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Abstract

The coastal area north of Yucatan has experienced a cooling SST trend from 1982 to
2015 during the upwelling season (May-September) that contrasts with the warming
observed at the adjacent ocean area. Different drivers were analyzed to identify the
possible causes of that unusual coastal cooling. Changes in coastal upwelling and in
sea-atmosphere heat fluxes are not consistent with the observed coastal cooling. The
eastward shift of the Yucatan Current observed over the last decades is hypothesized as
the most probable cause of coastal cooling. This shift enhances the vertical transport of
cold deeper water to the continental shelf from where it is pumped to the surface by
upwelling favorable westerly winds.

Keywords: Upwelling, Yucatan, sea surface temperature, wind, current direction, shelf

dynamics, warming, cooling



1. Introduction

Over the last decades, the scientific community has focused its attention on the impact
of climate change. Ocean plays a key role in regulating that impact since it has absorbed
the vast majority of the heat gained by the Earth (Levitus et al., 2005, Mikaloff-Fletcher
et al., 2006, Levitus et al., 2012).

Upwelling systems are productive oceanic areas with important socio-economic
implications. In fact, upwelling systems only occupy 1% of the world’s ocean but more
than 20% of fish catches occurs there (Pauly and Christensen, 1995). These systems are
especially wvulnerable to climate change that can affect not only the physical component
(water temperature and wind patterns) but also productivity of the area.

Regarding ocean temperature, several authors have observed different rates of warming
depending on the location (Harrison and Carson, 2007; Lima and Wethey, 2012,
Cheung et al., 2013). This variability is even more marked at regional scale. In this way,
a different warming rate has been observed for coastal and oceanic locations in some of
the most important upwelling systems: Benguela, Canary, West Iberian Peninsula, Java
or La Guajira (Lemos and Sansd, 2006, Santos et al., 2012a,b,c, Santos et al., 2016,
Varela et al, 2016). Most of these studies have linked the different warming rates at
coast and ocean with the strengthening of coastal upwelling, which can act as a
moderator of climate change. A complete study about the evolution of upwelling in the
main upwelling areas worldwide can be observed in Varela etal., (2015).

In the coastal zone of the Yucatan Peninsula two very different upwelling processes
occur: a typical wind related upwelling in the northern coast of the Peninsula and a
dynamic upwelling in the northeastern corner of the Peninsula. Yucatan is localized in
the south-eastern area of the Gulf of Mexico around 21°N and between 269-274°E

(Figure 1). The northern coast of the Yucatan Peninsula follows a marked zonal



orientation. In general, the area is characterized by a wide continental shelf that extends
over 250 km (Ruiz-Castillo et al., 2016), being much narrower east of the Yucatan
Peninsula. Easterly and northeasterly winds (trade winds) prevail throughout the year
giving rise to conditions that favor upwelling over the northern coast of the Yucatan
shelf (Merino, 1997, Pérez-Santos et al., 2010, Enriquez et al., 2013, Ruiz-Castillo et
al., 2016). Ruiz-Castillo et al., (2016) examined coastal upwelling using Advanced Very
High Resolution Radiometer (AVHRR) and Cross-Calibrated Multi-Platform (CCMP)
from 1986 to 2009 and 1988 to 2011, respectively, to analyze SST and wind patterns.
These authors obtained positive values of upwelling index (Ul) throughout the year,
with the highest values observed from March to July. Similar results were obtained by
Pérez-Santos et al., (2010), who considered that Ekman Transport was the main process
favoring permanent coastal upwelling at the northern coast of the Yucatan Peninsula.
The prevalence of upwelling favorable winds confers this region distinguishable
chlorophyll-a properties when compared with adjacent areas, highlighting the biological

impact of upwelling (Salmeron-Garcia etal., 2011, Pérez-Santos et al., 2014).
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Figure 1 | Bathymetry of the area under study. Dots (crosses) mark the coastal
(oceanic) location where wind and SST were obtained. The solid black line represents
the transect where temperature variability was analyzed along the Yucatan current. The
solid green lines represent the transects where subsurface water that upwells to the

Yucatan shelf was analyzed.

A different upwelling process occurs form April to September in the form of sharp and
intense pulses of deeper water masses into the northeastern corner of Yucatan, attracting
species of ecological and commercial interest as the whale shark (Rhincodon typus)
(Cérdenas-Palomo et al, 2015). Actually, the upwelling region has been declared a
biosphere reserve for this specie. It is crucial to analyze temperature variation in this
area, especially within the context of climate change, since changes in warming patterns
can induce changes in biodiversity at the ecosystem level (e.g: latitudinal shifts on the
distribution of species).

Different authors have focused their research on SST patterns in this area. A cold band
is observed during summer months along the coast associated with upwelling favorable
winds (Zavala-Hidalgo et al., 2006, Ruiz-Castillo et al, 2016). A 7 years analysis of
SST from AVHRR satellite carried out by Zavala-Hidalgo et al., (2006) showed cold
coastal water in Yucatan from May to August with a peak in July, during these months
the difference in temperature between coast and ocean can be up to 2°C. del Monte-
Luna et al, (2015) related the recurrent upwelling in the area to the cold water found
north of Yucatan Peninsula. Ruiz-Castillo et al., (2016) observed a cold water band in
the inner shelf starting in April with differences up to 1°C with the warm waters off the
Yucatan shelf. This effect continues at least until October. Regarding SST trends, Lima

and Wethey, (2012) used data from AVHRR to analyze SST variations over the period



1982-2010. For the case of Yucatan, they obtained a slight cooling during most of the
year. However, that cooling trend cannot be associated with positive trends of Ul in the
area as observed in other regions (Santos et al., 2012a,b,c). In fact, Varela et al., (2015)
obtained negative trends of wind stress for the area of Yucatan using wind stress data
from the Climate Forecast System Reanalysis (CFSR) over the same period.

Other authors have pointed out that wind forcing is not enough to explain the
appearance of colder water in the innermost area of the Yucatan shelf (Enriquez and
Marifio- Tapia, 2014; Reyes-Mendoza et al., 2016; Souza et al, 2016; Carrillo et al.,
2016). Enriquez and Marifio-Tapia, (2014) found that the characteristics of the Yucatan
Current (YC) could influence the upwelling in the area, in such a way that, when YC
separates from the continental slope, favors the enhancement of positive vertical
velocities, which raise cold, nutrient rich water to the surface layer. Similar results were
obtained by Carrillo et al., (2016) who observed an uplifting of the isotherms under the
action of the YC, which evidence the existence of upwelling in the area. Thus, the
enhancement of the YC can lead to the reinforcement of upwelling in the area (Enriquez
and Marifio-Tapia, 2014; Carrillo et al., 2016, Souza et al., 2016).

The aim of this paper is to analyze SST variability along the Yucatan upwelling system
over the last three decades. This variability will be related to different drivers like
upwelling index, heat exchange with the atmosphere or changes in the Yucatan current.
As far as we know, this is the first long term study on SST variability in the area.
Previous works analyzed upwelling and SST pattern (Zavala-Hidalgo et al., 2006, Ruiz-
Castillo et al, 2016), but they were not focused on long term SST changes within a
framework of global warming. In addition, the present work also relates the observed

SST changes to the different drivers that affect water temperature in the zone.



2. Data and Methods

2.1. Temperature data

Daily SST values were retrieved from the Optimum Interpolation Sea Surface
Temperature (OISST) Y database (https//www.ncdc.noaa.gov/oisst). This database was
buitt by means of Advanced Very High Resolution radiometer (AVHRR) infrared
satellite SST data and data from ships and buoys (Reynolds, 2009 and Reynolds and
Chelton, 2010). A special method of kriging (Optimum interpolation) was used to
construct a regular grid (0.25° x 0.25°) containing data from 1982 to 2015.

Sea Temperature data along the water column was obtained from the Hybrid Coordinate
Ocean Model (HYCOM). HYCOM uses satellite altimeter observations, satellite and in-
situ sea surface temperature. Also, in-situ vertical temperature and salinity profiles from
XBTs, ARGO floats, and moored buoys, using the NRL-developed Navy Coupled
Ocean Data Assimilation (NCODA) system (Cummings, 2005; Cummings and
Smedstad, 2013). HYCOM has a horizontal resolution of 1/12°x1/12° at 3-hour time
steps and 40 standard depth levels covering the period from 1993 to present.

2.2. Wind data

Wind data  were obtained from the NCEP CFSR database at
http://rda.ucar.edu/pub/cfsr.ntml  developed by the National Oceanic and Atmospheric
Administration (NOAA). Data were acquired from the NOAA National Operational
Model Archive and Distribution System, which is supported by the NOAA National
Climatic Data Center (Saha et al., 2010). Wind was calculated at a reference height of
10 m with 6-hourly time resolution. The spatial resolution was 0.3°x0.3° from January
1982 to April 2011 and 0.2°x0.2° from then on. A common resolution over the whole

period under study was used by interpolating data on a 0.3°<0.3° grid. Daily wind data



were averaged at monthly scale. Only coastal pixels with less than 25% of land were
used to avoid problems with land contamination.
Ekman Transport components were calculated following:
Q. =25t (W7 + W)z W, ()
Q =~ (W2 + W) W, @
where @, and Q,, are the zonal and meridional components of the Ekman Transport, W,
and W, are the zonal and meridional components of wind, p, = 1025Kgm™ is the
sea water density, C; = 1.4 x 107® the drag coefficient, p, = 1.22Kgm™ the air
density and f is the Coriolis parameter defined as f = 22sin(6) where 2 is the angular
velocity and 6 the latitude.
Ul is the Ekman transport component in the direction perpendicular to the shoreline

(Nykjaer and Van Camp, 1994):

Ul = —sin (lp—g)Qercos(sv—g)Qy 3)
where ¥ is the angle of the unitary vector perpendicular to the coastline pointing
oceanward. In this study the angle was set to 90° for the whole region. Positive
(negative)  upwelling indices correspond to  upwelling-favorable  (unfavorable)
conditions.

2.3. Ocean currents

The velocity components (zonal and meridional) were also obtained from the HYCOM
+ NCODA Global 1/12° Reanalysis database (see description above). Each velocity
component is characterized by three indices (i, j, k) that determine the grid point.

2.4. Heat flux data

Heat fluxes were also obtained from CFSR database (see description above).

Shortwave, longwave, latent heat and sensible heat were retrieved at monthly scale from



1982 to 2015. Total net heat flux (Qt) through the ocean surface was calculated
following equation (4):

Qr = Qsw + Qi + Qs + 0, 4)
Where Qsw is the shortwave flux, Qpw is the longwave flux, Qs is the sensible heat flux
and Qr is the latent heat flux. Negative (positive) heat fluxes imply that ocean is losing
(gaining) heat.
2.5. Calculation of trends
Trends were calculated at each pixel as the slope of the linear regression of the anomaly
of each variable versus time. Monthly anomalies at a given month were calculated by
subtracting from the monthly value the mean value of that month over the period 1982-
2015. Trends were calculated using raw data without any filter or running mean. The
Spearman rank correlation coefficient was used to analyze the significance of trends due
to its robustness to deviations from linearity and its resistance to the influence of
outliers.
2.6. Control of thermohaline changes
Temperature variability along the water column will be interpreted using the model
proposed by Bindoff and McDougall, (1994). According to their methodology it is
possible to know if changes in a scalar property detected along isobars are due to
changes on isopycnals or vertical displacements of isopycnals. Changes on isopycnals
are related to heat flux variability (pure warming) and freshwater flux variability (pure
freshening) in the water formation area (Jackett and McDougall, 1997; Arbic and
Owens, 2001). On the other hand, vertical displacements of isopycnals are related to the
process that Bindoff and McDougall, (1994) define as pure heaving. This process
results in water masses sinking or rising without changing their intrinsic properties.

These displacements are caused by wind stress variability or changes in the water



formation rates. The model proposed by Bindoff and McDougall, (1994) is applied

5)

where |, denotes changes along pressure surfaces and |, accounts for changes along
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last term ((;f (@j) takes into account the rate of change of isopycnals displacements

dp
(it

) and the vertical gradient of the scalar property (gg), which together refer to the

vertical displacement of isopycnals. Vertical gradients are assumed to be constant in

time.

3. Results and discussion

The SST climatology calculated at monthly scale over the period 1982-2015 is shown in
Figure 2. Overall, two different patterns are observed in the area throughout the year.
On the one hand, from November to April similar values are detected between coastal
and oceanic locations on the Yucatan shelf (around 23.5-26°C depending on the month).
Moreover, a tongue of warmer water (values around 26-27.5°C) spreads from the
Caribbean Sea through the Yucatan Channel during these months. Colder water is
observed from June to September near the northern coast of Yucatan in contrast with the

warmer oceanic water, the difference between both water masses is close to 2.5°C.
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Finally, May and October can be considered as transition months since cold water is
observed in the shelf of North Yucatan although the differences between coast and
ocean are small. Seasonal SST differences between coast and ocean had been also
observed in some of the most important upwelling systems in the world as Benguela,
Canary, La Guajira or Java (Lemos and Sanso, 2006, Santos et al., 2012a,b,c, Santos et
al, 2016, Varela et al., 2016). In the case of North Yucatan, SST differences between
coast and ocean can be related to the existence of a relatively strong upwelling in the
area (Pérez-Santos et al., 2010, Ruiz—Castillo et al., 2016). Mendoza et al., (2005) used
a model based in the thermal energy equation to simulate SST in the Gulf of Mexico
obtaining differences around 3°C in July between coast and the adjacent ocean zone.
Similar results were obtained by Zavala-Hidalgo et al., (2006) who observed colder

coastal water north of Yucatan Peninsula from May to August with a peak in July.
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Figure 2 | Monthly mean SST (°C) over the period 1982-2015 obtained from OISST4

database.

Differences between coastal and oceanic locations are represented in Figure 3. Points

where SST was averaged to obtain coastal (black dots) and oceanic (black crosses)

values are marked in Figure 1. Blue (red) line identifies the annual cycle of SST for
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coastal (oceanic) locations averaged meridionally. Oceanic SST shows higher values
when compared with coastal locations. The lowest ocean temperatures are found from
January to March (24°C) and the highest ones in August (up to 29.5°C). Similar results
are observed near coast but the highest SST value was found in September (28°C).
Although ocean SST is always higher than near coast, the greatest differences are found
from May to September, ranging from around 1°C in May to near 2°C in August. Reyes-
Mendoza et al, (2016), who analyzed the effects of wind on upwelling off Cabo
Catoche, detected that upwelling was higher from March to September. These results
are consistent with those obtained in Figure 2 and allow focusing the present study on

May-September months, when the highest differences between coastal and oceanic SST

were found.
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Figure 3 | Annual cycle of SST (°C) meridionally averaged at coastal (blue line) and
ocean locations (red line) over the period 1982 to 2015 using OISST* database.

Sampling points marked in Figure 1.
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Figure 4a shows SST trends over the period May to September, when the difference
between coast and ocean is more visible. An increasing pattern is obtained for ocean
locations with values ranging from 0.1 to 0.2°C dec™. A negative trend was observed at
coastal locations (-0.1°C dec™). Thus, the difference between coastal and oceanic rates
is higher than 0.25°C dec™. This behavior had also been observed in some of the major
upwelling systems in the world. Santos et al, (2012b) found different rates between
coast and ocean higher than 0.3°C dec™ in the Benguela Upwelling System from 1970
to 2009. In the case of Canary Upwelling System, Santos et al., (2012c) observed
differences up to 0.1°C dec™ from 1982 to 2010. For the cases of Java or La Guajira,
Varela et al., (2016) and Santos et al., (2016) found different rates between coast and
ocean around 0.3°C dec™ respectively over the last three decades. A complete study of
worldwide SST trends can be observed in Cheung et al., (2013). Figure 4b shows the
temporal variability of SST corresponding to the upwelling season (May-September)
from 1982 to 2015 both near coast and at the ocean. In general, coastal points (blue)
show lower temperatures than the oceanic points (red). Being the coastal trend negative
(cooling) and the oceanic one positive (warming), the difference between both signals
tends to increase in time, especially since 2000. These results are in good agreement

with the pattern shown in Figure 4a.
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Figure 4 | (a) May-September SST trend (°C dec™) calculated over the period 1982-
2015 using OISST* database. (b) Temporal variability of SST (°C) at coastal (blue
line) and ocean locations (red line) over the period 1982 to 2015 from May to
September at the points marked in Figure 1 (dots and crosses).
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Overall, the presence of cooling trends has been associated to the reinforcement of
upwelling in some areas (Benguela, Canary, Peru) (Narayan et al, 2010, Patti et al.,
2010, Rahn and Garreaud, 2013, Cropper et al., 2014). However, this behaviour has not
been homogeneous among the worldwide upwelling systems showing, in some cases, a
weakening in upwelling (Varela et al, 2015). To analyze the possible causes of these
different warming rates, the upwelling index trend was calculated over the period 1982-
2015 considering the spring-summer seasons (May-September) (Figure 5). Negative
upwelling trends were obtained for the whole area with values between -0.055 n? st
dec and -0.090 m? st dec™. Thus, it is evident that the reinforcement of upwelling in
the area is not the main factor that drives cooling SST trends in the Northern coast of

Yucatan.
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Figure 5| Ul trend (m* s dec®) calculated over the period 1982 to 2015 averaged

from May to September using CFSR database.
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Once changes in upwelling have been dismissed as a driver in coastal cooling,
variations in the total heat flux between atmosphere and sea were also calculated
(Figure 6). Total heat flux trends show an increase for most of the area with values
between 6-12 W m? dec?, which means that ocean has gained heat during the last
decades. Coastal and oceanic locations did not show any difference in heat exchange
variability in the upwelling area so, heat exchange between atmosphere and ocean,

should also be discarded as a key factor in the occurrence of near shore cooling.

Total Heat Flux Trend (W m> dec'l)

91°w 90°w 89°W 88°W 87°W 86°W

Figure 6 | Heat flux trend (W m? dec™) calculated over the period 1982—2015 (May-
September). Black dots represent grid points with significance higher than 95%. A

negative (positive) value implies that ocean is losing (gaining) heat.

As previously mentioned, the Yucatan Current can be one of the factors responsible of
the SST variability detected along the North Yucatan coast because it conditions
upwelling processes that bring water from the Caribbean Sea to the Yucatan Shelf

(Merino, 1997; Zavala-Hidalgo et al., 2006; Carrillo et al., 2016; Souza et al., 2016).
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Different mechanisms have been suggested to explain the relation between the upwelled
water and the YC. Cochrane, (1963; 1966) proposed that friction from the bottom layer
with the YC generates a vertical Ekman transport, while Bulanienkov and Garcia,
(1973) suggested that the interaction between the YC and the undercurrent off Cuba
originated the wertical transport. More recently, Enriquez and Marifio-Tapia, (2014)
observed that the trajectory of the YC is important in the development of upwelling.
Using a numerical model they proved that, when the YC is directed to the northeast,
vertical velocities became positive along the continental slope favoring the appearance
of colder water over the Yucatan Shelf. Thus, a northeast trajectory of the YC can lead
to changes in the thermohaline properties of the sea water that extends towards the west
along the Yucatan Shelf. In addition, Carrillo et al., (2016) observed through in-situ data
collected in oceanographic cruises, that upwelling was stronger in the area north of
21°N when the YC separates from the coast. A similar phenomenon was previously
described in the Agulhas Bank to explain upwelling (Lutjeharms et al., 2000). Souza et
al, (2016) also hypothesized that the interaction between YC and topography could
explain upwelling.

Therefore, it is crucial to analyze YC variability to know whether or not cooling along
the north coast of Yucatan Peninsula can be related to changes in the YC trajectory.
With this aim the following procedure was applied: a) The YC path along the eastern
area of the Yucatan Peninsula was defined as the vein of maximum current velocity in
the sub-surface. An average between 100m and 150m depth was considered following
previous studies (Hernandez-Guerra and Joyce, 2000; Enriquez et al., 2013; Carrillo et
al, 2016); b) the pixel with the maximum module velocity was selected for each
latitude and for each month. Thus, for example, to detect where the core was at 20.25°N

at a certain month all pixels corresponding to this latitude between 84-87°W were

18



analyzed and the pixel with the maximum module velocity was considered as the
location where the core of the YC flows at this particular month. A value of 1 was
assigned to the selected pixel and O to the rest. This procedure was repeated for each
latitude (from 20.25°N to 23 °N) and for each month, considering only May-September
months from 1993 to 2015. In this way, the summation of all images corresponding to
each month show the most usual path (Figure 7a). Results are represented as the
percentage of times that the maximum velocity was detected. Thus, a value of 70 means
that the maximum current velocity at a particular latitude was found, at that pixel, 70%
of the months. Figure 7a represents the most usual path where the YC core flows. This
stream flows between 86°-87° W following the continental slope among 20-22° N
(Figure 1). c) Once the path of the YC core was detected for each month, two periods
(1993-2003 and 2005-2015) were compared to detect possible changes in the YC path.
A composite of images was built for every period and the composite of the first period
was subtracted from the one of the last period. Changes in the YC direction from 1993
to 2015 are shown in Figure 7b. Negative values (blue) denote the prevalent path during
the first decade, while positive values (red) show the prevalent path during the last
decade. Therefore, it was observed that YC has shifted to the east at 21-22° N.
According to Enriquez and Marifio-Tapia, (2014), this shift should favor a greater
vertical transport along the continental slope, which in turn, would cause thermohaline
variations in the upwelled sea water. To confirm this fact, temperature variability was
analyzed along the transect shown in Figure 1 (black solid line), which was selected

following the procedure described above (see Figure 7a).
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Figure 7 | (a) Path followed by the Yucatan Current core averaged over the period
1993-2015 considering May-September months. (b) Evolution of the Yucatan
Current path from 1993 to 2015 (May-September) using HYCOM database. Negative
values (blue) denote the path of the YC in the first decade (1993-2003) and positive

values (red) denote the path of the YC in the last decade (2005-2015).
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Thus, temperature trends for the upper 400m of the water column along that transect are
represented in Figure 8 over the period 1993-2015 (May-September). The most
remarkable feature is that cooling (~-0.3°C dec™) was observed between 50-200m only
at the northern part of the studied transect. That area coincides with the location where
the Caribbean Subtropical Underwater (CSUW) water mass upwells to the Yucatan
shelf (Enriquez et al, 2013; Ramos-Musalem, 2013; Carrillo et al.,, 2016). This water
mass has its core around 100-150m deep (Hernandez-Guerra and Joyce, 2000; Enriquez

et al., 2013; Carrillo et al., 2016).
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Figure 8 | Temperature trend (°C dec™) calculated using HYCOM database over the
period 1993-2015 for May-September months at the upper 400m of the water column
(solid line in Figure 1). The contour line corresponds to the absence of trend. Black dots

represented those points with a significance higher than 90%.
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In order to analyze the thermal variability along the water column in the area where the
water from the Yucatan current uploads the Yucatan shelf, different transects (green
lines in Figure 1) were defined along the eastern area of the Yucatan Shelf. Figure 9
shows the temperature trends from May to September at four different transects.
Overall, cooling trends can be observed along the path followed by the Yucatan
Current, from near surface up to 400 meters. This cooling is significant at around 150
meters depth, which corresponds to the core of the current. Further west, it can be seen
clearly (a contour corresponding with neutral trends was depicted to facilitate its
visualization) how cool water upwells to the Yucatan shelf. However, it is important to
note that cooling only reaches the sea surface at latitudes from 21.75 °N (Figure 9b) and
22°N (Figure 9c), while north and south of this section (Figure 9a and 9d) cooling does
not reach the sea surface.

Therefore, it can be concluded that the sea water that upwells from the Caribbean Sea
and expands along the deepest layers of the Yucatan shelf has cooled over the period
1993-2015. It results from the uplifting of cold water from depths around 150m to the
surface at a latitude ranging from 21.75°N to 22°N. This fact explains the contrast
between cooling along the coast and warming in the oceanic area of the Yucatan shelf
(Figure 4a). The cold water that upwells at the Yucatan shelf occupies the bottom layers
(Enriquez et al., 2013) and it only appears near surface at a narrow fringe near coast due
to the upwelling caused by the prevalence of trade winds in the region. For this reason,

cooling does not appear north of 22° N.
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Figure 9 | Temperature trend (°C dec™) calculated using HYCOM database over the
period 1993-2015 during the upwelling season (May-September) at four transects
depicted in Figure 1 (green lines). The contour line corresponds to the absence of trend.

Black dots represented those points with a significance higher than 90%.

Finally, the model proposed by Bindoff and McDougall, (1994) (see eq. (5)) was
applied to analyze the cause of the changes detected in Figure 8. The model was applied
to the northern half of the transect (north of 21°N) since it is the area where significant
cooling was observed. According to Figure 10, cooling was detected along isobars (red
line) from 50m to 150m, in good agreement with Figure 8, with a maximum cooling
rate (~-0.02°C y') at ~75m. It can be observed that cooling is mainly due to vertical

displacement of isopycnals (green line) in the upper part of the water column (50-
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100m), although a slight cooling was detected from 100m to 150m mainly due to
changes in the intrinsic properties of the water (red line). Taking into account that
temperature decreases with increasing depth, it can be concluded that the observed
cooling was caused by the uplifting of isopycnals. This fact is consistent with previous
research. Merino, (1997) observed the raise of isotherms and isohalines in the area.
Ramos-Musalem, (2013) also found water uplift from 120m until less than 40m along

the eastern part of the Yucatan Shelf.
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Figure 10 | Decomposition of temperature changes along isobars (red line) as the sum
of changes along isopycnals (blue line) and changes due to vertical displacement of

isopycnals (green line).

4, Summary

Sea surface warming was detected at oceanic locations north of Yucatan Peninsula and
cooling was observed at the coastal zone, especially over the period May-September.
Whilst the amplitude of ocean warming is similar to the amplitude found in most of the
North Atlantic areas, coastal cooling constitutes a differential fact.

Analyzing near-shore thermal variability at the Yucatan shelf is a complex task since
the area is under the influence of different drivers. Despite wind induced upwelling
plays a key role in the area, the observed decrease in upwelling index is not consistent
with coastal cooling. In a similar way, the sea-atmosphere heat exchange is
homogeneous for the whole area, without differences between coast and ocean.
Consequently, heat exchange should also be discarded as a possible reason for near-
shore cooling.

On the other hand, previous authors suggested that the Yucatan Current could have an
important role in the spread of the upwelling. The analysis of the path of the Yucatan
Current showed a shift to the east which favors an enhancement of the vertical transport
in the eastern part of the Yucatan Shelf. Moreover, cooling can be observed along the
path followed by the Yucatan Current (approximately at a deep of 150m), which
upwells to the surface at 21.75°N-22°N near Cabo Catoche (Figure 9) due to the
upliting of isopycnals (Figure 10). This cold water occupies the deepest layers over the
continental shelf and is pumped by upwelling caused by favorable westerly winds,

which makes the cold signal visible at sea surface near shore.
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Highlights

In a context of global warming, Yucatan Shelf show cooling trends.

Contrary to other upwelling areas, an increase of upwelling is not the main
cause.

Different drivers were assessed, highlighting the Yucatan current effects.
A cooling in the deeper layers of the core of the Yucatan current was observed.

Cold water over the deepest layers is pumped by upwelling favorable westerly
winds.
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