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Ocean circulation and water mass characteristics around the Galdpagos Archipelago are studied using a four-level nested-domain
ocean system (HYCOM). The model sensitivity to atmospheric forcing frequency and spatial resolution is examined. Results show,
that with prescribed atmospheric forcing, HYCOM can generally simulate the major El Nino events especially the strong 1997-
1998 events. Waters surrounding the archipelago show a large range of temperature and salinity in association with four different
current systems. West zones of Isabella and Fernandina Islands are the largest upwelling zones, resulting from the collision of the
Equatorial Undercurrent (EUC) with the islands, bringing relatively colder, salty waters to the surface and marking the location
of the highest biological production. Model results, which agree well with observations, show a seasonal cycle in the transport
of the EUC, reaching a maximum during the late spring/early summer and minimum in the late fall. The far northern region is
characterized by warmer, fresher water with the greatest mixed layer depth as a result of Panama Current waters entering from
the northeast. Water masses over the remainder of the region result from mixing of cool Peru Current waters and upwelled Cold
Tongue waters entering from the east.

1. Introduction

The Galdpagos Archipelago (Figure 1) lies in the equatorial
eastern Pacific Ocean, about 1000 km west from the coast of
Ecuador, South America. It can reasonably claim to possess
the most distinctive marine flora and fauna and unique
species for any area of its size worldwide [1]. Thus in March
1998, Ecuador created the Galdpagos Marine Reserve (GMR),
which is an extensive area, over 140,000 km? and it consists
of an extremely variable ecological system in space and time
[2]. The main reason why the GMR features such great
diversity lies in its positioning in a complex transition zone
between tropical and subtropical waters and intense local

upwelling zones. Because of this strong temporal and spatial
variability, it would be extremely difficult to monitor or
explain the sources of the ecological variability using an
observing system alone. The work described here results
from a combined field remotely sensed and modeling effort
to study the connectivity of the upwelling dynamics over
the GMR. During 2006-2007, a series of 5 archipelago-wide
shipborne surveys, supported by moorings in 5 of the major
upwelling regions together with remotely sensed observation
and development of a high-resolution hydrodynamical model
of the GMR, were carried out by a joint program of the
University of North Carolina Wilmington, North Carolina
State University, Mote Marine Laboratory, Charles Darwin
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FIGURE 1: Bathymetry map and sampling stations of the Galdpagos Archipelago.

Research Station, and the Galapagos Nation Park Service
which was supported by NASA’s Biodiversity and Ecological
Monitoring and Biological Oceanography Programs. The first
results of the model development and testing are described
in this paper, with the observed ocean spatial and time
series data used to validate the modeling effort. As might be
expected, the biological response to physical forcing within
the Galapagos Marine Reserve is the ultimate goal of this
activity.

The Galdpagos Archipelago ecosystem is mainly affected
by waters from three different surface and subsurface cur-
rents. The major currents affecting the Galapagos are the
westward South Equatorial Current (SEC) and the eastward
Equatorial Undercurrent (EUC) [3-5]. The SEC drives sur-
face waters over the entire region around the Galapagos and
is affected by warmer northern hemisphere waters and by the
Panama Current and cool Humboldt Current generated in
the Peru upwelling zone, as well as cool southern hemisphere
waters. The warm Panama Current influences primarily the
northern islands, while the cool Humboldt (Peru) Current
influences primary the southern and central portions of the
archipelago. To balance the westward SEC as it flows to the
west along the equator, the eastward EUC (also known as the
Cromwell Current) [6] develops as a subsurface (subthermo-
cline) compensation against the westward SEC. The collision
of the subsurface EUC with the Galapagos platform results
in topographically induced upwelling in western archipelago
(particularly along Isabella Island). This upwelled water is
relatively rich in iron, the macronutrient needed for growth
by most organisms, and the production is high in many areas
of the Galdpagos and surrounding waters [7].

The Galdpagos are greatly affected by seasonal atmo-
spheric and oceanographic variability [8]. During the hot
wet season (December to May), the Intertropical Conver-
gence Zone (ITCZ) migrates southward towards the equator,
the northeast trades become more prevalent, and warmer
(>25°C), fresher (<34), and less-productive waters of the
Panama Current flow southward into the archipelago. During
the dry Garua season (May to November), the ITCZ migrates

to the north of the equator, the southeast trade winds become
dominant, and the major source waters for the SEC are
the cold Peruvian Ocean current and the Peruvian Coastal
Current (the Humboldt Current), enhancing the contribu-
tions to the SEC with the colder (18°C-20°C), saltier (>35)
productive waters. The different source waters for the SEC as
it flows though the GMR, from both northern and southern
hemispheres, as well as topographically induced upwelling
which occurs when the eastward flowing EUC runs into the
Galapagos platform are the cause of the tremendous diversity
around the archipelago.

A few studies have quantified the primary production
around the archipelago, especially higher concentrations in
west of Isabella [9, 10] from the upwelling EUC. Houvenaghel
[8] discussed the oceanographic setting of the Galdpagos
and concluded that the EUC was the major oceanographic
phenomena affecting the Galapagos. Hayes [11] pointed out
that the sea level differences across the Archipelago increase
as the EUC strengthens, measured by shallow moored pres-
sure gauges. Steger et al. [7] found that the near-surface
waters to the west of the Archipelago during November
1993 were predominately upwelled EUC waters, and as a
consequence were cooler, saltier and higher in nutrients
and iron than waters found over the eastern portion of the
Archipelago. In addition, the extent of the plume shown
by Feldman [10] could only be maintained by upwelling of
EUC waters that are cooler and higher in nutrients than the
waters surrounding the plume. Palacios [12] also found that
the temporal variability of ocean color and SST around the
Galdpagos was dominated by the seasonal migration of the
ITCZ and associated strengthening of the SEC and EUC.

Another distinctive feature associated with Galapagos
coastal waters that the greatest sea temperature anomalies
occur during El Nifio and La Nifa events [13]. Recently,
the frequency and severity of El Nifio events appear to
have increased and this is a concern for the conservation
of endangered species. El Niflo events now occur 2-7 times
more frequently than they did 7000-15,000 years ago [14, 15].
The 1982-83 and 1997-98 El Nifo events, in particular,
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appear to have been the most extreme for many centuries,
and have had a devastating effect on marine life in the
Galapagos region. During the El Niflo event period, the
Equatorial Undercurrent weakens, the upwelling weakens or
stops altogether, the surface water warms, macronutrients are
reduced, the primary production decreases and fish numbers
diminish [10, 16]. So the relationship between extreme ENSO
events and loss of marine biodiversity in Galdpagos needs to
be investigated as a matter of local and global importance.
Such a study has direct implications to predictions of loss
of global biodiversity associated with ocean warming and
climate change.

Previous modeling studies by Brentnall [17] and Eden and
Timmerman [18] firstly described the response of currents
and sea surface temperature (SST) to the presence of the
Galdpagos. Eden and Timmerman [18] found changes in
the regional pattern of SST of west of the Galapagos due to
island-induced changes in TIW activity to be as important
as those resulting from direct interaction with the mean
flow (e.g., partially deflecting the EUC). Cravatte et al. [19]
studied the seasonal, interannual, and decadal variability
in eastern Pacific Ocean using 2° ocean general circulation
model (OGCM) and described that adding the Galapagos
Archipelago to the model bathymetry only induces very local
changes in the equatorial Pacific. The OGCM studies by
Karnauskas et al. [5] described the effect of the Galapagos
Islands on the equatorial Pacific Cold Tongue using the 0.25°
ocean model. As suggested by Karnauskas et al. [20], the
EUC in the eastern Pacific Ocean can be underestimated due
to insufficient ocean resolution. This paper focuses on the
oceanographic variability at different spatial scales associated
with the biological productivity and biogeography of the
various marine ecosystems across the GMR as simulated by a
high-resolution ocean general circulation model, specifically,
the Hybrid Coordinate Ocean Model (HYCOM) [21-23].
For the first time, the ocean model is downscaled from
the global ocean to the GMR region using the multiscale
ocean circulation model system. The rest of the paper is
organized as follows: in Section 2, we describe the HYCOM
model configuration and do some sensitivity experiments. In
Section 3, the simulated tropical ocean circulation around the
GMR using QuikSCAT and NCEP forcing is demonstrated
and compared with the observation cruise results. Results are
discussed in Section 4 and summarized in Section 5.

2. HYCOM Model and Data

2.1. Model Description. HYCOM is a primitive equation
ocean general circulation model using density, pressure,
and sigma coordinates in the vertical coordinate. It has
evolved from the Miami Isopycnic Coordinate Ocean Model
(MICOM) and is isopycnal in the open stratified ocean but
reverts to a terrain-following coordinate in shallow coastal
regions, and to z-level coordinates near the surface in the
mixed layer. This generalized vertical coordinate approach
is dynamic in space and time via the layered continuity
equation and permits the existence of zero thickness layers.
HYCOMs ability to seamless transition between deep and
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FIGURE 2: Model domain size: the outer domain is global ocean
(not shown here, with the resolution of 1.44° x 0.72°), and the
intermediate domains (covering the eastern Pacific Ocean, with the
resolution of 0.48° x 0.24° and 0.12° x 0.06°), and the interdomain
with the highest resolution of 0.04° x 0.02".

shallow water yield of more reliable ocean circulation makes
it ideal to apply to the GMR. The islands lie in the Pacific
Ocean about 1,000 km from the south American coast and
are straddling the equator. There are 13 large islands, 6 smaller
ones, and 107 islets and rocks, with a total land area of about
8,000 square kilometers, together with uncounted seamounts
(Stuart Banks, personnel communication). The islands are
volcanic in origin and several volcanoes in the west of the
archipelago are still very active. These volcanoes rise from a
depth of >3500 m with the main platform at ~500 m depth. As
shown by Chassignet et al. [22], HYCOM was able to generate
amore realistic EUC than several other popular OGCMs [22].
Since understanding the dynamics of the EUC is crucial to
this study, HYCOM is an appropriate choice for simulating
the ocean circulation around the GMR [24].

The details of the HYCOM equations and numerical
algorithms, along with a description and validation of the
hybrid coordinate generator, can be found in Bleck [21].

2.2. Model Configuration and Numerical Experiments. A
suite of HYCOM simulations was carried out using a nest-
ing scheme of 4 ever increasing resolution domains (see
Figure 2). The largest domain covers the entire global ocean
with a grid size of 1.44° x 0.72° in the zonal and merid-
ional directions, respectively. The second domain embedded
within the global domain uses a grid size of 0.48" x 0.24°
covering the equatorial Pacific Ocean. The third domain has
a grid size of 0.12° x 0.06°. Finally, the highest resolution
domain has a grid size of 0.04° x 0.02° (about 4.45km x
2.21km) that is centered on the GMR (92.16°W-88.96"W,
1.68°S-1.68°N). All domains have a vertical resolution of 26
layers that stretch or shrink vertically as a function of total
depth according to the hybrid coordinate frame discussed
above.

The model was initialized with temperature and salinity
from the Levitus monthly climatology [25, 26] and run
for 12 years. It was driven by daily surface wind stress,
surface air temperature, surface atmospheric specific humid-
ity, net shortwave radiation, net long-wave radiation, and
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FIGURE 4: Simulations with different horizontal resolutions (0.04°, 0.12°, 0.48°, and 1.44°).
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FIGURE 5: Vertical sections of zonal current (m/s) along the equator for the upper 200 m around the GMR with different horizontal resolutions

(a) 0.04%, (b) 0.12°, (c) 0.48°, and (d) 1.44".

precipitation fields obtained from NCEP reanalysis [27]. The
latent and sensible heat fluxes were calculated during model
runs using the model sea surface temperature and the bulk
formulation [28, 29]. Boundary conditions were provided by
buffer zones that are ten grid points wide within which tem-
perature, salinity, and interface depth are relaxed to Levitus
climatological values that have been vertically remapped to
hybrid vertical coordinates. The KPP vertical mixing model
of Large et al. [30] was used, which has been shown to
perform well in open ocean settings. For the experiments
with the resolution of 1.44°, 0.48°, and 0.12°, the bathymetry
was derived from ETOPO2, which is a digital data base of
seafloor and land elevations on a 2-minute latitude/longitude
grid and is interpolated onto the various model grids. The
bathymetry for the simulation of the resolution of 0.04°
(near the Galdpagos Islands) domain is derived from the
0.01° bathymetry of William Chadwick at Oregon State

University (http://www.pmel.noaa.gov/vents/staft/chadwick/
galapagos.html). The wind field used to drive the ocean
circulation in this subregion was derived from the 25km
resolution QuikSCAT wind field instead of the NCEP/NCAR
reanalysis from year 2000 to year 2006. The model was run
for twelve years from 1995 to 2006, and fields from the
last two years of the simulation (years 2005 and 2006) are
analyzed here.

2.3. Sensitivity Experiments. Two types of sensitivity exper-
iments were conducted to test the ocean variability around
the GMR. One experiment was to test how marine mesoscale
variability depends on temporal and spatial scales of the wind
forcing (Expt.1); the other is to test how marine variability
depends on different model horizontal resolutions (Expt.2).
The ENSO variability was also simulated using the model to



quantify the ability of the model to give realistic simulations
of ENSO events around the islands.

2.3.1. Wind Forcing Experiments. In the wind forcing experi-
ments (Expt.1), the HYCOM model was run with four differ-
ent winds forcing: monthly mean forcing, weekly mean forc-
ing, daily mean forcing, and 6-hourly wind forcing. The high
frequency daily mean forcing and 6-hourly wind forcing were
downloaded from http://www.cdc.noaa.gov/cdc/reanalysis/,
while the monthly mean forcing and weekly mean forcing
were computed by using the daily mean forcing data. Figure 3
shows the standard deviation of sea surface temperature
(SST) with the four different wind forcing. From this figure,
the simulation with the monthly wind forcing has the largest
standard deviation (0.7°C) over most of the GMR, while
the standard deviations from the simulations with the high
frequency wind forcing are similar but much smaller than
those with the low frequency forcing. The result shows that
monthly wind forcing is not adequate to resolve the ocean
variability around the archipelago; therefore, especially in our
region of interest, it is essential to use high frequency wind
forcing.

2.3.2. Model Resolution Experiments. In the horizontal res-
olution experiments (Expt.2), the model was run centered
on the GMR (92.16°'W-88.96"W, 1.68°S-1.68"N) with four
different horizontal resolutions—0.04° (0.04° x 0.02°), 0.12°
(0.12° x 0.06"), 0.48° (0.48° x 0.24"), and 1.44° (1.44° x 0.72°).
Figure 4 displays the SST standard deviation at these different
resolutions. As shown by Figure 4, the simulations around the
GMR show that a 0.04" resolution is more suitable to study
the variability in and around the Galédpagos.

In the equatorial Pacific Ocean, the zonal transport
is mainly dominated by the eastward EUC and the
westward SEC. The changes to the EUC are also found
with different resolutions (Figure 5). Figure 5 presented the
vertical sections of zonal current along the equator for the
upper 200m around the GMR with different horizontal
resolutions. The core of the EUC is located at 50—100 m.
With increasing model resolution, the EUC speed is
decreased and elevated to the surface with the inclusion
of the Galapagos Islands under the fine 0.04° resolution.
Figure 6 shows the region-averaged (within the whole GMR
domain) SST simulated using four different horizontal
resolutions (0.04°, 0.12°, 0.48°, and 1.44") and the region-
averaged observed SST. The observational datasets used for
comparison with model output came from the 0.25° x 0.25°
microwave (MW) + infrared (IR) optimally interpolated
(OI) microwave SST product from 2002 to present
(http://www.remss.com/sst/microwave_oi_sst_browse.html).

These figures show that the simulated SST with a res-
olution of 0.04° is the closest to the observed SST. The
correlation coeficient between the two reaches 0.72 (P <
0.05), while the correlation coefficients between the simu-
lated and observed SST using the different resolutions of 0.12°,
0.48°, and 1.44" are 0.67, 0.61, and 0.32, respectively. Figure 7
depicts the region-averaged (see Figure 7(e): four differ-
ent regions in eastern Pacific—region 1: 97.2°W-92.88°W,
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FIGURE 6: The region-averaged around GMR (92.16°W-88.96"W,
1.68°S-1.68°N) simulated SST under four different horizontal res-
olutions (0.04°, 0.12°, 0.48°, and 1.44") and the region-averaged
observed SST.

TaBLE 1: Correlation coefficients between the observed and simu-
lated SST using the different resolution of 0.12°, 0.48°, and 1.44" in
the four different regions (shown in Figure 7).

Resolution ~ Region 1 Region 2 Region 3 Region 4
0.12° 0.69 0.59 0.55 0.89
0.48° 0.67 0.53 0.48 0.83
1.44° 0.56 0.46 0.36 0.72

2.16°S-2.16"N; region 2: 90"W-85.68"W, 2.16°S-2.16°N; region
3: 90°W-85.68"W, 6.5°S-2.16°S; region 4: 90°W-85.68"W,
2.16°N-6.5"N) simulated SST using three different horizontal
resolutions (0.12°, 0.48°, and 1.44") and the corresponding
region-averaged observed SST. Table 1 shows the correlation
coeflicients between the observed and simulated SST. The
result shows that the simulation using higher resolution has
the higher correlation with observed data. All above results
show that the simulated SST using higher resolution (i.e.,
0.04° resolution) is more suitable to study the variability in
and around the Galapagos.

2.3.3. ENSO Simulations. As a final test of the configurations
to be used in this study, E1 Nifio/Southern Oscillation (ENSO)
variability was simulated using HYCOM driven by NCEP
wind forcing. The SST anomalies in the Nino3.4 region (5°S-
5°N, 150°W-90°W) are often used to index ENSO variability
[31]. Figure 8 shows the observed (blue) and HYCOM simu-
lated SST anomalies (red) in Nino3.4 region. The correlation
coefficient between the simulate SSTA and observed SSTA
is 0.883. This result shows that, with prescribe atmospheric
surface forcing, HYCOM can generally simulate the major El
Nino events especially the strong 1997-1998 events. Therefore,
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FIGURE 7: The region-averaged (four different regions in eastern Pacific, see Figure 7(e), region 1: 97.2°W-92.88"W, 2.16°S-2.16°N; region 2:
90°W-85.68"W, 2.16°S-2.16°N; region 3: 90°W-85.68"W, 6.5°S-2.16°S; region 4: 90°W-85.68"W, 2.16°'N-6.5"N) simulated SST under three
different horizontal resolutions (0.12°, 0.48°, and 1.44") and the region-averaged observed SST.

we feel confident that the HYCOM should give realistic
simulations of the large-scale circulation around the islands
during ENSO events as well as normal years.

3. Model Simulations Compared to
Observations

3.1. Simulation of T-S and Ocean Currents around GMR. Here
we compare the simulated circulation around the GMR to

observational cruise results, focusing on the surface water
mass characteristics and flow patterns. It should be noted that
it is not expected that the modeled fields (which represent
greater than 10,000 grid points over the water regions of
the GMR) accurately portray the observed fields (which
represent gridded data from approximately 60-70 data points
depending on the cruise) but should portray the major
features of the water masses and currents (from our validation
experiments using SST, the model data may actually portray
the features better than the observed data).



The observation data used in the study were collected dur-
ing four surveys (see station positions in Figure 1) conducted
from 17 to 28 March, 2005 (Mar 2005), from November 22 to
December 3, 2005, (Nov/Dec 2005), from June 26 to July 4,
2006 (Jun/Jul 2006), and from 14 to 23 November, 2006 (Nov
2006), onboard the Galdpagos National Park Service’s M/N
Sierra Negra. Each cruise was 8 to 12 days long and occupied
~70 hydrographic stations around the GMR [32]. Surface data
included underway measurements of temperature, salinity,
dissolved oxygen, and fluorescence data using a Seabird
Electronics SBE 19+ system (CTD) that was averaged into
30 min time intervals.

(a) March 2005. The March 2005 cruise occurred during
the hot, wet season, a period characterized by warm SST
associated with the southward advection of warmer, northern
waters from the Panama Current and a weakening of the
southeast trade winds. Figures 9(a) and 10(a) display the
simulated and observed SST. Figures 11(a) and 12(a) dis-
play the simulated and observed sea surface salinity (SSS).
Figure 13(a) display the simulated mixed layer depth (MLD)
to compares with the observed chlorophyll (Figure 14(a))
during March 2005. From Figures 9(a) and 11(a), the warmest
and the last salty waters are located within the north and
south regions of the GMR and the coolest and the saltiest
waters are found in the west of Isabella and Fernandina,
indicative of topographically induced upwelling of the EUC
[10]. These results are consistent with the observation cruise
T-S characteristics (see Figures 10(a) and 12(a)). Also the
MLD (Figure 13(a)) was the shallowest (~10 m) in the west of
Isabella and Fernandina during the March 2005 cruise. The
coldest and the saltiest water had the highest chlorophyll con-
centration (see Figure 14(a)). The highest surface chlorophyll
a concentrations observed of 3.25 mgm™ were found in the
west of Isabella Island and the north of Fernandina Island.
The minimum chlorophyll a concentration observed was
0.05mgm ™’ located directly in southeast of Isabella Island.

The simulated surface layer flow (Figure 15(a)) showed
that the westward flow of the SEC collided with the eastward
flow of the EUC in both north and south of Isabella Island.
Near the Archipelago, the SEC splinters into northward and
southward lobes that continue to the west with a few degrees
off the equator [33]. The mixed layer flow (Figure 16(a)) is
mainly dominated by the eastward flow of EUC around the
Galapagos. The EUC is quite strong (150 cm/s), has its core
below the thermocline, and drives an eastward flow near
surface (~20 m). The mixed layer depth shoals to 15 m in the
west of Isabella and Fernandina Islands, which indicates the
upper reach of a weakened, centrally located EUC.

(b) November/December 2005. The November/December
2005 cruise occurred during a transition from the Garua
to the wet season with lessening of the southeast trades.
The simulated mean SST was cooler than climatology by
approximately —0.5°C during the transition, as seen from
the ENSO anomaly (Figure 8, grey area). Figures 9(b) and
10(b) display the simulated and observed SST. Figures 11(b)
and 12(b) display the simulated and observed sea surface
salinity (SSS). Figure 13(b) displays the simulated mixed layer
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F1GURE 8: The observed (blue, dashed) and HYCOM simulated SST
anomalies (red, solid) in Nino3.4 region. The grey shaded areas
indicate the four cruise periods.

depth (MLD) to compare with the observed chlorophyll
(Figure 14(a)) during November/December 2005. During
this period, the modeled coldest (20°C, see Figure 9(b))
and saltiest (34.7, see Figure11(b)) waters were found in
the west of Isabella Island and north of Fernandina Island
and corresponded with the largest upwelling zones found in
late spring/early summer as the EUC strengthened. These
features were consistent with the in situ T-S characteris-
tics observed during this cruise period (see Figures 10(b)
and 12(b)). Figure 13(b) shows that the MLD was slightly
shallower in the west near the cooler, upwelling region.
The warmest (25.0°C) and the freshest (33.7) waters were
found in north of the Archipelago. The far northern region
was characterized with warmer, fresher water and had the
deepest MLD, and the other regions fell between the range
of upwelling region and far north region. Both the SST and
SSS distributions showed an east-to-west gradient associated
with higher values of chlorophyll concentrations indicative
of higher phytoplankton biomass. The maximum values of
chlorophyll a were found in west of Isabella Island, and the
minimum chlorophyll a concentrations were observed along
the equator in the GMR (Figure 14(b)). Also, the shallowest
MLD was simulated over cooler waters at depth (Figures
13(b) and 9(b)), another indication of strong upwelling. The
modeled surface layer flow (Figure 15(b)) was completely
dominated by the westward flow of the SEC throughout
the GMR during this period. The EUC (Figure 16(b)) had
weakened considerably.

(c) June 2006. The June/July 2006 cruise occurred during
a transition period, leaving the wet season and entering
the Garta season, with the strengthening of southeast trade
winds and SST significantly (+1.2°C) above climatology
(Figure 8). Figures 9(c) and 10(c) display the simulated and
observed SST. Figures 11(c) and 12(c) display the simulated
and observed sea surface salinity (SSS). Figure 13(c) displays
the simulated mixed layer depth (MLD) to compare with
the observed chlorophyll (Figure 14(c)) during June 2006.
The model mean temperature was 24.4 + 1.7°C throughout
the GMR (Figure 9(c)) with the warmest waters, 26.0°C,
found in north of the archipelago and the coldest waters,
24.2°C, found in the west of Isabella and Fernandina Islands
(Figure 9(c)). The simulated SST was the warmest (26.0°C)
and SSS was the freshest in northeast of the Archipelago,
forming an increasing gradient to the west with the highest
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FIGURE 9: HYCOM simulated sea surface temperature for (a) March 2005, (b) November/December 2005, (c) June/July 2006, and (d)
November 2006.
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FIGURE 10: The observed sea surface temperature for (a) March 2005, (b) November/December 2005, (c) June/July 2006, and (d) November
2006 cruises.
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FIGURE 12: The observed sea surface salinity for (a) March 2005, (b) November/December 2005, (c) June/July 2006, and (d) November 2006
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2006.

salinity, 35.0, in areas of the coldest waters in west of Isabella
and Fernandina Islands (Figure 11(c)). The model generally
simulated the main T-S characteristics observed around the
Galapagos Archipelago (see Figures 10(c) and 12(c)). The
modeled MLD (Figure 13(c)) shoaled to ~20m in west of
Isabella Island and was the deepest at about 65 m to the north
of the archipelago. The simulated SSS has higher values which
in general corresponded to lower temperatures (Figures 9(c)
and 11(c)). The freshest waters (33.8) were found towards the
northeast and steadily increased to the southwest, reaching
a maximum (34.9) in the west of Isabella Island where the
observed chlorophyll a concentrations (Figure 14(c)) also
reached the maximum compared with the other cruises.

The model results also indicated that surface expression
of the EUC (Figure 15(c)) was quite similar to those of March
2005, with a strong velocity core (100 cm/s) centered just
below the mixed layer. During this period, the EUC rose close
to the surface and drove an eastward surface flow through the
GMR. The eastward EUC (Figure 16(c)) reached up to ~20 m
in depth beneath the westward SEC.

(d) November 2006. The November 2006 cruise occurred
at the end of the Garta season and at the beginning of a
mild El Nifio (Figure 8). During this period, the model mean
surface temperature was 25.9 + 1.67°C throughout the GMR
(Figure 9(d)). The warmest waters (27.0°C) were in north of
the archipelago and the coldest waters (24.2°C) in west of
Isabella and Fernandina Islands. The mean SST was 33.5 with
the freshest waters found in northeast of the archipelago,
forming an increasing westward salinity gradient with the
highest salinity (34.6) in west of Isabella Island (Figures 9(d)

and 11(d)). Because this period was during the onset of an
El Nino event, the MLD (Figure 13(d)) was the deepest and
warmest during this period in the west of Isabella Island.
These results were consistent with the cruise observation
results (see Figures 10(d) and 12(d)). In addition, the observed
chlorophyll a concentrations (Figure 14(d)) around the GMR
were greatly reduced during this period of reduced upwelling.
The maximum observed chlorophyll a (117 mgm™) was
in south of Santa Cruz Island and north of Floreana and
Espafiola Islands, and minimum chlorophyll a (0.17 mg m™>)
observed directly in northwest of Isabella Island. The surface
currents (Figure 15(d)) during this period were dominated
by the westward flowing SEC. The EUC (Figure 16(d)) was
greatly weakened, leading to weaker upwelling to the west of
Isabella Island.

4. Four Cruises Comparison and Discussions

The March 2005 cruise occurred during the wet season, a
period characterized by warm SST and near the lateset stages
of the weak 2004-05 El Nifo. During this period, warmer
waters from the Panama Current were being advected south-
ward and the southeast trade winds weakened (characteristic
of an El Nifio period). The region in west of Isabella and
Fernandina was characterized by the coolest and the saltiest
waters observed, indicative of the productive zone upwelling
of the EUC and of the reestablishment of the EUC with
the end of El Nifo conditions. The simulated surface flow
(Figure 15(a)) showed that the eastward flow of the EUC
collided with the westward flow of the SEC in both north
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November 2005: surface chlorophyll (ug/L)
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FIGURE 14: Chlorophyll for (a) March 2005, (b) November/December 2005, (c) June/July 2006, and (d) November 2006. The unit is mg m>>.

and south of Isabella Island. Near the archipelago, the
SEC splintered into northward and southward lobes that
continued to the west with a few degrees off of the equator.
The November/December 2005 cruise occurred during a
transition from the Garda to the wet season with the lowest
SST compared with the other three cruise periods. The
modeled coldest and saltiest water was found in the west of
Isabella Island and north of Fernandina Island, corresponded
with the largest upwelling zone observed during 2005-2006.
The modeled surface layer flow (Figure 15(b)) was completely
dominated by the westward flow of the SEC throughout the
GMR during this period. The EUC was relatively weak and
even diminished. The June 2006 cruise occurred during a
transition period, leaving the wet season and entering the
Garua characterized by a strengthening of the southeast trade
winds. The EUC characteristics (Figure 15(c)) are similar
to those of March 2005 (see Figure15(a)) and the EUC
core was centered near the mixed layer and extends to

the surface and drives a warm eastward flow through the
GMR. The coldest and the saltiest waters were found in the
west of Isabella and Fernandina Islands and were associated
with the highest chlorophyll concentration and the most
productive upwelling zone during this time of the year
(Figure 14(c)). Model results also indicated that the eastward
EUC existed ~20m above the thermocline, beneath the
westward SEC. During this period, the mixed layer depth was
the shallowest throughout the archipelago compared with
other cruises periods. The November 2006 cruise occurred
at the end of the Gartia and at the beginning of a mild
El Nifto. This transition was also characterized by weaker
upwelling to the west of Isabella Island associated with a
weakening of the EUC. The thermocline was the deepest
and the warmest during the November 2006 cruise in west
of Isabella Island. The chlorophyll a around the GMR was
greatly reduced. The model results are in good agreement
with observations. All four cruises had warm, fresher water
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in the east part of the GMR supplied by the SEC, with
the relative cold and salty water in west of Isabella Island
indicating the productive upwelling zone [8]. A gradient
was formed from east to west with increasing salinity and
decreasing temperature. According to Liu et al. ([24], Figure
20), the simulated EUC/SEC volume transport at 140°W and
110°W is consistent with the constructed EUC/SEC volume
transport obtained from the in situ CTD/ADCP data during
the Tropical Atmosphere-Ocean/Triangle Trans-Ocean Buoy
Network (TAO/TRITON) buoy array cruises from 2001 to
2006. In the future, more current observation is needed to
further compare and validate our model results.

5. Summary

This paper focuses on the oceanographic variability and
physical settings associated with the biological productivity
and biogeography of the various marine ecosystems across
the GMR using a general ocean circulation model (HYCOM).
A four-level nested-domain ocean system is used in the
study. The model results were compared with data taken
during oceanographic cruises in 2005/2006. Daily surface
fields obtained from the NCEP and the wind forcing from
QuikSCAT were used to drive the simulations. Sensitivity to
different surface forcing conditions as well as different reso-
lutions was examined. Sensitivity tests showed that frequency
of wind forcing higher than weekly average is more reliable
than monthly forcing in reproducing the observed oceanic
features within the GMR. In a controlled experiment where
the atmospheric forcing frequency was reduced from daily to
monthly, the results simulated by the ocean model are shown
to be less accurate than those simulated using daily forcing.
The simulation around the GMR is greatly improved with
the increase of horizontal resolutions. The simulation with
the resolution of 0.04° can depict the intraseasonal signal
from the tropical instability waves (TIW) [34], as well as
the annual and the interannual signals, whereas the low-
resolution global model failed to depict TIW signal. Results
indicate that with prescribed atmospheric forcing from 1950
to 2007 the major characteristics of the ocean circulation and
its variability in the Galdpagos region, including the ENSO
events, annual, and seasonal cycles, upwelling system, local
and regional current systems, and tropical instability waves,
can be reproduced by the nested HYCOM. There is a high
correlation between the simulated SST anomalies and the
observed SST anomalies in the Nifio3.4 region.

The archipelago has a large range in temperature and
salinity associated with four different current systems and
topographically and wind forced upwelling. West of Isabella
and Fernandina Islands are the largest and the most con-
sistent upwelling zones, resulting from the collision of the
Equatorial Undercurrent with the islands, bringing relatively
colder and salty waters to the surface, and marking the
location of high biological production at the surface with the
EUC shoaling to approximately 20 m from its normal depth
of 50 m just to the west of the islands. The EUC collides with
the islands and breaks into a number of well-defined flows
through the islands. Model results show that the EUC is the
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strongest during the late spring/early summer and weakened
in the late fall. The collapse of the westerlies with the onset
of El Nifio event in 2006 resulted in a collapse of the EUC
flow in the vicinity of the Galapagos and effectively shut off
the major upwelling regions. The property distributions in
the far northern region of the GMR are characterized by
warmer, fresher water and had the deepest mixed layer depth
as a result of Panama Current waters from the northeast.
The water masses over the remainder of the region result
from mixing of cool Peru Current waters and upwelled Cold
Tongue waters entering from the east to the southeast mixing
with the upwelled EUC waters.

This work will have a contribution to the field of dynam-
ical downscaling for ocean circulations and will serve as a
basis for studying of how climate change affects marginal
areas that are not well resolved by coarse-resolution climate
models. Finally, it is important to point out some of the
limitations in this study. Here, our model results mainly
focused on the ocean circulation in the GMR, which do
not account for the tidal influence. The inclusion of tides is
also important for future study since the dynamics within
the islands are essentially the same as those in a coastal
environment; therefore, the tides can have important impli-
cations regarding larval dispersal [35]. Besides, data assim-
ilation has not been used in this study. Data assimilation,
which consists in combining available data with a dynamical
model to provide an efficient and accurate estimate of the
underlying state of the system, is now recognized as the
most powerful tool to improve the consistency between the
model and data [36]. There is an ongoing effort to add data
assimilation to HYCOM (HYCOM Consortium for Data
Assimilation Modeling, http://hycom.org/data-assimilation).
Thus, further work needs to be done to improve the sim-
ulation accuracy by assimilating available observations into
model. Further research is also required on the ecosystem-
based responses to climate changes in the GMR [24]. Here,
we used surface-forced ocean model to study the ocean
circulation around the GMR. The coupled models should be
used to conduct those studies [37]. This study will also benefit
from the development of regional coupled atmosphere-ocean
models [38].
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