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Abstract. Extreme ocean waves in the Caribbean Sea ardhe structural collapse of the Puerto Colombia pier, located
commonly related to the effects of storms and hurricanesmear the city of Barranquilla, between 5 and 10 March 2009.
during the months of June through November. The collapseThis information is invaluable when evaluating average and
of 200m of the Puerto Colombia pier in March 2009 re- extreme wave regimes for the purpose of informing the de-
vealed the effects of meteorological phenomena other thasign of structures in this region of the Caribbean.
storms and hurricanes that may be influencing the extreme
wave regime in the Colombian Caribbean. The marked sea-
sonality of these atmospheric fronts was established by ana-
lyzing the meteorological-marine reports of the Instituto de
Hidrologia, Meteorologia y Estudios Ambientales of Colom-
bia (IDEAM, based on its initials in Spanish) and the Centro
de Investigacion en Oceanografia y Meteorologia of Colom-According to Ortiz et al. (2012), the most important
bia (CIOH, based on its initials in Spanish) during the last Meteorological-marine event of the last 10yr along the
16 yr. The highest number of cold fronts was observed duringColombian coast was the passage of a cold front between 5
the months of January, February, and March, with 6 fronts oc2nd 9 March 2009. The waves generated by this atmospheric
curring per year. An annual trend was observed and the hightront reached as high as 2.4 m in significant height and led to
est number of fronts occurred in 2010 (20 in total); more- the collapse of a 200 m section of the Puerto Colombia pier,
over, an annual strong relationship between the maximunocated on the Caribbean coast of Colombia.
average wave values and the cold fronts in the central zone EXtreme ocean waves are typically related to the effects
of the Colombian Caribbean during the first three months ofof storms and hurricanes, and according to Ortiz (2012), the
the year was established. In addition, the maximum values ofwo areas of the Colombian Caribbean that are most vulner-
the significant height produced by the passage of cold front@ble to the threat of hurricanes are the island of San Andrés
during the last 16 yr were identified. (zone 1in Fig. 1), followed by the Guajira Peninsula (zone 2
Although the Colombian Caribbean has been affected byn Fig. 1). However, reports of large waves are recorded in
storms and hurricanes in the past, this research allows uthe marine-weather bulletins of the Oceanographic and Hy-
to conclude that there is a strong relationship between coldirographic Research Center (CIOH, based on its initials in
fronts and the largest waves in the Colombian Caribbean durSpanish) of the Colombian Navy and the Institute of Hy-
ing the last 16 yr, which have caused damage to coastal indrology, Meteorology and Environmental Studies of Colom-
frastructure. We verified that the passage of a cold front corPia (IDEAM, based on its initials in Spanish) during months
responded to the most significant extreme wave event of th@ther than those of the hurricane season (June to November)

last two decades in the Colombian Caribbean, which cause@" the Colombian Caribbean mainland. Thus, the question
regarding the cause of these extreme wave events, which in

1 Introduction
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Fig. 2. Dynamics of cold fronts (Thompson, 1998).
Fig. 1. Vulnerability of the Colombian Caribbean coast due to hur- 9 4 ! ( P )

ricanes (Ortiz, 2012).

Cold fronts, also called polar fronts, can reach low lat-

certain cases have caused considerable damage to coastal Wdes during the W|_nter, t_hus affe_ctmg weather c_or_1d|t|ons
frastructure, is an important topic of interest. In these areas. The intrusion of midlatitude cold air into the
Cold fronts are a category of so-called atmospheric frontgOPICS occurs in various regions B .th.e globe_. Thesel events
and are characterized as atmospheric disturbances producé‘&e characterized by a F.)°°| pf cold air in the middle latitudes,
by the collision of a cold air mass and a warm air mass. Ac-@ Strong pressure gradient in the lower troposphere, and the

cording to Thompson (1998), basically there are two typessubsequent, abrupt intrusion of cold air into the tropics (Has-

of fronts: cold and warm. Due to its geographical location, tenrath, 1991). . . .
the Colombian Caribbean experiences cold fronts wherei Cold fronts are accompanle_d by heavy rainfall, causing
air masses that are cooler than the hot air masses typicllo.oqs and Iand§I|dgs. Increasing levels of gtmos_pherlc hu-
of the area move northward. When the dense and heavy am'd'ty and the likelihood that glqba}l warming W'l.l affef:t
mass moves toward the warmer, lighter air mass, the Coldveather patterns suggest that similar climatic disruptions

air pushes the warm air upward at high speeds. Dependin{'®Y berzlt_:ombe more frﬁquent (Deci?el It(ajtfal., 2011)_|TheI re-d
on the relative humidity, storm clouds may be formed, de—tht'onS r:ps et\/\f/eent (ipaiigge Ot cob dfo’“rf ' sez; ceve 'tag
veloping in a narrow band along the edge of the front and, € eéxchange ot currents within water bodies have been Stud-

producing heavy rainfall (Fig. 2). In Fig. 2, is the name of ied in Louisiana (Zhixuan and Chunyan, 2010). Other stud-
cumulonimbus cloudsC; is the name of High-level clouds. ies describe the effects of cold fronts elsewhere in the USA
Ce is stratocumulus anellc is altocumulus clouds " and in Australia (Locatelli et al., 1989; Beringer and Tepper,

. . 000).
Cold fronts are air masses that have an approximately hor—2 . .
izontal homogeneity in temperature and humidity. Accord- A detailed study of the seasonality and frequency of cold

ing to Namias (1960) and Mayhew (1997), air masses aréronts in the Colombian Caribbean has not been previously

areas of the atmosphere that extend for hundreds of kilome;-:ondlicfd' Nar\t/r?ez_ and l_e(f)n %0]93) tp u_b "?lhq edcon_gbof the
ters and, in addition to exhibiting uniformity in temperature rew studies on the Impact of cold fronts in e L.aribbean,

and humidity, have similar vertical variations in temperatureIn which they analyzed the |ntr_u3|on_ of a cold front m_Jan-
and pressure. uary 2002. Figure 3 shows the intrusion of a cold front in the

Caribbean Sea from the state of Arizona in the USA. These

The properties of currents created within an air mass de- : .
pend on the region where the mass originated. If the aifmages correspond to infrared images of the GOES-8 satel-

mass moves away from its original area, its properties tend'teo(ltp'z;lll'zz‘ég during 5tan(t:i ifﬁnu?fry t20192.
to change. Such changes are readily observed in the lower rtiz etal. ( ) reconstructed the effect of waves gener-

layers, whereas the higher layers only gradually exhibit suchated by the passage O_f a COld. front that brogght down 200 m
variations (Namias, 1960). Cold fronts are of great im- of the Puerto Colombia port infrastructure in March 2009.
portance in this stu,dy because they significantly affect theThis work represents the first characterization of cold fronts

ocean—atmospheric conditions of areas that they cover. Fafiong the Co:_orr?b(ljag Ct?]rlbbean (I; Ot"?ISt' Tfh 'S lcga;rac:erlzatlton
example, cold fronts significantly increase the Windintensity,Was accomplished by the compiiation of cold lront events

increase the cloud cover, decrease the temperature, increal gorded during the last 16 yr, the establishment of their sea-

the atmospheric pressure, and significantly increase the wa\/%ona“ty’ and the use of trend analysis.

height. The last of these changes has the strongest effects on
the Colombian Caribbean coast and the archipelago that in-
cludes the San Andrés and Providencia islands (CIOH).
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Fig. 4. Caribbean Sea (Source: CIOH-DIMAR).
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Fig. 3. Cold fronts in the Caribbean Sea in January 2002 (Narvaez
and Leon, 2003 and modified by the authors).

2 Description of study area

The surface area of the Colombian Caribbean is approxiFig. 5. Intertropical Convergence Zone in July and January.
mately 590 000 krh The Caribbean Sea is bounded by South
Americato the south, Central America to the west, the Lesser
Antilles to the east, and the Greater Antilles (Cuba, Haiti, When the winds of the San Andrés jet are stronger, the
the Dominican Republic, and Puerto Rico) to the north. Thedry season occurs throughout the Caribbean coast, which co-
Caribbean Sea is connected to the Gulf of Mexico by theincides with intense NE trade winds. The same process oc-
Yucatan channel to the northwest and to the tropical Atlanticcurs for the “Veranillo de San Juan”. In contrast, the wet
Ocean to the east. The Colombian Caribbean coast is approseason coincides with the period of the greatest intensity of
imately 1600 km long, and the main coastal cities in this im-the Choco jet winds and a lower intensity of the San An-
portant region are Riohacha, Santa Marta, Barranquilla, andrés jet winds. Throughout the entire Caribbean coast, the
Cartagena. A map of the Caribbean Sea is shown in Fig. 4. wettest month of the year is October, and the driest months
The climate of Colombia’s Caribbean coast is determinedare February and March; however, there is a strong spatial
by its tropical location, which is exposed to direct solar radi- variation of this parameter.
ation. Accordingly, there are no defined climatic seasons, in The mean temperature in the area, obtained as a multiyear
contrast to latitudes further from the Equator. In this region, average for data from airport meteorological stations, is ap-
there are two seasonal periods determined by precipitatiofroximately 27.6C, and the relative humidity of the study
and the patterns of the Aloysius winds of the east. area is approximately 82.4 % (Fig. 6).
As shown in Fig. 5, the movements of the Intertropical
Convergence Zone (ITCZ) produce three main seasons i
Colombia: a dry period with strong winds (December—April),

atransitional period (May—July), and arainy period (August—sing \weather information developed by the CIOH and

November). These three climatic periods may change both i'?DEAM, all cold front reported events between 1996 and
duration and intensity due to the influence of the American2012 were identified. In a monthly marine-weather bul-

monsoon system, low-level atmospheric wind currents, anqgin the CIOH reports all climate patterns in the Colom-

“El Nifio” and “La Nifa” (positive phase of EI Nifio) events i3 caribbean for each month as well as the characteris-
(Andrade and Barton, 2001). tic events and most relevant phenomena that occur in marine

% Methodology
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Mean Temperature because it allows for the location of frequency signals within
- 285 a time scale (Torrence and Compo, 1998). The CWT,)(
g 2 o fadi is defined as th luti
< yayd N — of a discrete sequenag is defined as the convolution of,
g 272'3 / - \ / with a scaled and translated versionyaf(n) (Torrence and
® s \ / Compo, 1998):
;'J' 26 \'/ N—1
25.5 — (n' —n)dt
P Wa(s) =D xwip [f] 1)
q? Q@@g vg%@\;\ \0\\ & @e & oé\x@\ Q%c, n
. o wherex indicates the complex conjugaig, represents the
Relative Humidity temporal resolution of the discrete series, g@ndorresponds
88 to the parent function (i.e., Paul, Morlet, Mexican Hat). The
< 86 AN latter i I lized Morlet let, defined as:
I d AN atter is usually a normalized Morlet wavelet, defined as:
Z 82 /N \\ —1/4 iwen ,—n?/2
T 80 Vo(n) =7~ "' e , 2
En — o .
I 76 where the subscript indicates that/ must be normalized,
74 w, is the non-dimensional frequency, ands a dimension-
\?s‘* Q@@@ vngé\é \\S“ N vg(o g 0(} \;o‘* QQ,(-‘ less time parameter. To approximate the CWT, the convolu-

tion given in Eq. L) must be performeav times for each
Fig. 6.Mean temperature and mean relative humidity of the Colom-Scale, whereV is the number of points in the time series.
bian Caribbean zone (Ortiz and Rosales, 2012). After selectingV points, the convolution theorem allows for
the simultaneous performance 8fconvolutions in Fourier
space using a discrete Fourier transformxgr

and shoreline zones of the coasts and islands comprising this 1 N1 orikn/N
zone. These reports were reviewed, month by month, and\¥x = N ane ) ®3)
the reported oceanic—atmospheric phenomena were classi- n=0

fied. The phenomena associated with the passage of colgnerex =0...N — 1 is the frequency index. According to

fronts through the Cgribbgan Sea apd their relationship tqne convolution theorem, the wavelet transform is the inverse
the extreme wave heights in this region were also reportedgf the Fourier transform of the product:

Cold fronts that initiated an entry into the Gulf of Mexico but

that became occluded or disappeared before moving com- N-1 -
pletely into the waters of the Caribbean Sea were excludedWn(s) = > Axk Ay * (smp)e ™, 4)
The events that were finally selected were organized monthly k=0

for each year that was reviewgd. With this information, an-, o e the angular frequency is defined as:
nual and multiannual characterizations were performed to es-
tablish the seasonality and trends associated with the passage 2rk k
of these fronts in the Colombian Caribbean as well as their@k = { f‘sz‘n_k k (5)
relationship to the generation of extreme waves. Nt
For the wave analysis, historical data (1996-2012) were Using Eq. @) and a Fourier transform numerical subrou-
obtained from a virtual buoy near the Colombian Caribbeantine, it is possible to simultaneously calculate the CWT for
coast (red circle in Fig. 3), located at coordinates\¥6and  all n (Torrence and Compo, 1998). One advantage of the
11°N. The data were extracted from the wave propagationwavelet transform is that it is independent of the scale, which
model of NOAA called WAVEWATCH lIl, or WW3, which  is useful for analyzing time series containing non-stationary
was created by Tolman (1991). These buoys simulate wavéunctions at different frequencies, thereby helping to reveal
parameters, such as the significant heigif)( peak period  aspects such as trends, break points, and discontinuities in a
(Tp), and mean wave direction (MWD), as well as regional continuous and discrete time series. For this reason, wavelet
model results of WW3, as run in the Caribbean with a spatialanalysis has been used successfully in detecting periodicities
resolution of 0.25 x 0.25° and showing results every 3 h. in geophysical data sets (e.g., Gamage and Blumen, 1993;
A continuous wavelet transform (CWT) was applied to Liu, 1994; Mak, 1995; Torrence and Compo, 1998; Labat,

this series to identify periodicities and patterns of interannual2005; Labat et al., 2005; Pasquini and Depetris, 2007).
variability in the significant heightH{s) data simulated by the

virtual buoy. CWT analysis provides significant advantages
over more traditional methods (e.g., fast Fourier transform)

vV oIA
==
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Fig. 7. Seasonal variation (box plot) of the number of cold fronts;
values were estimated using data from 1996 to 2012.
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The seasonal variation of the occurrence of cold fronts in therig. 10. Wave rose of the virtual buoy.

Colombian Caribbean is shown in Fig. 7. The box plot is a

graphical representation of data that shows a data set'’s lowest

value, highest value, median value, and the size of the firsThe greatest numbers of cold fronts have occurred in Jan-

and third quartile. The box plot is useful in analyzing small uary and February, and 64 % of cold fronts occur in the first

data sets that do not lend themselves easily to histogramghree months of the year. There were no cold fronts during

Because of the small size of a box plot, it is easy to displaythe months of June, July, August, and September. June and

and compare several box plots in a small space. July represent the so-called transition period, or “Veranillo
On average, six cold fronts occur annually in the area.de San Juan”, and mark the beginning of the wet season for

There is an observable trend over the last 16yr, althougithe Colombian Caribbean. The beginning of the cold front

the maximum number of events, a total of 20, occurredseason occurs immediately following the end of the wet sea-

in 2010. There were a minimum number of cold fronts in son (October), with a minimum number of events occurring

1997, with three events in the study area. The season witfin October and a peak in February.

the highest number of registered cold fronts (2010) coin-

cided with a rapid transition from the warm phase of the 4.2 Waves

ENSO (May 2009—-March 2010), characterized by moder- . . . . :

ate negative anomalies in the Southern Oscillation IndexThe Hs time series s is called the significant wave height

(—2 < SOl < 0), to a cold phase (April 2010-April 2011), m_meters, corresponding to the average of the highest one
in which strong positive anomalies of this index were ob- third of the waves) and the wave rose plot based on data from

served (SOt 3). Figure 8 shows the annual variation in the tlhoe virtual ?uoly u;gd n thisl stugyle;re rs;hovxf{rr: n F|g?r.1|9 an(z
occurrence of cold fronts in the Caribbean (1996-2012). » FESpectively. Figures an show the monthly an

As shown in Fig. 7, the atmospheric disturbances are Con_muItiyear averaged significant wave heights, respectively.
centrated in the dry season, i.e., from December to May.

www.nat-hazards-earth-syst-sci.net/13/2797/2013/ Nat. Hazards Earth Syst. Sci., 13, 278534 2013
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tual buoy. . :
y Fig. 14. Extreme waves due to the cold front that passed in March

2009 (Ortiz et al., 2012).

As shown in Figs. 10 and 11, on average, higHewralues
correspond to the first three months of the year, which 0CCUL g lighter colors in the wavelet spectra correspond to high

n the pegk tcr? ldt frt;nt ogc;rr;ance tlrr: the atrela as vx:ell ?S dth(?/alues of the transform coefficients (power). The thick black
Increase in the trade winds from the east. In contrast, dure, 4 gelimits the 95 % confidence level against AR (1) red
ing the Caribbean hurricane season, the avefagealue is

i h f infl h ff 2
lower. The annual variation dis does not exhibit any signif- noise and the cone of influence where edge effet(e{/2)

are not negligible is shown as a black thin line (Fig. 15). The

fzntt)trleg?nfor the last 16 yr. The average value ranges fromwavelet analysis shows that processes with scales of less than

. . . six months are highly intermittent and scattered. In contrast,
The maximumHs values from the virtual buoy time se-

. > - the annual and semi-annual signals appear quasi-stationary
res are presented in Fig. 13. These data clearly indicate tha::{nd of a consistent magnitude (i.e., power) over the entire
the highest; values of the series correspond to the p"’ls's""lg‘?‘ecording period. Inter-annual fluctuations of the significant

of cold fronts in the area, as was reported in the IDEAM ; . : :
. ' . wave height are characterized by intermittent processes at a
and CIOH marine-weather bulletins (grey bar); the black bar 9 y P

h th . height ated with th (1uasi-biennial scale~{18 to 36 months). The wavelet spec-
shows the maximum nheight associated wi € passage @, highlighted the signal of the band of 18 months dur-

the cold front in March 2009, WhiCh resultgd in the C.OI- ing 1998-2001 and 2007-2010 as well as the signal of the
lapse of the Puerto Colombia pier, as described by Ortiz eband of 36 months during 1997—1999, 2003, and 2008-2010
al. (2012). A photograph taken two hours after the collapse(Fig_ 15). There is a clear period of intense activity between

of:(rhhe sér\l/J\;:_lt_ure IS prels_e(rjlttedt;]n F|g. 1f4 t height dat 2008 and 2010, wherein oscillations occur at semi-annual,
e was applied to the signiicant wave height da aannual, and quasi-biennial scales, which coincides with years

IroThch.fl;IOAﬁ_virtuangsy (Fitgh. 92' This alnfrillyst,is ?IIOWS fwhen the greatest significant heights (Fig. 12) and the highest
or the ditierentiation between the temporal TUCIUALoNS of ,per of cold fronts were recorded (Fig. 8).

a time series, thereby identifying the intermittence of each
of the processes at a specific temporal scale (Fig. 15). White

Nat. Hazards Earth Syst. Sci., 13, 27972804 2013 www.nat-hazards-earth-syst-sci.net/13/2797/2013/
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Fig. 15.Continuous wavelet transform spectrum (left) and global wavelet spectrum (righf fofthe virtual buoy.

The continuous wavelet spectrum was averaged over time Wavelet analysis showed that processes at scales of less
to quantify the dominant scales within the processes of varithan six months are highly intermittent and scattered. By con-
ability, allowing for the determination of the distribution of trast, interannual fluctuations in the significant wave height
the signal variance between different time scales (Torrencare characterized by intermittent processes occurring at a
and Compo, 1998). Accordingly, this integration technique quasi-biennial scale. Additionally, a period of intense activ-
generates a comprehensive wavelet spectrum (Fig. 15). ity was identified between 2008 and 2010. During this pe-

The white and lighter colors in the wavelet spectra in riod, oscillations occurred at semi-annual, annual, and quasi-
Fig. 15 correspond to high values of the transform coeffi-biennial scales, and the greatest significant heights and the
cients (power), the thick black contour delimits the 95 % con- largest number of cold fronts were recorded.
fidence level against AR(1) red noise, and the cone of influ- Although the Colombian Caribbean has been affected by
ence where edge effectg (2,/2) are not negligible is shown storms and hurricanes in the past, this research allows us to
as a thin black line. For the virtual buoy, the annual band ap-conclude that cold fronts have had a strong relationship to
pears as the main oscillatory component, whereas the semihe largest waves in the Colombian Caribbean during the last
annual band (0.5 annual) emerges as the source of secori® yr, which have caused damage to coastal infrastructure.
order in the variability of the significant wave height. We confirmed that the most significant extreme wave event of

the last two decades in the Colombian Caribbean, which led

i to the structural collapse of Puerto Colombia pier, near the

5 Conclusions city of Barranquilla, corresponded to the passage of a cold
front between 5 and 10 March 2009. This information could

In this study, cold fronts occurring in the Colombian : .
be important when assessing the average and extreme wave

Caribbean during the past 16 yr were characterized. A strong _ . 2 : )
) ST . : ... Yegimes for the purpose of aiding the design of structures in
seasonality of cold fronts in this region was established, with ,": ;
this area of the Caribbean.

cold fronts occurring most often during the first three months
of the year (January, February, and March), and there were
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