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ABSTRACT

Interannual variability in the Eastern Equatorial Pacific Ocean is explored using a
high resolution ocean model. The model domain covers the coast of South America to
96°W, including the Galapagos Islands, and from 15°S to 15°N. An experiment based on
a run from January 1990 to December 1999 is conducted using the Simple Ocean Data
Assimilation version sparse input.2 (SODAsI.2) 5 day data sets for the initial and boundary
conditions. For surface forcing the 20CRV2 (20" Century Reanalysis version 2) daily data
set is used.

The model results are compared with observations from a buoy that is part of the
Tropical Atmosphere Ocean (TAO) project located at 95°W and over the equator, the
model captures the main features of annual and interannual variability, although there are
some notable discrepancies.

At the surface we can identify the most important features of the domain of study
that are the equatorial cold tongue, the Costa Rica Dome and the east Pacific warm pool.
In the subsurface the thermal distribution agrees with the typical behavior of the east
Pacific Ocean such as strong stratification and a shallow thermocline.

The results show strong anomalies of sea surface temperature (SST) and sea
surface height (SSH) during El Nifio. Changes in conditions at the surface and subsurface
demonstrate the strength of the 97-98 El Nifio event, especially when compared with the
weaker 1991-92 event. The results are also used to explore changes in circulation around

the Galapagos during EI Nifio.
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CHAPTER |

INTRODUCTION

1.1 Annual Variability and Seasonal Cycle

The eastern Tropical Pacific Ocean plays an important role in global climate
variability and the interaction between ocean and atmosphere in the Pacific basin.
Although the sun crosses the equator twice during a year, there is a strong annual harmonic
that controls sea surface temperature (SST) variations in the eastern Tropical Pacific
Ocean [Li and Philander, 1996]. Under normal conditions, SST has maximum values
during the northern spring due to the relaxation of the southeast trade winds [Philander,
1981]. By contrast, minimum SST values occur during the northern summer and autumn
when the easterly trade winds intensify. As a result, there is a curious asymmetry that
arises with the cycle of winds and SST out of phase with solar forcing during autumnal
equinox, the southeast trades are intense and the northeast trades decrease in intensity; but
during the vernal equinox there is a relaxation of the easterly tradewinds. Similarly, SST
influences the position of the Inter Tropical Converge Zone (ITCZ) due to changes in heat
flux across the surface of the ocean [Philander, 1981; Li and Philander, 1996; Philander
et al., 1996], this heat flux consist on net radiation (short minus long wave) and
evaporation at the ocean surface. As a consequence of the ITCZ variation, the wind stress
pattern is influenced by the seasonal cycle of SST. Therefore, there is a feedback between
ocean and atmosphere in the tropical areas [Bjerkens, 1969; Xie, 1994] that is positive

according to Bjerknes when normal conditions occur.



Seasonal variation of surface winds in the eastern Equatorial Pacific involves
changes of equatorial upwelling and thermocline depth. During the period of intense
southeast trades, coastal equatorial upwelling is induced at the coasts of Peru and Ecuador
that spreads a tongue of cold surface waters from east to west to approximately 100°W
during Northern Hemisphere summer and autumn. As a result, during a normal year warm
water is displaced toward the north after August. On the other hand, the upwelling is
reduced when the easterly tradewinds weaken during spring. Intensified upwelling arises
between September and October as a combination of zonal advection, meridional diffusion
and vertical entrainment [Kessler, 2006]. In addition, surface equatorial ocean circulation
is also affected by the weakening of easterlies, resulting in a weakening of the North
Equatorial Countercurrent. Interestingly this is also the time when the speed of the
Equatorial Undercurrent reaches its maximum [Philander, 1981]. Moreover, the
thermocline in the eastern Equatorial Pacific is normally shallow because the advection of
westward trade winds that maintain the warm surface waters in the western Tropical
Pacific, hence the surface to the east is exposed to cold water. In the equatorial plane, there
is a balance between the eastward pressure force, related to the slope of the thermocline
and westward wind stress. This balance is disturbed by the relaxation of the trade winds.
In this case, the thermocline deepens in the east, and rises in the western side of the
Equatorial Pacific Ocean, a hallmark of changes that occur during the El Nifio Southern

Oscillation (ENSO).



1.2 Interannual Variability and EI Nifio

There are similarities in the response of the tropical Pacific Ocean to interannual
and seasonal wind variations. For instance, SST values are high in the Eastern Tropical
Pacific when southeast trades decrease in intensity at both seasonal and interannual
timescales. However, the magnitude of the interannual zonal redistribution of warm sea
surface water is greater in comparison with the seasonal distribution of warm water
because interannual changes depend on large-scale processes [Li and Philander, 1996]. A
pronounced change in the temperature of the water column due to internannual warming
involves deepening of the thermocline, thus there is an increase in the sea level when this
process happens, so that there is a positive correlation between thermocline depth and sea
level. The most prominent interannual variability across the tropical Pacific Ocean is
related to the occurrence of El Nifio and La Nifia [Jin and Neelin, 1993; Giese and Carton,
1999; Russon et al., 2014].

ENSO event has a recurrence at irregular intervals between 2-7 years with
significant changes in the ocean and atmosphere of the tropical Pacific Ocean that
influences other regions. The oceanographic component is called El Nifio, and
atmospheric changes are termed the Southern Oscillation. El Nifio got its name from
Peruvian fishermen because warming often appears after Christmas [Wyrtki, 1975;
Rasmusson and Carpenter, 1982]. When EI Nifio arises there is an unusual warming of
SST in the eastern equatorial Pacific accompanied by a weakening of easterlies close to
the equator. Equatorial upwelling is reduced, thus the cold tongue recedes [Xie, 1994;

Russon et al., 2014]. Because of the imbalance between the zonal wind variation and the



eastward pressure force in the equatorial Pacific region, westerly wind anomalies induce
a transport of warm water eastward. Thus, there is a pronounced deepening of the
thermocline in the eastern side with a concomitant rise of sea level. The interannual El
Nifio event represents the negative phase of the feedback between ocean and atmosphere
described by Bjerknes [1969] related to the weakening of the Walker circulation.

El Nifio evolution has a strong relationship with the annual cycle of the eastern
Tropical Pacific. EI Nifio usually grows during boreal summer and fall and reaches a
warming peak in the middle of northern winter, which gives rise to a “phase-locking” of
El Nifio to the seasonal cycle [Sarachik and Cane, 2010]. Rasmusson and Carpenter
[1982] suggested that between the years 1949 and 1976 the peak of SST anomalies along
Ecuador and Peru occurred during boreal spring of the year of development of EI Nifio
(El Nifio year). In contrast, Wang [1995] shows that during 1977 and 1996 the warming
peak along South American coasts was in the boreal spring subsequent to El Nifio year.
El Nifio of 1997-1998 presents a peculiar development with a strong amplification in the
central Pacific and along the coast of South America during spring of 1997 [Wang and
Weisberg, 2000; Wang and Fiedler, 2006]. In summary, several studies suggest that
seasonal cycle of the eastern Equatorial Pacific plays an important role in the evolution
and dynamics of El Nifio, and maybe even the probable reason for El Nifio irregularity

[Tziperman et al., 1994; Chang , 1993; Tziperman et al., 1997].



1.3 Numerical and Interannual Variability Studies

During the last few years, there were important efforts to improve the systems
observations of the oceans in order to better understand the main processes that occur in
the surface and subsurface tropical Pacific Ocean. However, the information obtained
from buoys and satellites is limited in time and in space [Colas et al., 2008; Montes et
al., 2010]. One consequence of these limited observations is mesoscale process, for
example eddies, that the role is not known. Satellite information represents only a view
of the surface of the ocean with a limited view of the subsurface. In addition, several
studies of the dynamics of the Eastern Tropical Pacific are based on the use of Ocean
General Circulation Models (OGCMs) [Kessler et al., 2006; Montes et al., 2010]. For
example, Philander et al. [1987], Li and Philander [1995], and Kessler et al. [1997]
suggest that there are pronounced changes in the seasonal cycle of variables such as
SST, surface winds, and cloudiness. Nevertheless, OGCMs typically have a resolution
that does not resolve mesoscale variability. This effort addresses the need to better
understand this variability.

Recently, high resolution primitive-equation models have been used to focus
understand the seasonal cycle and interannual variability in the eastern Tropical Pacific
[Penven et al., 2005; Colas et. al, 2008; Dewitte et al., 2012]. Penven et al. [2005] was
able to accurately reproduce the average circulation of the Peru Current System using the
Regional Ocean Modeling System (ROMS), but with a bias in SST. They suggests that
the upwelling presents a strong influence on the seasonal cycle of SST by considering both

local and remote forcing. Despite the bias in SST, the model of Penven et al. [2005] was



able to represent the main features of eastern Pacific circulation, for example the dynamics
of the equatorial cold tongue.

The 1997-1998 EI Nifio was reproduced by Colas et al. [2008] in a high resolution
model. This study confirmed the delayed recovery from ENSO conditions after the second
peak of the phenomenon in 1998. Moreover, they showed that the intensity of equatorial
coastal upwelling is governed by wind intensity and poleward advection that involves the
flow of the coastal trapped waves, and cross-shore geostrophic flows. Montes et al. [2010]
presents a study of the circulation of eastern Equatorial Pacific focusing on equatorial, and
coastal upwelling and the effect of eddies in the mesoscale variability. It is important to
consider that the studies during the last decade using a high resolution ROMS model on
this area were concentrated in the understanding of changes and mean circulation of the
coastal upwelling of Peru and the circulation of the Peru Current system. The present study
is focusing on observing and diagraming the eastern Equatorial Pacific along the Equator

involving the area around Galapagos Islands.



CHAPTER II

DATA AND METHODOLOGY

2.1 Model Characteristics

A high resolution Regional Ocean Modeling System (ROMS) Rutgers version 3.7
is used to explore annual and interannual variability in the Eastern Tropical Pacific. A
complete description of the model is given by Haidvogel et al. [2000, 2008], and
Shchepetkin and McWilliams [2003, 2005]. Here we briefly describe the most relevant
details related to our version of the model. ROMS is a three-dimensional, free surface,
terrain-following, curvilinear coordinate model that solves the primitive equations using
the hydrostatic and Boussinesq approximations [Haidvogel et al., 2000; Marshesiello et
al., 2001; Penven et al., 2005, Lemarie et al., 2012]. Under the hydrostatic approximation,
the vertical pressure gradient balances the buoyancy force. The Boussinesq approximation
ignores variations in density in the momentum equations, however, changes in density are
kept in the vertical momentum equations due to buoyancy forcing.

The terrain-following vertical (sigma) coordinates are used to discretize the
primitive equations over variable topography [Song and Haidvogel, 1994]. The theory of
sigma coordinates was introduced by Phillips [1957] in atmospheric modeling. In the
physical domain of the ocean, the most used vertical coordinate is the z-coordinate
(meters). However, in numerical ocean modeling there are problems representing
variations in the topography of the ocean, mainly near coastal boundaries due to the

difficulty of treating the bottom kinematic stress boundary conditions and horizontal



mixing of momentum [Song and Haidvogel, 1994]. In contrast, sigma coordinates follow
the bathymetry of the ocean and simplifies the computation of the model. The reason is
because sigma coordinates transform the irregular physical topography of the ocean to a
fixed regular computational domain. Sigma coordinates are able to provide an enhanced
vertical resolution depending on the area of interest, such as above the thermocline or
close to the bottom of the ocean.

A sigma value represents the vertical distance from the surface measured as a
fraction of the local water column thickness through the following relationship: -1 <sigma
0 <1, where -1 corresponds to the sea floor and sigma = 0 corresponds to the sea surface
according to Shchepetkin and McWilliams [2003]. Past studies reveal that there is strong
topographic sensitivity of the model using sigma coordinates that involves pressure
gradient errors due to the intersection of the vertical coordinate with the isopycnals
[Shchepetkin and McWilliams, 2005]. There are corrections in the numerical algorithms
of the model in order to reduce these errors.

A split-explicit time-stepping scheme is implemented in ROMS model to solve the
hydrostatic primitive equations for momentum in order to improve the computational
efficiency. This process involves a coupling between barotropic and baroclinic time steps.
A specific number of fast batrotropic time steps are computed within each baroclinic time
step in order to integrate the model. The barotropic fields are averaged in time to be used
with the larger baroclinic time steps. This calculation avoids noise in the frequencies

unresolved by baroclinic steps.



2.2 Model Setup

The model curvilinear grid covers the Eastern Equatorial Pacific from the coast of
South America to 100°W, and includes the Galapagos Islands, and from 15°S to 15°N.
The horizontal resolution varies from 7.5 km and 9.5 km. This high resolution allows the
resolve of mesoscale process features, for instance eddies and the Costa Rica Dome
[Penven et al., 2005; Colas et al., 2008]. The horizontal grid contains 330 x 280 points.
The bottom topography in calculated from etopol with a resolution of 1 arc minute, with
a factor related to topographic slope ( r-factor) of 0.25. The model has 30 vertical levels,
the vertical stretching parameters are: theta s =5.0, theta b=0.1, with a critical depth of
200 meters according to the formulation of Song and Haidvogel [1994] and the
configuration of Colas et al. [2008]. This configuration gives more resolution near the
surface because we will be analyzing the upper layers of the open ocean; coastal processes
that require high resolution near the bottom are not considered in this study.

The model has open boundary conditions on the western and southern sides, the
northern and western boundaries are closed with no-slip boundary conditions. At the open
boundaries a Chapman scheme [Chapman, 1985] is employed for free surface elevation,
a Flather scheme [Flather, 1976] is used for the 2-D momentum equations, and a
combination of radiation and nudging schemes are used for the 3-D momentum equations
and tracers that include temperature and salinity. We specify the nudging values with a
nudging timescale of 30 days for outflow and one day for active conditions or inflow. This
nudging timescale configuration allows us to detect the main changes in the seasonal cycle

of SST (Figure 1) for the entire period of the run, between 1990 and 1999. The warmest



period occurs in 1997-1998 associated with the strong El Nifio. Figure 2 shows changes
in the zonal component of wind stress. The barotropic time step is set to 10 seconds and
the baroclinic time step is 150 seconds. The model is parameterized with a third-order bias
advection scheme in order to discretize the horizontal momentum, with a logarithmic
bottom friction of momentum, and harmonic mixing of momentum. The turbulence
closure is parameterized with a Mellor-Yamada 2.5 scheme [Mellor and Yamada, 1982].

A ROMS model run from January 1990 to December 1999 is computed using the
Simple Ocean Data Assimilation version sparse input.2 (SODAsI.2) 5 day data set for the
initial and boundary conditions. Surface forcing is from the 20CRV2 (20" Century
Reanalysis version 2) [Whitaker et al., 2004; Compo et al., 2006; Compo et al., 2011]
daily data set. The model has a spinup of four years from January 1986 to December
1989.
2.3 SODAsI.2 Data Set

SODAsI.2 is a new ocean reanalysis data set that spans the period from 1845 to
2011 [Giese et al., in preparation]. This new version of SODA reanalysis follows the
methodology used in several old versions of SODA that cover the 20" Century. The main
difference is that SODAsI.2 is based on an ensemble of reanalysis forcing fields instead
of using the ensemble mean of an atmospheric reanalysis. This improvement avoids biases
related to sparse observations in earlier years of the century. The SODA system was
developed using the Parallel Ocean Program (POP) [Smith et al., 1992] ocean model and

SODA algorithm.
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The POP model is an Ocean General Circulation Model with an average horizontal
resolution of 0.25° x 0.4° with 40 vertical levels, and 10 meters spacing in the 100 m below
the ocean surface [Carton and Giese, 2008; Giese and Ray, 2011] . The model has a global
domain and uses a displaced pole in order to resolve Arctic processes. Poleward of the
equator there is an increase in the meridional resolution to reduce the grid anisotropy as a
result of the use of the Mercator coordinate system. Bottom topography comes from the
1/30 analysis of Smith and Sandwell [Carton and Giese, 2008]. Vertical diffusion uses the
K-profile parameterization (KPP) mixing, and biharmonic mixing is employed for lateral
subgrid-scale processes (horizontal mixing).

Data assimilation includes only SST observations from ICOADS 2.5 (International
Comprehensive Ocean-Atmosphere data set version 2.5) and is carried out using a
sequential 10-day update cycle. A simulation without assimilation is used to obtain the
model error covariance. The SODA cycle is as follows. The ocean model is integrated
forward for 5 days to produces estimates of temperature and salinity. The difference
between the analysis and the first guess is used to calculate innovations. The ocean model
is restarted at day t and calculated to t+10 with temperature and salinity innovations added
at each time step. The procedure is repeated at day t+10. The output variables of the model
are recorded with 5 days averaged mapped on an uniform global 0.5° x 0.5° (720x330x40
points) horizontal grid through the horizontal grid spherical coordinate remapping and an
interpolation package from Jones [1999]. For surface boundary conditions for the ocean
model 18 out of 56 ensemble members from C20Rv2 were chosen. Surface momentum

fluxes are calculated from surface wind stress of C20Rv2. Heat and fresh water fluxes
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come from computing solar radiation, specific humidity, cloud cover, 2m temperature,
precipitation, and 10 m wind stress using bulk formula.
2.4 C20Rv2 Data Set

20CRv2 is a reanalysis data set that provides information from the entire
troposphere that covers the period from the middle of the nineteenth century until 2012.
A coupled land-atmosphere model based on the NCEP Global Forecast System (GFS) is
used for the 20CRv2 reanalysis. This model has a horizontal resolution of 200-km on an
irregular Gaussian grid that is related to 62 spectral wavenumbers (T62) and a vertical
resolution of 28 vertical hybrid sigma-pressure levels. Output is available every six hours.
Boundary conditions of SST and sea ice concentration for 20CRv2 come from the UK
Met Office HadISST1.1 data set. This data is interpolated in order to obtain a daily
resolution. Surface pressure observations and Sea Level Pressure (SLP) are provided by
the International Surface Pressure Databank (ISPD) [Yin et al., 2008] ICOADS [Woodruff
et al., 2011] and the International Best Track Archive for Climatic Stewardship
(IBTrACS) [Kruk et al., 2010]. Surface pressure observations involve information from
land stations, marine observations, and tropical cyclone ‘best track’ pressure observations.
SLP information is incorporated to the model from IOCADS 2.4 and 2.5. Data set from
tropical cyclones are given by IBTrACS.
2.5 Comparison with Observational Data

A buoy that is part of the Tropical Atmosphere Ocean (TAO) project, located at
95°W at the equator, will be used to compare with ROMS output in order to demonstrate

that ROMS is able to capture the main changes in temperature in a timescale realistically.
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CHAPTER Il

RESULTS

3.1 Comparison of ROMS Results with TAO Data

In situ temperature data from a buoy that is part of the Tropical Atmosphere Ocean
(TAO) project is used in this study to compare the results of ROMS model with
observational data. A vertical profile temperature of TAO buoy located at 95°W at the
equator is used to estimate the ability of the ROMS model output to capture main features
of interannual variability. The period of the study was chosen from March-01-1995 to
July-31-1998, because there are extended gaps in data collected by the TAO buoy before
and after this time. In addition, this time includes the most prominent change in interannual
variability of the period of this study in the eastern Equatorial Pacific due to the El Nifio
1997-1998.

Daily values of temperature from the TAO buoy data were binned into 5 day
averages in order to compare with the ROMS output. Figure 1 shows the comparison of
temperature between TAO and ROMS. As we can see, observed peaks of warm
temperature are captured by ROMS during the years of comparison. The model
temperature also captures the basic changes related to the annual cycle, thus we have warm
episodes between February and the beginning of May each year, and cold episodes that
peak in August and September. There is a general bias in the representation of the values
in the cold phase of each year with values that are higher than expected in these months

by about 1 to 1.5°C.
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Changes in depth in TAO and ROMS are observed in figures la and 1b
respectively. Annual variability in ROMS is well-defined in depth with a deepening of the
thermocline during February and April and shoaling of the thermocline starting in August.
Interannual variability in ROMS captures the warm phase of EI Nifio 1997-1998 with a
peak of temperature below the surface between January and March in 1998. However,
ROMS show a bias in the representation of the depth of thermocline mainly during January
1998 when temperature in TAO buoy reaches a maxima in depth, as a result we can
observe that the thermocline deepens to a depth of 120 meters. The stratification below
the mixed layer in ROMS shows an interannual change if we consider the difference
between 1998 and 1996-1997 periods that give us an idea of the occurrence of a warm
phase such as El Nifio, but it is underestimated in comparison with TAO data. The
evolution in time of the output of ROMS allows us to detect the main changes of annual
to interannual variability where the most relevant bias is about the depth of the
thermocline.

The EI Nifio 1997-1998 as represented by ROMS follows the typical sequence of
ENSO with two peaks in SST to the west of the Galapagos Islands at the position of the
TAO buoy (95°W) giving temperatures warmer than expected between August and
October and with a peak in SST around March and April. However, there is a general
negative bias in the representation of SST of about 1-1.5°C from February 1997 to May
1998. The SST modeled is about 29°C on the second peak of SST, but in TAO buoys, this

value is about 30°C. Despite the bias in the values of SST is evident that in 1997-1998
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there is a warmer event than the earlier years with a strong peak in 1998. Therefore, there

is a bias in the sharp of the warm phases but not in the occurrence.
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Figure 1. Comparison of TAO (a) with ROMS (b) for temperature (°C). (c) SST from
TAO (black line) and ROMS (red line).
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Figure 1. Continued.

3.2 Mean Conditions
3.2.1 Mean Surface Conditions

Sea surface temperature (SST) and surface velocity from the ROMS output
averaged over 5 days were used to determine the mean surface conditions for the eastern
Equatorial Pacific. The general features of the eastern Tropical Pacific are defined by the
pattern of SST as shown in Figure 2. There is coastal upwelling off the Peru coast with its
respective extension to the cold tongue of surface waters westward south the equator until
89°W. SST in the cold tongue has an oscillation between 23°C and 24°C according to the
averaged values reproduced by ROMS in the Figure 2. This is the cold tongue that reach
the eastern side of the Galapagos Islands during September-October under normal
conditions.

The cold tongue is separated by a front with a moderate meridional gradient of
SST that is located north of the equator. The position of this front depends on the location

of the ITCZ. As we can observe in Figure 2, the mean meridional gradients of SST are

16



larger than those of the zonal gradients, except close to the coast of Peru that are influenced
by the south-easterly winds. In general, the zonal component of wind is from east to west
over the ITCZ domain. The mean SST of coastal upwelling in Figure 2 has values about
23°C.

The Costa Rica Dome and the eastern Pacific warm pool are well represented in
modeled SST. The Costa Rica Dome, a feature caused by oceanic upwelling, is centered
at 9°N, 80°W with an SST average of 25°C that agrees with the observed position of this
feature. At the north-west side of the domain is a clearly defined warm pool with
temperature above 27°C.

The mean surface zonal circulation is represented at 95°W by the currents as
shown in Figure 2. Overall, the model is able to capture the main currents in the zone of
study. South of 4°N in a wide band there is a westward current, the South Equatorial
Current (SEC), with values around 60 cm s. There is another westward current detected
in the model that is the North Equatorial Current (NEC) located in a broad band north of
10°N. The NEC has a speed of 40 cm s, This value is weak in comparison with the SEC.
Between the NEC and SEC at approximately 5°N and 9°N, there is a prominent eastward
current that flows with surface velocities of 50 cm/sec, this narrow current is the North
Equatorial Countercurrent (NECC).

It is clear that westward currents transport cold ocean water, and eastward currents
transport warm water. Therefore, there is a strong influence of advection in the process of
warming and cooling in the region. In addition, the Peru current presents in the south-east

boundary of the domain, brings cool water north because of coastal upwelling. Because of
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the Peru current follows the mean circulation of winds, this current should strongly depend
on changes of the wind. Consequently, we can anticipate that the position of the cold

tongue will be impacted by changes in the easterlies.
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Figure 2. Sea surface temperature (°C) and surface circulation (m s*) for the period from
1990 to 1999.

3.2.2 Mean Vertical Structure
A mean vertical section of temperature along the equator between 96°W and the
coast of the eastern equatorial Pacific is presented in Figure 3. It is noticeable that there is

a strong subsurface thermal gradient that is close to the sea surface. This gradient is the
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thermocline that is shallow at the eastern equatorial Pacific with a depth, shown in Figure
3, of around 50-60 meters. This shallow shoal thermocline divides the warm surface
waters and the colder waters at depth. The mixed layer depth is about 30 meters with a
temperature of about 25°C. Temperature decrease as a function of depth until about 100
meters where the temperature is 17-16°C. This gives an overall stratification of 1°C each
8 meters. This thin mixed layer makes SST sensitive to small changes of currents.

There is a stronger subsurface stratification on the eastern side of the Galapagos
Island (90°W) in comparison with the western side. This change in the stratification is
because the thermocline depth along the equator in the Pacific Ocean decrease from west
to east. However, at first glance it is not obvious because just we are considering the
eastern side of the region not the western equatorial Pacific, here we could find typically
a thermocline depth of 150 meters. In Figure 3 the most prominent vertical thermal
gradient is between 88°W and 82°W close to the coast of Ecuador.

The abrupt change in topography related to the position of the Galapagos Islands
is remarkable in the vertical thermal structure showed in Figure 3, in the same way it is
observed close to the coast at 82°W, where there is the influence of the coastal equatorial
upwelling. The mean zonal section along the Equator in ROMS agrees well with the

observed conditions in the region of study.
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Figure 3. Mean vertical thermal structure (°C) at the equator.

A view of the model mean meridional section along 95°W shows the main
subsurface circulation in Figure 4. Here we can observe the displacement of the Equatorial
Under current (ECU) in the direction from west to east at a depth of about 60 meters until
a depth of about 120-150 meters. The undercurrent rises over the west side of the
Galapagos Islands, as a result there is coastal topographic upwelling in this region. This
natural barrier causes that EUC to divide in two zonal eastward branches. The model is
able to represent with certain realism the most relevant equatorial feature at the first’s layer
from the surface at the western of the Galapagos Islands.

Moreover, the South Equatorial current (SEC) in a westward direction is observed
with the highest speed close to the surface. This current can be observed on both sides

north and south of the equator. The strong part of the SEC is located north of the equator
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at 4°N. From 5°N to 9°N, near to the surface, appears the North Equatorial Counter current
(NECC). The strongest part of this current is located at 7°N. A branch of the North
Equatorial current (eastward direction) is centered at 12°N.

Because geostrophy requires the currents in balance with density there is a
correspondingly pattern of temperature. The isotherms of the North Equatorial
Countercurrent (Figure 5) has a prominent slope from the deep ocean to the base of the
mixed layer, as we can observe between 4°N and 8°N. In contrast, between 9°N and 14°N
the slope of isotherms associated with the North Equatorial current is downward. It is clear
from Figure 5 that the stratification of the thermocline starts to spread mainly in the south
area at approximately 12°S. This spreading occurs due to the geostrophic balance between
westward surface currents and the eastward Equatorial Undercurrent. This balance
depends on the geostrophic meridional momentum equation, even near to the equator
where the Coriolis parameter is close to zero,

Values of the subsurface currents near the equator are in the range of 0.2 - 0.6 m
s, The EUC has the highest value of about 0.5 m s at a depth of 40 meters. Near to the
surface the NECC has values about 0.4-0.7 m s™. The change in the current direction just
to the northwest side of the Costa Rica Dome is located at about 11°N and 13°N. In the
same area, it is observed that part of the extension in depth of the warm pool with
temperatures of 27°C contrast with the values near the equator at about 25°C (Figure 5).
It seems that the mixed layer is slightly deeper close to the warm pool of the Eastern

Pacific in comparison with the equatorial region. In addition, strong thermal gradients are
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found in the North Equatorial Countercurrent and the North Equatorial current

r

respectively.
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Figure 4. Model mean meridional section along 95°W of the subsurface circulation
(ms™.
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Figure 5. Model mean meridional section along 95°W of the thermal structure (°C).

3.3 Changes in ENSO Variability
3.3.1 Changesin SST

The variation in SST from ROMS output at the equator in the eastern Equatorial
Pacific during the period between 1990 and 1999 is shown in Figure 6. As we can observe,
the annual change shows a period of warm SST that rises recurrently at the beginning of
each year. The peaks of temperature normally are between March and May with
temperature variations that oscillates between 26°C and 29°C. The most noticeable peak
is attained in 1998 and is related to the El Nifio in that year. The lower temperatures occur
between August and September with a variation in temperatures between 19°C and 25°C.

Note that the coldest values are located at the western side of the Galapagos Islands. This
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area is affected by the occurrence of coastal upwelling that generate cold surface
temperatures.

Interannual variability related to EI Nifio is better seen by using SST model
anomalies (Figure 7) that show the anomalies during the 1991-1992 and 1997-1998
events. Starting in July 1991 there are positive SST anomalies of 0.4°C, this coincides
with the growing phase of El Nifio. The mature phase and the corresponding positive
anomalies of SST are apparent during the first part of 1992. The largest anomalies of the
ten years of study occurs during El Nifio of 1997-1998 between August 1997 and August
1998. It is noticeable that there is a first peak at the beginning of August 1997 and a second
peak at the end of December 1997 beginning of 1998. The event terminate with a
relaxation during April 1998. Consequently, neutral and negative anomalies are detected
during September and October 1998 after the end of El Nifio. There is a significant
difference in the positive anomalies between EI Nifio 1991-1992 and EI Nifio 1997-1998
that is about 2°C to 3°C. El Nifio 1991-1992 is considered a moderate event, thus the El
Nif01997-1998 is considered a strong event.

Comparing the annual with the interannual distribution of SST in a time scale
during the 10 years of study shows that there is a larger interannual variation of SST. This
is observable in the event of EI Nifio 1992-1993 where the warm temperature is distributed
in several months, but in the El Nifio 1997-1998 is better observable the distribution of
SST (Figure 6 and 7).

There is also annual and interannual responses the ocean to wind variations. The

increasing of SST is associated with a period of relaxation of westward winds in the
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eastern Tropical Pacific comparing modeled SST with the zonal wind stress variation from
1990 to 1999. Figure 8 shows the zonal wind stress component where there is a marked
eastward movement during the first months of the year from January to April. After that
there is an increase of the westward component just west of the Galapagos Islands. The
region between 84° W and 82°W is affected by the topography of the coast of Peru that
allows a considerable local eastward component that increases in intensity with the rise of
southeast tradeswinds. Therefore, there is a defined annual cycle of the wind stress pattern

in the eastern Equatorial Pacific.
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Figure 6. Time variation of SST (°C) and surface zonal velocity (m s?) at the equator.
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Interannually the zonal wind stress has changes that are observable during El Nifio
(Figure 8). The zonal component of the wind stress near the coast is reduced in intensity
during EI Nifio 1991-1992. In the El Nifio 1997-1998 this component is reduced during
August and September, after that the zonal component disappeared until the end of El
Nifio. Considering the relationship between equatorial upwelling and the intensity of
winds at the eastern boundary of the Equatorial Pacific Ocean, we can infer that the
reduction of windstress component close to the coast of Ecuador is directly associated with

the reduction of the coastal equatorial upwelling.
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Figure 7. Time variation of SST (°C) anomalies and surface zonal velocity anomalies
(m s at the equator.
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3.3.2 Changes in SSH

The simulated sea surface height (SSH) for the period of study shows a marked
annual oscillation. SSH reaches minimum values during August and September (Figure
9), and maximum values are observed during the first moths of the year, except for 1997
when SSH remains high for the entire year. The variation of SSH appears to be progressive
and sustained during at least two or three weeks. However, there are some episodes of
sharp changes detected in different years, typically after December.

The most important interannual change observed is during the occurrence of the
1997-1998 El Nifio, when SSH maintains positive anomalies for most of the year in 1997
(Figure 9). There is a first peak that occurs in July, however the second peak in December
is weaker than expected. During 1998 the highest value observed is at the end of February.
During the El Nifio of 1991-1992 the highest values are observed in 1992 in the second
week of January. Despite the fact that the transition from positive to negative anomalies
IS strong, the transition from EI Nifio conditions to neutral conditions is slow and occurs
after May in 1998 (Figure 9). Although is not clearly perceptible, SSH is slightly higher

on the western side of the Galapagos Islands.
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Figure 8. Time variation of zonal wind stress (N m?) and sea surface height (m) at the
equator.

Moreover, during the period of the increasing SSH due to the EIl Nifio, we can infer
a deepening of the thermocline. This is because deepening of thermocline is accompanied
with a rise of temperature, consequently there is an expansion of the water column, and as
a result the sea level increases. Generally, there is a positive relationship between sea level

and thermocline depth.
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Figure 9. Time variation of SSH (m) anomalies.

3.3.3 Variation of Zonal Velocity

The modeled surface zonal velocity at the equator suggests that there is an
eastward movement of currents during the first months of each year. In contrast, between
July and September there is an increased westward zonal velocity that is part of the regular
annual cycle in the eastern Equatorial Pacific. This occurs because the eastward pressure
force is normally balanced by westward wind stress, but it is unbalanced mainly during
March and April. Therefore, this pressure force accelerates the equatorial currents
eastward. Figure 8 shows that there is weak activity of westward winds during the first

months of the year that is accompanied by a weakness in the westward surface zonal



velocity. After July the zonal wind start to change giving an increased westward zonal
wind that also allows the spread of the equatorial cold tongue.

During 1997-98 there is an increased intensity of the eastward surface zonal
velocity starting in July 1997 (Figure 6), that is very unusual in that during this time one
expects intensified westward zonal velocity that allows the movement from the east to the
west of cold waters. Positive anomalies of eastward zonal velocities from July 1997 are
detected that are stronger than occurred in 1996, an ENSO neutral. A peak of eastward
movement is appreciated in March 1998. The strongest anomalies of surface zonal
velocities of the 1990s occur between 1997 and 1998 (Figure 6). As we can observe, the
main circulation of the region during the EI Nifio the cold westward south equatorial
current is relaxed. We can infer that there is a contribution of the eastward advection to
the increase of the SST in the eastern Tropical Pacific.

3.3.4  Variation in the Vertical Thermal Structure

Throughout the decade from 1990 to 1999 there is a clear annual cycle in the
variation of temperature at 94°W and at the equator (Figure 10). Annual changes of
temperature are reproduced not only at the surface but also into the upper layers of the
ocean, in this case, between 50 and 100 meters. Thus, there is an increase in temperature
from January to May with a peak in April of about 26°C at 40 meters of depth (Figure 10)
and a decrease of temperature during August and September of about 21°C at the same
depth. The variation of thermocline depth is present each year with a typical deepening
during the first months of each year. The 20°C isotherm reflects the position of the

thermocline in the time-longitude diagram in Figure 11.
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There are two important interannual changes in the thermocline depth that occur
during the EI Nifio events in 1992 and 1997-98. These changes affect thermocline depth
to the west of the Galapagos Islands. In a normal year thermocline depth has a peak in
depth of 50 meters. The position of the thermocline in years such as 1990 and 1991 is
about 50 meters to the west of the Galapagos Islands. However, during the mature phase
of El Nifio there is a prominent deepening of the thermocline evident in 1992 with a
thermocline depth of 90 meters. In addition, changes between different ElI Nifio are
apparent. For instance, in 1998 there is a deeper thermocline than in 1992. In 1992 the
peak in depth reach roughly 90 meters and the peak of 1998 reach 110 meters (Figure 11).

A relevant difference between annual and interannual variability is that interannual
changes involve a larger period of warming than for annual variations. In Figure 10 it is
observed that El Nifio 1997-98 has a deepening of thermocline that lasts for almost a full
year. The El Nifio of 1991-92, a moderate event, has warming that is not that much
different than in 1990 and 1993. The peaks in depth of thermocline of El Nifio consist of
zonal redistribution of the thermocline depth over the longitudes of the domain (Figure

10).
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Figure 10. Time variation of temperature (°C) at 94°W at the equator.
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Figure 11. Time-longitude variation of the 20°C isotherm (m) at the equator.
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3.4 Changes around the Galapagos Islands during El Nifio of 1997-1998
3.4.1 SST and SSH Anomalies

Time averaged anomalies (from mid-December 1997 to mid-February 1998) of
SST and SSH around the Galapagos Islands (from 96°W to 86°W and from 15°S to 15°N)
are presented in Figure 12. The corresponding climatology used to remove the seasonal
cycle was constructed from the 10 years of the model run (1990 to 1999). The EI Nifio of
1997-1998 had two peaks, the first one started in July 1997, and the second peak started
in December 1997. Because El Nifio had its mature phase starting in the beginning of
December 1997, we proceed to observe the anomalies for the mature phase of El Nifio.
Strong positive anomalies in SST, that are a signature of the El Nifio, near the Galapagos
Islands mainly occur on the eastern side with a warm tongue about 4°C from 89°W to
86°W south of the equator. The western side also shows positive anomalies principally on
the south-west side with positive anomalies of about 2.7°C. As we can observe in Figure
12a, there is a band of significant positive anomalous temperature between 1°N and 3°S
around the Galapagos Islands.

The northeast area of the Galapagos Islands has positive anomalies of 2°C that
appear similar to an extension of the anomalous thermal band along equator. During the
mature phase of El Nifio warming of SST reaches the eastern Tropical Pacific, therefore
there is a redistribution of warm waters with the movement of the equatorial front toward
the equator, and a redistribution of warm waters along the equator. Thus, it is not
surprising that there are highest values of SST on the eastern side of the Galapagos Islands,

considering that during the onset of El Nifio events normally there are strong movements
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of warm waters in the west to east direction along the equator due to the imbalance of the
pressure gradient force in the ocean and the eastern trades winds.

Overall the area around Galapagos Islands (from 96°W to 86°W and from 15°S to
15°N) there is evidence of positive anomalies of sea level height (Figure 12b). There is an
observable zonal gradient along the equator that runs from high to low values of positive
anomalies in SSH, in the direction from west to east. Following the movement of this
gradient there is a strong gradient of SSH over the southwest side of the Islands (roughly
3°S, 93°W). SSH anomalies of 0.18 meters are apparent on the western side of the
Galapagos Islands, and anomalies of 0.16 meters on the eastern side (Figure 12b). This
rise of sea level and the configuration of the increase can be caused by the arrival of
eastward propagating equatorial Kelvin waves.

There is a noticeable increase in sea level at around 5°N and 9°W, with the highest
positive anomalies of 0.23 meters in the area. Probably this area is more affected by the
expansion of the water column. During the El Nifio event, with warming of SST and the
deepening of thermocline the water column expands and consequently the sea level rises.
This observation shows a correlation between shown deepening of the thermocline in
Figure 10 as compared with the same period in time (from mid-December 1997 to mid-
February 1998) with a period not affected by El Nifio (from mid-December 1996 to mid-

February 1997).
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Figure 12. SST (°C) (a) and SSH (m) (b) anomalies for the period mid-December 1997 to
mid-December 1998 around the Galapagos Islands.

3.4.2 Conditions during 1997-1998 in Comparison with 1996-1997

Despite the fact that EI Nifio 1997-98 had an early development in December 1996
in the western Equatorial Pacific, this condition was not evident on the eastern side until
March and April of 1997. Figure 13 shows differences in temperature, sea surface height,
horizontal and vertical velocity of between mid-December 1997 to mid-February 1998
(DJF 1997-1998) and mid-December 1996 to mid-February 1997 (DJF 1996-1997). SSH
shows a tendency to increase considering differences between DJF 1997-1998 and DJF
1996-1997 that suggest strong interannual variability. Mainly, SSH differences of the two
periods (DJF 1997-1998 and DJF 1996-1997) follow the sequence of anomalies for DJF
1997-1998, with evident zonal gradient of SSH from west to east (Figure 13a). Around

the Galapagos Islands sea level rose 0.25 meters from DJF 1996-1997 to DJF 1997-1998.
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SST shows a strong change between the two consecutive periods in the
observations; that mean a rise in SST of about 3.5°C near the coast of the Galapagos
Islands (Figure 13b). The rise is evident on both sides of the islands, principally over the
eastern side. There is a sharp increase on the northeast side of the islands that resembles a
warm tongue. This tongue arises due to the redistribution of warm waters in the eastern
Tropical Pacific during the mature phase of an El Nifio. Moreover, the difference of
circulation between DJF 1997-1998 and DJF 1996-1997 confirms a redistribution of
surface waters that according to the development of El Nifio 1997-1998 during the period
of comparison (December, January and February) the entire Equatorial Pacific reached
hard warming SST(Figure 13b).

At a depth of 50 meters around Galapagos Islands are positive values with
differences in temperature of about 5°C between DJF 1997-1998 and DJF 1996-1997.
This represents an increase in temperature on a timescale comparable to the two periods
for comparison (Figure 13c). We can observe that the warmest area is very close to the
eastern side of the islands with a prolonged area from 90°W to 86°W along the equator.
Generally, the western side of the Galapagos Islands shows an increase in temperature of
5°C. It is noticeable that an increase in the transport of waters from west to east is more
evident north of 2°N and south of 1°S. Along the equator there is little change in intensity,
except in the direction of the typical circulation of the area. Vertical velocity at 50 meters
depth is shown in Figure 13d, where upward movement is represented by positive values

and downward movement is represented by negative values. According to Figure 13d

36



there are not substantive changes west of the islands, except in the south where there are
negative values depicting consequently downward movement of the waters.

Figure 13e shows changes in circulation and temperature from DJF 1997-1998 and
DJF 1996-1997 for depths of 100 meters. Simulated temperature from ROMS shows an
increase in the temperature at 100 meters depth mainly west of the Galapagos Islands at
92°W at the equator. This increase is associated with a deepening of the thermocline.
Temperature around the Galapagos Islands reveals that the transport of water on the
northeast and the warm tongue that are apparent at the surface and at 50 meters depth
corresponds to redistribution of waters near the surface. On the other hand, the transport
from west to east at the equator occurs at deeper layers. The difference in circulation from
DJF 1997-1998 and DJF 1996-1997 shows that there is a continuous transport from west
to east at 100 meters depth between 2°N and 2°S. The vertical velocity at this depth (100
meters) shows noticeable downwelling west of the Galapagos Islands, and to the north and
south of the islands with the negative values (see Figure 13f). These values reinforce the
fact that upwelling is depleted during El Nifio. Principally, eastward transport of warm
waters over the upper layers reduces the possibility of upwelling to the west of the
Galapagos Islands due to the topography.

At 250 meters depth there is not a noticeable difference between DJF 1997-1998
and DJF 1996-1997 (Figure 13g). The increase in temperature near the Galapagos Islands
only reaches 0.75°C. the highest difference is roughly 1.85 °C in the northwest area of the
islands at 5°N. Here we demonstrate that the warming of temperature in the vertical only

reaches the first upper layers of the ocean at the eastern Equatorial Pacific. Recall that
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Figure 1 shows that the TAO buoys depict a deepening of the thermocline to 140 meters.
Despite the bias in the deepening of the thermocline in ROMS, at 250 meters the influence
of the deepening of the thermocline is relatively weak. Vertical velocity at 250 meter depth

also doesn’t have substantial changes (Figure 13h).

a) SSH differences at the surface. b) SST and U,V differences at the surface.
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Figure 13. Differences in SSH (m) , SST (°C), temperature in depth (T), horizontal
(U,V) and vertical velocity (W) (m s) between mid-December 1997 to mid-February
1998 (DJF 1997-1998) and mid-December 1996 to mid-February 1997 (DJF 1996-
1997). Red and yellow colors represent upward movements in vertical velocity (W),
green and blue colors represent downward movements.
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c¢) T and U,V differences at 50 m depth. d) W differences at 50 m depth.
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Figure 13. Continued.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

A high resolution ocean model (ROMS) is used to explore interannual variability
in the Eastern Tropical Pacific. The model has an average resolution of 0.1° in the
horizontal and covers the eastern Tropical Pacific Ocean. An experiment run from 1990
to 1999 is used to explore the mean conditions and interannual variability during this
period.

A comparison of the results with observational data from a buoy that is part of the
Tropical Atmosphere Ocean (TAO) project located at 95°W at the equator shows that the
modeled sea surface temperature is able to capture the main features of the annual cycle;
with a warm phase during February through May of each year, and a cold phase during
August and September. Interannual variability between 1996 and the middle of 1998
demonstrates the basic change from a regular year and El Nifio year with a peak warming
in SST during DJF at 1998. The model captures the main features of variability of both
seasonal cycle and of interannual variability. In magnitude of SST there is a general bias
of about 1 to 1.5°C in the representation of regular cold episodes of a year and the
development of an El Nifio. However, the modeled temperature follows the main sequence
of events in comparison with the TAO buoy data.

The vertical structure of temperature from ROMS agrees with recorded TAO buoy
data with a good representation of the interannual variability. Warm and cold episodes in

the subsurface in ROMS captures the same general features for the seasonal cycle as well.
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To explore interannual changes we compare the variation in thermocline depth of 1997
and 1998 with the years of 1995 and 1996. Modeled temperatures present a vertical
distribution and stratification that represents the observations fairly well. However, there
is a bias such that the model underestimates the depth of the thermocline during the second
peak of the El Nifio of 1997-1998. Overalls the model follows the relevant evolution of
the events that allow us to use this information to analyze the interannual variability.
Mean conditions in surface and vertical structure from the ROMS output present
the expected features and behavior of the Eastern Equatorial Pacific. Therefore, the model
was able to represent the most relevant characteristics of the domain of study. In particular
the cold tongue is clearly defined by SST along the equatorial coastal upwelling, with
warm temperatures north of the equator as the equatorial front. The model also captures
the Costa Rica Dome a feature particular to the eastern tropical Pacific Ocean. The main
surface ocean circulation of the model allows us to document the circulation of the area,
which includes the SEC, NECC, and the NECC. The main thermal vertical structure from
the upper layers form west to east on the equator demonstrated by the shallow thermocline
and the strong thermal gradient that is an important characteristic of the Eastern Equatorial
Pacific. The subsurface main ocean circulation of ROMS presented by a cross section of
the western side of the Galapagos Islands agree with the documental circulation of the
area, in which we identify the EUC, NECC, and the NEC. These currents are governed
by the geostrophic balance and the gradient of the isotherms just over the NECC

considering a meridional section west of the Galapagos Islands.
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The results of the run for the period from 1990 to 1999 chose for this analysis
shows evidence that EI Nifio events represent the most important features in the
interannual variability at the Eastern Equatorial Pacific. Comparing the years 1997-1998
and 1991-1992 with the regular years reveals that there are prominent changes mainly in
the distribution in time of SST. For instance we found that the warm phase of El Nifio
1997-1998 has an extended period of anomalous warming in comparison with years with
a regular behavior at the Eastern Equatorial Pacific such as 1995 and 1996 where the
warming of SST is locked only to the annual cycle. In addition, these changes were also
found in the vertical distribution of temperature with a deepening of the thermocline with
a prolonged period of anomalous warming. Therefore, we can assert that one of the most
interesting features of El Nifio is the continued warming at the surface and subsurface
layers that contrast with the annual cycle with shorter periods that agree with the theory
of El Nifio. In addition, it was observed that warming was restricted to the upper layers to
a depth of about 120 meters.

An anomalous SSH was detected during the occurrence of El Nifio that appears
mainly during the first peak of the El Nifio of 1997-1998. The rise of SSH has a positive
relationship with the deepening of the thermocline, because of the relationship between
betaken sea level height and thermocline depth due to the increase of temperature and
consequently the expansion of the water column.

Changes around the Galapagos Islands during the El Nifio of 1997-1998 were
evident as we could determine by analyzing the anomalies on the surface related to SST

and SSH, and with a comparison using the difference between conditions during the
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second peak of EI Nifio in 1997-1998 and a period before the El Nifio, 1996-1997. This
study is focused on the surroundings of the Galapagos Islands where we can determine
that there was a strong change along the equator represented by a band of warm waters
with the highest anomaly of SST on the western side of the Islands. We might infer that
this feature corresponds to the redistribution of warm waters during the mature phase of
an El Nifio, this assertion is supported by the presentation of the redistribution of surface
waters through the difference of both 1997-1998 years and 1996-1997 years. We also
found an interesting eastward sloping of the SSH with the anomalies forming high to low
values on the eastern side of the Galapagos Islands.

We observed that the zonal band of warm waters around the Galapagos Islands
during the El Nifio 1997-1998 is deeper on the western side than on the eastern side. The
eastern side is controlled by warm waters from the warm tongue formed on this side, while
the western side has warming in deeper waters because of the advection from west to east
of warm waters in earlier phases of the development of El Nifio. At a depth of 100 meters
warming on the western side is stronger in comparison with the eastern side by more than
1°C.

Moreover, ocean circulation in the upper layers up to a depth of 250 meters showed
us the redistribution of waters from west to east and vice versa. This redistribution is most
noticeable at a depth of 100 meters. In addition, vertical velocity gives us an idea of the
upward and downward movement of waters and shows a noticeable downward movement
on the western side of the Galapagos Islands at depths of 100 meters, at the same time we

had the highest difference of SST during DJF 1997-1998 in comparison with DJF 1996-
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1997. A weaker difference in vertical velocity with negative values was observed at 50
meters depth on the same side-which side of the Islands. These results are expected based
on the theory of reduced upwelling during an El Nifio event. However, we cannot assert a

relationship of temperature and upwelling for this period of analysis.
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