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Hydrographic data from two oceanographic cruises conducted during March 2006 and January/February
2007 are used to investigate the thermohaline structure related to the observed circulation along the
Mesoamerican Barrier Reef System (MBRS). From our observations we identify three water masses in the
MBRS: the Caribbean Surface Water (CSW), North Atlantic Subtropical Underwater (SUW), and Tropical
Atlantic Central Water (TACW). Little vertical structure in temperature is observed in the upper 100 m of
the water column, but important differences are observed in the salinity distribution both horizontally
and with depth. Freshwater inputs to the system from the mainland can be traced in the surface layer,
with two possible sources: one from surface rivers located along the southern portion of the MBRS, and
the other originating from an underground river system located along the northern portion of the MBRS.
The thermohaline structure in the MBRS reflects the dynamics of the observed circulation. Uplifted
isopycnals along most of the central and northern coastline of the MBRS reflect the effects of the strong
geostrophic circulation flowing northward, i.e. the Yucatan Current. To the south along the MBRS, much
weaker velocities are observed, with the Honduras Gyre dominating the flow in this region as presented
during January/February 2007. These two regions are separated by onshore and divergent alongshore
flow associated with the impingement of the Cayman Current on the shore and the MBRS.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

are modified by mixing with ambient water masses, air-sea ex-
change (evaporation, precipitation, heating, cooling), and fresh-

Our knowledge of the hydrographic and water mass char-
acteristics of the Mesoamerican Barrier Reef System (MBRS) relies
primarily on studies from nearby regions such as the Gulf of
Mexico, the Lesser Antilles, the Windward Passage, the Straits of
Florida, the coast of Venezuela, and the Yucatan Channel area (c.f.
Wiist, 1964; Lambert and Sturges, 1977; Morrison and Nowlin,
1982; Tomczak and Godfrey, 2003; Hernandez-Guerra and Joyce,
2000). In general, the MBRS receives water masses that are im-
ported by the Caribbean Current, having entered from the Atlantic
Ocean through the multiple passages between the northern and
eastern Caribbean islands. En route to the MBRS the water masses
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ening by land runoff. In addition, extreme weather events occur at
times, capable of producing dramatic changes in the thermohaline
structure of the water masses (Jaimes and Shay, 2009). Finally,
once the water masses arrive at the MBRS, the spatial distribution
of thermohaline properties is determined by the circulation, which
is dominated by the strong, northward-flowing Yucatan Current in
the northern MBRS, the presence of weaker southward currents
and the mesoscale Honduras Gyre in the southern MBRS, and the
impingement of the Cayman Current onto the coast, which forms a
hydrographic boundary between the northern and southern re-
gions (Carrillo et al., 2015).

How hydrographic structures and their variability in the MBRS
are related to the regional circulation is poorly understood. Most
physical oceanographic studies in the MBRS and the greater
western Caribbean have concentrated on basin-scale circulation,
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leaving regional hydrographic characteristics unexplored. This is
particularly true for how the water masses and thermohaline
structure relate to the circulation. Thus, there is a critical need for
regional hydrographic observations using traditional shipboard
oceanographic methods that have not often been employed in the
MBRS during the last two decades.

The need for regional oceanographic study of the MBRS is made
urgent by the recent report of the Status and Trends of Caribbean
Coral Reefs 1970-2012 (Jackson et al., 2014), in which it is reported
that coral coverage in the MBRS is in a dramatic decline, and that
the reefs may even disappear in this region in the next 20 years.
This is an alarming prognosis for the MBRS, the second largest
barrier reef in the world and the largest in the Atlantic Ocean. It is
well known that one of the primary factors affecting coral reef
growth is the water quality of the surrounding water column
(Nichols and Williams, 2009), yet the thermohaline structure and
chemical properties of the waters over the MBRS remain poorly

known, and a baseline does not yet exist for this region. Beyond
direct influences on coral physiology, both the hydrographic con-
ditions and the regional circulation influence the dynamics of
benthic and pelagic communities that interact with the reef eco-
system (Nichols and Williams, 2009) and the circulation is a pri-
mary factor in connectivity along the MBRS. The lack of physical
oceanographic observations in the MBRS is in sharp contrast to the
urgent need to understand the future of this biodiverse and yet
fragile ecosystem.

Here we report on two recent surveys and present new in-
formation on the water masses and hydrography along the MBRS.
What water masses are present along the MBRS? How does the
regional circulation explain the distribution of these water masses
and associated hydrographic structure? How do local processes
modify water mass characteristics and associated horizontal and
vertical distributions of temperature and salinity? The aim of this
work is to provide a regional baseline of the thermohaline
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Fig. 1. a) Study area showing Western Caribbean Sea basins, the narrow shelf and other selected bathymetric features offshore of the Mesoamerican Barrier Reef region.
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Fig. 2. Temperature-Salinity diagram with water masses delimited by squares according to the ranges of values listed in Table 1. Color indicates oxygen content. Values
outside the mean curve are labeled as “Upwelling” and correspond to casts from the area near Contoy Island. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

structure and water masses of the MBRS and their interaction with
the observed circulation. This information will guide regional re-
source management and also be valuable for validation of nu-
merical models.

In order to achieve these goals, a set of conductivity-tempera-
ture-depth (CTD) data from two oceanographic surveys conducted
during March 2006 and January/February 2007 was used. We fo-
cus herein on the upper water masses (above 500 m depth), where
a relatively rapid rate of renewal, transport, and distribution de-
pends strongly on the regional circulation. This is the second part
(Part 2) of the Pathways and Hydrography in the Mesoamerican
Barrier Reef System study, providing the first detailed examination
of water masses and the thermohaline structure along the MBRS
and its relationship with the circulation as observed and reported
in Part 1 (Carrillo et al., 2015).

2. Data and methods

Hydrographic data were collected in the MBRS during two
oceanographic cruises conducted aboard the NOAA Ship Gordon
Gunter during March 2006 and January/February 2007 (hereafter
MO06 and J07). The station array was selected to provide a measure
of larval fish diversity and abundance while also resolving the
major oceanographic features, involving a trade-off between
density of stations and spatial coverage (Fig. 1). At each station,
CTD casts were obtained using a Sea-Bird Electronics (SBE) Model
911 Plus system configured with dual temperature (SBE 3), con-
ductivity (SBE 4), and oxygen sensors (SBE 43), chlorophyll a
(chl_a) fluorometers (WET Labs ECO FL), and a 24-Niskin bottle
water sampler. Post-cruise processing of the CTD data set was
performed using standard techniques. Most CTD casts were taken
from the surface to 500 m depth, although some deeper casts were
also obtained. During MO06, the Mexican Caribbean (extending
from the Yucatan Channel to the border between Mexico and
Belize) was surveyed with a total of 51 CTD casts. During J07, the
Belizean, Guatemalan and Mexican coasts were surveyed with a

total of 95 CTD stations.

Geostrophic velocity fields were obtained from dynamic height
differences derived from the density anomaly fields, assuming a
level of no motion along the isopycnal sigma-t=27.0 kg m~3. We
chose this sigma-t isopycnal as the no-motion reference level after
comparing Acoustic Doppler Current Profiler (ADCP) data (Carrillo
et al., 2015) with geostrophic velocity fields derived by using dif-
ferent water depths (e.g., 500 m) and sigma-t isopycnals for the
no-motion reference level. While geostrophic velocities were very
similar to ADCP velocities in general (not shown), at specific sta-
tions geostrophic estimates underestimated ADCP-observed mag-
nitudes by +0.05-0.15 m/s, but up to 0.5 m/s on the northern-
most sections. The geostrophic field was derived from vertical
integration of the thermal-wind equation above the depth of the
isopycnal sigma-t=27.0 kg m~>. Objective mapping was used to
obtain smoothed gridded fields according to Carrillo et al. (2002).

To describe the thermohaline structure along the MBRS, we
selected the following cross-sections: Line A, the northernmost
section offshore Contoy Island to ~115 km offshore; Line C, lo-
cated 60 km north of Bahia de la Ascension and south of Cozumel
Island; Lines G and I, north and south of Chinchorro Bank, re-
spectively, and in the Cayman Current impingement zone; and
Lines N and P, which are representative cross-sections in Belizean
coastal waters, with Line P just south of Glovers Reef and in the
Gulf of Honduras. Lines N and P were only occupied during 2007.
Since the location of Line A was different in the M06 and MO07
cruises, it is labeled as Line AO6 and Line A07, respectively.

3. Results
3.1. Water masses

A temperature-salinity diagram for all data shows the water
masses present during the M06 and JO7 cruises (Fig. 2) — and as-

sociated oxygen concentrations. The water masses are delineated
by lines in Fig. 2, and the definitions of the water masses are listed
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Table 1

Water mass definitions for the MBRS, range of values obtained from our shipboard data, and the water mass properties defined by Gallegos (1996).

ID Temp (°C) Sal (psu) Density (kg/ Depth (m) Observations
m3)
Caribbean Surface Water cSw >25 345-36.6 <24.52 0-100 Surface Warmer Layer, Mixed Layer
North Atlantic Subtropical SUW  19.0-26 36.6-37  24.24-26.25 50-250 Maximum salinity, Sal > 37, 25.4 kg/m> centered at approx 150 m,
Underwater Subtropical origin

Tropical Atlantic Central Water TACW  7.9-20 34.9-36.6 26.25-27.2 300-600 Low oxygen, tropical Atlantic origin

Antarctic Intermediate Water ~ AAIW  2.0-7.9 33.8-34.9 27.2-2747 600-900 Low salinity signal

North Atlantic Deep Water NADW 1.5-6.0 34.9-35.0 >2747 900- Labrador sea origin
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Fig. 3. Mean vertical profiles of temperature (black: °C), dissolved oxygen (green:
ml/L), salinity (red), and density (blue: kg/m?) for the uppermost 500 m. M06
profiles are shown as dashed lines, and JO7 profiles as solid lines. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

in Table 1. In order to maintain consistency with water mass
names for the North Atlantic and Caribbean Waters, we use water
mass definitions from Gallegos (1996). However, we extend the
definitions of the water masses for this region because the salinity
and temperature ranges differed from those that have been de-
fined for regions closer to the entrance to the Caribbean Basin and

those summarized by Gallegos (1996) and Gallegos and Czitrom
(1997). The five primary water masses of the Caribbean basin were
present off the MBRS during our cruises:

® Caribbean Surface Water (CSW) - 4% of the volume of the
Caribbean.

e North Atlantic Subtropical Underwater (SUW) - 5% of the vo-
lume of the Caribbean; formed in central tropical Atlantic.

® Tropical Atlantic Central Water (TACW) - 12% of the volume of
the Caribbean; mixture of North and South Atlantic Central
Waters.

® Antarctic Intermediate Water (AAIW) - 6% of the volume of the
Caribbean; formed at the Sub-Antarctic Front.

e North Atlantic Deep Water (NADW) - 73% of the volume of the
Caribbean.

The well-mixed warm surface layer off the MBRS is comprised
of CSW, with salinity modified by local precipitation, runoff, and
upwelling (Wiist, 1964; Hernandez-Guerra and Joyce, 2000). Dis-
solved oxygen is >4 ml/L with maximum values up to 4.67 ml/L.
The high-salinity SUW lies beneath the CSW. Centered at about
150 m depth, the SUW is represented in our data with a maximum
salinity of 36.92 in its core and a dissolved oxygen content of 3.37-
4.06 ml/L. Merino (1997) referred to this water mass as Subtropical
Intermediate Water (STUW 23 °C and 36.89 salinity) and Enriquez
et al. (2013) named Caribbean Subtropical Underwater (CSUW) in
the Yucatan Shelf with temperature values of 22-26 °C and salinity
values of 36.4-36.7. From about 200 m to below 500 m the TACW
is found, with oxygen decreasing to as low as 2.82 ml/L at depth.
The TACW exhibits a tighter range of values, indicating less mod-
ification through mixing, and surface/land influences. Below the
TACW one finds the low-salinity AAIW with salinities about 34.9
and oxygen about 3.5 ml/L. Finally, the deepest areas ( > 950 m)
are filled with NADW, cold waters with high levels of oxygen, up to
~5 ml/L. In this work, we address only waters above 500 m depth,
which excludes the Intermediate and Deep water masses.

Mixing and water mass modification are evident in Fig. 2. The
CSW water mass is being formed by the addition of freshwater
combined with heating near the surface. The lowest CSW salinity
values were observed at locations close to freshwater sources
along the MBRS. Also, mixing is evident between the uppermost
part of the TACW and CSW, yielding waters that are of the same
density as SUW but markedly fresher (Fig. 2: these points deviate
from the main temperature-salinity curve at temperatures be-
tween 16 and 26 °C). These data correspond to CID casts taken
near Contoy Island in the north and close to the Yucatan coast
(Fig. 1), a region characterized by upwelling (Cochrane, 1966, 1968,
1969; Ruiz, 1979; Merino, 1997). We refer to this upwelled water
again below.

3.2. Vertical profiles

Mean vertical profiles of temperature, salinity, density and
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dissolved oxygen are shown in Fig. 3. The surface mixed layer was
defined by the depth at which the temperature is 0.8 °C cooler
than the surface (c.f, threshold approach used by Kara et al.
(2003)). This surface layer has a mean thickness of 93 m and a
mean temperature of 26.5 °C during M06 (dashed lines), and 85 m
and 27.12 °C during JO7 (solid lines). Below this layer, temperature
decreases monotonically (~ —0.062 °C/m) towards the 200 m
depth. From 200 m to 500 m depth it decreases at a rate of
—0.025 °C/m.

Salinity is lowest in the surface layer, with markedly lower
values in the uppermost 5-10 m (lowest during J07). Maximum
salinity is observed in the SUW between 110 and 150 m with peak
values at 135 m and 124 m in MO6 and J07, respectively. Below this
maximum, salinity decreases monotonically (~ —0.005/m) to
500 m depth.

Density profiles exhibit a surface mixed layer with a well-de-
fined pycnocline, below which stratification decreases slowly with
depth. Surface densities are very low due to the combination of
high temperature and low salinity values (CSW), and density in-
creases rapidly over 50 m with the transition to the colder, high-
salinity SUW. Locally the stratification can attain values of
~0.05 kg/m?, representing high stability. The depth of the pyc-
nocline does not coincide exactly with that of the thermocline; it is
shallower due to the influence of salinity. The barrier layer thick-
ness, defined as the depth difference between the thermocline and
the pycnocline (de Boyer Montégut et al., 2007), was 14 m during
MO06 and 17 m during JO7.

The vertical profile of dissolved oxygen shows two local mini-
ma. The shallower minimum (~3.4 ml/L) is found in the core of
the salinity maximum layer (SUW), and the deeper oxygen mini-
mum (~2.8 ml/L) is found in the lower TACW near 500 m. Surface
waters contain the most oxygen (4.7 and 4.4 ml/L for M06 and J07,
respectively).

Salinity is most variable above the pycnocline (Fig. 4), and also
below the core of the SUW where mixing with TACW is observed.
In the top 40 m of the water column, salinity can be as low as 34.5
or as high as 36.1 (Fig. 2). Between 40 and 80 m depth, the salinity
values are > 35.85 but < 36.8. Below 100 m depth, the salinity is
>36.0 and increases until a maximum salinity is observed be-
tween 120 and 140 m, which represents the core of the SUW. The
halocline can be as shallow as 5 m or as deep as 130 m, with a
tradeoff between depth and intensity (Fig. 4): where freshwater
inputs are retained near-surface, shallow haloclines are observed
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Fig. 4. Vertical profiles of salinity for the uppermost 150 m, showing the nearly
homogeneous surface water, near-surface halocline, and the core of the SUW. The
thick line shows the mean salinity profile over both cruises.

with AS > 1.0 whereas where freshwater is mixed to depth, ha-
loclines are deeper and weaker with AS <0.5.

3.3. Hydrographic sections

Vertical structure changes with distance from the coast, due to
upwelling and runoff effects. This is evident in the hydrographic
sections plotted in Figs. 5-10.

The northernmost section (Lines A06, A07, Fig. 5) is character-
ized by an upward displacement of the water masses close to the
shelf in both cruises. At the shelf edge the 25 °C isotherm is dis-
placed 100 m and the 21 °C isotherm is displaced 150 m above
their offshore depths. Maximum salinity of 36.85 is centered be-
tween 100 and 200 m depth (shallower nearer to the shelf). In J07
this SUW is observed at depths of 20-30 m over the shelf adjacent
to Contoy Island, with salinity lowered by mixing with both SUW
and CSW, which are also found over the shelf in this upwelling
region. Local freshwater runoff is also evident in a thin layer with
S <35.5.

In the section located immediately south of Cozumel (Line C,
Fig. 6), the uplifting of the water masses is less evident near-sur-
face but uplifting of the TACW by 100 m or more was observed at
depth. Salinity in the uppermost 50 m depth was patchy, due to
local influences. During M06, a low-salinity layer was found off-
shore, with values <35.75 down to 40 m, and in JO7 a shallower
layer with surface salinity < 35.25 was observed. Following the
isoline that separates CWS from SUW, a dome centered at ~35-
40 km can be observed during both M06 and JO7. The vertical
structure of SUW in this area resembles a lens typical of an eddy-
like feature.

In sections along Lines G and I, north and south of Chinchorro
Bank, there are notable differences between MO6 and 07
(Figs. 7 and 8). In general, the upward displacement of the iso-
therms near the coast is much weaker than it was for the northern
lines (A and C). While uplifting > 100 m is evident at depth during
J07, uplifting is <50 m in MO6 on Line G (Fig. 7). In MO6, isolines
closer to the surface are not uplifted - in fact the isohalines above
SUW deepen towards the coast on both lines G and I, indicating
southward flow (based on geostrophy). Near the surface, a thin
low-salinity layer is evident nearshore in both years and on both
lines, with surface values being as low as 34.0 on Line G in JO7 -
presumably indicating local sources.

Belizean waters at the southernmost extent of the MBRS were
only sampled during JO7 (Lines N and P; Figs. 9 and 10). There is a
marked low-salinity surface layer in this region, only 10 m deep on
Line N and mixing down to 30 m on Line P. Salinities are lower and
the largest area of freshwater influence was observed along these
southern lines. A slight uplifting of the isolines is observed at Line
N (Fig. 9) and a slight downward bending of isolines is observed in
the southernmost transect, Line P (Fig. 10).

3.4. Horizontal thermal structure

The depth of the surface mixed layer is mapped for M06 and
JO7 in Fig. 11. The depth of this thermal layer is greater offshore
than in the coastal waters. On the northernmost lines close to the
Yucatan shelf, this layer is ~50 m thick during both cruises.
Elsewhere along the coast, the surface mixed layer extends to 80—
90 m whereas depths of 120 m are found offshore during M06 and
100 m offshore during JO7. The temperature field at 150 m depth
shows colder water close to the coast (Fig. 11c and d), with lower
values during JO7 than MO6 in the area between Cozumel and
Chinchorro. At the northern limit of the cruise, the coldest waters
were observed in M06: the minimum 150 m temperature is 16 °C
(2 °C lower than J07) and shows a strong thermal gradient of 6 °C/
37 km along the offshore edge of the cold water. However, during
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J07, the 20°C isotherm is observed as far south as Xcalak
(~18.5°N). The same isotherm is only evident in the northern
portion of the MBRS, north of Bahia de la Ascension (~20.0°N) in
MO6. During JO7 a relatively strong thermal gradient was observed
at 150 m between the coast and offshore waters (4 °C/37 km) in
the area between the southern end of Cozumel and northern
Chinchorro Bank, while it is weaker during M06 in the same area.

The horizontal distributions of the 12 and 22 °C isotherms are
shown in Fig. 12. The 12 °C topography (Fig. 12a and b) gives an
indication of the uplifting of the isotherms located at the lower
base of the upper water masses, and the topography of the 22 °C
isotherm (Fig. 12c and d) is used to illustrate the upward dis-
placement of the isotherms, similarly to the way in which Merino
(1997) used the 22.5 °C isotherm to demonstrate upwelling over
the Yucatan shelf. In addition, the 22 °C isotherm is relatively close
to 20 °C, which is considered the upper limit of the permanent
thermocline in the tropics (Tomczak and Godfrey, 2003). The

topographies of both the 12 °C and 22 °C isotherms show an up-
lifting close to the coast during both cruises. Depth differences of
the 12 °C isotherm between offshore and onshore waters are up to
200 m and 250 m during M06 and J07, respectively. During JO7, the
12 °C isotherm is shallower close to the coast and considerably
shallower close to the Yucatan shelf, with values up to 250 m,
whereas just north of Bahia de la Ascension it is about 200 m
depth. During J07, the 12 °C isotherm in the Belizean and Gulf of
Honduras waters shows depths ~350-400 m, deeper than those
observed in the Mexican Caribbean coastal waters. Differences
between both cruises are found around Chinchorro Bank, where
the 12 °C isotherm is relatively shallower during MO6 than during
J07.

Both cruises show an uplifting of the 22 °C isotherm from deep
waters towards the coast. This isotherm is observed at depths
> 170 m in oceanic waters, whereas it is observed at about 130 m
in coastal waters. As was observed in other thermal topographies,



L. Carrillo et al. / Continental Shelf Research 120 (2016) 41-58 47

Temperature (°C) Line C

28

26

24

22

Depth (m)

0 20 40 60 80 100
Distance (km)

a)

Salinity (PSU) Line C

36.5

36

35.5

Depth (m)

TACW 3 B35
34.5
-500 = 34
C) 0 20 40 60 80 100
Distance (km)

Temperature (°C) Line C

E 20
£
o 18
[
[=]
16
14
12
10
- 8
b) 40 60
Distance (km)
Salinity (PSU) Line C
0 = = v 37
50 csw
[ 36.5
-100
-150
36
— -200
E
£ -250 355
Qo
a
300
35
-350
-400
345
-450
-500 34
d) 0 60

Distance (km)
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there are some coastal areas with considerable uplifting. The rising
of the isotherm can be traced as far south as Xcalak (about
18.25°N), and it intensifies northwards along the coast, with a
maximum on the Yucatan shelf. This isotherm is close to the sur-
face in the northern MBRS near the Yucatan shelf, where it reaches
depths as shallow as 20 m and 80 m during JO7 and MO6, re-
spectively. Another shallow area was seen between the south end
of Cozumel Island and latitude of about 19.25°N (around the bays
of Ascension and Espiritu Santo), where it is observed at 120 m
and up to 110 m near Bahia Ascension during JO7.

3.5. Horizontal salinity structure

There is high variability of the surface salinity data within the
first 120 m (Fig. 4). Horizontal salinity distribution maps at 5 m,
25 m (near the surface, below the halocline), 50 m (top of the
halocline) and 75 m (within the halocline) were selected for the
analysis. In general, during both cruises, the surface salinity shows
patchiness and lower salinity near the coast.

During MO6, over a large portion of the sampled area of the
MBRS, the 5 m salinity is < 35.8 (Fig. 13a). As the salinity increases
with depth some patterns emerge, such as near the northern tip of
the MBRS where uplifted high-salinity waters representing the
SUW are observed in the 50-m and 75-m salinity distributions
(Fig. 13¢ and d). Also, with increasing depth, it becomes evident
that there is relatively saltier water there than is found in the
coastal waters over Chinchorro Bank. A large lens of lower salinity
water, at about 50 m depth, is observed close to the Yucatan Basin

(southeast of Cozumel Island).

During JO7, the whole coast of the MBRS shows 5 m salinities
lower than 35.8 (Fig. 13e), as also seen during M06, with two re-
latively large areas showing particularly low salinities (as low as
35.2). One is located in the northern MBRS (from Espiritu Santo
and Bahia de la Ascension to Isla Contoy), and the second is located
in the southern MBRS (near Belize/Gulf of Honduras). The north-
ern low-salinity area is present at both 25 m and 50 m depth
(Fig. 13g), and the salinity anomaly is reduced to a small portion of
low-salinity water (35.8) at 75 m depth (Fig. 13h) located near the
coast north of Bahia de la Ascension. The southern low-salinity
area, located in the Gulf of Honduras, can be traced at 25 m depth
(Fig. 13f), but is weak at 50 m (Fig. 13g) and not clear by 75 m
(Fig. 13h). As was observed for MO6, the central MBRS area around
Chinchorro Bank (18-19 °N) shows relatively higher salinity values
at the surface during J07, and at 25 and 50 m depth. Higher salinity
values were also observed in the northernmost part of the MBRS at
50 m depth, generating strong salinity gradients of about 0.4/
48 km. At 75 m depth, except in the northern MBRS, the whole
area shows salinity values greater than 36.0, in contrast to those of
the salinity field at 50 m. In particular, in the Gulf of Honduras and
north of Cozumel the salinity field shows higher values ( > 36.4).
Although most of the coast shows relatively high salinity values at
this depth, one station at about 20 km from the coast north of
Bahia de la Ascension shows lower salinity values (35.9).
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Fig. 7. Same as Fig. 5, but for the cross-section north of Chinchorro Bank (Line G).

3.6. Geostrophic velocity fields

Geostrophic velocities from the M06 and JO7 cruises were cal-
culated from dynamic height differences derived from the density
anomaly fields (Fig. 14a and b). The isopycnal sigma-
t=27.0 kg m~3 was used as the level of no motion. Geostrophic
flow fields were improved by combining altimetry-derived flows
and geostrophic velocities derived from hydrography. The alti-
meter-derived geostrophic currents were obtained from the Rio05
output model estimated from dynamic topography averaged over

a 10-day period (Rio and Hernandez, 2004). The time periods used
in this analysis correspond to March 26-30, 2006 and January 17-
22, 2007 for M06 and J07, respectively. Both cruises show similar
surface geostrophic velocity fields, with strong northward flow of
the Yucatan Current in the northern portion of the MBRS and re-
latively weaker velocities in the southern portion. During MO6
(Fig. 14a), the Chinchorro area shows weak flows, indeed south-
ward flows were obtained at the southern portion of this bank.
The northward flow of the Yucatan Current is best defined be-
tween a latitude of approximately 19.25°N up to the Yucatan
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Fig. 8. Same as Fig. 5, but for the cross-section south of Chinchorro Bank (Line I).

Channel. During JO7 (Fig. 14b), northward geostrophic velocities
are clearly defined from 18.25°N to farther north, and were closer
to the coast and confined in a narrower area than had been ob-
served during MO6 (Fig. 14a). In the Gulf of Honduras, the geos-
trophic field showed the weakest velocities and a southward flow
(Fig. 14b).

Cross-sections of geostrophic velocity were estimated for the
previously described hydrographic lines by using the level of no
motion of sigma-t=27 kg/m? (Fig. 15). These velocity cross-sec-
tions show a northward flow on Lines A, C and G during M06, and
on Lines A, C, G, I and N during JO7. The maximum on each cross-
section shows the core of the Yucatan Current. The northward
flows show maximum speeds (up to 0.8 m/s during M06 and
0.6 m/s during JO7) at the northernmost lines AO6 and A07, located
in the Yucatan Channel, with weaker flows farther south. The
Yucatan Current is not evident at Line I during M06 and Line P
during JO7. During MO6, the northward current seen in Line AO6 is
about 60 km wide, with speeds up to 0.8 m/s in the 15 km wide

core. Speeds of 0.2 m/s can be observed at a depth of 200 m.
Moving southward to Line C, the northward flow is divided into
two main cores, one stronger current (up to 0.4 m/s) directed into
the Cozumel Channel with a narrow core about 20 km wide, and
the other weaker current located on the ocean side of Cozumel
and reaching speeds of about 0.2 m/s. At Line G, located north of
Chinchorro, the northward flow is weaker (0.2 m/s), with a core of
about 10 km width, along the eastern side of the bank in the di-
rection of the deep basin. South of Chinchorro, Line I shows a
weaker northward flow, centered at 150 m depth with speeds
< 0.2 m/s. During J07, Line A07 included shallower stations on the
Yucatan shelf than were occupied during MO6. Line C shows that
the core of the Yucatan Current is weaker and located farther
offshore during JO7 than observed during M06, where it had been
stronger and closer to the coast. Lines around Chinchorro Bank
during JO7 show the current closer to the coast, with speeds up to
0.35m/s at Line G, and 0.2m/s at Line I, located south of
Chinchorro. The Belizean cross-sections (Lines N and P) resemble
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Lines G and I of MO6, respectively. A weak northward flow is
evident at Line N, and a very weak southward flow is present at
Line P.

4. Discussion

The thermohaline structure of the MBRS shows a vertical dis-
tribution that is typical of subtropical and tropical Atlantic regions,
with North Atlantic Subtropical Underwater (SUW) overlying
Tropical Atlantic Central Water (TACW) and flowing through the

region. Near-surface is a layer of Caribbean Surface Water (CSW),
formed from the modification of SUW by land runoff and surface
warming (Fig. 2). In the MBRS, this vertical structure is altered by
shoaling of isolines associated with uplifting of the isopycnals
where the Yucatan Current interacts with the coast, and some
more localized and mild deepening of isolines in the Gulf of
Honduras associated with cyclonic flow and freshwater inflows.
Based on geostrophy, the deformation of isopycnals provides
information on circulation that agrees well with currents mea-
sured directly by ADCP (Carrillo et al., 2015). Although the prin-
ciple of geostrophy and the coarse resolution of the station grid
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can only resolve broad patterns (length scales of order 100 km and
larger), these hydrographic data describe the primary features,
including the Yucatan Current and differences between the MO06
and JO7 cruises and across latitudes. However, the geostrophic

fields cannot resolve submesoscale features such as the Ascension-
Cozumel Coastal Eddy (Carrillo et al., 2015), the wakes behind
Chinchorro Bank and Cozumel Island, or the ageostrophic flow
features in the Cozumel Channel described by Chavez et al. (2003)
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and Ochoa et al. (2005).

In the northern region, characterized by strong northward flow
(Carrillo et al., 2015), coastal waters are colder and saltier in
general, owing to the shoaling of temperature and salinity isolines.
Described previously by Merino (1997), this current-driven up-
welling raises isotherms/isohalines/isopycnals by 100 m or more.
Cochrane (1966; 1968) proposed that this upwelling could be in-
duced by bottom friction associated with the strong Yucatan
Current. However, Jiménez Lagunes (2004) analyzed this hypoth-
esis using a numerical model, and the results did not support that
hypothesis. Ramos Musalem (2013), by using a global circulation
model (MITgcm), suggested coastally-trapped waves as the most
likely forcing mechanism of the upwelling observed in this area;
however, available cold water needs to be present for the vertical
transport at 120 m depth. Recently, Reyes-Mendoza et al. (2016)
analyzed the effect of wind and found that upwelling pulses were
not correlated with wind-driven Ekman transport, suggesting that
it is a process not locally controlled. We observed that an uplifting
of the isotherms occurs along the MBRS while the Yucatan Current
is present. In the northernmost portion of the MBRS, the uplifting
of the isotherms is enhanced, allowing any vertical transport
mechanism to produce the upwelling. These observations suggest

that the upwelling in the northernmost MBRS could be associated
with strengthening of the Yucatan Current, and at times the SUW
will outcrop at the surface near Isla Contoy, forming a marked
thermal front that can be seen along the shelf edge, extending
north to about 25°N latitude (Pérez de los Reyes et al., 1996). This
strongest upwelling occurs where the Yucatan Current separates
from the coast as the shelf widens - a phenomenon similar to that
observed over the Agulhas Bank, where the Agulhas Current se-
parates from the coast (Swart and Largier, 1987; Lutjeharms et al.,
2000). This upwelling varies seasonally, weakest during autumn
and winter and strongest during spring and summer (Merino,
1997) - our winter cruises were during the weaker phase of the
upwelling.

Uplifting is less clear in the central MBRS, where the northward
current is weaker (and absent in the southern MBRS), but it was
observed as far south as Xcalak (18.25°N) during J07. Local in-
tensification of uplifting is observed north of Bahia de la Ascen-
sion, and where the current separates from the coast forming the
Ascension-Cozumel Coastal Eddy, as described in Carrillo et al.
(2015).

Upwelling is important in determining water quality in the
shallowest areas over the Yucatan continental shelf. This upwelled
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water can be traced by its temperature-salinity signature (16-
20 °C; 36.1-36.5), and it has been designated as Yucatan Upwelling
Water (YUW) by Merino (1997), while Enriquez et al. (2013) refer
to it as Caribbean Subtropical Underwater (CSUW) when observed
over the Yucatan Shelf. This upwelled water also has high nu-
trients and low oxygen. Thus, where upwelling occurs, MBRS
coastal habitats are exposed to these water properties; moreover,
the upwelling enhances algal blooms, underpinning the growing
concerns for harmful red tide events over the Yucatan Shelf (En-
riquez et al., 2010).

Land runoff is also an important factor in coastal water quality
and this is strongest in the southern MBRS where twelve rivers
together discharge about 1232 m®s~! into the Gulf of Honduras
(Thattai et al., 2003), lowering salinity in the uppermost 50 m near
the surface. These low-salinity waters are advected south and
entrained into the Honduras Gyre (Cherubin et al., 2008), creating
a regional feature (Fig. 16) and eventually being entrained in the
Yucatan Current. In addition to salinity influences, land runoff may
also contain biogenic materials as well as pollutants - but little is
known about the loading of runoff to the Gulf of Honduras.

Low salinity waters were also observed in coastal areas farther
to the north, with values about 0.6 units lower in the northern
MBRS (Figs. 13 and 16) - a result which was not expected, since

there are no rivers in the Yucatan and this region is characterized
by upwelling of high-salinity water. However, the Yucatan Pe-
ninsula is characterized by permeable karstic geology (Perry et al.,
2002; Bauer-Gottwein et al., 2011), in which underground rivers
may exist. Low salinities in coastal waters between 19°N and 20°N
match up with locations where underground rivers and sinkholes
are known to be connected to the sea (Smart et al., 2006; Beddows
et al., 2007; Charvet, 2009). In this region, submarine groundwater
discharge has been estimated at 568 m>d~'m~! length of
shoreline, but only 48 m®d~' m~! in the northern portion near
Puerto Morelos (Null et al., 2014). A single groundwater spring in
the northern peninsula has been documented with a discharge of
up to 34,560-40,000 m> d !, even during the dry season (Valle-
Levinson et al., 2011; Parra et al,, 2015). Moreover, it has been
reported that spring salinity could range between 28 and 36
modulated by changes in sea level (Valle-Levinson et al., 2011;
Parra et al., 2015). Further, Enriquez et al. (2013) have previously
reported low salinities on the Yucatan Shelf, north of the Pe-
ninsula. Although our observations were not close enough to the
coast to trace the freshwater discharge from the Kkarstic river
system, previous studies in this area have shown significant cross-
shore salinity gradients along 60 km of the coastline in the
northern MBRS (Carrillo Bibriezca et al., 2008). Nevertheless, we
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can make an estimate of 657 m>s~! freshwater discharge in the
Ascension area by assuming a discharge of 568 m®>d~' m~! over
100 km of shoreline. From a simple salt balance, we obtain a si-
milar order-of-magnitude estimate in JO7 by noting that the
coastal portion of the Yucatan Current exhibits a salinity decrease
of >0.2 over >25m depth and extending > 10 km offshore.
Thus, it appears that land runoff (and CSW production) is equally
strong in the northern MBRS, although the salinity signal is less
marked probably due to the rapid flushing of coastal waters by the
Yucatan Current, which means that the submarine groundwater
discharge is strong.

The oceanography of the MBRS exhibits strong north-south
differences, with the northern region being characterized by
strong advection, upwelling and submarine groundwater dis-
charge, while the southern region is characterized by weak cur-
rents, retention and surface discharge of land runoff. This re-
presents marked differences in connectivity (Muhling et al., 2013;
Carrillo et al., 2015) and pelagic habitat (Muhling et al., 2013; this
paper), which can be expected to have first-order effects on the
productivity and diversity of reef communities as well as their
susceptibility to environmental change, including ocean warming,
ocean acidification and pollutant loading. There is growing evi-
dence that submarine groundwater discharge over the coast could
lead to ocean acidification with impacts on coral reefs — and spe-
cifically in the northern MBRS (Crook et al., 2012; Crook, 2015).
Implications of the latitude of impingement of the Cayman Current
have been mentioned previously by Badan et al. (2005), Ezer et al.
(2005), and Cherubin et al. (2008), but little attention was given to
the implications of this for coastal oceanography and the asso-
ciated definition of coastal pelagic habitat, which is a primary

determinant of the state of the MBRS coral reef communities.
Following the discussion of circulation in Carrillo et al. (2015), the
mesoscale variability associated with the latitude of impingement
of the Cayman Current defines a transitional region that shifts
north and south over time and separates the northern and
southern regions in the MBRS, yielding a northern region dyna-
mically dominated by the Yucatan Current and a southern MBRS
with lower speeds and the presence of the Honduras Gyre. This
was also observed in both the geostrophic and hydrographic fields
described herein. A secondary factor is the shift to karstic geology
and submarine groundwater discharge in the Yucatan Peninsula.
Moreover, from geostrophic calculations there were clear differ-
ences between M06 and JO7 in the closeness to the coast of the
Yucatan Current along its northward path as was also reported
from ADCP observations (Carrillo et al., 2015). This indicates a clear
meandering of the Yucatan Current probably due to the passage of
mesoscale eddies.

5. Conclusions

Hydrographic data from two oceanographic cruises conducted
during March 2006 and January/February 2007 provided de-
scriptions of the thermohaline structure that are consistent with
and go beyond the transport patterns outlined in Carrillo et al.
(2015). Also, the description of water types and associated dis-
tribution of water properties are key factors in the spatial dis-
tribution of habitat along the MBRS.

The thermohaline structure in the upper 500 m of the water
column along the MBRS shows a typical vertical structure for
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tropical Atlantic regions represented by the three primary water
masses previously defined for the Caribbean: Caribbean Surface
Water (CSW), the Subtropical Underwater (SUW), and the Tropical
Atlantic Central Water (TACW). The surface layer, delimited by a
strong pycnocline, represents the CSW, warm with moderate
salinity and oxygen levels. Underneath the CSW is the salinity
maximum (36.92), representing the North Atlantic SUW with a
lower oxygen concentration of 3.37-4.06 ml/L. The maximum
salinity is centered at 134 + 17 m depth during both M06 and J07
in the MBRS.

The thermohaline structure is modified by the circulation along
the Mesoamerican Barrier Reef System (MBRS) and coastal fresh-
water interactions. The thickness and deepening or shoaling of the
thermocline is a reflection of the regional dynamics and land
runoff. Geostrophically-derived fields provide a reliable first ap-
proximation to the directly-measured velocity fields as they are
qualitatively consistent with the ADCP observations and drifter
trajectories.

Observed hydrographic fields add evidence to the regional di-
vision of the MBRS according to the latitude of impingement of the
Cayman Current, since the strong flow in the Yucatan Current
generates an uplifting of the isopycnals along the coast. The
strongest uplifting of the water masses is observed at the northern
tip of the MBRS, where the intensification of the Yucatan Current
occurs in the Yucatan Channel and the widening of the Yucatan
shelf can be observed. However, the uplifting of the isotherms
occurs predominantly along the coast while the Yucatan Current is
present. Outside of this region, the vertical structure is more re-
lated to the Caribbean deep waters with deeper values of the
thermal mixed layer (100 m). In the southern part of the MBRS,
weak velocities and southward flows are observed with a dom-
inance of the Honduras Gyre.
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