationship. Strongly positive phases of the
NAO are usually associated with above-average
temperatures in the eastern USA and northern Europe
and below-average temperatures in Greenland and
often in southern Europe and the Middle East (Hardy &
Henderson 2003). Local effects, such as the currents of
the North Atlantic Ocean, can influence the displace-
ment of fronts to lower latitudes. These currents can
affect the temperature distribution in the overlying
atmosphere. Areas of warmer waters tend to heat the air
above them, increasing instability that can intensify
temperature gradients and, consequently, promote the
further advancement of Cfs. According to Hardy &
Henderson (2003), the increase of Cf activity during the
El Nifio winter may be related to the strengthened
upper-air westerlies over the Gulf of Mexico affecting
the frequency of Cfs over the Caribbean Sea. In

addition, the positive phase of the PNA pattern is
associated with above-average temperatures in western
Canada and the far western USA and below-average
temperatures in the south-central and southeastern
USA, and these low temperatures probably favor the
transit of Cfs to the Caribbean Sea, consistent with a
similar study by Zarate-Hernandez (2014).

On the other hand, Walker's circulation is weaker
during QBO westerly (QBOW or positive index values)
compared to QBO easterly (QBOE or negative index
values). During El Nifio events, in addition to QBOW,
subtropical jets, and the polar vortex become stronger,
so a possible relationship between EIl Nifio and QBO
has also been investigated (Garcia-Franco et al. 2022,
Kumar et al. 2022, Labe et al. 2019).

The January 2021 case study revealed the
development and progression of a baroclinic cyclone
and its associated frontal system towards the
Colombian Caribbean Sea. The detailed analysis of the
event between January 9 and 11, 2021, revealed that the
system's core remained at low atmospheric levels,
characterized by intense westward flow and the presen-
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Figure 8. Temperature advection (°C d*; shaded; 1,000 mb), sea level pressure (mb, gray contour), and geopotential height
(mgp; pink shaded contour; 1,000-500 mb) on a) January 09: 12 UTC, b) January 10: 00 UTC, ¢) January 10: 06 UTC, and
d) January 10: 20 UTC; GOES-16 satellite images in the infrared channel (channel 13; 10.3 um) on e) January 09: 12 UTC,
f) January 10: 00 UTC, g) January 10: 06 UTC and h) January 10: 20 UTC.

ce of the Subtropical Jet Stream at higher levels. The
Cf's advance brought visible baroclinic characteristics,
with distinct cold and warm air advection. The system's
impact peaked on January 10, marked by significant
convection and the formation of convective cells, as
observed in satellite imagery. The frontal system
gradually weakened and dissipated by the evening of
January 10, losing its distinct meteorological characte-
ristics.

Although some advanced statistical models, such as
GLM, could enhance the understanding of complex
relationships among variables such as temperature,
wind, and Cf frequency, their application requires
specific conditions (e.g. large sample size and certain
distributional assumptions) that are not met by this
study's relatively short time series (n = 26). In this
exploratory context, simpler statistical techniques such
as trend analysis (Dickey-Fuller, Mann-Kendall), linear
regression, and Spearman correlations were deemed
more appropriate and robust for the available data.
These methods enabled an effective preliminary
assessment of long-term behavior while minimizing the
risk of overfitting and maintaining transparency in the
interpretation of results.

Furthermore, the statistical comparison of Cf
frequencies during the strong positive and negative
phases of each oscillation using the Chi-square test
showed significant differences in the cases of NAO,
QBO, and PNA (P < 0.05), reinforcing the potential
influence of these oscillations in modulating Cf activity
at tropical latitudes.

CONCLUSIONS

This study presents a detailed climatological analysis of
Cfs affecting the Colombian Caribbean Sea from 1996
to 2021, with an emphasis on their frequency, long-
term trends, and association with large-scale
atmospheric teleconnection patterns. The results
demonstrate a significant increase in Cf occurrences
compared to previous assessments, with 6 to 9
additional events per year. This trend was supported by
robust statistical evidence, including the Augmented
Dickey-Fuller and Mann-Kendall tests, which
confirmed the non-stationary and monotonic nature of
the time series.

The seasonal distribution revealed that January is
the month with the highest frequency of Cfs, consistent
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with enhanced baroclinic activity and stronger
meridional thermal gradients during the boreal winter.
A total of 233 events were documented over the study
period, with 2019 showing the highest number of
occurrences. These findings suggest that contrary to
some expectations regarding global warming and a
potential reduction in cold air outbreaks at tropical
latitudes, Cfs continue to exert an increasingly
important influence on the region's atmospheric
dynamics, which may be associated with the influence
of Arctic amplification and its effects on mid-latitude
circulation patterns, including the polar vortex.

The analysis of atmospheric teleconnection patterns
showed that while ENSO and QBO presented weak or
statistically insignificant relationships with Cf
frequencies, the NAO and the PNA pattern exhibited
stronger associations. In particular, the positive phases
of NAO and PNA were significantly linked to increased
Cf activity, as confirmed by the Chi-square test. These
findings are in agreement with previous studies
conducted in the southeastern USA and Central
America, suggesting that these mid-latitude modes play
a relevant role in modulating frontal incursions into the
Caribbean.

The case study of the January 2021 event allowed
for a detailed assessment of the synoptic evolution of a
baroclinic system. The event was characterized by the
development of a frontal system associated with strong
cold advection and the presence of the Subtropical Jet
Stream at upper levels, which contributed to the
system's intensification. The progression of the frontal
boundary across the Colombian Caribbean was
accompanied by significant convection and intense
atmospheric instability, illustrating the potential
severity of such systems even at low latitudes.

This work contributes to filling an important gap in
the literature by being the first to investigate the
climatology, temporal evolution, and teleconnections
of Cfs in the Colombian Caribbean Sea in detail,
utilizing long-term observational data. The findings
highlight the increasing significance of Cfs as a driver
of hydro-meteorological extremes in the region,
particularly about coastal vulnerability, maritime
safety, and climate risk management.

Given the relatively short period of analysis (26
years), further studies should extend the dataset and
include longer-period oscillations such as the Pacific
Decadal Oscillation and the Atlantic Multidecadal
Oscillation. Furthermore, future work should incorpo-
rate numerical modeling approaches to examine the
underlying dynamics of Cf intensification within the
context of a changing climate and its interactions with
regional ocean-atmosphere processes.
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