
Continental Shelf Research 31 (2011) 73-84

C o n te n ts  l is ts  a v a ila b le  a t S c ie n c e D ire c t

.. - eg  Continental Shelf Research

E L S E V IE R  j o u r n a l  h o m e p a g e :  w w w . e ls e v ie r . c o m / lo c a t e / c s r

Thermocline characterisation in the Cariaco basin: A m odelling study o f the 
thermocline annual variation and its relation w ith  w inds and 
chlorophyll-a concentration
A. Alvera-Azcárate ab’*, A. Barthab, R.H. Weisbergc, J.J. Castañedad, L. Vandenbulckea, J.-M. Beckers3
a AGO-GHER-MARE, University o f Liège, Allée dn 6 Août 17, B5, Sart Tilman, 4000 Liège, Belgium 
b National Fund fo r  Scientific Research, FNRS-FRS, Belgium
c University o f South Florida, College o f Marine Science, 140 7th Avenue South, 33701 Saint Petersburg, Florida, USA 
d Instituto Oceanógrafico de Venezuela, Universidad de Oriente, Camana-Sucre 6101, Venezuela

A R T I C L E  I N F O  A B S T R A C T

The spatial and tem pora l e vo lu tion  o f  the the rm oc line  depth  and w id th  o f  the Cariaco basin (Venezuela) is 
analysed by means o f a th ree-d im ens iona l hyd rodynam ic  m odel. The the rm oc line  depth  and w id th  are 
de term ined th roug h  the fit t in g  o f m odel tem pera ture  p rofiles to  a s igm oid function . The use o f  w ho le  
p ro files fo r the fit t in g  a llow s fo r a robust es tim a tion  o f the  the rm o c lin e  characteristics, m a in ly  w id th  and 
depth. The fit t in g  m ethod is com pared to the m a x im um  grad ien t approach, and i t  is shown tha t, under 
some circum stances, the  m ethod presented in  th is  w o rk  leads to  a b e tte r characte risa tion o f the 
the rm ocline . A fte r assessing, th roug h  com parison w ith  independent in  s itu  data, the m odel capabilities to 
reproduce the  Cariaco basin the rm ocline , the  seasonal v a r ia b ility  o f  th is  variab le  is analysed, and the 
re la tionsh ip  betw een the  annual cycle o f  the the rm ocline  depth, the w in d  fie ld  and the d is tr ib u tio n  o f 
ch lo roph y ll-a  concentra tion  in  the  basin is studied. The in te r io r o f  the basin reacts to  easterly w inds 
in te ns ifica tion  w ith  a ris ing  o f the the rm ocline , resu lting  in  a coastal u p w e llin g  response, w ith  the 
consequent increase in  ch lo roph y ll-a  concentra tion . Outside the Cariaco basin, w here an open ocean, 
o ligo th ro ph ic  regim e predom inates, w in d  in te ns ifica tion  increases m ix in g  o f the  surface layers and 
induces the re fo re  a deepening o f  the the rm ocline . The seasonal cycle o f the  the rm o c lin e  v a r ia b ility  in  the 
Cariaco basin is therefore  re lated to  changes in  the  w in d  fie ld . A t shorte r tim e  scales (i.e. days), i t  is shown 
th a t o th e r processes, such as the  influence o f  the m eandering Caribbean curren t, can also influence the 
the rm ocline  va r ia b ility . The m odel the rm o c lin e  depth  is show n to  be in  good agreem ent w ith  the tw o  
m a in  v e n tila tio n  events th a t too k  place in  the basin du ring  the period o f  the s im u la tion .
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1. Introduction

The depth o f the therm ocline is crucial when m odelling the 
physics o f the ocean, as it  largely affects the heat transfer between 
the ocean and the atmosphere, as w e ll as the heat transfer between 
the ocean surface and deeper layers (G ili, 1982; Alexander et al., 
2000). The therm ocline positioning also affects the biological 
characteristics o f the ocean such as the prim ary  production 
(e.g. M uller-Karger et al., 1989; Di Lorenzo et al., 2005); it  often 
determ ines the depth range at w h ich  nutrien ts are found, and the 
presence o r not o f phytoplankton, by establishing the separation 
between the warm er surface layer from  deeper, cooler and 
nu trien t-rich  waters be low  the therm ocline (Valiela, 1995). 
A correct characterisation o f the therm ocline is necessary for an
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accurate m odellisation o f the upper ocean dynamics and, in the 
case o f coupled models, for a proper characterisation o f the biomass 
and its location in  the w ate r colum n (Soetaert et al., 2001).

Upwelling-favorable w inds over the coastal ocean result in  a 
rising o f isotherms, bring ing the subsurface n u trien t-rich  waters to 
the surface, and inducing an increase o f p rim ary  production in  the 
surface layers, and hence o f ch lorophyll-a  concentration. Situated 
in the Caribbean Sea, the Cariaco basin is affected by Trade w inds 
and an upw e lling  is observed from  November to May each year 
(M uller-Karger et al., 1989; Astor et al., 2003). In addition, rising 
isotherms outside o f the basin m ight bring subsurface oxygenated 
w ater from  the Caribbean Sea in to  the anoxic basin, because o f its 
characteristic topography (Astor et al., 2003). A com bination o f 
in  situ data, remote-sensing data and a num erical hydrodynam ic 
model is used in  th is w o rk  to study the therm ocline depth evolution 
inside and outside the Cariaco basin, and the re lation o f this 
variable w ith  w inds and ch lorophyll-a  concentration. The aim  is 
to bette r understand how these variables are related and how 
the Cariaco basin is affected by the therm ocline depth variab ility .
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A reliable m ethod to calculate the therm ocline depth in  both the 
in  s itu data and the hydrodynam ic model is needed. In addition, 
the accuracy o f the hydrodynam ic model in the representation o f 
the therm ocline depth needs to be assessed.

There are a number o f works dealing w ith  the calculation o f the 
mixed layer depth. The mixed layer lies above the oceanic thermo­
cline layer, and it  is un iform ly mixed due to the action o f winds and 
solar heating. For example, Kara et al. (2000) use a threshold method 
in  which a given increment in the temperature or density profile is 
identified as the position o f the bottom  o f the mixed layer. Thomson 
and Fine (2003) use a split-and-merge method that approximates a 
specified curve using piecewise polynomial functions to find break­
points that indicate the location o f the mixed layer depth. Soetaert 
et al. (2001 ) use a fitting  to a two-layer model to find the mixed layer 
depth in  density and nitrate profiles.

On the other hand, this w ork describes a new technique to 
calculate the depth o f the thermocline. Some works have previously 
dealt w ith  this problem. For example, Palacios et al. (2004) and Kim 
and M ille r (2007) use the m axim um  vertical temperature gradient to 
identify the depth o f the thermocline. In this w ork we propose an 
alternative method to extract the depth and w id th  o f the thermocline 
from  observed and modelled temperature profiles. Our approach 
consists in fitting  individual temperature profiles to sigmoid curves, in 
a least-square approach. This method is sim ilar to the one used by 
Steyn et al. (1999) to determine the height o f the atmospheric 
entrainment zone (a concept equivalent to the thermocline in the 
ocean), and it  provides not only the depth o f the thermocline but also 
the w id th  o f this layer. The w id th  o f the thermocline layer gives 
inform ation on the steepness o f the temperature gradient, which in 
tu rn  indicates the availability o f tracers like nutrients from the 
subsurface layers.

Once the thermocline depth and w id th  are known, the error 
between model and observations can be then analysed separately for 
various components: the error in the positioning o f the thermocline, 
the error o f the temperature at the thermocline depth and fina lly an 
error o f the thermocline layer w idth. These three error measures 
provide inform ation on the amount o f m ixing induced by the model 
and the transfer o f heat through the surface and subsurface water 
layers. This inform ation can be a useful feedback for model calibration 
processes: an error in the depth o f the thermocline directly affects the 
heat transfer in  the upper layers o f the ocean and the atmosphere; 
an error in the thermocline w id th  w ill have an impact in the heat 
transfer among surface and deeper layers, and can also affect species 
concentration and vertical m igration in coupled biological models; 
finally, an error in  the temperature o f the thermocline m ight as well 
indicate that the heat transfer from  the surface is too high, or that an 
overall bias is present in the model.

This w o rk  is organised as fo llows: the dom ain o f study, data and 
num erical model used on th is w o rk  are described in Section 2. 
Section 3 introduces the fittin g  m ethod for tem perature profiles 
and compares its accuracy w ith  the m axim um -gradient method. 
The model therm ocline error analysis is shown in  Section 4. A study 
o f the annual varia tion o f the therm ocline depth in the Cariaco 
basin and its re lation to w ind  in tens ity  and ch lorophyll-a  concen­
tra tion  is presented in  Section 5, along w ith  a study o f the 
ven tila tion  events observed in the basin. The conclusions o f th is 
paper are presented in Section 6.

2. Materials

2.1. Study area

The Cariaco basin is a semi-enclosed area o ff the coast o f 
Venezuela. Two shallow  passages (the Centinela channel to the 
west and the Tortuga channel to the northeast) connect the upper

150 m o f the basin to the open ocean. The basin in terio r, w ith  a 
m axim um  depth o f 1400 m, is therefore com plete ly isolated from  
the open ocean, and the ven tila tion  o f the basin waters is done on ly 
through the upper layers. Waters deeper than 250 m are anoxic in 
the Cariaco basin, w ith  very lim ited  changes in temperature, 
sa lin ity  and other properties (Astor et al., 2003). A detailed 
description o f the basin hydrography can be found in, e.g. 
M uller-Karger et al. (2001), Astor et al. (2003), Alvera-Azcárate 
et al. (2009a), M uller-Karger et al. (2010). Accurate m odelling o f the 
surface waters tha t connect the Cariaco basin w ith  the open ocean 
is very im portan t in order to correctly sim ulate the temperature, 
sa lin ity  and currents in  the basin’s in te rio r. Moreover, a correct 
characterisation o f the therm ocline w id th  and depth w il l  deter­
m ine i f  the ven tila tion  o f the basin is accurately represented by a 
model (i.e. i f  w a te r o f Caribbean o rig in  is able to enter in to 
the Cariaco basin). The results from  a hydrodynam ic model o f 
the Cariaco basin described in Alvera-Azcárate et al. (2009a) are 
analysed in th is work.

2.2. In situ and satellite data

A series o f 35 CTD casts were taken between 15 and 19 March 
2004 in  the eastern part o f the Cariaco basin (Fig. 1), in  the 
fram ew ork o f the carbon retention in  a colored ocean (CARIACO) 
tim e  series program (M uller-Karger et al., 2010). These CTD profiles 
are used in th is w o rk  to asses the a b ility  o f a hydrodynam ic model 
o f the Cariaco basin (Alvera-Azcárate et al., 2009a) to reproduce the 
therm ocline depth and w id th . The hydrodynam ic model was 
validated in  Alvera-Azcárate et al. (2009a), bu t no analysis o f the 
therm ocline depth was done. The CTD data available for th is w ork  
are averages over 19 depth levels, w ith  a refinem ent in  the surface 
layer (11 ou t o f the 19 depth levels are concentrated at the top 
200 m o f the w ate r column). Data from  m on th ly  cruises made 
during 2004 at the CARIACO station ([10.5°N; 64.68°W], see 
location in Fig. 1) are also used. In particular, tem perature and 
continuous dissolved oxygen profiles are used. Details on the 
processing o f these data can be found in  Astor et al. (2003). A ll 
in  situ data were realised aboard the R/V Hermano Ginês, from  the 
Fundación La Salle de Ciencias Naturales o f Venezuela, and have 
been accessed through the project website, h ttp ://w w w .im ars .usf. 
edu/CAR/.

Satellite ch lorophyll-a  concentration data are also used in this 
work. The data are obtained from  the sea-viewing w ide fie ld-o f- 
v iew  sensor (SeaWiFS), on board the SeaStar spacecraft (h ttp ://  
oceancolor.gsfc.nasa.gov/), w ith  a spatial resolution o f about 11 km 
in  the study zone. The data are 8-day composites and contain a 
small percentage o f clouds (about 22%) tha t have been removed 
using DINEOF (data in terpo lating em pirica l orthogonal functions), 
an EOF-based technique to reconstruct missing data (Beckers and
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Fig. 1. The Cariaco basin. Contours show the bathymetry, and the circles show the 
position o f the 35 CTD profiles measured in  March 2004. The asterisk shows 
the location o f the CARIACO station. The small insert map shows the location of the 
Cariaco basin in  the Caribbean Sea.
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Rixen, 2003; Alvera-Azcárate et al., 2005, 2007). DINEOF uses the 
mean and covariance o f the orig ina l data to calculate an EOF basis, 
w h ich  in tu rn  it  is used to calculate the m issing data. I f  the orig inal 
data are norm ally  d istributed, then the probab ility  density dis­
tr ib u tio n  can be com plete ly described by the ir mean and the 
eigenvectors o f the covariance m a trix  (the EOFs). Variables such as 
ch lorophyll-a  concentration, however, do not have a Gaussian 
d is tribu tion , since th is variable is never smaller than zero. This is 
not taken in to  account in the EOF decomposition. To overcome this, 
a logarithm ic transform ation o f the ch lorophyll-a  data has been 
perform ed before using DINEOF. An exponential function has been 
taken afterwards to retrieve the in it ia l units. A to ta l o f seven EOFs 
have been used for the DINEOF reconstruction, a num ber deter­
m ined by cross-validation. The error o f the reconstruction is 
1.5 mg m ~ 3.

2.3. Hydrodynamic model

A sim ulation o f the Cariaco basin hydrodynamics for the year 
2004 (Alvera-Azcárate et al., 2009a) is used in th is work. The model 
is based on ROMS (Shchepetkin and M cW illiam s, 2005), and i t  is 
nested in  the 1/12° global navy coupled ocean data assim ilation 
(NCODA) HYCOM (hyb rid  coordinate ocean model, Chassignet 
et al., 2007). The Cariaco model is a three-dim ensional, free-surface 
and hydrostatic p rim itive  equations model. It has 32 vertica l 
te rra in -fo llow ing  levels, and a horizontal resolution o f 1 /60°, i.e. 
1.82 km  X 1.85 km  in the zonal and m eridional directions, respec­
tive ly. M e lio r and Yamada (1982) used 2.5 turbulence closure 
scheme. Open boundary conditions for temperature, salinity, 
elevation and currents are obtained da ily  from  HYCOM. The 
atm ospheric forcings are provided by National Centers for Envir­
onm ental Prediction (NCEP, Kalnay et al., 1996) for the therm o­
dynam ic forcing (a ir temperature, relative hum id ity , cloud fraction 
and short wave radiation), w inds and surface net freshwater flux 
(evapora tion -prec ip ita tion  flux), w h ile  long wave radiation, latent 
and sensible heat are calculated in teractive ly by the model using 
bu lk  form ulae (Fairall et al., 1996). Sea surface tem perature (SST) is 
corrected by relaxing to a cloud-free advanced very high resolution 
radiom eter (AVHRR) SST fie ld (http://podaac.jpl.nasa.gov/poet), 
calculated fo llow ing  Alvera-Azcárate et al. (2005). More in fo rm a­
tion  on th is model im p lem entation and va lida tion  can be found in 
Alvera-Azcárate et al. (2009a), and the nesting procedure is fu rther 
explained in  Barth (2008a,b).

3. Method

3.1. Characterisation o f thermocline by a least-squares f i t  to a 
sigmoid function

In order to find the position and w id th  o f the therm ocline, each 
tem perature pro file  is adjusted to a sigmoid curve, in  the least- 
squares sense. A sigmoid function can be defined by

=  T u +  ^  + e „ z _ D ) / 2  W)  ( 1 *

where z is the depth profile, Tu and Tb are the tem perature at the top 
and bo ttom  o f the therm ocline respectively, D is the depth o f the 
m iddle o f the therm ocline and W  is the w id th  o f the therm ocline. 
The op tim al values o f these four parameters (shown in Fig. 2) are 
calculated through the fitting , to adjust each tem perature pro file  to 
a sigmoid function by m in im is ing  the residuals between the tw o  
curves. Add itiona l constraints are given (Coleman and Li, 1996) as 
the m axim um  and m in im um  possible values for each o f these 
parameters, in  order to force the fittin g  not to reach unrealistic
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Fig. 2. Parameters obtained through the sigmoid fitting o f a temperature profile. 
Asterisks show the upper and lower lim its of the thermocline layer, the circle shows 
the central position of the thermocline, and the dashed line shows the w idth of 
this layer.

values (as, for example, a therm ocline depth above the water). The 
tem perature o f the pro file  at the therm ocline depth (z = D ) is 
obtained by in te rpo lating the tem perature to the depth calculated 
by the fit.

The residuals o f the least-squares adjustm ent (r= y (z ) -s (z ), 
w ith  y{z) the orig ina l tem perature profile) give an idea o f the 
overall m ism atch between the sigmoid curve and the tem perature 
profile. A large residual means tha t the tem perature pro file  itse lf 
does not fo llow  a sigmoid trajectory. However, the fitt in g  m ethod 
s till situates the largest gradient o f the sigmoid curve in the region 
o f largest tem perature change, so tha t the therm ocline depth is 
successfully detected even when non-sigm oid tem perature pro­
files are used. This is shown in Fig. 3 for three examples: one at the 
Tortuga channel, one inside the basin and one outside the basin. 
W hen the tem perature profile  presents a clear sigmoid form  (as for 
the profiles at the Tortuga channel and inside the basin), small 
residuals between the tem perature pro file  and the fitted  pro file  are 
obtained. The largest residuals are found outside the Cariaco basin, 
where the tem perature pro file  presents a decreasing exponential 
form, rather than a sigmoid form. The detection o f the therm ocline 
depth is however correct in  the three cases, as the zone o f largest 
tem perature change is correctly detected by the fitt in g  m ethod in 
a ll profiles.

The fittin g  m ethod is applied to tem perature profiles in  th is 
work, although it  can also be applied to other variables, as for 
example, density profiles. In tha t case, the pycnocline depth w ou ld  
be obtained, along w ith  the density at the top and bo ttom  o f th is 
layer, and its w id th . A ll these parameters are linked to the in ternal 
radius o f deform ation, an im portan t spatial length in  the ocean.

3.2. Comparison w ith  maximum-gradient method

An alternative w ay to calculate the therm ocline depth is to 
d irec tly  find the depth where the vertica l gradient o f tem perature 
reaches its m axim um  (óT/óz), a technique employed by Palacios 
et al. (2004) and K im  and M ille r (2007). ST/Sz is calculated for each 
depth level, starting from  the surface. A lthough the m axim um  
gradient is generally an accurate technique, several lim ita tions 
become evident when applying it  to the tem perature profiles: the 
presence o f noise or features like a d iurna l therm ocline m ight lead 
to inconsistent results, and the fact tha t the m axim um  gradient is 
lim ited  in the calculation o f the therm ocline depth to the discrete

http://podaac.jpl.nasa.gov/poet
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Fig. 3. Top panel: examples of temperature profiles (solid line) and fit (dashed line), along w ith  the thermocline depth detected by the fitting  technique. Bottom panel: 
corresponding residuals of the f it (sigmoid curve minus temperature profile). Large residuals indicate the deviation o f the profile from the sigmoid curve, although even when 
residuals are large, the thermocline depth is accurately detected. The date of the profiles shown is 15 March 2004 and the three locations are: (a) the Tortuga channel 
[10.9'N; 65"W[; (b) outside the Cariaco basin [11.3"N; 65.35'W]; (c) inside the Cariaco basin [10.7"N; 65.5" WJ. Note that the depth and temperature ranges are different for 
each location.
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depths o f the in it ia l tem perature profile. For example, in the 
tem perature profiles used in th is w o rk  there is a measurement 
at 35 m, and the fo llow ing  one is at 55 m depth, w h ich  means that i f  
the therm ocline is at 45 m depth, the therm ocline depth w ill be 
detected w ith  an error o f 10 m. The sigmoid f it  m ethod is not 
lim ited  to the in it ia l depth levels o f the profile, therefore avoiding 
such errors.

Fig. 4 shows four profiles, along w ith  the therm ocline depth 
detected by the m axim um  gradient m ethod and the sigmoid fit 
method. The tw o  firs t panels show examples in w h ich  both 
methods agree in  the depth o f the therm ocline. However, due to 
the discrete depths o f the in it ia l profiles, the therm ocline depth 
detected for the second pro file  is too shallow  for the m axim um  
gradient approach. The tw o  low er panels show examples in w h ich  
both methods disagree, w ith  the result given by the sigmoid fit 
m ethod being clearly more accurate. For example, in the fourth  
panel the m axim um  gradient is s ituated at the d iu rna l therm ocline 
instead than at the permanent therm ocline. A small change in the 
tem perature pro file  can lead therefore to very d iffe rent results w ith  
the m axim um  gradient method. The fittin g  m ethod in  the present 
w o rk  leads to more robust results, as it  detects the permanent 
therm ocline in the tw o  low er panels. It is therefore expected tha t 
the fitt in g  technique is less sensitive to the presence o f noise or 
errors in the tem perature profiles.

4. Error analysis of the Cariaco model thermocline

The depth and w id th  o f the therm ocline have been calculated for 
the tw o  CTD data sets mentioned in  Section 2 (CTDs taken from  
15 to 19 March and the m on th ly  CTDs taken at the CARIACO 
station) using the fitt in g  technique. The model results have been 
in terpo lated to the observation locations, and the fittin g  technique 
has been applied to these profiles. The tem perature at the center o f 
the therm ocline layer has also been calculated fo r a ll data sets. The 
model therm ocline depth and w id th  can be then compared to the 
observations. Table 1 presents a sum m ary o f the model therm o­
cline error. Also given are the corresponding standard deviations. 
The average observed therm ocline depth is -  66.7 m and -  78.4 m 
for the model. Regarding the average w id th  o f the therm ocline, it  is 
51.9 m for the observed profiles and 61.9 m for the modelled 
profiles.

The model presents a negative bias in the depth o f the 
therm ocline, i.e. the therm ocline is too deep compared to observa­
tions (Table 1). The average RMS error in the positioning o f the 
therm ocline model is 31.58 m, w h ich  is smaller than the standard 
devia tion o f both observations and model. The model therm ocline 
is too w ide (positive bias o f 9.99 m), w ith  an RMS error o f 33.64 m. 
The model therm ocline is thus w ider and deeper than observed, 
w h ich  m ight be indicative o f an excessive m ix ing o f the surface
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Fig. 4. Comparison of the fitting method w ith  the maximum gradient method for 
four temperature profiles (see position in the small map inserts). The asterisk 
represents the depth of the thermocline as detected by the maximum gradient 
method, and the gray circle represents the thermocline depth as calculated by the 
sigmoid f it  method presented in this work.

around the Tortuga channel was identified as the zone w ith  the 
highest errors between observations and model, and the cause 
was a ttribu ted to the higher va riab ility  o f an exchange channel 
(Alvera-Azcárate et al., 2009a). Inside and outside the Cariaco basin 
(panels a and d o f Fig. 5) the model represents accurately both the 
vertica l d is tribu tion  o f tem perature and the depth o f the therm o­
cline. A simple RMS difference between the observed and the 
m odelled profiles w ou ld  not reveal w h ich  aspects o f the therm o­
cline are accurately represented or not, an analysis tha t can be 
easily done w ith  the technique presented in th is  work.

5. Description of the thermocline in the Cariaco basin

The results presented so far indicate tha t the technique used to 
calculate the therm ocline depth gives accurate and robust results, 
and tha t the model compares reasonably w e ll w ith  available 
observations for a varie ty  o f pro file  forms. Given these results 
we w il l  analyse the annual cycle o f the model therm ocline depth in 
the Cariaco basin, and how it  relates to variables such as w ind  and 
ch lorophyll-a  concentration. The depth o f the therm ocline at the 
channels tha t communicate the Cariaco basin w ith  the open ocean 
is a crucial parameter in  the ven tila tion  o f the in te rio r o f the basin. 
As an anoxic basin, an im portan t oxygen source comes from  the 
subsurface Caribbean Sea waters tha t enter through the Cariaco 
basin channels.

For every day during the sim ulation period and for every w ater 
colum n in  the model domain, the characteristics o f the therm ocline 
have been computed, so two-d im ensiona l fields o f the therm ocline 
depth and w id th  are obtained for each day o f the model sim ulation. 
These fields are used in  th is section to study the tem poral and 
spatial evo lu tion o f the therm ocline, and its re lation w ith  other 
variables, such as w inds and ch lorophyll-a  concentration.

5.1. Spatial and temporal evolution o f the thermocline

Table 1
Bias, root mean square error (RMS) and correlation (r) of the model thermocline w ith  
respect to the 35 CTDs taken during March 2004. The errors are decomposed in 
depth, temperature and width. All correlation coefficients are significant at the 
99.99% level. Lower rows: standard deviation (ex) of observations and model for the
depth, temperature and w id th  o f the thermocline.

Depth Temperature W idth

Bias -11.71 m -0 .6  °C 9.99 m
RMS 31.58 m 1.29 °C 33.64 m
r 0.79 0.8 0.77

&obs 39.25 m 1.81 °C 44.34 m
&mod 48.94 m 1.83 °C 49.65 m

layers. Regarding the tem perature at the center o f the therm ocline 
layer, a small bias ( -0 .6  °C) and RMS error are found (see Table 1).

W hen the m on th ly  CTDs taken at the CARIACO station were 
used, the model presents bias o f - 1 0  m in depth and o f 2.32 m in 
w id th . RMS errors are o f 17.0 and 34.78 m respectively. The model 
shows therefore a good agreement w ith  th is data set.

A comparison between four m odelled and observed tem pera­
ture profiles from  the March campaign is shown in Fig. 5. The 
modelled profiles are able to represent the therm ocline depth 
accurately at various locations inside and outside the Cariaco basin, 
compared to observations (see top and m iddle panels o f Fig. 5). At 
shallower depths, as for the profiles located near the Tortuga 
channel (panels b and c o f Fig. 5), the model differs the most from  
observations because o f a cold bias (panel c) or because the model 
has a s ligh tly  shallower therm ocline than observed. This region

Fig. 6 shows the spatial average and standard deviation o f the 
therm ocline depth in  the Cariaco model fo r 2004. Inside the Cariaco 
basin the average depth o f the therm ocline is about 100 m, and 
outside the basin, in  deeper waters, the therm ocline reaches an 
average o f more than 200 m. Depth contours are included in the 
figure, showing tha t in general, the depth o f the dom ain constrains 
the average depth o f the therm ocline. The standard devia tion o f the 
therm ocline depth is also an ind ica tor o f the baroclinie va ria b ility  o f 
the ocean. The va ria b ility  o f the therm ocline (bottom  panel o f 
Fig. 6) is also constrained by the bathym etry. The therm ocline 
depth va riab ility  around the Tortuga channel is higher than inside 
the basin, w h ich  may be due to the exchanges w ith  the open ocean 
tha t take place across th is  channel. The va riab ility  at the Centinela 
channel is smaller.

The average and standard devia tion o f the therm ocline w id th  
(no t shown) have a spatial d is tribu tion  s im ilar to the one presented 
in Fig. 6 for the therm ocline depth. Inside the Cariaco basin, the 
average therm ocline w id th  is about 150 m, and outside the basin it 
reaches 400 m. The standard deviation is o f 20 -30  m inside the 
Cariaco basin, w ith  the highest values in  the eastern part, near the 
Tortuga channel. Outside the basin, the standard devia tion reaches 
a m axim um  o f 60 m.

In Fig. 7, the seasonal anomalies o f the therm ocline depth (w ith  
respect to the mean presented in Fig. 6) are shown. Positive/ 
negative anomalies indicate a shallower/deeper therm ocline than 
the mean field, respectively. The therm ocline inside the Cariaco 
basin deepens through the year, w h ile  outside the basin a rising 
trend is observed. One m ight expect tha t the therm ocline char­
acteristics o f the end o f 2004 should be s im ilar to those o f 
the beginning o f 2004, i f  the annual cycle is to be repeated in 2005.
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Fig. 8. Correlation between the easterly component of the wind and the depth of the thermocline layer. The black line shows the coastline and the dashed line shows the 30 m 
depth contour.

As this appears not to be the case, the variation o f the advanced very 
high resolution radiometer (AVHRR) sea surface temperature over the 
domain was examined: the average surface temperature w ith in  the 
basin indeed increased about 2 °C from January 2004 to December 
2004 (not shown), so 2004 ended warmer than it began. This can 
explain the difference in thermocline depth: as more heat is available 
for the air-sea exchanges, the thermocline deepens through the year, 
and it does not recover at the end o f the year. This leaves the question 
open as to whether this year showed an anomalous deepening o f the 
thermocline, or i f  the recovering o f the thermocline to depths typical of 
w in ter takes place rapidly at the onset o f the w inter season. This should 
be addressed in the future w ith  multi-year runs o f the Cariaco 
basin model.

5.2. Relationship between the thermocline depth, winds and 
chlorophyll-a concentration

Strong north-easterly w inds characterise the Caribbean Sea 
most o f the year. These w inds become weaker during summer 
months, when a southern com ponent develops, therefore w inds are 
m a in ly  south-easterly during th is part o f the year (M uller-Karger 
et al., 2001 ). Dynamically, the therm ocline is affected by the winds,

and in  th is section we study how  the w inds used to force the model 
affect the w id th  and depth o f the therm ocline in  the Cariaco basin. 
An upw e lling  develops in the Cariaco basin as a response to the 
prevalent w inds, therefore we w il l  also compare the evo lu tion o f 
the therm ocline to sate llite ch lorophyll-a  concentration fields. 
These analyses are realised to bette r understand the dynamics o f 
the Cariaco basin, and the relationship between these three 
variables. In addition, the study o f the relationship between the 
therm ocline depth and ch lorophyll-a  concentration w il l  also serve 
as an ind irect va lida tion  o f the model results w ith  an independent 
variable.

Figs. 8 and 9 show the corre lation between the easterly 
com ponent o f the NCEP w inds described in Section 2 and the 
depth and w id th  o f the therm ocline in  the model domain, 
respectively. Stronger easterly w inds cause the therm ocline to rise 
and become sharper (decreased w id th ) inside the Cariaco basin, 
probably explained by the upw e lling  mechanism. An asym m etry is 
observed inside the basin, w ith  the strongest corre lation situated in 
the eastern part o f the basin. Note the opposite behaviour o f the 
therm ocline inside and outside the Cariaco basin to the same w ind  
forcing (the NCEP w ind  fie ld used has lit t le  spatial varia tion over 
the whole dom ain): outside the basin, stronger easterlies increase 
the m ix ing  o f the surface layers, resu lting in  a deeper and w ider
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therm ocline in tha t zone when w inds are stronger. Two d is tinct 
regimes can be therefore described in the Cariaco basin: an inshore 
dom ain affected by the topography, and an open ocean domain, 
m ostly  affected by large scale ocean and atmosphere dynamics. The 
corre lation between the depth o f the therm ocline and the easterlies 
com ponent o f the w ind  is -  0.48 inside the Cariaco basin, and 0.54 
outside the Cariaco basin (s ignificant at the 99% and 99.9% level 
respectively). There is no significant corre lation between the 
therm ocline depth and w id th  and the no rth -sou th  com ponent o f 
the w ind.

Satellite chlorophyll-a concentration fields show tha t the h igh­
est concentrations occur at the eastern part o f the basin (M u lle r- 
Karger et al., 1989), where the upw e lling  response is stronger. To 
compare w ith  these data, the w inds and the therm ocline depth are 
averaged to the 8-day tem poral resolution o f the ch lorophyll-a  data 
set. A tim e  series o f the easterly com ponent o f the w ind  averaged

over the dom ain is shown in  Fig. 10, together w ith  tim e  series o f 
the depth o f the therm ocline at tw o  points o f the studied domain 
(one inside the basin, at [64.7°W; 10.6°N] and another outside the 
basin, at [65.02°W; 11.3°N]). In addition, tim e series o f chloro- 
phyll-a  concentration are also shown, one representing an average 
inside the basin, one representing an average outside the basin and 
fina lly  the ch lorophyll-a  concentration averaged over the whole 
domain. As mentioned, easterly w inds become weaker through the 
year, w ith  higher w inds in  spring and the weakest w inds at the end 
o f summer. The stronger spring w inds produce an upward dis­
placement o f the therm ocline, steadily ris ing from  100 m depth to 
about 80 m depth from  w in te r to spring 2004. The prim ary  peak o f 
ch lorophyll-a  concentration is observed at the end o f March over 
the Cariaco basin domain, w ith  a secondary peak in summer (low er 
panel o f Fig. 10), as i t  has also been observed in  sate llite and in  situ 
data during o ther years (e.g. M uller-Karger et al., 1989, 2001).



A Alvera-Azcárate et a i /  Continental Shelf Research 31 (2011 ) 73-84 81

The evo lu tion o f the therm ocline depth and ch lorophyll-a  con­
centration con firm  tha t an upw e lling  mechanism in itia tes inside 
the basin, w hen nutrien ts are brought to the surface waters 
through the ris ing o f the therm ocline due to the action o f w ind. 
The corre lation between chlorophyll-a concentration and therm o­
cline depth inside the basin is 0.61 (s ignificant at the 99.9% level).

Again, the situa tion outside the Cariaco basin is the opposite as 
in  the in te rio r: along w ith  stronger winds, a deeper therm ocline is 
observed. This means tha t the nutrien ts are located deeper in the 
w ate r column, and therefore the concentration o f ch lorophyll-a  in 
the surface layers is low er outside the Cariaco basin. The corre lation 
between ch lorophyll-a  concentration and therm ocline depth ou t­
side the Cariaco basin is -0 .4 1  (significant at the 99% level). A 
sum m ary o f the corre lation between the three variables is given in 
Table 2.

Table 2
Correlation between chlorophyll-a concentration (CHL-a), the easterly component 
o f the wind (Li) and the depth of the thermocline inside the Cariaco basin (Depth_i) 
and outside the Cariaco basin (Depth_o).

CHL-a U Depth_i

u -0 .63
Depth_i 0.61 -0 .48
Depth_o -0.41 0.54 -0 .32

5.3. Thermocline depth and ventilation o f the basin

The rising o f the therm ocline outside the Tortuga and Centinela 
channels m ight b ring oxygenated, Caribbean subsurface waters 
in to  the Cariaco basin, an event know  as ven tila tion  (e.g. Scranton 
et al., 2001 ; Astor et al., 2003 ). Given the anoxic environm ent from  
about 250 m to the bo ttom  o f the basin, these ven tila tion  events 
can have a high im pact in the physical, chemical and biological 
characteristics o f the basin.

To determ ine w hether the position o f the therm ocline can give 
us some in fo rm ation  about when these ven tila tion  events m ight 
happen, we have examined how the therm ocline depth varies in  a 
transect across the Tortuga channel. Fig. 11 shows the da ily 
evo lu tion o f the therm ocline along th is transect (position shown 
in the small insert o f the figure) during the year, along w ith  the 
w inds. The difference between the therm ocline depth at the tw o  
edges o f the transect is also included, w h ich  can be seen as the slope 
o f the therm ocline along the transect. The more negative its value, 
the higher the slope, w ith  a deeper therm ocline always outside 
the basin.

A re lationship at long tim e  scales (seasonal to semi-annual) 
between the strength o f the easterly component o f the w inds and 
the therm ocline slope along the transect is seen (w ith  a corre lation 
o f -0 .4 , significant at the 99.9% level): stronger w inds cause a 
steeper slope across the channel, and when w inds relax, the 
difference in  therm ocline depth inside and outside the basin 
decreases. It could then be expected a higher possib ility  for a
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ven tila tion  event when w inds are weak, i.e. from  September to 
November. However, as it  can be observed in  the bo ttom  panel 
o f Fig. 11, the decrease in slope observed from  September to 
November is m a in ly  due to a deepening o f the therm ocline inside 
the basin, and not because o f a ris ing o f the therm ocline outside 
the basin. It is therefore im portan t to observe the evolution 
o f the therm ocline depth across the Tortuga channel to gain insight 
on the ven tila tion  events on the Cariaco basin.

A t shorter tim e  scales, the relationship between w inds and 
therm ocline depth is not so evident. There are however instances 
w ith  a good correspondence between h igh-w ind events and the 
response in  the therm ocline depth (e.g. in  m id-October a sudden 
increase in w ind  intensity, from  - 2  to - 4 m s _1 in  tw o  days, 
causes an increase in the therm ocline slope). However, other short­
te rm  changes in the therm ocline slope across the Tortuga channel 
do not correspond to changes in the w ind  field. For example, at the 
beginning o f August there is a high increase o f the therm ocline 
slope across the Tortuga channel, bu t no strong change is observed 
in  the w ind  intensity. This event was documented in  Alvera- 
Azcárate et al. (2009a): the passage o f a cyclonic eddy on the 
Caribbean Current orig inated an ou tflow  o f Cariaco waters in to 
the Caribbean Sea. It can be seen in  Fig. 11 tha t the therm ocline 
depth also responded to the influence o f the eddy, deepening 
outside the Tortuga channel and ris ing inside the Cariaco basin. 
A s im ilar behaviour was described in Astor et al. (2003) for the 
period 1996-1998. This example high lights that, a lthough long­
term  va ria b ility  o f the ocean therm ocline depth responds to 
atmospheric conditions, at shorter time-scales other processes 
play an im portan t role.

Looking at the evo lu tion o f the therm ocline across the Tortuga 
channel, at some instances (from  m id-M arch to m id -A pril and 
during July) the therm ocline rises both inside and outside o f the 
Tortuga channel (Fig. 11, bo ttom  panel), reaching about 100 m 
outside the basin and about 50 m inside the basin. The therm ocline 
is then w e ll above the s ill depth, and therefore the entrance o f 
Caribbean subsurface waters in to  the Cariaco basin is possible 
during those periods.

To verify  i f  the therm ocline depth across Tortuga channel is 
he lp fu l in  iden tify ing  ven tila tion  events, we calculated the depth 
o f the ox ic-anoxic  interface as described in  Astor et al. (2003). 
Using the oxygen m on th ly  profiles described in Section 2, we 
calculated the depth o f the ox ic-anoxic interface as the depth at 
w h ich  the concentration o f oxygen is not detectable by the sensor 
(i.e. concentrations <  5 pM, fo llow ing  Astor et al., 2003). The 
results are shown in Fig. 12, in  w h ich  we see tha t m axim um
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Fig. 12. Estimation of the monthly oxic-anoxic interface depth at the CARIACO 
station during 2004.

oxic-anoxic interface depths were reached in April, June-July and 
October-November. One should note tha t none o f the ven tila tion  
events registered in 2004 were as intense as those shown for the 
period 1996-1998 in  Astor et al. (2003), when m axim um  depths o f 
320 m were reached. In addition, the oxygen profiles are measured 
in  the m iddle o f the Cariaco eastern sub-basin, so i t  is possible tha t 
some ven tila tion  events are missed by these measurements, i f  
w a te r enters from  the Centinela channel, or i f  it  sinks d irec tly  from  
the Tortuga channel to depths higher than 300 m (and therefore no 
m igration o f the ox ic-anoxic interface is recorded at the measuring 
location). Given these lim ita tions, we can conclude there is a good 
agreement between the model therm ocline depth at the Tortuga 
channel and the ven tila tion  events. The September-November 
event suggested by the therm ocline slope across Tortuga channel is 
less evident in the oxygen data.

It has been shown in  previous studies (Astor et al., 2003 ; A lvera- 
Azcárate et al., 2009a) tha t the rising o f isotherms at the Tortuga 
channel coincides w ith  the passage o f an anticyclonic eddy along 
the Caribbean Current. W e have verified the presence o f such 
eddies in sea surface height data for bo th ven tila tion  events. Sea 
surface height data were provided by Collecte, Localisation, Satel­
lites (CLS), Le Traon et al. (1998) and Ducet et al. (2000), and the 
description o f the data set and processing are detailed in A lvera- 
Azcárate et al. (2009b). However, anticyclonic eddies were also 
present at other moments o f the year (there is an average o f 
4.3 eddies per year trave ling along the Caribbean Current, A lvera- 
Azcárate et al., 2009b). Therefore, a lthough the ven tila tion  o f the 
Cariaco basin appears to occur when an anticyclonic eddy 
approaches the basin, not a ll anticyclonic eddies traveling along 
the Caribbean Current results in the ven tila tion  o f the basin. The 
positioning and strength o f these eddies are im portan t factors, as 
w e ll as the particu lar state o f the Cariaco basin when the eddies 
approach the basin, such as the dom inant currents o r the vertica l 
structure o f the w ater column.

6. Conclusions

A technique has been described to calculate the depth and w id th  
o f the therm ocline, based on a fitt in g  o f tem perature profiles to a 
sigmoid curve. The m ethod described is able to accurately char­
acterise the therm ocline for d iffe rent pro file  forms. It has been 
shown to give more robust results than the m axim um  gradient 
technique in  cases when, fo r example, a secondary (d iurna l) 
therm ocline is present. The m ethod has been applied to the Cariaco 
basin tem perature profiles from  a hydrodynam ic model, in  order to 
assess the capab ility  o f the model to represent the Cariaco basin 
therm ocline.

The model therm ocline depth and w id th  have been compared to 
a series o f CTD casts taken during March 2004 in the Cariaco basin, 
as w e ll as to a series o f m on th ly  CTDs taken at the CARIACO station. 
This analysis has shown tha t the model m ix ing  is probably too high 
in  the model, since the therm ocline appears to be too deep and too 
w ide compared to in  s itu observations. It w ou ld  be suggested, as 
fu ture work, to study d iffe rent m ix ing  schemes and to assess 
w h ich  scheme provides the most realistic therm ocline depth in  the 
basin. This application shows tha t the characterisation o f the 
therm ocline depth and w id th  helps to be tte r understand the nature 
o f the model errors.

A significant correlation was detected between the model ther­
mocline depth inside the Cariaco basin and the concentration o f 
chlorophyll-a, w ith  shallower thermocline depths corresponding to a 
higher chlorophyll-a concentration. This relationship is the opposite 
outside the basin. The chlorophyll-a concentration is an independent 
data set w ith  regards to the hydrodynamic model. Therefore, the good 
agreement between chlorophyll-a concentration and the model
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thermocline further validates the skill o f the model in representing 
the variab ility  o f the Cariaco basin surface layers.

The relation between the thermocline depth and the easterly 
winds speed has also been assessed. Inside the Cariaco basin, the 
thermocline responds to higher winds by rising, therefore causing an 
upwelling along the coast. Outside the Cariaco basin, higher winds 
increase the m ixing o f the ocean surface layers, and a deepening o f the 
thermocline is thus observed. A t short-time scales, it  has been 
observed that the thermocline reacts m ostly to the dynamics o f the 
Caribbean Sea, m ainly the presence o f cyclonic and anticyclonic 
eddies in the Caribbean Current. The influence o f the Caribbean 
cyclonic and anticyclonic eddies in the rising and lowering of 
isopycnals at the Tortuga channel has also been described by Astor 
et al. (2003) and Alvera-Azcárate et al. (2009a).

The analysis o f the therm ocline depth, w ind  speed and chlor- 
ophyll-a  concentration has revealed tha t the Cariaco basin waters 
and the open Caribbean Sea waters are characterised by tw o  
d is tinc t regimes. Open ocean waters therm ocline depth deepens 
because o f the increased m ix ing  induced by w inds. Inside the basin, 
however, increasing w inds induce an upw e lling  response in the 
w ate r column, and therefore the therm ocline rises, bring ing 
nu trien t-rich  waters to the surface and therefore increasing the 
am ount o f chlorophyll-a.

Finally, tw o  ven tila tion  events were observed in  the Cariaco 
basin in 2004, detected as a deepening o f the ox ic-anoxic  interface 
w ith in  the basin caused by the entrance o f Caribbean subsurface 
w ate r in to  the basin. A good correspondence between these events 
and the ris ing o f the model therm ocline along the Tortuga channel 
has been found. It has been verified tha t anticyclonic eddies were 
present in  the Caribbean Sea during the tw o  ven tila tion  events, 
w h ich  could have therefore played a role in the ven tila tion  
o f the basin. However, anticyclonic eddies were also present at 
other moments o f the year. Therefore, although the ven tila tion  o f 
the Cariaco basin appears to occur when an anticyclonic eddy 
approaches the basin, not a ll anticyclonic eddies traveling along 
the Caribbean Current results in the ven tila tion  o f the basin. 
Other factors can be im portan t fo r these events, such as the 
strength o r positioning o f the eddies, as w e ll as the particular 
state o f the Cariaco basin when the eddies approach the basin, 
the dom inant currents or the vertica l structure o f the water 
column.

The good agreement between the model therm ocline depth and 
independent variables such as the surface ch lorophyll-a  concen­
tra tion  and the ox ic-anoxic interface derived from  oxygen profiles 
shows the capab ility  o f the model to represent the therm ocline 
position and its variab ility . In addition, it  serves as an indirect 
va lida tion  o f the fittin g  m ethod used to characterise the depth o f 
the thermocline.

Further research, based on the continuation o f the observational 
w o rk  under way w ith in  the CARIACO program and on m odelling 
studies such as the one presented in th is work, are necessary 
to understand the influence o f the open ocean in the Cariaco basin.
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