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Abstract—A high-resolution, unstructured finite element hy-
drodynamic model was implemented with a focus on the regional
dynamics of Puerto Rico and the U.S. Virgin Islands. Spatial
resolution of the unstructured mesh is at least 100 m along
all the coastlines of Puerto Rico and the U.S. Virgin Islands
and reaches a resolution finer than 50 m in selected areas
with complex coastlines. The model is forced with a global tide
solution (TPXO8) and global atmospheric forcing provided by
the NCEP Climate Forecast System (CFSv2) model. Inclusion
of the global atmospheric forcing resulted in an increase of the
model accuracy in modeling water levels. Atmospheric forcing
was a necessary condition for the generation of currents and
high frequency water level oscillations such as seiches. This newly
developed hydrodynamic model for Puerto Rico and the U.S.
Virgin Islands has applications for maritime users as the inclusion
of global winds results in more accurate water levels as well as
coastal currents, which were not able to be generated previously
without the inclusion of atmospheric forcing. In addition, the
generation of high frequency oscillations that have been observed
in measurements allows for further study of local scale dynamics
that have not been able to be previously replicated by numerical
models in this region.

I. INTRODUCTION

Although the circulation and transport into and out of the
Caribbean Sea has been previously studied [1], [2], there is
a lack in the study of the tidal regime, water levels, and
coastal circulation of the region. To this date Kjerfve [3] has
done the most comprehensive analysis of the tidal regime in
the Caribbean Sea, and more recently Torres and Tsimplis
have studied the long-term modulation of tides, seasonal sea
level cycles, and sea level extremes in the Caribbean Sea [4]–
[6]. In the past years there has been a significant increase in
instrumentation and data availability in Puerto Rico and the
Virgin Islands. Along with the computational capabilities to
run high resolution models that can represent the complex
coastlines of the region, this data availability allows for an
in depth study that combines both numerical modeling and
observations.

In this paper we present a summary of the results of a
new high resolution, two-dimensional circulation model of

Puerto Rico, Virgin Islands and the Caribbean. The focus is
on the interaction between tidal and atmospheric forcing and
its effect on water levels and currents. Water level and current
observations through the region are used to give an overview
of the range of processes that occur and then are used for
comparison with the model to assess its skill. The generation
of high frequency water level oscillations at locations where
they are observed is explored, as is the necessity of using
atmospheric forcing to generate this process as well as cur-
rents. The implications of these findings both in terms of the
necessary forcing mechanisms in the numerical model and
for the understanding of the observed coastal dynamics are
discussed.

II. HYDRODYNAMIC MODEL AND DATA SOURCES

A. Hydrodynamic Model

Modeling of water levels and currents was done using
the ADCIRC finite element model. The model solves the
two-dimensional, depth-integrated nonlinear shallow water
equations. ADCIRC has been extensively validated for tidal
constituent and storm surge water levels in the Gulf of Mexico,
Florida, and the Atlantic Ocean, in addition to being used
operationally as part of the ESTOFS forecast system [7]–[10].
The use of an unstructured mesh gives the advantage of solving
for various physical scales on a single mesh. In our application
these scales ranged from basin to shelf down to coastal and
nearshore. The model was run in implicit mode with a timestep
of 1 s, lateral eddy viscosity was set to 5 ms−2 and bottom
friction was formulated as a quadratic bottom stress dependent
on the bottom type at every mesh node.

A high resolution mesh was built using as a basis the
EC2001 grid [7]. The open ocean boundary was extended
further east to allow enough space between the boundary and
the Lesser Antilles, which falls within our area of interest
as transport between the Atlantic Ocean and the Caribbean
Sea occurs through them. Because of their importance in
the regional transport, the Lesser Antilles were resolved to a
resolution of up to 250 m. Spatial resolution is finest at 30 m in
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Fig. 1. Mesh bathymetry over (a) Puerto Rico and Virgin Islands and (b)
detail of the bathymetry over the eastern coast of Puerto Rico.

some areas of Puerto Rico, with a resolution of at least 100 m
along all the coastlines of Puerto Rico and the Virgin Islands.
Figure 1 shows the mesh bathymetry over Puerto Rico and the
Virgin Islands and the level of detail that has been achieved in
representing the steep shelves, irregular coastlines, and shallow
reef systems. To take into account the frictional effects of reefs
and mangroves global maps of reef and mangrove coverages
were included as attributes of the mesh [11], [12]. For reefs, a
Manning’s n value of 0.220 was used [13] and for mangroves
the Manning’s n was 0.400 [14].

B. Boundary Conditions and Atmospheric Forcing

The open ocean boundary was forced with tidal amplitudes
and phases for each of the eight (M2, K2, N2, S2, O1, K1,
S1, P1) principal tidal constituents. Amplitudes and phases
were extracted from the OSU TPXO8-ATLAS [15] global
tidal solution. The forcing constituents were referenced to the
simulation time of January-November 2012 by computing the
nodal factors and equilibrium arguments [16], [17].

Global atmospheric pressure and wind fields were obtained
from NCEP’s CFSv2 Climate Forecast System [18]. The fields
covered the entirety of the mesh with a spatial resolution of
20 km and a temporal resolution of one hour. Both fields were
ramped for a duration of 15 days using a hyperbolic tangent
function where wind speeds and pressure increased from zero
m/s and 1013 mb, respectively. This ramping was used to avoid
generating any spurious oscillations. Atmospheric forcing was
applied for the duration of the simulation.

C. Water Level and Currents Observations

To determine the skill of the model the water levels and cur-
rents were compared to observations. The broad distribution of
instrumentation (Figure 2) in the Puerto Rico and U.S. Virgin
Islands regions allows for data that represents conditions in
the Atlantic Ocean and Caribbean Sea as well as through the
transitions between them.
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Fig. 2. Location of water level (red) and currents (blue) validation stations.
Filled circles represent the locations that are shown in this paper.

Observed water levels were obtained from the NOAA
National Ocean Service (NOS) tide gauges in Puerto Rico
and the U.S. Virgin Islands. Water levels are measured every
six minutes, which was the same interval used for model
output. As we were interested in determining the effect of
the inclusion of atmospheric forcing in the generation of
high frequency oscillations, the power spectrum density was
computed for both observed and modeled water levels. For this
the Thomson multitaper method [19] was used on the monthly
water level time series.

Currents were measured by the moored buoys operated by
the Caribbean Coastal Ocean Observing System (CariCOOS).
Buoys are equipped with ADCPs that sample at every meter
through the water column. Depths at the buoys are 32 m in
buoy PR206 (north of San Juan) and 44 m in buoy VI105
(south of St. John). Current speed and direction were depth-
averaged to be used for comparison with ADCIRC.

III. RESULTS

A. Water Levels

Water levels showed varied responses to the atmospheric
forcing. These responses depended on the particular location of
each validation station as well as the agreement of the CFSv2
global atmospheric fields with the observed meteorological
conditions. Figure 3 shows the modeled and observed water
levels for three different time snapshots at Christianted Harbor
(St. Croix), Magueyes Island (Puerto Rico) and Lameshur Bay
(St. John). In general the inclusion of atmospheric forcing
forcing resulted in better accuracy of the modeled water levels,
but this increase in accuracy was not limited only to the direct
comparison of the water levels, but also to the generation of
other physical phenomena that otherwise are not generated
with purely tidal forcing.

In Christiansted Harbor the modeled water levels with the
tidal and atmospheric forcing better followed the behavior of
the observed water levels. This is more evident during January
16-21 and 28-31, where the modeled water levels had lower
values relative to the tide-only forcing water levels, similar
to what was observed. This gives an indication of how the
atmospheric fields can have a modulating effect on the water
levels in a non tropical cyclone situation.

Figure 3(b) shows how the atmospheric forcing greatly
increased the accuracy of the model at Magueyes Island
during October 10-15, 2012. Additionally, the high frequency
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Fig. 3. Observed and modeled water levels in (a) Christiansted Harbor, (b)
Magueyes Island, and (c) Lameshur Bay. Black lines represent ADCIRC with
only tide forcing, blue lines represent ADCIRC with tide and atmospheric
forcing, and red line represents the observed water levels.

oscillations that are evident in the observed water levels were
also present in the model results. This location is a good
example of how different the ADCIRC solution can be by just
including atmospheric forcing. This difference is seen in the
actual water levels plus the non-linear interactions of winds
and pressure with the tides and the shelf.

The results in Lameshur Bay are similar to those in Chris-
tiansted Harbor. Figure 3(c) shows that through March 1-15
the modeled water levels with atmospheric forcing had a better
accuracy and followed the behavior of the observations. A
difference on this station is that the observed water levels
shows strong high frequency oscillations only at some times,
contrary to Magueyes Island where the oscillations are pre-
dominant through the record. This variability in high frequency
oscillations will be explored next.

B. High Frequency Water Level Oscillations

The inclusion of atmospheric forcing in ADCIRC resulted in
the generation of high frequency oscillations (ranging between
0.5 and 2.0 cph) which were not generated when the model
was forced purely with tidal forcing. As high frequency
oscillations were also present in the observations at some
locations we decided to further investigate these oscillations
and how they compared between model and observations.

Figure 4 shows the observed power spectrum at three
locations in Puerto Rico: Arecibo, Fajardo, and Magueyes
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Fig. 4. Observed high frequency spectrum of water levels in (a) Arecibo, (b)
Fajardo, and (c) Magueyes Island. Colored lines represent January-November
2012 and black line represents the mean power spectrum density.

Island during January-November 2012. These three locations
serve as an example of the different characteristics of the high
frequency oscillations that are observed through the region.
The Arecibo spectrum shows a strong monthly variability, with
no predominant peaks in the record. This station is located
in the Atlantic coast of Puerto Rico and is exposed to the
wave activity that hit this coast, which can explain the monthly
variability in the spectrum.

In Fajardo the spectrum shows a combination of pre-
dominant peaks through the range of 0.5 - 4.0 cph with
some monthly variability. The monthly variability includes
both higher amplitudes in the predominant peaks as well as
energy at frequencies that are not the predominant peaks.
This station is located in the Northeast coast of Puerto Rico,
influenced both by the Atlantic Ocean and the transition
into the Caribbean Sea through the Virgin Islands shelf, and
protected by a long reef chain that faces the Atlantic Ocean.
The combination of limited exposure to the Atlantic wave
fields (due to the reef protection) while at the same time
being on the shelf can explain the predominant energy peaks
with some variability caused by the wave fields that are not
completely dissipated by the reef.

Magueyes Island is located in the southwestern coast of
Puerto Rico, in a relatively broad shelf of a width of 12 km
and mean depth of 18 m. The spectrum in Magueyes Island
had a predominant single peak at around 1.20 cph (50 min
period), which coincides with the fundamental resonant period
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Fig. 5. High frequency spectrum of water levels in Mayaguez: (a) observed
and (b) ADCIRC. Colored lines represent January-November 2012 and black
line represents the mean power spectrum density.

of Magueyes Island [20]. There was little energy at any other
frequencies and with little monthly variability. This location
is surrounded by reefs and cays that protect the coast from
wave action, resulting in a unimodal spectrum with a peak in
the shelf fundamental period. The only notable exception was
during May 2012, where the amplitude of the spectrum was
much higher than during any other month.

The high frequency spectrum of the ADCIRC water levels
with atmospheric forcing are shown in Figures 5 and 6. In
Mayaguez (Figure 5) the shape of the ADCIRC spectrum
resembles the observed spectrum, with a peak at 1.24 cph (55
min period) and another peak at 1.58 cph (38 min period).
The main difference between the observed and the modeled
spectrum is that ADCIRC does not completely generates the
second peak near the 2 cph frequency, although there is a small
amount of energy being generated at this frequency.

In the case of Magueyes Island (Figure 6) the ADCIRC
spectrum fully resembles the observed unimodal spectrum
centered about 1.20 cph. As this is the same as the natural
resonant period of Magueyes Island, this indicates that res-
onant motions can not be forced only by tides, as the tide-
only ADCIRC spectrum did not showed any energy at this
frequency. This means that the atmospheric forces are at least
in part a contributor to the generation of the resonant motions
in Magueyes Island.

C. Currents

The most notable result of including the atmospheric forcing
in ADCIRC was the generation of currents, which with tide-
only forcing had very low speeds. The current speed response
to the atmospheric forcing at the two studied locations also
gives light as to the driving mechanisms of the currents at each
location and the variability that is observed in the region. In
both cases the accuracy of the current speeds increased with
the atmospheric forcing, but the influence of the atmospheric
forcing in San Juan was greater than in St John.
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Fig. 6. ADCIRC high frequency spectrum of water levels in Magueyes Island.
Compare to the observed spectrum in Figure 4(c). Note the difference in scale.

Figure 7 shows the observed and modeled currents during
July 2012. In San Juan it is evident how the atmospheric
forcing caused an increase in the current speeds. With tide-
only forcing the current speeds were almost zero, while
with atmospheric forcing the speeds increased and accurately
followed the behavior of the observed currents. The model
did not captured all the daily peaks, but this can be due to the
resolution limits of the global atmospheric model as well as the
local winds that change rapidly through the day. The dramatic
difference between the ADCIRC speeds makes it clear that
in San Juan the tidal influence in the current speeds is very
small, being dominated by the atmospheric forcing.

Currents in St. John also increased in accuracy with the
atmospheric forcing, although the contribution of the tidal
forcing to the currents was higher than in San Juan. The tide-
only ADCIRC currents were proportionally higher than those
in San Juan, having speeds closer to the observed currents
than they were in San Juan. With atmospheric forcing the
currents had a better accuracy, with an increase in magnitude
and following the patterns of the observations. As the St. John
buoy is located in the Virgin Islands shelf, contrary to San
Juan which is exposed to the Atlantic deep waters, the tidal
currents are stronger. The good agreement of the model with
the overall behavior of the observations in St. John leads to
think that the consistently lower speeds in the model could
be caused by the global model winds not capturing the local
effects near the buoy.

IV. DISCUSSION

The results show that the use of atmospheric forcing along
with the tidal forcing in ADCIRC increases the accuracy of the
model. This increase in accuracy is seen in both the modeled
water levels and currents, and the effect of the atmospheric
forcing is further seen in the generation of other observable
phenomena such as high frequency oscillations in the water
levels. Without atmospheric forcing neither strong enough
currents nor high frequency oscillations were generated. In ad-
dition, the atmospheric forcing was able to generate observed
localized phenomena that characterizes different locations in
the Atlantic Ocean, the Caribbean Sea and the transition
between them.

Water levels from ADCIRC were able to accurately model
the observed water levels as well as the local characteristics
of the three locations shown in Figure 3. When atmospheric
forcing was applied all three locations had better agreement



07/01 07/03 07/05 07/07 07/09 07/12 07/14 07/16 07/18 07/20 07/23 07/25 07/27 07/29 08/01
0

0.05

0.1

0.15

0.2

0.25

D
e

p
th

 a
v
g

 s
p

e
e

d
 (

m
/s

)

(a)

07/01 07/03 07/05 07/07 07/09 07/12 07/14 07/16 07/18 07/20 07/23 07/25 07/27 07/29 08/01
0

0.1

0.2

0.3

0.4

D
e

p
th

 a
v
g

 s
p

e
e

d
 (

m
/s

)

(b)

Fig. 7. Observed and modeled current speeds in (a) San Juan and (b) St.
John during July 2012. Black lines represent ADCIRC with only tide forcing,
blue lines represent ADCIRC with tide and atmospheric forcing, and red line
represents the observed currents.

with the observed data than when forcing ADCIRC with tides
only. The level of detailed representation of the bathymetry in
our high resolution mesh is illustrated by how the model did
a good job in capturing the characteristics of each location,
i.e. generating oscillations in the natural resonant period at
Magueyes Island where they are observed, while not generat-
ing similar oscillations where they do not occur. This shows
that a fine spatial representation and large-scale atmospheric
forcing can recreate a broad range of physical phenomena at
temporal scales that range from days to minutes in the Puerto
Rico and Virgin Islands region.

Currents and high frequency oscillations were only gener-
ated when atmospheric forcing was used. As the tidal range in
Puerto Rico and the U.S. Virgin Islands is small (in the order
of 0.3 m), this would indicate that the main driver of these
two processes are the winds and atmospheric pressures. The
case of the currents in San Juan is particularly of interest as
this buoy is located at the edge of the very narrow shelf North
of Puerto Rico (about 3 km wide), where it is exposed to the
circulation from the deep waters that follow right after the
shelf. Tide-only forcing barely generated any currents at this
location, while tide and atmospheric forcing resulted in very
good agreement with the observations, meaning that at least
during July 2012, circulation in this buoy was in great part
driven by local and regional winds and that a two-dimensional
circulation model provides a good agreement.

V. CONCLUSION

A high resolution, two-dimensional circulation model of
Puerto Rico, Virgin Islands, and the Caribbean has been
developed. This model accurately captures the water level
and circulation processes of the region. When coupled to a
global atmospheric model, the model is able to generate the
observed high frequency oscillations that are observed at the
tide gauges. Atmospheric coupling was proven to be necessary
for the generation of currents, and the modeled currents agreed

well with the observations in San Juan and St. John. Seiching
at Magueyes Island was also captured by the model, as well
as a good representation of the spectrum at high frequencies
in Mayaguez. It was our intent to show in detail a series of
locations that are representative of the range and characteristics
of processes that occur in the region and a full validation
of the different components of the model will be treated in
subsequent papers.
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