
ABSTRACT 
 

LIU, YANYUN. Simulation of Ocean Circulation around the Galápagos Archipelago 

using a Hybrid Coordinate Ocean Model (HYCOM). (Under the direction of Dr. Lian Xie 

and Dr. John M. Morrison). 

 

    The ocean circulation around the Galápagos Archipelago is simulated using the 

University of Miami’s Hybrid Coordinate Ocean Model (HYCOM) using a high-

resolution (0.04 degree resolution) nested domain. The model generally reproduces the 

major ocean circulation features around the Galapagos showing that the 0.04 degree 

resolution is sufficient for studying the circulation and water mass structure local to the 

Galápagos.  A variety of winds forcing were tried with high frequency wind forcing 

(daily, 6-hrly) proving to be more reliable than the monthly forcing. 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 most consistent upwelling zones, resulting from the collision of the 

Equatorial Undercurrent with the islands, bring relatively colder and salty waters to the 

surface in a region of topographically induced upwelling. This upwelling zone marks the 

location of high biological production at the surface with the EUC shoaling to 

approximately 20m from its normal depth of 50m just to the west of the islands.  This 

results not only in a strong upwelling zone just to the west of the islands, but also in  

shallow mixed layers over the entire western portion of the Archipelago. The model 

results, which agree quite well with observations of the EUC by the TAO array, show a 

seasonal cycle in the speed and transport of the EUC, reaching a maximum during the 

late spring/early summer and minimum in the late fall. This seasonal cycle is disrupted 

during El Niño when the collapse of the westerlies results in a greatly weakened or even a 



  

 

 

 

total lack of the undercurrent. The far northern region of the Archipelago is characterized 

with 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 a mixing of cool Peru Current waters and upwelled Cold Tongue waters 

entering from the east to the southeast mixing with the upwelled EUC waters. The 

regional impact of global climate change and ENSO events on the ocean circulation and 

water mass characteristics around the Galápagos Archipelago is studied using the Hybrid 

Coordinate Ocean Model (HYCOM). The result indicates that with prescribed 

atmospheric forcing, the major characteristics of the ocean circulation and its variability 

in the Galapagos 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 model. Results show that the oceanic variability in 

the Galapagos region is sensitive to global climate change. The regional impact of global 

climate change in the Galapagos region varies from region to region. Results show the 

western Galapagos upwelling region is affected by the EUC and Panama currents; while 

central/east Galapagos is affected by both Peru and EUC currents. The north region is 

affected by the Panama Current only. The southeast region is affected by the Peru Current 

only. These regional differences explain the variability of the responses in different 

regions of the Galapagos Archipelago to global climate change. 
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Chapter 1 

Introduction and Background 

1 Scientific Background 

 

    The Galápagos Archipelago (Figure1) lies in the equatorial eastern Pacific Ocean, 

about 1000 km west of 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 (Bustamante et al., 1999). In order to help preserve and protect the unique 

underwater environment, in March 1998, Ecuador created the Galápagos Marine Reserve 

(GMR), which is an extensive area, over 140,000 km
2
, and consists of an extremely 

variable ecological system in space and time (Jennings 1994). It is the only place in the 

world where hammerhead sharks, penguins, and corals co-exist on the same sub-tidal reef. 

The principle reason why the GMR features such great diversity lies in its positioning in 

a complex transition zone between tropical, subtropical and upwelling zones. Hence, 

Galápagos provides an ideal ―field laboratory‖ for assessing how rising global water 

temperature will impact marine ecosystems, as well as, the effects of events of extreme 

climate variability associated with ENSO. These conditions have allowed the presence of 

a rich diversity of endemic organisms. Edgar et al. (2004) divided the GMR based on the 

most comprehensive, on-going estimates of mobile macro-invertebrate and reef fish 

biodiversity within the GMR by divers from the Charles Darwin Research Station 

(CDRS).  The results from the former indicate three unique major bio-zones – Far 
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northern, Western and remainder of the Archipelago, with the latter allowing further 

subdivisions of the Elizabeth, Northern and Central-Southeastern (Central-SE) bio-zones. 

 

The Galápagos Archipelago ecosystem is mainly affected by several different surface 

and subsurface currents. On a larger scale, these currents are the westward North 

Equatorial Current (NEC), South Equatorial Current (SEC), eastward Equatorial 

Countercurrent (ECC) and Equatorial Undercurrent (EUC). The NEC usually lies 

between 10 and 20 N, while the SEC lies between 5 N and 10 S. Since the 

meteorological equator (Inter-Tropical Convergence Zone -- ITCZ) lies north of the 

geographical equator, the southern hemisphere trade winds cross the equator and result in 

a SEC that straddles the equator. The NEC and SEC are separated by the narrow ECC 

(flowing to the east in a belt and corresponding to the ITCZ). The SEC is the dominant 

surface current affecting the Galápagos, which drives superficial waters over the entire 

region around the Galápagos and is composed of the warmer Panama Current and cool 

Humboldt Current. The Panama Current influences the northern islands, while the cool 

Humboldt (Peru) Current influences the southern islands. The trade wind leads to the 

warm waters piling up in the western Equatorial and drains it from the eastern Pacific. 

The thermocline, which is the sharp vertical temperature gradient separating the warm 

surface layer from the cold deep ocean, is pushed down to a depth of 150m in the west, 

but shoals to 50m depth in the east. Sea level tends to reflect thermocline depth since 

water expands when heated. Thus, while the thermocline tilts downward towards the west 

along the equator, sea level rises to the west where it stands about 60cm higher than in 
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the eastern Pacific. The eastward EUC (also known as the Cromwell current) developed 

as a subsurface compensation against the eastward SEC, causing the upwelling in western 

archipelago. This upwelled water is relatively rich in iron, the micronutrient needed for 

growth by most organisms, and the production is high in many areas of the Galapagos 

and surrounding waters (Steger et al. 1998). The EUC, which is confined to a narrow 

region +/- 2° about the equator, rises from nearly 200m depth in the western Pacific and 

shallows to <50m in the east, feeding the Ekman divergence in the east Pacific (Wyrtki 

1966). The EUC is found throughout the Archipelago at depths ~50m (Houvenaghel 

1984). In addition, the Equatorial Undercurrent (EUC) flows eastward along the equator 

beneath the main equatorial currents. The EUC is the major oceanographic feature 

affecting production through the Galapagos Archipelago (Houvenaghel 1984).  

 

   The Galápagos are greatly affected by seasonal atmospheric and oceanographic 

variability (Houvenaghel 1984). During the hot wet season (from December to May), the 

Intertropical Convergence 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 Garúa season (from May to November), the ITCZ migrate to the north of the 

equator, the southeast trade winds become dominate, the major source waters for the SEC 

are the cold Peruvian ocean current and the Peruvian coastal current (the Humboldt 

Current), enhancing the contributions to the SEC with the colder (18° -20° C), saltier 

(>35) productive waters. The different source waters for the SEC as it flows though the 
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GMR, from both northern and southern hemispheres, as well as topographically induced 

upwelling which occurs when the eastward flowing EUC runs into the Galápagos 

platform are the cause of the  tremendous diversity around the Archipelago.  

 

   A few studies have quantified the primary production around the Archipelago especially 

the higher concentrations west of Isabella (Feldman 1984, 1986) from the upwelling EUC. 

Houvenaghel (1984) discussed the oceanographic setting of the Galápagos and concluded 

that the EUC was the major oceanographic phenomena affecting the Galápagos. Hayes 

(1985) pointed out that the sea level differences across the Archipelago increase as the 

EUC strengthens, measured by shallow moored pressure gauges. Steger et al. (1998) 

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 (1986) and the one observed by 

Steger et al. (1998) could only be maintained by upwelling of EUC waters that are cooler 

and high in nutrients. Steger et al. (1998) show that the waters of the EUC bifurcate when 

they run into the Galápagos platform, with water continuing to flow to the east both to the 

north and south of the platform. East of the Archipelago, Steger et al. (1998) found 

evidence that these north and south eastward flows most likely converge and reform a 

definable EUC. Steger et al. (1998) also found that the core of the EUC was south of the 

equator during a hot season, as did Christensen (1992), but with a strong branch also 

found north of the Galápagos. This variation in EUC displacement is not well enough 
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understood to determine whether it is due to seasonal variability or unstable flow 

conditions (Lukas 1986). Wyrtki (1967) showed by way of water mass analysis that some 

of the EUC waters re-circulate both north and south of the Archipelago, and Houvenaghel 

(1984) highlighted the areas within the Archipelago prone to upwelling due to the 

western exposure of landmasses to the eastward flowing EUC. Palacios (2004) found that 

the temporal variability of ocean color and SST around the Galapagos was dominated by 

the seasonal migration of the ITCZ and associated strengthening of the SEC and EUC. In 

summary, studies to this point indicate that the EUC is the major oceanographic feature 

affecting production in the Galápagos Marine Reserve.  

 

    However, the flow pattern of the EUC around the Galapagos has not been fully 

determined. How does the EUC propagate across the Galápagos platform? As the EUC 

runs into the Galápagos platform and is topographically ―broken‖ in streams, how do 

these streams vary in position and strength, and route through the islands? It is quite 

probable that these topographical constrained flows and associated topographically 

induced upwelling are the most important defining physical process to influence the very 

high local production at certain sites. However, most of the prior studies of the Galápagos 

mainly focused on short term observational results, which necessarily have been rather 

limited in time and scope. Therefore, we propose to us a fully hydrodynamic, high-

resolution numerical model to study these important processes.  Numerical model results, 

especially of the current and water mass distributions will also allow us to make 

estimations of the effects of ocean warming and climate change on the biodiversity of the 
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Galápagos Marine Reserve. These local predictions may help to define the effects of 

climate change on global biodiversity – the Reserve is located at ―ground zero‖ for ENSO!   

 

   Another distinctive feature associated with Galápagos coastal waters is that the greatest 

sea temperature anomalies occur during El Niño and La Niña events (Glynn and Ault, 

2000). Recently the frequency and severity of El Niño events appear to have increased 

and this is a concern for the conservation of endangered species. El Niño events now 

occur 2–7 times more frequently than they did 7000–15,000 years ago (Riedinger et al., 

2002; Rodbell et al., 1999). The 1982-83 and 1997-98 El Niño events, in particular, were 

the most extreme for many centuries, and had a devastating effect on marine life in the 

Galápagos region. During El Niño, the EUC weakens, the surface water warms, 

micronutrients are reduced, the primary production decreases (Chavez et al., 1999), and 

fish numbers diminish. Data from commercial fisheries indicated that the catch of mullets 

from the Galapagos during the 1997–1998 El Niño event were half that of the 

commercial catch in 1999, a ―normal‖ year (Nicolaides and Murillo, 2001). Houvenaghel 

(1984) predicts that when the EUC is not present during intense El Niño’s periods when 

the southeast trade winds collapse, biological activity within the Archipelago would be 

substantially reduced. This prediction is supported by SST and chlorophyll signatures 

from AVHRR and SeaWiFS satellite data during the final phase of the 1997/1998 El Niño 

when the Trade Winds resumed, driving upwelling in the Archipelago. Thus the 

relationship between El Niño events and EUC, as well as the relationship between 

extreme ENSO events and loss of marine biodiversity in Galápagos needs to be 
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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.  

 

2. Purposes of the Study 

 

   The primary objective of this study is to describe ocean circulation and water mass 

characteristics around the Galapagos Archipelago. The emphasis is on the features and 

processes associated with the local upwelling of the EUC on the western side of the 

islands, since this phenomenon is responsible for sustaining the cold, highly productive 

conditions. One of the principle new findings from the US JGOFS Eq-Pac Process study 

in the central equatorial Pacific was that iron in the equatorial undercurrent (EUC) is the 

most important source of iron for driving biological new production and thus carbon 

cycling in this region. 

 

     Never the less, how the variation of the EUC around the Galapagos will be affected by 

climate change has not been fully determined. In addition, the flow pattern of the EUC 

around and through the Galápagos has not been fully determined. How does the EUC 

propagate across the Galápagos platform? As the EUC runs into the Galápagos platform 

and is topographically ―broken‖ in streams, how do these streams vary in position and 

strength, and route through the islands? It is quite probably that these topographically 

constrained flows and associated topographically induced upwelling are the most 
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important defining physical process to influence the very high local production at certain 

sites.  

 

    This study will mainly focus on the oceanographic variability and forcing factors 

associated with biological productivity of the various marine pelagic ecosystems across 

the GMR using a fully hydrodynamic, ocean general circulation model, specifically the 

Hybrid Coordinate Ocean Model (HYCOM; Bleck, 2002; Chassignet et al., 2003; 

Halliwell, 2004). Specifically, the scientific objectives of this study are to, 

1) Study the oceanographic variability and forcing factors associated with biological 

productivity and biogeography of the various marine pelagic ecosystems across 

the Galápagos Marine Reserve (GMR) using HYCOM model;  

2) Simulate the water mass characteristics and currents around the GMR by using 

HYCOM and compare with the 2005/2006 cruises results, hoping to better 

understand the physical environment influencing the Galápagos Archipelago and 

human socio-economic response to climatological perturbations, such as ENSO; 

3) Simulate the ENSO events using HYCOM and depict how the El Niño events 

affect the phytoplankton primary production around the GMR on a case by case 

basis. Sensitivity studies will be carried out to identify key physical processes that 

affect the water mass transport pathways and the local upwelling dynamics. This 

will include hind-casts during strong El Niño and La Niña conditions, as well as 

periods of ―normal‖ conditions. 
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4) Model the potential impact of future climate change scenarios on the 

oceanographic variability in the Equatorial Pacific Ocean from mesoscale to basin 

scale as they affect the biodiversity of the marine pelagic ecosystems of the GMR 

using HYCOM. The outcome is a down-scaling assessment of the impact of 

global climate change scenarios on the ocean circulation and water mass structure 

in GMR region using a high-resolution nested grid HYCOM forced under 

selected climate change scenarios described by IPCC. 

 

3． Hypotheses 

 

Hypothesis 1: The EUC is the major oceanographic feature affecting the production in 

the Galápagos Marine Reserve (GMR), and is likely strongly associated with local 

biogeography of marine species and endemism.  

 

    The EUC is thought to be the major oceanographic feature affecting the production in 

the Galápagos Marine Reserve (GMR) and is important defining physical process to 

influence the very high local production at certain sites. Much of the energy input to the 

Galápagos archipelago is supported by nutrient influx to the euphotic zone from cold 

bathymetrically deflected upwelled water from the eastward flowing submarine EUC. 

The upwelling events impacting upon the west of the archipelago vary in strength, size 

and stability under the influence of localized current systems and forcing effects. The 

EUC flow pathways and upwelling are linked directly to the submarine topography, 
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which introduces obstacles to the eastward path of the undercurrent. This deflects water 

to the north in the northern hemisphere and to the south in the southern hemisphere. The 

EUC waters are cooler, saltier and higher in nutrients and iron than waters found over the 

eastern portion of the Archipelago and directly result in the large phytoplankton bloom 

observed in SeaWiFS and SST. The result indicates that when there is not an EUC 

present (for example, during intense El Niño’s), the intense biological activity normally 

sustaining the GMR will be absent.  

 

Hypothesis 2: Galápagos marine pelagic ecosystem heterogeneity is a function of 

oceanographic pattern over small spatial, seasonal and inter-annual scales. 

     A shift in the source of waters supplying the SEC as the ITCZ seasonally migrates is 

responsible for the seasonal climate changes of the Galapagos Islands.  During the Garúa 

season (dry season – May to December) the ITCZ is well to the north of the equator and 

the major source waters for the SEC are the cold Peruvian Ocean Current and the 

Peruvian Coastal Current (the Humboldt Current). The southeast trade winds are very 

strong during the Garúa season, contributing to the process.  The water has a temperature 

of 18 – 20 °C, a salinity of 35, and is rich in marine fauna.  In the warm season (wet 

season – December to May), the southeast trade winds vanish, as does the action of the 

Humboldt Current.  The northeast trades become dominate, and warm waters head south 

from Panama and Columbia (Panama Flow). The water has a sea surface temperature 

range from 24 – 27 °C, a lower salinity of 33.5, and is poor in organisms.  As the ITCZ 

migrates to the south in this season, to within a few degrees north of the equator, the 
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warm waters again meet the Humboldt Current and form the SEC, which flows across the 

archipelago. During the Garúa season, the ITCZ is found north of the Equator, leading to 

strong southeast trades straddling the equator and a convergence of waters along the 

equator and ultimately to a compensating subsurface eastward flow is established, the 

Equatorial Undercurrent (EUC). This current gradually comes up in the water column as 

the thermocline shoals to the east, until it as found at a depth of ~ 50 m when it runs into 

the Galápagos. We are interested in what happens when this current runs into the 

Galápagos Platform. 

 

The interaction of the different ocean currents within the Galápagos Archipelago 

divides the islands into distinct biogeographical zones. Harris (1969) proposed that the 

Galápagos Archipelago could be divided into five biogeographical zones based on a 

series of 300 snap-shot temperature records related to the influence of the different 

current systems impacting the area: the temperate north zone, two mixed central zones, 

South Equatorial Current (Humboldt) southern zone and Equatorial Undercurrent Current 

(Cromwell) upwelling zone to the west. The variable relationship among the boundaries 

associated with these biographical zones can provide a shorter time scale forcing to 

ecosystem structure/function to complement the El Niño/La Niña forcing (Longhurst, 

1998).  Wellington et al. (2001) verified that several distinct zones were identifiable, but 

differences between the historical zones appear less well defined than previously 

proposed.  The most comprehensive estimates of marine biodiversity in the GMR 
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gathered by CDRS suggest that different biogeography exist for different groups and that 

endemism that is seen is related to areas of obvious EUC influence. 

 

Hypothesis 3: HYCOM model can generally reproduce the ocean circulation around the 

Galapagos and the major characteristics of ENSO events.  

   This model allows high vertical resolution where it is most needed, over the shelf and 

in the mixed layer. Also the isopycnal coordinate reduces the need for high vertical 

resolution in deep water. The HYCOM simulations generate a stronger EUC that 

compares more favorably to observations than other models, such as the GFDL model 

(Chassignet et al. 1996). So HYCOM was a very good choice to simulate the ocean 

circulation around the GMR. Our hypotheses here need to be verified and to provide a 

basis of our future study, some sensitivity experiments need to be conducted using the 

HYCOM model.   

 

Hypothesis 4: Because of the location of the islands in the eastern Tropical Pacific 

Ocean and the extreme biodiversity of the waters surrounding the Archipelago, this is an 

ideal place to study the relationship between climate change and biodiversity as a matter 

of local and global importance. Such a study has direct implications for predictions of 

loss of global biodiversity associated with ocean warming and climate change.  

 

     The water mass characteristics and currents around the GMR will be studied using 
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HYCOM in an effort to better understand the physical environment influencing the 

Galápagos Archipelago under future climate change scenarios as described by the Noble 

Peace Prize winning United Nations Intergovernmental Panel on Climate Change (IPCC). 

For example, it is well known that during El Niño, the lack of a strong Equatorial 

Undercurrent (EUC) essentially shuts off the upwelling of the cooler, saltier, higher 

nutrient and iron enriched waters found over the western portion of the Archipelago. 

Therefore, any influence of climate change on the frequency, duration and magnitude of 

El Nino at the basin scale is likely to be cascaded to the regional and local scales in the 

GMR.  

 

      Specifically, we will conduct three long-term model runs: 1) a 40 year simulation of 

the past climate change and its impact on the GMR ocean circulation (Case 1); 2) two 

long-term simulations (the exact length of simulation depends on the climate change 

scenarios to be selected) of future ocean circulation and water mass characteristics in the 

GMR under a global warming scenarios (Cases 2 and 3). 

 

       Case 1: For current climate (1951-2000), we will conduct the global 

and Pacific run. We will do high resolution runs near Galapagos for all El 

Niño, and La Niña years, and conduct ensemble analysis to see the 

differences of the local response to El Niño and La Nina, and also compare 

them with climatology, Historical data and data collected will be used to validate and 

calibrate the ocean model.  
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      Case 2: We will run 2000-2050 climate change scenario runs, using the IPCC AR4 

forcing scenarios.  Then, we will analyze the average or weighted average of the Pacific 

and local circulation, and see if there is any noticeable difference at different spatial and 

temporal time scales.  

 

     Case 3 is a simulation of the regional and local ocean response in the GMR region to a 

global climate change scenario under the control scenario. We will simulate the response 

of the GMR ocean circulation to historical climate in the past 40 years using 

NCEP/NCAR reanalysis data as the climatic forcing. This simulation will provide a 

validation for the high resolution HYCOM model and a benchmark of assessing future 

climate change impacts. 

 

4.  Organization of the Dissertation 

    Data and ocean numerical model used in this research will be discussed in Chapter 2. 

The result of sensitivity tests on horizontal resolution and high-frequency atmospheric 

forcing will be included in Chapter 3. In Chapter 4, the simulated tropical ocean 

circulation around the GMR using QuikSCAT and NCEP forcing are demonstrated and 

compared with the observation cruise results. In Chapter 5, the ENSO simulation study 

and how ENSO events affected the ocean circulation around the Galapagos are presented. 

How the ocean circulation and water mass characteristics around the Galápagos 

Archipelago affected by climate change is studied in Chapter 6. In this chapter, the 
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different physical variables are specifically compared and analyzed around the GMR 

during the different El Nino and La Nina cases. How the different regions are influenced 

by different current will also be discussed. Finally, chapter 7 gives the concluding 

remarks and future work. 
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Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago.  
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Chapter 2 
 

Data and Numerical Ocean Model 

1  Data 

 

    The data used in this research include NCEP/NCAR Reanalysis data, IPCC AR4 

HadCM3 data, COADS climatology, Levitus ocean data, and ETOP02 bathymetry. They 

are briefly described as below. 

 

1.1 NCEP/NCAR Reanalysis Data 

 

   In order to get a sense of what past environments resemble, it is useful to analyze data 

from the National Center for Environmental Prediction (NCEP) and National Center for 

Atmospheric Research (NCAR) global reanalysis dataset. The NCEP/NCAR (Reanalysis 

project is using a state-of-the-art analysis/forecast system to perform data assimilation 

using past data from 1948 to the present. A large subset of this data is available from PSD 

in its original 4 times daily format and as daily averages. However, the data from 1948-

1957 is a different in the regular (non-Gaussian) gridded data. That data was done at 8 

times daily in the model, because the inputs available in that era were available at 3Z, 9Z, 

15Z, and 21Z, whereas the 4x daily data has been available at 0Z, 6Z, 12Z, and 18Z. 

These latter times were forecasted and the combined result for this early era is 8 x daily. 

The local ingestion process took only the 0Z, 6Z, 12Z, and 18Z forecasted values, and 



 21 

thus only those were used to make the daily time series and monthly means here. The 

products are of high temporal and spatial resolution, with a grid-spacing close to 1.875° 

longitude by 1.915° latitude in the horizontal and with 17 levels and 28 sigma levels in 

the vertical. In our research, we will use this data for atmospheric forcing; we will mainly 

use the daily surface wind stress, surface air temperature, surface atmospheric specific 

humidity, net shortwave radiation, net long-wave radiation and precipitation fields 

obtained from NCEP reanalysis [Kalnay et al, 1997, Kistler, et al, 2001]. 

 

1.2 IPCC AR4 Data 

 

    The SRES refers to the scenarios described in IPCC Special Report on Emissions 

Scenarios (SRES, 2000). The SRES scenarios are grouped into four scenario families 

(A1, A2, B1 and B2) that explore alternative development pathways, covering a wide 

range of demographic, economic and technological driving forces and resulting GHG 

emissions. The emissions projections are widely used in the assessments of future climate 

change, and their underlying assumptions with respect to socio-economic, demographic 

and technological change serve as inputs to many recent climate change vulnerability and 

impact assessments. The A1 storyline assumes a world of very rapid economic growth, a 

global population that peaks in mid-century and rapid introduction of new and more 

efficient technologies.  B1 describes a convergent world, with the same global population 

as A1, but with more rapid changes in economic structures toward a service and 

information economy. B2 describes a world with intermediate population and economic 
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growth, emphasizing local solutions to economic, social, and environmental 

sustainability. A2 describes a very heterogeneous world with high population growth, 

slow economic development and slow technological change. No likelihood has been 

attached to any of the SRES scenarios. Warming tends to reduce land and ocean uptake of 

atmospheric carbon dioxide, increasing the fraction of anthropogenic emissions that 

remains in the atmosphere. For the A2 scenario, for example, the climate-carbon cycle 

feedback increases the corresponding global average warming at 2100 by more than 1°C.   

In this study we will choose the A1B Emissions Scenario (A future world of very rapid 

economic growth, low population growth and rapid introduction of new and more 

efficient technology). 

 

1.3 ETOP 02 and Galapagos bathymetry 

 

This dataset is from National Geographical Data Center (NGDC). It contains digital 

data bases of seafloor and land elevations on a 2-minute latitude/longitude grid. The 

Galapagos bathymetry has a resolution of 0.01º from a data set put together by William 

Chadwick, Oregon State University 

(http://www.pmel.noaa.gov/vents/staff/chadwick/galapagos.html). 

 

 

 

 

http://www.pmel.noaa.gov/vents/staff/chadwick/galapagos.html
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1.4 Levitus ocean data 

 

   This dataset is produced by NOAA National Oceanic Data Center (NODC). The atlas 

contains annual and monthly long term means for temperature and salinity at multiple 

depths as well as mixed layer depths as monthly long term means, the last derived both 

from potential temperature and potential density. The Levitus Climatology provides 13 

raw fields of data (Temperature, Salinity, etc) from which specific seasons and years can 

be extracted. Data which contain any of several documented errors are flagged and be 

discarded, as we have done when using the raw data. An analyzed field for all years and 

individual seasons is also provided.  

 

2 Ocean Numerical Model 

 

   HYCOM is a three-dimensional 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 (Bleck 2002). This 

generalized vertical coordinate approach is dynamic in space and time via the layered 

continuity equation, and permits the existence of zero thickness layers. HYCOM ability 

to accurately transition between deep and shallow water yield more reliable ocean 

circulation. 
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    HYCOM, like MICOM, is a primitive-equation model containing 5 prognostic 

equations-- two for the horizontal velocity components, a mass continuity or layer 

thickness tendency equation, and two conservation equations for a pair of thermodynamic 

variables, such as salt and temperature or salt and density. The model equations, written 

in (x, y, s) coordinates, where s  is an unspecified vertical coordinate, are 
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Where ),( vuv 


 is the horizontal velocity vector, p is pressure, T represents any one of 

the model’s thermodynamic variable, 1 pot  is the potential specific volume and  

ss yuxv  //  is the relative vorticity, pgzM   is Montgomery potential, 

gz  is the geopotential, f is the Coriolis parameter, k


is the vertical unit vector,   is 

a variable eddy viscosity/diffusivity coefficient, and 


 is the wind and/or bottom-drag 

induced shear stress vector. TH  represents the sum of diabatic source terms, including 

diapycnal mixing, acting on T . Subscripts indicate which variable is held constant during 

partial differentiation.  
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Other details of the HYCOM equations and numerical algorithms, along with a 

description and validation of the hybrid coordinate generator, can be found in Bleck 

(2002). Also, the HYCOM simulations generate a stronger EUC that compares more 

favorably to observations than other models, such as the GFDL model (Chassignet et al. 

1996). As discussed above, since understanding the dynamics of the EUC is crucial to our 

study, HYCOM was the best choice to simulate the ocean circulation around the GMR. A 

variety of sensitivity studies were carried out using a nested modeling system centered on 

the Galapagos to identify the key physical processes that affect the water mass transport 

pathways and the local upwelling dynamics around the Galapagos Archipelago. 
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Chapter 3 

Sensitivity of Numerical Simulation of Ocean Circulation around the Galápagos 

Archipelago to Spatial Resolution and Atmospheric Forcing Frequency 

 

Abstract 

   The ocean circulation and water mass characteristics around the Galápagos 

Archipelago are studied using University of Miami’s Hybrid Coordinate Ocean Model 

(HYCOM).  A four-level nested-domain system with resolutions from 0.04° x 0.02° in 

the Galápagos region, 0.12° x 0.06° in the Eastern Tropical Pacific, 0.48º x 0.24º for the 

Pacific Ocean, to 1.44° x 0.72° covering the global ocean is used in the study. Ocean 

sensitivity to the frequency of the atmospheric forcing is examined. In a controlled 

experiment where the atmospheric forcing frequency was reduced from daily frequency 

to monthly, the results simulated by the ocean model are shown to be less accurate than 

those simulated using daily forcing. Simulations also are performed with four different 

scales (0.04˚, 0.12˚, 0.48˚, 1.44˚) centered on the Galápagos region under identical daily 

meteorological forcing fields and the results are compared. The improvements resulting 

from simulations under increasingly fine resolution are examined and the movement 

toward a more realistic spectrum of oceanographic variability is quantified. For example, 

the simulation with the resolution of 0.04° can depict the intra-seasonal signal from the 

tropical instability waves (TIW), as well as the annual and the inter-annual signals, 

whereas the low resolution global model failed to depict TIW signal. Finally, the El 
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Niño/Southern Oscillation (ENSO) variability in the Nino3.4 region was successfully 

simulated.  

 

Keywords: HYCOM, Galápagos, GMR, ENSO, Simulation 

 

1. Introduction 

 

       The Galápagos Archipelago (Figure1) lies in the equatorial eastern Pacific Ocean, 

about 1000 km west of 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 [Bustamante et al., 1999]. Thus in March 1998, Ecuador created the 

Galápagos Marine Reserve (GMR), which is an extensive area, over 140,000 km
2
, and 

consists of an extremely variable ecological system in space and time (Jennings 1994). 

The principle reason why the GMR features such great diversity lies in its positioning in 

a complex transition zone between tropical, subtropical and upwelling zones. The 

Galápagos archipelago ecosystem is mainly affected by three different surface and 

subsurface currents.  The major currents affecting the Galápagos are the westward South 

Equatorial Current (SEC) and the eastward Equatorial Undercurrent [EUC, Boersma, 

1977, 1978]. The SEC drives surface waters over the entire region around the Galápagos 

and is composed of the warmer Panama Current and cool Humboldt Current. The Panama 

Current influences the northern islands, while the cool Humboldt (Peru) Current 

influences the southern islands. To balance the westward SEC, the eastward EUC (also 
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known as the Cromwell current) develops as a subsurface compensation against the 

westward SEC, causing the upwelling in western archipelago. This upwelled water is 

relatively rich in iron, the often limiting micronutrient needed for growth by most 

organisms, and thus contributes to a higher production in many areas of the Galápagos 

and surrounding waters [Steger et al. 1998].  The EUC is the major oceanographic feature 

affecting production through the Galápagos Archipelago [Houvenaghel 1984].  

 

    The Galápagos are greatly affected by seasonal atmospheric and oceanographic 

variability [Houvenaghel 1984]. During the hot wet season (December to May), the 

Intertropical Convergence 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 Garúa season (May to November), the ITCZ migrates to the north of the equator, 

the southeast trade winds become dominate, the major source waters for the SEC are the 

cold Peruvian Ocean current and the Peruvian Coastal Current (the Humboldt Current), 

enhancing the contributions to the SEC with the colder (18° -20° C), saltier (>35) 

productive waters. The different source waters for the SEC from both northern and 

southern hemispheres as well as topographically induced upwelling which occurs when 

the eastward flowing EUC runs into the Galápagos platform are the cause of the 

tremendous diversity around the Archipelago. 
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     A few studies have quantified the phytoplankton primary production around the 

Archipelago especially the higher concentrations west of Isabella [Feldman 1984, 1986] 

from the upwelling EUC. Houvenaghel [1984] discussed the oceanographic setting of the 

Galápagos and concluded that the EUC was the major oceanographic phenomena 

affecting the Galápagos. Hayes [1985] pointed out that the sea level differences across 

the Archipelago increase as the EUC strengthens, measured by shallow moored pressure 

gauges. Steger et al. [1998] 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 [1986] and of the one observed by Steger et al. [1998] could only be maintained 

by upwelling of EUC waters that are cooler and high in nutrients. Steger et al. [1998] 

showed that the waters of the EUC bifurcate when they run into the Galápagos platform, 

with water continuing to flow to the east both to the north and south of the platform. East 

of the Archipelago, Steger et al. [1998] found evidence that these north and south 

eastward flows most likely converge and reform a definable EUC. Steger et al. [1998] 

also found that the core of the EUC was south of the equator during a hot season, as did 

Christensen [1992], but with a strong branch also found north of the Galápagos. This 

variation in EUC displacement is not well enough understood to determine whether it is 

due to seasonal variability or unstable flow conditions [Lukas 1986]. Wyrtki [1967] 

showed by way of water mass analysis that some of the EUC waters re-circulate both 

north and south of the Archipelago, and Houvenaghel [1984] highlighted the areas within 
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the Archipelago prone to upwelling due to the western exposure of landmasses to the 

eastward flowing EUC. Palacios [2004] found that the temporal variability of ocean color 

and SST around the Galápagos was dominated by the seasonal migration of the ITCZ and 

associated strengthening of the SEC and EUC. In summary, studies to this point indicate 

that the EUC is the major oceanographic feature affecting production in the Galápagos 

Marine Reserve.  

 

     Another distinctive feature associated with Galápagos coastal waters is that the 

greatest sea temperature anomalies occur during El Niño and La Niña events [Glynn and 

Ault, 2000]. Recently the frequency and severity of El Niño events appear to have 

increased and this is a concern for the conservation of endangered species. El Niño events 

now occur 2–7 times more frequently than they did 7000–15,000 years ago [Riedinger et 

al., 2002; Rodbell et al., 1999]. The 1982-83 and 1997-98 El Niño events, in particular, 

were the most extreme for many centuries, and had a devastating effect on marine life in 

the Galápagos region. During El Niño, the EUC weakens, the surface water warms, 

micronutrients are reduced, the phytoplankton primary production decreases [Chavez et 

al., 1999], and fish numbers diminish. Data from commercial fisheries indicated that the 

catch of mullets from the Galápagos during the 1997–1998 El Niño event were half that 

of the commercial catch in 1999, a ―normal‖ year [Nicolaides and Murillo, 2001]. Thus 

the relationship between El Niño events and EUC, as well as the relationship between 

extreme ENSO events and loss of marine biodiversity in Galápagos, will be investigated 

using a numerical model as a matter of local and global importance.  
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     This chapter focuses on the oceanographic variability at four different spatial scales  

associated with the biological productivity and biogeography of the various marine 

ecosystems across the Galápagos Marine Reserve (GMR) as simulated by an ocean 

general circulation model. The objective is to quantify the relative improvements to the 

simulation of the equatorial Pacific (especially near GMR) in an OGCM arising from 

increased horizontal resolution. The model chosen for the present study is the Hybrid 

Coordinate Ocean Model [HYCOM; Bleck, 2002; Chassignet et al., 2003; Halliwell, 

2004]. The rest of the paper is organized as follows: in section 2, we describe the 

HYCOM model configuration and the sensitivity experiments conducted. In section 3, 

the simulated tropical ocean circulation around the GMR using QuikSCAT and NCEP 

forcing are demonstrated and compared with the observation cruise results. Results are 

summarized in section 4. 

 

2. 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 
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the existence of zero thickness layers. HYCOM ability to accurately transition between 

deep and shallow water yield more reliable ocean circulation. 

 

   Other details of the HYCOM equations and numerical algorithms, along with a 

description and validation of the hybrid coordinate generator, can be found in Bleck 

(2002). Also, the HYCOM simulations generate a stronger EUC that compares more 

favorably to observations than other models, such as the GFDL model (Chassignet et al. 

1996). As discussed above, since understanding the dynamics of the EUC is crucial to our 

study, HYCOM was a good choice to simulate the ocean circulation around the GMR. A 

variety of sensitivity studies were carried out using a nested modeling system centered on 

the Galápagos to identify the key physical processes that affect the water mass transport 

pathways and the local upwelling dynamics around the Galápagos Archipelago. 

 

3. Simulation results  

3.1 Model configuration and numerical experiments  

 

   HYCOM simulations were carried out using a nesting scheme of 4 ever increasing 

resolution domains. The largest domain covers the entire global ocean with a grid size of 

1.44° x 0.72° in zonal and meridional direction, 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 higher resolution 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 4.45 
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km x 2.21 km) 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 [Levitus et al., 1994] and run for 12 years. It was driven by daily surface 

wind stress, surface air temperature, surface atmospheric specific humidity, net shortwave 

radiation, net long-wave radiation and precipitation fields obtained from NCEP reanalysis 

[Kistler, et al, 2001]. The latent and sensible heat fluxes were calculated during model 

runs using the model sea surface temperature and the bulk formulation [Cayan 1992]. 

Boundary conditions were provided by buffer zones that were ten grid points wide within 

which temperature, salinity, and interface depth were relaxed to Levitus climatological 

values that had been vertically remapped to hybrid vertical coordinates. The KPP vertical 

mixing model of Large et al. [1994] was also used. For the experiments with the zonal 

resolution of 1.44º, 0.48º and 0.12º, the bathymetry was from ETOPO2, which contained 

digital data bases of seafloor and land elevations on a 2-minute latitude/longitude grid 

and was interpolated on the model grids of different resolutions. In the simulation with 

the resolution of 0.04º (near the Galápagos Islands), the bathymetry had a resolution of 

0.01º from a data set put together by William Chadwick, Oregon State University 

(http://www.pmel.noaa.gov/vents/staff/chadwick/Galápagos.html). This sub-region was 

driven by wind fields interpolated from 25-km resolution QuikSCAT wind stress to drive 

both normal (EUC present) and El Niño conditions (EUC not present) simulations to 
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study the transport pathways of EUC waters. The model was spun up for twelve years 

from 1995 to 2006, and fields from the last two years of the simulation (year 2005 and 

2006) are analyzed here.  

 

3.2 Sensitivity tests 

 

    To test the ocean variability around the GMR, we conducted two types of sensitivity 

experiments. One was to test how marine meso-scale variability depended on different 

wind forcing; the other was to test how marine variability depended on different model 

horizontal resolutions. We also used the model to simulate observed ENSO variability to 

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

islands. 

 

3.2.1 Wind Forcing Experiments.  

 

    In the wind forcing experiments (Expt.1), we ran HYCOM model with four different 

winds forcings: monthly mean forcing, weekly mean forcing, 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 2 shows the standard deviation of sea surface temperature (SST) with the 

four different wind forcing. From this figure, the simulation with the monthly wind 
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forcing had 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 were 

similar but much smaller than that 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.  

 

3.2.2 Model Resolution Experiments 

 

     In the horizontal resolution experiments (Expt.2), we ran the model 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°), 1.44˚ (1.44° x 0.72°).. 

Figure 3 displays the SST standard deviation in these different resolutions. From Figure 3, 

we see that the simulations around the GMR show that a 0.04˚ resolution is more suitable 

to study the variability in and around the Galápagos. Figure 4 shows the simulated mean 

SST with different horizontal resolutions (0.04˚, 0.12˚, 0.48˚, 1.44˚) and Figure 5 shows 

the vertical sections of mean temperature along the equator in the upper 200 m around the 

GMR with different horizontal resolutions. There appears to be very little difference 

when increasing the horizontal resolution around the Galápagos Islands. However there is 

only a cold bias around the Galápagos Islands under fine resolution. 
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     In the equatorial Pacific Ocean, zonal transport is dominated by the eastward EUC and 

the westward SEC. The changes to the EUC are also found with different resolutions 

(Figures.6–7). Figure 6 presented the vertical sections of zonal current along the equator 

for the upper 200 m around the GMR with different horizontal resolutions. The core of 

the EUC is located at 50~100m. With increasing model resolution, the EUC speed is 

decreased and elevated to the surface with the inclusion of the Galápagos Islands under 

the fine 0.04˚ resolution. The meridional sections of zonal velocity at 91.44˚W and 90˚W 

for the upper 200 m around the GMR under different horizontal resolutions are shown in 

Figure 7. The core of EUC is located at ~100m. But for the fine case, upon meeting 

Isabela, a weak (10–20 cm/s) branch is directed south, and another is directed north of the 

barrier.   

 

      Figure 8 shows the region-averaged (within the whole GMR domain) SST simulated 

using four different horizontal resolutions (0.04˚, 0.12˚, 0.48˚, 1.44˚) and the region-

averaged observed SST. The observational datasets used for comparison with model 

output came from the 2°2° Reynolds and Smith (1994) optimal interpolation (OI) SST 

(often referred to ―Reynolds‖), with a period of 1990–2006. These figures show the 

simulated SST with a resolution of 0.04˚ is closest to the observed SST. The correlation 

coefficient between the two reaches 0.72 (p<0.05), while the correlation coefficients of 

between the simulated and observed SST using the different resolution of 0.12˚, 0.48˚, 

1.44˚ are 0.67, 0.61 and 0.32, respectively. Figure 9 depicts the region-averaged (see 

Figure 9E: four different regions in eastern Pacific –  Region 1: 97.2˚ W-92.88˚ W, 2.16˚ 
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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˚, 1.44˚) and the corresponding region-

averaged observed SST. Table 1 shows the correlation coefficients of between the 

observed and simulated SST using the different resolution of 0.12˚, 0.48˚, 1.44˚ in the 

four different regions. The result shows that the simulation using higher resolution has 

the higher correlation. The highest correlation coefficient even reaches to 0.86.  

 

     Figure 10 shows the other simulated variables (SST, SSS and U/V velocity) using four 

different horizontal resolutions and Table 2 shows the correlation coefficients of between 

the simulated SST, Salinity and U/V velocity using the different resolution of 0.12˚, 0.48˚, 

1.44˚. The result shows that the simulation using higher resolution has the higher 

correlation. The simulated SST and Salinity with the finest resolution of 0.04˚ has the 

same pattern as the results under the coarse resolution. But for the simulation of U/V 

velocity, there is a big difference when increasing the horizontal resolution (coarse vs. 

fine resolution) around the Galápagos Islands. Figure 11-14 show the power spectrum of 

SST, SSS and U/V velocity at 92˚W from 0.5S to equator under four different resolutions. 

Results also show there is no big difference for the simulation of SST and SSS for coarse 

and fine resolution. All simulations show the annual signals. But under fine resolution the 

simulations of U/V velocity show the interseasonal signal with the period of 20 days, as 

well as the annual and the inter-annual signals (Fig 13, 14). All above results show that 

the simulated variable using higher resolution (i.e. 0.04˚) resolution is more suitable to 
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study the variability in and around the Galápagos, especially for the simulation of U/V 

velocity.  

 

3.2.3 ENSO Simulations 

 

   As a final test of the configurations to be used in this study we simulated El 

Niño/Southern Oscillation (ENSO) variability by 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 [Trenberth, 1997]. Figure 15 shows the observed (blue) 

and HYCOM simulated SST anomalies (red) in Nino3.4 region. The correlation 

coefficient between the simulate SSTA and observed SSTA is 0.883. This result shows 

that HYCOM generally simulates the major El Niño events especially the strong 1997-

1998 events.  Therefore, the HYCOM should give realistic simulations of ENSO events 

around the islands.   

 

4. 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). 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 forcing conditions and resolutions are examined. 
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The 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. In addition, the simulation around 

the GMR is greatly improved with the increase of horizontal resolutions. It was found the 

simulations under fine resolutions are more accurate and have multi-scale time periods. 

The simulation with the resolution of 0.04° can depict the intra-seasonal signal from the 

tropical instability waves (TIW), as well as the annual and the inter-annual signals, 

whereas the low resolution global model failed to depict TIW signal.  Results also show 

that HYCOM generally simulates the major El Niño events especially the strong 1997-

1998 events.   
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Figure Caption: 

Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago.  

 

Figure 2:  The standard deviation of simulated SST with different winds forcing, from (a) 

the 6-hourly wind, (b) daily mean wind, (c) weekly mean wind, to (d) the monthly wind 

forcing. 

 

Figure 3:  The standard deviation of simulated SST with different horizontal resolutions 

(0.04˚, 0.12˚, 0.48˚, 1.44˚) 

 

Figure 4:  The simulated mean SST with different horizontal resolutions (0.04˚, 0.12˚, 

0.48˚, 1.44˚) 

 

Figure 5: Vertical sections of mean temperature (°C) along the equator in the upper 200 

m around the GMR with different horizontal resolutions (a) 0.04˚, b) 0.12˚, c) 0.48˚, d) 

1.44˚) 

 

Figure 6: Vertical sections of zonal current ( sm / ) along the equator for the upper 200 m 

around the GMR with different horizontal resolutions (a) 0.04˚, b)0.12˚, c) 0.48˚, d)1.44˚) 

 

Figure 7: Meridional sections of zonal velocity( sm / ) at 91.44W and 90W for the upper 

200 m around the GMR under different horizontal resolutions (a) 0.04˚, b)0.12˚, c) 0.48˚, 

d)1.44˚) 

 

Figure 8:  The region-averaged around GMR (92.16° W-88.96° W, 1.68° S-1.68° N) 

simulated SST under four different horizontal resolutions (0.04˚, 0.12˚, 0.48˚, 1.44˚) and 

the region-averaged observed SST 

 

Figure 9:  The region-averaged (four different regions in eastern Pacific, see figure 5E, 

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˚, 1.44˚) and the 

region-averaged observed SST. 

 

Figure 10: shows the other simulated variables (SST, SSS and U/V velotiy) using four 

different horizontal resolutions. 

 

Figure 11: The spectrum of surface temperature at 92˚W from 0.5S to equator under four 

different resolutions 

 

Figure 12: The spectrum of surface salinity at 92˚W from 0.5S to equator under four 

different resolutions 
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Figure 13: The spectrum of surface zonal velocity at 92˚W from 0.5S to equator under 

four different resolutions 

Figure 14: The spectrum of surface meridional velocity at 92˚W from 0.5S to equator 

under four different resolutions 
 

Figure 15: The observed (solid) and HYCOM simulated SST anomalies (dashed) in 

Nino3.4 region. The grey shaded areas indicate the four cruise periods. 
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Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago.  
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Figure 2:  The standard deviation of simulated SST with different winds forcing, from (a) 

the 6-hourly wind, (b) daily mean wind, (c) weekly mean wind, to (d) the monthly wind 

forcing. 
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Figure 3:  The standard deviation of simulated SST with different horizontal resolutions 

(0.04˚, 0.12˚, 0.48˚, 1.44˚). 
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Figure 4:  The simulated mean SST with different horizontal resolutions (0.04˚, 0.12˚, 

0.48˚, 1.44˚). 
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Figure 5: Vertical sections of mean temperature (°C) along the equator in the upper 200 

m around the GMR with different horizontal resolutions (a) 0.04˚, b) 0.12˚, c) 0.48˚, d) 

1.44˚). 
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Figure 6: Vertical sections of zonal current ( sm / ) along the equator for the upper 200 m 

around the GMR with different horizontal resolutions (a) 0.04˚, b)0.12˚, c) 0.48˚, d)1.44˚) 
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Figure 7: Meridional sections of zonal velocity ( sm / ) at 91.44W and 90W for the upper 

200 m around the GMR under different horizontal resolutions (a) 0.04˚, b)0.12˚, c) 0.48˚, 

d)1.44˚) 
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Figure 8:  The region-averaged around GMR (92.16° W-88.96° W, 1.68° S-1.68° N) 

simulated SST under four different horizontal resolutions (0.04˚, 0.12˚, 0.48˚, 1.44˚) and 

the region-averaged observed SST. 
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Figure 9:  The region-averaged (four different regions in eastern Pacific, see figure 5E, 

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˚, 1.44˚) and the 

region-averaged observed SST. 
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Figure 10: shows the other simulated variables (SST, SSS and U/V velocity) using four 

different horizontal resolutions. 
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Figure 11: The spectrum of surface temperature at 92˚W from 0.5S to equator under four 

different resolutions of A) 0.04˚, B) 0.12˚, C) 0.48˚, D) 1.44˚. 
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Figure 12: The spectrum of surface salinity at 92˚W from 0.5S to equator under four 

different resolutions of A) 0.04˚, B) 0.12˚, C) 0.48˚, D) 1.44˚. 
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Figure 13: The spectrum of surface zonal velocity at 92˚W from 0.5S to equator under 

four different resolutions of A) 0.04˚, B) 0.12˚, C) 0.48˚, D) 1.44˚. 
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Figure 14: The spectrum of surface meridional velocity at 92˚W from 0.5S to equator 

under four different resolutions A) 0.04˚, B) 0.12˚, C) 0.48˚, D) 1.44˚. 
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Figure 15: The observed (solid) and HYCOM simulated SST anomalies (dashed) in 

Nino3.4 region. The grey shaded areas indicate the four cruise periods. 
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Table 1: The correlation coefficients between the observed and simulated SST under the 

different resolution of 0.12˚, 0.48˚, 1.44˚ in four different regions. 

 

SST corrcoef Region 1 Region 2 Region 3 Region 4 

Reso = 0.12˚ & obs 0.70 0.62 0.50 0.86 

Reso = 0.48˚ & obs 0.67 0.57 0.49 0.82 

Reso = 1.44˚ & obs 0.56 0.39 0.26 0.69 

 

 

 

Table 2: The correlation coefficients of between the simulated SST, Salinity and U/V 

velocity using the different resolution of 0.12˚, 0.48˚, 1.44˚. 

 

Correlation coefficient SST Salinity U_velocity V velocity 

Reso = 0.12˚ & 0.04˚ 0.988 0.950 0.803 0.738 

Reso = 0.48˚ & 0.04˚ 0.911 0.805 0.298 0.427 

Reso = 1.44˚ & 0.04˚ 0.56 0.746 0.294 0.062 
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Chapter 4 

Ocean Circulation and Water Mass Characteristics around the Galápagos 

Archipelago Simulated by a Multi-Scale Nested Ocean Circulation Model 

 

Abstract 

   The ocean circulation and water mass characteristics around the Galápagos 

Archipelago are studied using University of Miami’s Hybrid Coordinate Ocean Model 

(HYCOM).  A four-level nested-domain system with resolutions from of 0.04° x 0.02° in 

the Galápagos region, to 0.12° x 0.06° in the Eastern Tropical Pacific, to 0.48° x 0.24° for 

the Pacific Ocean, to 1.44° x 0.72° covering the global ocean is used in the study. Daily 

meteorological forcing fields were used to drive the ocean model.  

Waters surrounding the Archipelago show a large range of temperature and salinity 

values in association with 4 different current systems and topographically and wind-

forced upwelling. West of Isabella and Fernandina Islands are the largest and most 

consistent upwelling zones, resulting from the collision of the Equatorial Undercurrent 

(EUC) with the islands, bring relatively colder and salty waters to the surface in a region 

of topographically induced upwelling. This upwelling zone marks the location of highest 

biological production at the surface with the EUC shoaling to approximately 20m from 

its normal depth of 50m just to the west of the islands.  This results not only in a strong 

upwelling zone just to the west of the islands, but also in a shallow mixed layers over the 

entire western portion of the Archipelago. The model results, which agree quite well with 
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observations of the EUC by the TAO array, show a seasonal cycle in the speed and 

transport of the EUC, reaching a maximum during the late spring/early summer and 

minimum in the late fall. This seasonal cycle is disrupted during El Niño when the 

collapse of the westerlies results in a greatly weakened to a total lack of the undercurrent. 

The far northern region of the Archipelago is characterized with 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 a mixing of cool 

Peru Current waters and upwelled Cold Tongue waters entering from the east to the 

southeast mixing with the upwelled EUC waters.   

 

Keywords: HYCOM, Galápagos, GMR, ENSO, Simulation 

 

1. Introduction 

 

       The Galápagos Archipelago (Figure1) lies in the equatorial eastern Pacific Ocean, 

about 1000 km west of 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 (Bustamante et al., 1999). Thus in March 1998, Ecuador created the 

Galápagos Marine Reserve (GMR), which is an extensive area, over 140,000 km
2
 and 

consists of an extremely variable ecological system in space and time (Jennings 1994). 

The principle reason why the GMR features such great diversity lies in its positioning in 

a complex transition zone between tropical, subtropical and upwelling zones. Because of 
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this strong temporal and spatial variability, it would be extremely difficult to monitor the 

sources of the ecological variability using an observing system alone.  During 2006 – 

2007 a series of 5 archipelago-wide ship-borne surveys, supported by moorings in 5 of 

the major upwelling regions were carried out by a joint program of the University of 

North Carolina Wilmington, North Carolina State University, Mote Marine Laboratory, 

Charles Darwin Research Station and the Galápagos Nation Park Service which was 

supported by NASA’s Biodiversity and Ecological Monitoring and Biological 

Oceanography Programs.  This effort also supported the modeling effort described in this 

document, with the observed ocean spatial and time series data used to validate the 

modeling effort which is the subject of this paper. As might be expected, the biological 

response to physical forcing within the Galápagos Marine Reserve is the ultimate goal of 

this activity. The biological response is also being simulated by a nutrient – 

phytoplankton – zooplankton – detritus model (NPZD, Oschlies 2001) coupled to the 

inner nest of the hydrodynamic model. These efforts have only recently been begun as we 

now feel that we have a physical model with sufficient resolution to meet the needs of the 

biological simulations. Wiggert et al. (2005) conclude that the greatest challenge in 

ecological modeling appears to involve reproducing observed levels of physical 

variability (e.g., upwelling and rapid mixing events, filaments and mesoscale eddies). 

They further concluded that high frequency physical processes are directly responsible 

for major biogeochemical events that are, in turn, responsible for a large fraction of 

annual production and export flux. Until physical variability is resolved and their 

biogeochemical effects accounted for, understanding of biogeochemical variability will 
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not be impacted by increasing ecosystem model complexity. 

 

The Galápagos archipelago ecosystem is mainly affected by three different surface and 

subsurface currents.  The major currents affecting the Galápagos are the westward South 

Equatorial Current (SEC) and the eastward Equatorial Undercurrent (EUC, Boersma, 

1977, 1978). The SEC drives surface waters over the entire region around the Galápagos 

and is composed of the warmer Panama Current and cool Humboldt Current. The Panama 

Current influences the northern islands, while the cool Humboldt (Peru) Current 

influences the southern islands. To balance the westward SEC, the eastward EUC (also 

known as the Cromwell current) develops as a subsurface compensation against the 

westward SEC, causing the upwelling in western archipelago. This upwelled water is 

relatively rich in iron, the micronutrient needed for growth by most organisms, and the 

production is high in many areas of the Galápagos and surrounding waters (Steger et al. 

1998).  The EUC is the major oceanographic feature affecting production through the 

Galápagos Archipelago (Houvenaghel 1984).  

 

     The Galápagos are greatly affected by seasonal atmospheric and oceanographic 

variability (Houvenaghel 1984). During the hot wet season (December to May), the 

Intertropical Convergence 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 Garúa season (May to November), the ITCZ migrates to the north of the equator, 
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the southeast trade winds become dominate, the major source waters for the SEC are the 

cold Peruvian Ocean current and the Peruvian Coastal Current (the Humboldt Current), 

enhancing the contributions to the SEC with the colder (18° -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 Galápagos 

platform are the cause of the  tremendous diversity around the Archipelago. 

 

     A few studies have quantified the phytoplankton primary production around the 

Archipelago, especially the higher concentrations west of Isabella (Feldman 1984, 1986) 

associated with the upwelling EUC. Houvenaghel (1984) discussed the oceanographic 

setting of the Galápagos and concluded that the EUC was the major oceanographic 

phenomena affecting the Galápagos. Hayes (1985) pointed out that the sea level 

differences across the Archipelago increase as the EUC strengthens, measured by shallow 

moored pressure gauges. Steger et al. (1998) 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 (1986) could only be maintained by upwelling of EUC waters 

that are cooler and higher in nutrients than the waters surrounding the plume.  Palacios 

(2004) also found that the temporal variability of ocean color and SST around the 
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Galápagos was dominated by the seasonal migration of the ITCZ and associated 

strengthening of the SEC and EUC.  

 

Another distinctive feature associated with Galápagos coastal waters is that the greatest 

sea temperature anomalies occur during El Niño and La Niña events (Glynn and Ault, 

2000). Recently, the frequency and severity of El Niño events appear to have increased 

and this is a concern for the conservation of endangered species. El Niño events now 

occur 2–7 times more frequently than they did 7000–15,000 years ago (Riedinger et al., 

2002; Rodbell et al., 1999). The 1982- 83 and 1997- 98 El Niño events, in particular, 

appear to have been the most extreme for many centuries, and have had a devastating 

effect on marine life in the Galápagos region. During the El Niño event period, the 

Equatorial Undercurrent weakens, the surface water warms, micronutrients are reduced, 

the primary production decreases (Chavez et al., 1999), and fish numbers diminish. Data 

from commercial fisheries indicated that the catch of mullets from the Galápagos during 

the 1997–1998 El Niño event were half that of the commercial catch in 1999 when there 

was no El Niño event (Nicolaides and Murillo, 2001). So the relationship between 

extreme ENSO events and loss of marine biodiversity in Galápagos 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. 
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This paper focuses on the oceanographic variability at four different spatial scales  

associated with the biological productivity and biogeography of the various marine 

ecosystems across the Galápagos Marine Reserve (GMR) as simulated by an ocean 

general circulation model, specifically, the Hybrid Coordinate Ocean Model (HYCOM; 

Bleck, 2002; Chassignet et al., 2003; Halliwell, 2004). 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 are demonstrated and compared with the 

observation cruise results. Results are discussed in section 4 and 5 and summarized in 

section 6.  

 

2. HYCOM model and Data 

2.1 Model description 

 

    HYCOM is a primitive equation ocean general circulation model (OGCM) 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. HYCOM’s ability to seamlessly 

transition between deep and shallow water yield more reliable ocean circulation makes it 
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ideal to apply to the GMR. The islands lie in the Pacific Ocean about 1,000 km from the 

South American coast and 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. 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. (1996), HYCOM was able to generate a 

more realistic EUC than several other popular OGCMs (Chassignet et al. 1996). 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.  

     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 

(2002).  

 

2.2 Model configuration and numerical experiments  

 

A suite of HYCOM simulations were carried out using a nesting scheme of 4 ever 

increasing resolution domains. The largest domain covers the entire global ocean with a 

grid size of 1.44° x 0.72° in the zonal and meridional direction, 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 4.45 km x 2.21 km) that 

is centered on the GMR (92.16° W-88.96° W, 1.68° S-1.68° N). All domains have a 
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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 (Levitus et al., 1994) and run for 12 years. It was driven by daily surface 

wind stress, surface air temperature, surface atmospheric specific humidity, net shortwave 

radiation, net long-wave radiation and precipitation fields obtained from NCEP reanalysis 

(Kistler, et al, 2001). The latent and sensible heat fluxes were calculated during model 

runs using the model sea surface temperature and the bulk formulation (Cayan 1992). 

Boundary conditions were provided by buffer zones that are ten grid points wide within 

which temperature, 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. (1994) was used. For the experiments with the 

resolution of 1.44º, 0.48º and 0.12º, 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 0.04º (near the Galápagos Islands) domain is derived from the 0.01º 

bathymetry of William Chadwick at Oregon State University 

(http://www.pmel.noaa.gov/vents/staff/chadwick/Galapagos.html). The wind field used to 

drive the ocean circulation in this sub-region was derived from the 25-km resolution 

QuikSCAT wind field instead of the NCEP/NCAR reanalysis. The model was run for 
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twelve years from 1995 to 2007, and fields from the last three years of the simulation 

(year 2005, 2006 and 2007) are analyzed here.  

 

2.3 Sensitivity experiments 

 

     The simulations with these four different simulations have been performed under 

identical daily meteorological forcing fields and the results compared between model 

grids with coarse and fine resolutions. It was found that the simulations under fine 

resolutions are more accurate and have a more realistic spectrum of oceanographic 

variability. For example, the simulation with the resolution of 0.04° can depict the intra-

seasonal signal from the tropical instability waves (TIW), as well as the annual and the 

inter-annual signals, whereas the low-resolution global model failed to depict TIW signal. 

The ocean is also sensitive to the frequency of the atmospheric forcing. In a controlled 

experiment where the atmospheric forcing frequency was reduced from daily frequency 

to monthly, the results simulated by the ocean model are shown to be less accurate than 

those simulated using daily forcing (Liu et al, in review).  

El Niño /Southern Oscillation (ENSO) variability was also simulated from 1995-

2006 driven by NCEP atmospheric forcing using the above configuration. The SST 

anomalies in the Nino3.4 region (5° S-5° N, 170° W-120° W) are often used to index 

ENSO variability (Trenberth, 1997). Figure 2 shows the observed (blue) and HYCOM 

simulated SST anomalies (red) in Nino3.4 region. The correlation coefficient between the 

simulate SSTA and observed SSTA is 0.883. This result shows that HYCOM can 
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reasonably simulate the major El Niño events including the strong 1997-1998 events.  

Therefore, we feel confident 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 will 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 accurately portray the 

observed fields, but they should portray the major features of the water masses and 

currents. 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 (Ghil and Malanotte- Rizzoli, 1991).  There currently is an ongoing effort 

to add data assimilation to HYCOM (HYCOM Consortium for Data Assimilation 

Modeling, http://hycom.rsmas.miami.edu/data_assimilation.html). 

 

    The observation data used in the study were collected during four surveys (see station 

positions in Figure 1) conducted 17-28 March, 2005 (Mar 05), November 22-December 3 

(Nov 05), 2005, June 26-July 4, 2006 (Jun 06) and 14 -23 November 2006 (Nov 06) 

onboard the Galápagos National Park Service’s M/N Sierra Negra. Each cruise was 8 to 

http://hycom.rsmas.miami.edu/data_assimilation.html
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12 days long and occupied ~70 hydrographic stations around the GMR. Surface data 

included underway measurements of temperature, salinity, dissolved oxygen and 

fluorescence data using a Seabird Electronics SBE 19+ system (CTD) that were 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 3a and 4a display 

the simulated and observed SST. Figure 5a, 6a display the simulated and observed sea 

surface salinity (SSS). Figure 7a displays the simulated mixed layer depth (MLD) to 

compare with the observed chlorophyll (Figure 8a) during March 2005. From Figure 3a 

and 5a, the warmest and less salty waters are located within the north and south regions 

of the GMR and the coolest and saltiest waters are found west of Isabella and Fernandina, 

indicative of topographically induced upwelling of the EUC (Feldman 1986). These 

results are consistent with the observation cruise T-S characteristics (see Figures 4a, 6a). 

Also the MLD (Figure 7a) was the shallowest (~10m) in the west of Isabella and 

Fernandina during the March 2005 cruise. The coldest and saltiest water had the highest 

chlorophyll concentration (see Figure 8a). The highest surface chlorophyll a 

concentrations observed of 3.25 mg m
-3

 was found to the west of Isabella Island and 

north of Fernandina Island. The minimum chlorophyll a concentration observed was 0.05 

mg m
-3

 located directly southeast of Isabella Island.  



 76 

 

The simulated surface layer flow (Figure 9a) showed the westward flow of the SEC 

collided with the eastward flow of the EUC both north and south of Isabella Island. 

Nearing the Archipelago, the SEC splinters into northward and southward lobes that 

continue to the west a few degrees off the equator (Wyrtki and Kilonsky 1984). The 

mixed layer flow (Figure 10a) is mainly dominated by the eastward flow of EUC around 

the Galápagos. The EUC is quite strong (150 cm/s), has its core below the thermocline 

and drives an eastward flow near surface (~20m).  The mixed layer depth shoals to 15m  

in 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 Garúa to 

the wet season with a lessening of the southeast trades. The simulated mean SST was 

cooler than climatology by approximately -0.5C during the transition, as seen from the 

ENSO anomaly (Figure 2, grey area).  Figures 3b and 4b display the simulated and 

observed SST. Figures 5b, 6b display the simulated and observed sea surface salinity 

(SSS). Figure 9b displays the simulated mixed layer depth (MLD) to compare with the 

observed chlorophyll (Figure 8a) during November/December 2005. During this period, 

the modeled coldest (20º C, see Figure 3b) and saltiest (34.7, see Figure 5b) waters were 

found to 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 
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strengthened.  These features were consistent with the in situ T-S characteristics observed 

during this cruise period (see Figures 4b, 6b). Figure 7b shows the MLD was slightly 

shallower in the west nearing the cooler, upwelling region. The warmest (25.0° C) and 

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 west of Isabella Island, and the minimum chlorophyll 

a concentrations were observed along the equator in the GMR (Figure 8b). Also, the 

shallowest MLD was simulated over the cooler waters at depth (Figures 7b, 3b), another 

indication of strong upwelling. The modeled surface layer flow (Fig 9b) was completely 

dominated by the westward flow of the SEC throughout the GMR during this period. The 

EUC (Figure 10b) had weakened considerably. 

 

c) June 2006  

   The June/July 2006 cruise occurred during a transition period, leaving the wet season 

and entering the Garúa season, with the strengthening of southeast trade winds and SST 

significantly (+1.2°C) above climatology (Figure 2). Figures 5c and 6c display the 

simulated and observed SST. Figures 5c, 6c display the simulated and observed sea 

surface salinity (SSS). Figure 7c displays the simulated mixed layer depth (MLD) to 

compare with the observed chlorophyll (Figure 8c) during June 2006. The model mean 
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temperature was 24.35+/-1.69
 o 

C throughout the GMR (Figure 3c) with the warmest 

waters, 26.04° C, found north of the Archipelago and the coldest waters, 24.2
o
C , found 

to the west of Isabella and Fernandina Islands (Figure 3c). The simulated SST was 

warmest (26.04°C) and SSS was freshest in northeast of the Archipelago, forming an 

increasing gradient to the west with the highest salinity, 35, in areas of coldest waters 

west of Isabella and Fernandina Islands (Figure 5c).  The model generally simulated the 

main T-S characteristics observed around the Galápagos Archipelago (see Figures 4c, 6c). 

The modeled MLD (Figure 7c) shoaled to ~20m in west of Isabella Island and was 

deepest about 65m to the north of the Archipelago. The simulated SSS has higher values 

which in general corresponded to lower temperatures (Figures 3c, 5c). Freshest waters 

(33.76) were found towards the northeast and steadily increased to the southwest, 

reaching a maximum (34.9) to the west of Isabella Island where the observed chlorophyll 

a concentrations (Figure 12c) also reached the maximum compared with the other cruises. 

 

The model results also indicated surface expression of the EUC (Figure 9c) was quite 

similar to those of Mar05, with a strong velocity core (100cm/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 10c) reached to ~20m depth 

beneath the westward SEC.  

 

d) November 2006 

     The November 2006 cruise occurred at the end of the Garúa season and at the 
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beginning of a mild El Niño (Figure 2). During this period, the model mean surface 

temperature was 25.87 +/-1.67
o 
C throughout the GMR (Figure 3d). The warmest waters 

(27°C) were north of the Archipelago and the coldest waters (24.2
o
C) west of Isabella and 

Fernandina Islands. The mean SST was 33.5 with freshest waters found   northeast of the 

Archipelago, forming an increasing westward salinity gradient with the highest salinity 

(34.6) west of Isabella Island (Figures 3d, 5d).  Because this period was during the onset 

of an El Niño event, the MLD (Figure 7d) was the deepest and warmest during this 

period to the west of Isabella Island. These results were consistent with the cruise 

observation results (see Figures 4d, 6d). In addition, the observed chlorophyll a 

concentrations (Figure 8d) around the GMR were greatly reduced during this period of 

reduced upwelling. The maximum observed chlorophyll a (1.17 mg m
-3

) was south of 

Santa Cruz Island and north of Floreana and Española Islands, and minimum chlorophyll 

a (0.17 mg m
-3

) observed directly northwest of Isabella Island. The surface currents 

(Figure 9d) during this period were dominated by the westward flowing SEC. The EUC 

(Figure 10d) was greatly weakened, leading to the 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 later stages of the weak 2004-05 El Niño. During this period, 

warmer waters from the Panama Current were advected southward and the southeast 
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trade winds weakened (characteristic of an El Niño period). The region west of Isabella 

and Fernandina was characterized by the coolest and saltiest waters observed, indicative 

of the productive zone upwelling of the EUC and of the re-establishment of the EUC with 

the end of El Niño conditions. The simulated surface flow (Figure 9a) showed the 

eastward flow of the EUC collided with the westward flow of the SEC both north and 

south of Isabella Island. Nearing the Archipelago, the SEC splintered into northward and 

southward lobes that continued to the west a few degrees off of the equator.  

The November/December 2005 cruise occurred during a transition from the Garúa to 

the wet season with the lowest SST compared with other three cruise periods. The 

modeled coldest and saltiest water were found to 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 9b) 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 Garúa characterized by a strengthening of the southeast trade winds.  The 

EUC characteristics (Figure 9c) are similar to those of Mar05 (see Figure 9a) 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 saltiest waters were found to the 

west of Isabella and Fernandina Islands (Figure 3c) were associated with the highest 

chlorophyll concentration and most productive upwelling zone during this time of the 
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year (Fig 8c).  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 period.  

 

The November 2006 cruise occurred at the end of the Garúa and at the beginning of a 

mild El Niño.  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 warmest during the November 2006 cruise 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 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 

(Houvenaghel 1978, 1984). A gradient formed from east to west with increasing salinity 

and decreasing temperature.   

 

5. How the ENSO events affected the GMR 

 

Since the model is able to accurately simulate the internnual variability in the tropical 

ocean. We will use two case studies to study how El Niño/La Niña events affect the 

ocean circulation and water mass around the Galápagos Archipelago. This study include 

simulating the 2006 El Niño and 2007 La Niña events and investigate key physical 
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processes that affect the water mass transport pathways and the local upwelling dynamics 

for comparison to observed conditions (Schaeffer et al., 2008, Sweet et al, 2007). 

Sensitivity studies using the nested modeling system have been carried out to identify key 

physical processes that affect the water mass transport pathways and the local upwelling 

dynamics. Other possible cases include simulations (hinecasts) of   strong El Niño (eg., 

1982/3 and 1997/8) and La Niña conditions, as well as periods of ―normal‖ conditions.  

By quantifying and studying the mechanisms through which the extreme temperature 

anomalies affect biological productivity and the survival of species in Galápagos, we 

should be able to identify recovery processes that minimize ecosystem disruption through 

biological resilience. 

 

    Here we chose the 2006-2007 El Niño events and 2007-2008 La Niño events. We 

selected Jan 2007 as El Niño event period and selected Dec 2007/Jan 2008 as La Niño 

period (see the SST anomalies from Figure 10). Figure 11 is the observed and simulated 

SST in Jan 2007 (A: observed SST, C: simulated SST) and Dec 2007 (B: observed SST, 

D: simulated SST). Figure 11E) and F) are the simulated SSS in Jan 2007 and Dec 2007. 

We could see that the HYCOM can generally simulated the temperature and salinity 

during the 2007 El Niño and Dec 2007/Jan 2008 La Niño Events. Figure 12 and 13 show 

the vertical sections of zonal current along four sections including 92
o
W, 91.8

o
W, 90

o
W 

and 89
o
W for the upper 200 m around the GMR in Jan 2007 and Dec 2007. During the El 

Niño event (Jan 2007), there are warm and less salty waters during the whole GMR 

region, while the less warm and saltier water are found west of Isabella and Fernandina, 



 83 

indicative of topographically reduced upwelling of the EUC. The EUC is weakened and 

its core is at ~100m. While during the La Niño event (Dec 2007),  there are cold and salty 

waters during the whole GMR region, while the colder and saltier water are found west of 

Isabella and Fernandina, indicative of topographically increased upwelling of the EUC. 

The EUC is greatly strengthened and EUC core depth is increasing from ~100m to 

~150m during this La Niño event. 

 

6. 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). 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 forcing conditions and resolutions are tested. The 

sensitivity tests showed that frequency wind forcing higher than weekly average is more 

reliable than monthly forcing in generating the observed fields within the GMR. In 

addition, the simulation around the GMR is greatly improved with the increase of 

horizontal resolutions. A 0.04˚ resolution is deemed suitable for studying the ocean 

circulation in and around Galápagos Archipelago.  

 

There is a large spatial variability in temperature and salinity across the Galápagos 
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Archipelago. West of Isabella and Fernandina Islands, the largest upwelling and 

productive zones, corresponds with relatively colder and salty waters. The effects of the 

EUC and local upwelling are easily resolved in the simulations and compare well with 

the highly productive zones observed in cruise and satellite data.  The model results show 

that the EUC around the Galápagos shoals to nearly 20m from the normal 50m, seen from 

shallow mixed layers in western Galápagos. The EUC collides with the islands and 

breaks into a number of well defined flows through the islands. The EUC is strongest 

during the late spring/early summer and weakened in the late fall. The collapse of the 

westerlies with the onset of El Niño event in 2006 resulted in a collapse of the EUC flow 

in the vicinity of the Galápagos and effectively shut off the major upwelling regions. The 

property distributions in the far northern region of the GMR are characterized by warmer, 

fresher waters from the Panama Current and had the deepest MLD. Properties in the 

remainder of the Archipelago fell between the range of upwelling region and Far North 

Region. The Jan 2007 and Dec 2007 cases also show that the HYCOM model can 

generally simulate the ocean circulation around the GMR during the El Niño and La Niño 

events. The EUC became stronger during the La Niño events and the EUC core depth is 

increasing from ~100m to ~150m. 
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Figure Caption: 

Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago.  

 

Figure 2: The observed (blue, dashed) and HYCOM simulated SST anomalies (red, solid) 

in Nino3.4 region. The grey shaded areas indicate the four cruise periods. 

 

Figure 3:  HYCOM Simulated sea surface temperature for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006. 

 

Figure 4:  The observed sea surface temperature for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006 cruises 

 

Figure 5:  HYCOM Simulated sea surface salinity for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006. 

 

Figure 6:  The observed sea surface salinity for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006 cruises 

 

Figure 7:  HYCOM Simulated Mixed Layer Depth for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006. 

 

Figure 8:  Chlorophyll for (A) March 2005, (B) November/December 2005, (C) June/July 

2006, and (D) November 2006. 

 

Figure 9: Hydrodynamic model surface layer flow of the SEC and EUC throughout the 

GMR for (A) March 2005, (B) November/December 2005, (C) June/July 2006, and (D) 

November 2006. 

 

Figure 10: Hydrodynamic model mix layer flow of the SEC and EUC throughout the 
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GMR for (A) March 2005, (B) November/December 2005, (C) June/July 2006, and (D) 

November 2006. 

 

Figure 11:  The observed and simulated SST in Jan 2007 (A: observed SST, C: simulated 

SST) and Dec 2007 (B: observed SST, D: simulated SST). Figure 11E) and F) are the 

simulated SSS in Jan 2007 and Dec 2007. 

 

Figure 12: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Jan 2007 

 

Figure 13: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Dec 2007 
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Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago.  

 

 
Figure 2: The observed (solid) and HYCOM simulated SST anomalies (dashed) in 

Nino3.4 region. The grey shaded areas indicate the four cruise periods. 
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Figure 3:  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 4:  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 5: HYCOM Simulated sea surface salinity for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006. 
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Figure 6:  The observed sea surface salinity for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006 cruises. 
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Figure 7: HYCOM Simulated Mixed Layer Depth for (A) March 2005, (B) 

November/December 2005, (C) June/July 2006, and (D) November 2006. 
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Figure 8:  Chlorophyll for (A) March 2005, (B) November/December 2005, (C) June/July 

2006, and (D) November 2006. 
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Figure 9: Hydrodynamic model surface layer flow of the SEC and EUC throughout the 

GMR for (A) March 2005, (B) November/December 2005, (C) June/July 2006, and (D) 

November 2006. 

   A     B 

    C    D 



 100 

     

      
 

Figure 10: Hydrodynamic model mix layer flow of the SEC and EUC throughout the 

GMR for (A) March 2005, (B) November/December 2005, (C) June/July 2006, and (D) 

November 2006. 
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Figure 11:  The observed and simulated SST in Jan 2007 (A: observed SST, C: simulated 

SST) and Dec 2007 (B: observed SST, D: simulated SST). Figure 11E) and F) are the 

simulated SSS in Jan 2007 and Dec 2007.  
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Figure 12: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Jan 2007. 
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Figure 13: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Dec 2007. 
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Chapter 5 
 

Simulation of El Nino-Southern Oscillation (ENSO) Using a Hybrid 

Coordinate Ocean Model (HYCOM) 

 

Abstract 

El Nino and Southern Oscillation (ENSO) is an atmosphere-ocean coupled 

phenomenon that exhibits interannual variability in tropical Pacific Ocean and plays an 

important role in modulating the interannual variability of regional climate globally. In 

this study, the ENSO events are simulated using the Hybrid Coordinate Ocean Model 

(HYCOM) with daily atmospheric forcing derived from the NCEP/NCAR reanalysis 

dataset for the period of 1951-2006. The result indicates that with prescribed atmospheric 

forcing, the HYCOM model can accurately simulate the major characteristics of ENSO 

events. The correlation coefficient between the simulated Sea Surface Temperature (SST) 

anomalies and observed SST anomalies in the Niño3.4 region is 0.73. However, the 

simulated SST anomalies (SSTA) have an anomalous rising trend compared with the 

observed SSTA. SST can be influenced by horizontal advection, radiation flux, sensible 

and latent heat flux and entrainment/detrainment process. Two choices of bulk 

parameterization schemes of surface fluxes due to different latent and sensible heat 

exchange coefficients are used in HYCOM. Sensitivity analysis shows the unrealistic 

rising trend produced by the model was more due to weak model mixing than to trends in 

the surface forcing.  However, extracting the interannual band of the simulated tropical 
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Pacific SST from the model data shows a near-perfect match between the model data and 

the observations at the interannual band.  This suggests that even with the presence of 

erroneous trends in the simulated data, the model was able to accurately simulate the 

internnual variability in the tropical ocean. The Jan 2007 and Dec 2007 cases also show 

that the HYCOM model can generally simulate the ocean circulation around the GMR 

during the El Nino and La Nina events.  

 

Keywords: HYCOM, ENSO, air-sea interaction, Simulation 

 

1. Introduction 

 

El Niño and Southern Oscillation (ENSO) is an atmosphere-ocean coupled 

phenomenon that exhibits interannual variability in tropical Pacific Ocean and plays an 

important role in modulating the interannual variability of regional climate globally. El 

Niño is defined by the appearance and persistence, for 6-18 month, of anomalously warm 

water in the coastal and equatorial ocean off Peru and Ecuador (Trenberth, 1997) and is a 

perturbation of the coupled ocean-atmosphere system. It is dynamically linked to the 

Southern Oscillation, a see-saw in surface atmospheric pressure between the Australian–

East Asian region and the eastern tropical Pacific. Bjerkness (1969) first hypothesized 

that a positive ocean-atmosphere feedback involved the Walker circulation is responsible 

for the SST warming observed in the equatorial eastern and central Pacific. An initial 

positive sea surface temperature (SST) anomaly in the equatorial eastern Pacific reduces 
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the east-west SST gradient and hence the strength of the Walker circulation (Gill, 1980; 

Lindzen and Nigam, 1987), resulting in weaker trade winds around the equator. A 

decrease of the equatorial easterlies weakens the equatorial upwelling, thereby the eastern 

equatorial Pacific becomes warmer and supplies heat also to the atmosphere above it. The 

weaker trade winds in turn drive the ocean circulation changes that further reinforce SST 

anomaly. This positive ocean-atmosphere feedback leads to the occurrence of El Niño.  

 

     During El Niño events, the trade winds weakened and may reverse, thus removing the 

driving force for upwelling. At the same time, ocean dynamical processes depress the 

thermocline in the eastern and central equatorial Pacific, and along the coasts of North 

and South America. The supply of nutrients to the euphotic zone drops or may be cut off 

entirely. The lack of a strong Equatorial Undercurrent essentially shut off upwelling of 

the cooler, saltier and higher in nutrients and iron waters found over the eastern Pacific. 

During the El Niño events, there are two important types of wave motions in the 

equatorial Pacific: Rossby wave and equatorial Kelvin waves. Away from the equator the 

principle balance in the ocean is the geostrophic one between Coriolis and pressure 

gradient forces. This balance is characteristic of Rossby waves. The vanishing of coriolis 

parameter at the equator allows another low frequency wave-form, the equatorial wave. 

While the Rossby waves generated by the wind propagate westward, the Kelvin wave 

carried energy eastward. The eastward Kelvin wave deepened the mixed layer and 

thermocline, with the result that the water mixed into the surface layer is warmer than 

before and decreased primary productivity, the decreases in primary productivity affect 
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the entire food web. We know the principal source for nutrients, away from the areas of 

significant coastal runoff, is the thermocline. Small organisms that have died near the 

surface decay as they slowly sink out of the euphotic zone. These processes create a pool 

of nutrients and carbon in the thermocline which, when upwelled into the euphotic zone, 

are available for uptake by phytoplankton. And coastal upwelling is mainly responsible 

for the great biological production that feeds the different tropical levels of the coastal 

environment. The upwelled water is high in mcronutrients such as nitrate, phosphate, 

silicate and carbon dioxide, as well as micronutrient such as iron (Chavez and Barber, 

1987). If the primary production decreases, zooplankton that feed on phytoplankton will 

also decrease in abundance. Fish, sea birds and marine mammals die off or migrate to 

more productive regions in search of food. Undernourished sea birds and marine 

mammals may experience reproductive failures or abandon young when food becomes 

scarce. In extreme cases, decimated populations may require one or more years to fully 

rebound. Also, by quantifying and studying the mechanisms through which the extreme 

temperature anomalies affect biological productivity and the survival of species in 

Galápagos, we should be able to identify recovery processes that minimize ecosystem 

disruption through biological resilience.  

 

    The Galápagos coastal waters are greatly affected by the El Niño and La Niña events 

(Glynn and Ault, 2000). Recently the frequency and severity of El Niño events appear to 

have increased and this is a concern for the conservation of endangered species. El Niño 

events now occur 2–7 times more frequently than they did 7000–15,000 years ago 
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(Riedinger et al., 2002; Rodbell et al., 1999). The 1982-83 and 1997-98 El Niño events, 

in particular, were the most extreme for many centuries, and had a devastating effect on 

marine life in the Galápagos region. During El Niño, the EUC weakens, the surface water 

warms, micronutrients are reduced, the primary production decreases (Chavez et al., 

1999), and fish numbers diminish. Data from commercial fisheries indicated that the 

catch of mullets from the Galapagos during the 1997–1998 El Niño event were half that 

of the commercial catch in 1999, a ―normal‖ year (Nicolaides and Murillo, 2001). 

Houvenaghel (1984) predicts that when the EUC is not present during intense El Niño’s 

periods when the southeast trade winds collapse, biological activity within the 

Archipelago would be substantially reduced. This prediction is supported by SST and 

chlorophyll signatures from AVHRR and SeaWiFS satellite data during the final phase of 

the 1997/1998 El Niño when the Trade Winds resumed, driving upwelling in the 

Archipelago. Thus the relationship between El Niño events and EUC, as well as the 

relationship between extreme ENSO events and loss of marine biodiversity in Galápagos, 

will be investigated using a numerical model   as a matter of local and global importance.  

 

In this study, we will first test the ENSO simulation ability of HYCOM. The ENSO 

events are simulated using the HYCOM with daily atmospheric forcing derived from the 

NCEP/NCAR reanalysis dataset. Then we will discuss how the El Nino and La Nino 

events affect the ocean circulation around the Galapagos. 
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2. Model configuration and numerical experiments  

 

ENSO simulations were carried out using HYCOM with a grid size of 1.44° x 0.72° in 

zonal and meridional direction, respectively. The experiment domain covers the entire 

global ocean and has a vertical resolution defined by 26 layers that stretch or shrink 

vertically as a function of total depth according to the hybrid coordinate frame. The 

model was driven by daily surface wind stress, surface air temperature, surface 

atmospheric specific humidity, net shortwave radiation, net long-wave radiation and 

precipitation fields obtained from NCEP/NCAR reanalysis dataset for the period of 1949-

2006 (Kistler, et al, 2001). The model was initialized with temperature and salinity from 

the Levitus monthly climatology (Levitus et al., 1994) and ran for 58 years. The latent 

and sensible heat fluxes were calculated during model runs using the model sea surface 

temperature and the bulk formulation (Cayan 1992). The KPP vertical mixing model of 

Large et al (1994) was also used and the bathymetry was from ETOPO2, and is 

interpolated on the model grids. The model was run for 58 years from 1949 to 2006.  

 

3. Preliminary results about ENSO simulation using HYCOM 

 

ENSO variability from 1949 to 2006 was simulated using HYCOM with NCEP NCAR 

reanalysis atmospheric forcing. The area-averaged SST anomalies in the Nino3.4 region 

(5° S-5° N, 150° W-90° W) are often used to index ENSO variability (Trenberth, 1997). 

Fig 1 shows the observed (solid) and HYCOM simulated (dashed) SST anomalies in 
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Niño3.4 region from 1949 to 2006. The correlation coefficient between the simulated 

SSTA and observed SSTA is 0.721. The power spectrum of the SST anomalies (Fig 2) 

showed that the main ENSO period in the model is approximately from 3 to 7 years, 

similar to the observations. The peak amplitude of the power spectrum is comparable in 

the model and observations. This result indicates that the HYCOM can generally simulate 

major El Niño events especially the strong 1997-98 events.   

 

 However, the simulated SST anomalies (SSTA) in Niño3.4 region have an anomalous 

rising trend compared with the observed SSTA (see Fig 1). If we remove the trend from 

the SST anomalies series, the simulated SSTA is closer to the observations (see Fig 3). 

The correlation coefficient between the simulated SSTA and observed SSTA increases to 

0.836. To extract the main signal with a period from 2-7 year, the SST anomalies in 

Niño3.4 region are band-pass filtered using a wavelet filter. Fig 4 shows the band-pass 

filtered observed (dashed) and HYCOM simulated SST anomalies (solid) in Nino3.4 

region from 1950 to 2006. The correlation coefficient between the simulated SSTA and 

observed SSTA increases to 0.913, which shows a near-perfect match between the model 

data and the observations at the interannual band. This suggests that even with the 

presence of erroneous trends in the simulated data, the model was able to accurately 

simulate the internnual variability in the tropical ocean. 
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3.1 Diagnostic study of ENSO simulation 

 

Diagnostic analysis of the ENSO simulations by HYCOM was carried out to try to 

understand the reasons for the simulated trend in the SSTA. In order to study the reason 

for this trend, we need to identify the factors which affect the sea surface temperature. 

The sea surface temperature can be influenced by horizontal advection, radiation flux, 

sensible and latent heat flux and entrainment/detrainment process. In HYCOM, the 

temperature governing equation in isopycnic coordinate is  
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where p is the thickness of the layer with temperature T;   is the eddy 

viscosity/diffusion coefficient and TH  is the radiative exchanges. The expression 














s

p
s is the vertical mass flux. The first term on left hand side (LHS) is the change of 

temperature in the mixed layer; the second term on the LHS is the horizontal advection 

term; the third is diapycnic diffusion term. On the right hand side, the first term is the 

isopycnic diffusion and the second term TH   the radiative term. The advection term is 

mainly determined by wind stress. Entrainment/ Detrainment processes depend on both 

wind stress and buoy fluxes which are affected by sensible and latent heat fluxes and 

radiation. 

 

In this study, HYCOM is driven by daily surface wind stress, surface air temperature, 
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surface atmospheric specific humidity, net shortwave radiation, net longwave radiation 

and precipitation fields. The latent and sensible heat fluxes can be calculated during 

model runs using the model sea surface temperature and the bulk formulation. There are 

two choices for bulk parameterization schemes of surface fluxes due to different latent 

and sensible heat exchange coefficients in HYCOM. The first is the standard constant 

bulk coefficients. The second is the complex parameterization algorithm of Kara et al. 

(2000) for evaporation and air-sea heat fluxes that has been included in HYCOM. The 

main difference of the two choices is due to the different parameterization of latent and 

sensible heat exchange coefficients. For the first choice, the exchange coefficients are 

constant but for the second, they are related to wind speed and air-sea temperature 

difference. In addition, the wind stress also has a great effect on the change of 

temperature via mechanical energy transfer. 

 

   The effect of ocean-atmosphere exchanges (bulk formula) on the mixed layer is 

summed as follows: 

 HRB  

where R is the net radiative exchanges, H is sensible heat flux and   is latent heat flux.  

The sensible heat flux 

     )( asxPair TTECH  ;  

where xE is an exchange coefficient such that WCE Tax  , a means Mass/volume of 

the air; TC is heat transfer coefficient; PairC  is specific heat of the air; sT is sea surface 
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temperature; 
aT is temperature in the atmosphere boundary layer; W is wind velocity. 

The latent heat flux 

  )( vux EHLE  .  

Where L is latent heat of vaporization; 
uH is specific humidity; 

vE is evaporation. 

 

   A possible reason for the rising trend of SST anomaly in Nino3.4 region may come 

from the surface forcing. Fig 5 showed the shortwave radiation and net radiation flux 

anomaly in Nino3.4 region from 1950 to 2006 from NCEP/NCAR dataset. The radiation 

heat fluxes also showed a rising trend. Fig 6 depicted the observed and simulated latent 

heat flux anomaly and sensible heat flux anomaly in Nino3.4 region from 1950 to 2006. 

Simulated results showed that the latent heat flux can been generally simulated by 

HYCOM, while the sensible heat flux, which also has a rising trend, has a large 

difference with the observed sensible flux. The reasons for this phenomenon may be 

associated with the rising trend of the simulated SST anomaly. The net heat flux also has 

a rising trend, similar to the shortwave heat flux. Fig 7 shows the HYCOM simulated 

SST anomalies in Nino3.4 region from 1950 to 2006 using the classic bulk formula 

method and Kara, 2000). The SST simulations do not exhibit a big difference in these 

three schemes. So there is a hypothesis that the rising trend of SST anomaly came from 

the surface forcing.  

 

    Another possible reason for the unrealistic rising trend produced in the model was 
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due to weak model mixing relative to trends in the surface forcing. To test this hypothesis, 

we increased the mixing coefficient to 10 times of the original one. Figure 8 is the 

observed (dashed) and HYCOM simulated SST anomalies (solid) in Nino3.4 region from 

1949 to 2007. The blue line is HYCOM simulated SST anomalies with the increased (10 

times of the original) mixing coefficient. We could see from this figure that if we 

increased the mixing coefficient, the rising trend decreased. The correlation coefficient 

between the simulated SSTA and observed SSTA became 0.816 from the original 0.721. 

Also if we divided the whole time series from the year 1975, the rising trend is decreased 

greatly during the year from 1976 to 2006. Figure 9 is the observed (red, dashed) and 

HYCOM simulated SST anomalies (black, solid) in Nino3.4 region from 1950 to 1975 

and from 1976 to 2006. The blue line is HYCOM simulated SST anomalies with the 

increased (10 times of the original) mixing coefficient; which is an artificial value and is 

used to increase model mixing. The weak model mixing could possibly be caused by 

weak wind stress in Tropics in NCEP/NCAR re-analysis (Smith et al. 2001). Their 

research showed that NCEP underestimated surface winds over most of tropics. The trend 

could be caused by weak wind stress in Tropics in NCEP/NCAR re-analysis.  From these 

figures, we could see that Sensitivity analysis shows the unrealistic rising trend produced 

by the model was more due to weak model mixing than to trends in the surface forcing.  
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4. How the ENSO events affected the Galapagos Archipelago 

 

    Since the model is able to accurately simulate the internnual variability in the tropical 

ocean. We will use two case studies to study how El Niño/La Niña events affect the 

Galapagos Archipelago. Potential studies include simulating the 2006 El Niño event and 

investigate key physical processes that affect the water mass transport pathways and the 

local upwelling dynamics for comparison to observed conditions (Schaeffer et al., 2008, 

Sweet et al, 2007). Sensitivity studies using the nested modeling system have been 

carried out to identify key physical processes that affect the water mass transport 

pathways and the local upwelling dynamics.  Other possible cases include simulations 

(hinecasts) of   strong El Niño (eg., 1982/3 and 1997/8) and La Niña conditions, as well 

as periods of ―normal‖ conditions. By quantifying and studying the mechanisms through 

which the extreme temperature anomalies affect biological productivity and the survival 

of species in Galápagos, we should be able to identify recovery processes that minimize 

ecosystem disruption through biological resilience. The vertical velocity (W) is 

determined by vertically integrating the continuity equation downward from the surface.  

To estimate W profiles at HYCOM grid points, the horizontal velocity components were 

re-gridded to constant high-resolution depth levels before integration. Data from the 

simulation includes daily values of U, V, and SST that are produced every third day.  

Modeled time series data is averaged over ~0.5° box centered about a specific location 

and the daily latitudinal profiles are a smoothed by a loess algorithm with a one-degree 

polynomial and a 0.1 sampling proportion.  
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    Here we chose the 2006-2007 El Nino events and 2007-2008 La Nina events. We 

selected Jan 2007 as El Nino event period and selected Dec 2007/Jan 2008 as La Nina 

period (see the SST anomalies from Figure 10). Figure 11 is the observed and simulated 

SST in Jan 2007 (A: observed SST, C: simulated SST) and Dec 2007 (B: observed SST, 

D: simulated SST). Figure 11E) and F) are the simulated SSS in Jan 2007 and Dec 2007. 

The HYCOM can generally simulated the temperature and salinity during the 2007 El 

Nino and Dec 2007/Jan 2008 La Nina Events. Figure 12 and 13 show the vertical sections 

of zonal current along 92W, 91.8W, 90W and 89W for the upper 200 m around the GMR 

in Jan 2007 and Dec 2007. During the El Nino event (Jan 2007), there are warm and less 

salty waters throughout the whole GMR region, while the less warm and saltier water is 

found west of Isabella and Fernandina, indicative of topographically reduced upwelling 

of the EUC. During the La Nina event (Dec 2007),  there are cold and salty waters 

throughout the whole GMR region, while colder and saltier water are found west of 

Isabella and Fernandina, indicative of topographically increased upwelling of the EUC. 

Figure 14 and 15 show the vertical sections of zonal current along 1S, 0.5S, EQ and 0.5N 

for the upper 200m around the GMR in Jan 2007 and Dec 2007. These figures indicate 

during the 2007 El Nino event, the EUC is greatly weakened, while during the La Nina 

events, the EUC is greatly strengthened especially in west Galapagos. Figure 16 show the 

hydrodynamic model flow of the SEC and EUC throughout the GMR for layer 1 

(surface), layer 5 (~ 40m), layer 8 (~100m) and layer 10 (~ 200m) in Jan 2007 and Dec 

2007. These current figures described the surface current is primarily dominated by 
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westward SEC, while in the deep layers (~100m), the eastward EUC is strong, especially 

during the 2007 La Nina event, the EUC is strengthened at deeper layers (~200m). 

 

5. Summary 

 

El Nino and Southern Oscillation is an atmosphere-ocean coupled phenomenon that 

exhibits interannual variability in tropical Pacific Ocean and plays an important role in 

modulating the interannual variability of regional climate globally. In this study, the 

ENSO events are simulated using the Hybrid Coordinate Ocean Model (HYCOM) with 

daily atmospheric forcing derived from the NCEP/NCAR reanalysis dataset for the 

period of 1949-2006. The result indicates that with prescribed atmospheric forcing, the 

HYCOM model can accurately simulate the major characteristics of ENSO events. The 

correlation coefficient between the simulated Sea Surface Temperature (SST) anomalies 

and observed SST anomalies in the Niño3.4 region is 0.73. However, the simulated SST 

anomalies (SSTA) have an anomalous rising trend compared with the observed SSTA. 

SST can be influenced by horizontal advection, radiation flux, sensible and latent heat 

flux and entrainment/detrainment process. Two choices of bulk parameterization schemes 

of surface fluxes due to different latent and sensible heat exchange coefficients are used 

in HYCOM. Sensitivity analysis shows the unrealistic rising trend produced by the model 

was more due to weak model mixing than to trends in the surface forcing.  However, 

extracting the interannual band of the simulated tropical Pacific SST from the model data 

shows a near-perfect match between the model data and the observations at the 
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interannual band.  This suggests that even with the presence of erroneous trends in the 

simulated data, the model was able to accurately simulate the internnual variability in the 

tropical Pacific Ocean. The Jan 2007 and Dec 2007 cases also show that the HYCOM 

model can generally simulate the ocean circulation around the GMR during the El Nino 

and La Nina events.  
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Figure 1: The observed (red, dashed) and HYCOM simulated SST anomalies (blue, solid) 

in Nino3.4 region from 1950 to 2006. 

 

 

 

 
Figure 2: The power spectrum of the SST anomalies in the Niño3 region during 1950- 

2006: a) Model simulation; b) Observation.  
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Figure 3: The observed (red, dashed) and HYCOM simulated SST anomalies (blue, solid) 

in Nino3.4 region from 1950 to 2006 after subtracting the trend. 

 

 

 
Figure 4: The bandpass filtered observed (red, dashed) and HYCOM simulated SST 

anomalies (blue, solid) in Nino3.4 region from 1950 to 2006. 
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Figure 5: The shortwave radiation anomaly (blue, solid) and net radiation flux anomaly 

(red, dashed) in Nino3.4 region from 1950 to 2006 from NCEP dataset.  

 

 

 
Figure 6: The observed (red, dashed) and simulated (blue, solid) a) Latent heat flux 

anomaly and b) Sensible heat flux anomaly in Nino3.4 region from 1950 to 2006. 
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Figure 7: The HYCOM simulated SST anomalies in Nino3.4 region from 1950 to 2006 a) 

using the classic bulk formula method, b) using Kara (2000) calculating method.  

 
 

 
Figure 8: The observed (red, dashed) and HYCOM simulated SST anomalies (black, 

solid) in Nino3.4 region from 1949 to 2007. The blue line is HYCOM simulated SST 

anomalies with the increased (10 times of the original) mixing coefficient. 
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Figure 9: The observed (red, dashed) and HYCOM simulated SST anomalies (black, 

solid) in Nino3.4 region from 1950 to 1975 and from 1976 to 2006. The blue line is 

HYCOM simulated SST anomalies with the increased (10 times of the original) mixing 

coefficient. 

 

 

 
Figure 10: The HYCOM simulated SST anomalies in Nino3.4 region from 2005 to 2008. 
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Figure 11:  The observed and simulated SST in Jan 2007 (A: observed SST, C: simulated 

SST) and Dec 2007 (B: observed SST, D: simulated SST). Figure 11E) and F) are the 

simulated SSS in Jan 2007 and Dec 2007. 
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Figure 12: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Jan 2007. 
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Figure 13: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W 

for the upper 200 m around the GMR in Dec 2007. 
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Figure 14: Vertical sections of zonal current ( sm / ) along 1S, 0.5S, EQ and 0.5N for the 

upper 200 m around the GMR in Jan 2007. 
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Figure 15: Vertical sections of zonal current ( sm / ) along 1S, 0.5S, EQ and 0.5N for the 

upper 200 m around the GMR in Dec 2007. 
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Figure 16: Hydrodynamic model flow of the SEC and EUC throughout the GMR for 

layer 1 (surface), layer 5 (~ 40m), layer 8 (~100m) and layer 10 (~ 200m) in Jan 2007 

and Dec 2007. 
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Chapter 6 
 

Dynamic Downscaling of the Impact of Climate Change on the Ocean 

Circulation in the Galápagos Archipelago 

 

Abstract  

 

The regional impact of global climate change on the ocean circulation and water mass 

characteristics around the Galápagos Archipelago is studied using the Hybrid Coordinate 

Ocean Model (HYCOM). A four-level nested-domain system with resolutions from 0.06° 

x 0.03° in the Galapagos region, 0.18° x 0.09° in the Eastern Tropical Pacific, 0.72º x 

0.36º for the Pacific Ocean, to 2.88° x 1.44° covering the global ocean is used in the 

study to downscale the global climate change impact to the regional scale centered 

around the Galapagos Archipelago. First, the ocean circulation driven by the past and 

current climate is simulated using HYCOM with daily atmospheric forcing derived from 

the NCEP/NCAR reanalysis dataset for the period of 1951-2007 (Expt1). The result 

indicates that with prescribed atmospheric forcing, the major characteristics of the ocean 

circulation and its variability in the Galapagos 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. For example, there is a high 

correlation (r=0.73) between the simulated Sea Surface Temperature (SST) anomalies and 

the observed SST anomalies in the Niño3.4 region. The response of the ocean circulation 

in the Galapagos region to future climate change scenarios is studied using the IPCC AR4 
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SRES A1b scenario as an example. The monthly IPCC (AR4) SRES A1b Emissions 

Scenario from 2001-2050 is used as the atmospheric forcing to drive the nested HYCOM 

in the future climate change scenario simulation (Expt2). The results show that the 

oceanic variability in the Galapagos region is sensitive to global climate change. 

However, the regional impact of global climate change in the Galapagos region varies 

from region to region. The SST trend is also dependent on the time scales. The upwelling 

region has the lowest warming trend, and occasionally experiences a decreasing trend at 

decadal time scales. This indicates that the upwelling zone may be less affected by global 

warming compared with other regions. Power spectrum analysis shows that the frequency 

for the occurrence of ENSO events seems unchanged (4-5yr) by climate change, while 

the amplitude of ENSO events is increased. The surface temperature, salinity and current 

as well as the undercurrent around Galápagos Archipelago are simulated under 

increasingly finer resolution. These variables are specifically compared and analyzed 

around the Galapagos Marine Reserve with a resolution of 0.06° x 0.03° for El Niño and 

La Niña cases, respectively. The results show that for the El Niño cases, the EUC will be 

greatly weakened, leading to weaker upwelling to the west of Isabella Island. While 

during the La Niña event, the EUC will be greatly strengthened and the EUC may come 

up to the sea surface. The EUC core is located around 0.5˚N. The volume transport 

variations in the entire equatorial band of the Pacific and in its eastern part are quantified 

using both in situ data and an ocean general circulation model, in which the current data 

from the TAO/TRITON moorings and simulated current at the equator are compared. 

The north branch of the EUC accounts for most (58%) of the volume transport. The effect 
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of different currents (EUC, Panama and Peru) on different areas of the Galapagos 

Archipelago is studied. The results show that the western Galapagos upwelling region is 

affected mainly by the EUC and Panama currents; while central/east Galapagos is 

predominantly affected by both Peru and EUC currents. The north region is primarily 

affected by the Panama Current whereas the southeast region by Peru Current. These 

regional differences explain the variability of the responses in different regions of the 

Galapagos Archipelago to global climate change. 

 

1. Introduction 

 

   The Galápagos Islands (Figure1) are an oceanic archipelago located near the equator in 

the eastern tropical Pacific. It reasonably claims to possess the most distinctive marine 

flora and fauna and unique species for any area of its size worldwide [Bustamante et al., 

1999]. The principle reason why the GMR features such great diversity lies in its 

positioning in a complex transition zone between tropical, subtropical and upwelling 

zones. The Galápagos archipelago ecosystem is mainly affected by three different surface 

and subsurface currents.  The major currents affecting the Galapagos are the westward 

South Equatorial Current (SEC) and the eastward Equatorial Undercurrent [EUC, 

Boersma, 1977, 1978]. The EUC is thought to be the major oceanographic feature 

affecting the production in the Galápagos Marine Reserve (GMR) and is important 

defining physical process to influence the very high local production at certain sites. 

Much of the energy input to the Galápagos archipelago is supported by nutrient influx to 
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the euphotic zone from cold bathymetrically deflected upwelled water from the eastward 

flowing submarine EUC. The upwelling events impacting upon the west of the 

archipelago vary in strength, size and stability under the influence of localized current 

systems and forcing effects. The EUC flow pathways and upwelling are linked directly to 

the submarine topography, which introduces obstacles to the eastward path of the 

undercurrent. This deflects water to the north in the northern hemisphere and to the south 

in the southern hemisphere. The EUC waters are cooler, saltier and higher in nutrients 

and iron than waters found over the eastern portion of the Archipelago and directly result 

in the large phytoplankton bloom observed in SeaWiFs and AVHRR. The result indicates 

that when there is not a EUC present (for example, during intense El Niño events), the 

intense biological activity normally sustaining the GMR will be absent.  

 

Besides, the equatorial EUC plays an important role in El Nino and decadal variability. 

One distinctive feature associated with Galápagos coastal waters is that the greatest sea 

temperature anomalies occur during El Niño and La Niña events [Glynn and Ault, 2000]. 

Recently the frequency and severity of El Niño events appear to have increased and this 

is a concern for the conservation of endangered species. El Niño events now occur 2–7 

times more frequently than they did 7000–15,000 years ago [Riedinger et al., 2002; 

Rodbell et al., 1999]. The 1982-83 and 1997-98 El Niño events, in particular, were the 

most extreme for many centuries, and had a devastating effect on marine life in the 

Galápagos region. During El Niño, the EUC weakens, the surface water warms, 

micronutrients are reduced, the primary production decreases [Chavez et al., 1999], and 



 136 

fish numbers diminish. Data from commercial fisheries indicated that the catch of mullets 

from the Galapagos during the 1997–1998 El Niño event were half that of the 

commercial catch in 1999, a ―normal‖ year [Nicolaides and Murillo, 2001]. For example, 

it is well known that during El Niño, the lack of a strong Equatorial Undercurrent (EUC) 

essentially shuts off the upwelling of the cooler, saltier with higher nutrients and iron 

waters found over the western portion of the Archipelago. 

 

   Houvenaghel [1984] discussed the oceanographic setting of the Galápagos and 

concluded that the EUC was the major oceanographic phenomena affecting the 

Galápagos. Hayes [1985] pointed out that the sea level differences across the Archipelago 

increase as the EUC strengthens, measured by shallow moored pressure gauges. Steger et 

al. [1998] 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.  Steger et al. [1998] show that the waters of the EUC bifurcate when 

they run into the Galápagos platform, with water continuing to flow to the east both to the 

north and south of the platform. East of the Archipelago, Steger et al. [1998] found 

evidence that these north and south eastward flows most likely converge and reform a 

definable EUC. Steger et al. [1998] also found that the core of the EUC was south of the 

equator during a hot season, as did Christensen [1992], but with a strong branch also 

found north of the Galápagos. This variation in EUC displacement is not well understood 

to determine whether it is due to seasonal variability or unstable flow conditions [Lukas 
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1986]. In summary, studies to this point indicate that the EUC is the major oceanographic 

feature affecting production in the Galápagos Marine Reserve, but more studies are need 

to understand the physical mechanisms for its temporal and spatial variability. In fact, 

there are several unanswered questions. For example, how the variation of the EUC 

around the Galapagos will be affected by climate change? How does the EUC flux 

transport propagate across the Galápagos platform? What is the impact of climate change 

on the ocean circulation of the Galápagos Archipelago?  

 

  There are two point views about whether there is a warming trend around the 

Galapagos. Conroy  et al. [2009] found that there is a warming trend and the eastern 

tropical Pacific ocean SST warmed up by about 0.8 degrees in the past 40 years, while 

other research show there is no warming trend (A flat trend line, Reilly 2008). Is there a 

warming trend around the GMR? If so, is this trend uniform for the whole GMR region? 

How about the occurrence of ENSO events affected by future climate change? This paper 

will focus on studying water mass characteristics and currents around the GMR using a 3-

dimensional ocean general circulation model (HYCOM) in an effort to better understand 

the physical environment influencing the Galápagos Archipelago under future climate 

change scenarios as described by Intergovernmental Panel on Climate Change (IPCC). 

The objective is to model the potential impact of future climate change scenarios on the 

oceanographic variability in the Equatorial Pacific Ocean from mesoscale to basin scale 

around the GMR using HYCOM. The outcome is a down-scaling assessment of the 

impact of global climate change scenarios on the ocean circulation and water mass 
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structure in GMR region using a high-resolution nested grid HYCOM forced under 

selected climate change scenarios described by IPCC.   The rest of the paper is organized 

as follows: in section 2, we describe the HYCOM model configuration and the 

experiments conducted. In section 3, the simulated tropical ocean circulation around the 

GMR using NCEP and IPCC scenario forcing are demonstrated and compared. The 

different physical variables are specifically compared and analyzed around the GMR 

during the different El Nino and La Nina cases in this section. How the different regions 

are influenced by different current will be discussed in section 4. Results are summarized 

in section 5.  

 

2. Model and Data 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 isopycnical 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.  

 

   HYCOM ability to accurately transition between deep and shallow water yield more 

reliable ocean circulation, which is important in our case as the Galápagos platform with 
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an average depth of approximately 250m rises from the depths of the ocean > 4000 m. 

Other details of the HYCOM equations and numerical algorithms, along with a 

description and validation of the hybrid coordinate generator, can be found in Bleck 

(2002). Also, the HYCOM simulations generate a stronger EUC that compares more 

favorably to observations than other models, such as the GFDL model (Chassignet et al. 

1996). As discussed above, since understanding the dynamics of the EUC is crucial to our 

study, HYCOM was a good choice to simulate the ocean circulation around the GMR.  

 

A four-level nested-domain system is used in the study. There are 26 layers in the 

vertical. The simulations with these four different simulations have been performed under 

identical daily meteorological forcing fields and the results compared between model 

grids with coarse and fine resolutions. It was found that the simulations under fine 

resolutions are more accurate and have a more realistic spectrum of oceanographic 

variability. For example, the simulation with the resolution of 0.04° can depict the intra-

seasonal signal from the tropical instability waves (TIW), as well as the annual and the 

inter-annual signals, whereas the low-resolution global model failed to depict TIW signal 

(Sweet, 2009). The ocean is also sensitive to the frequency of the atmospheric forcing. In 

a controlled experiment where the atmospheric forcing frequency was reduced from daily 

frequency to monthly, the results simulated by the ocean model are shown to be less 

accurate than those simulated using daily forcing (Liu, 2010) 

 

     The nested-grid HYCOM was driven by daily surface wind stress, surface air 
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temperature, surface atmospheric specific humidity, net shortwave radiation, net long-

wave radiation and precipitation fields. For the Expt1, the atmospheric forcing was 

obtained from NCEP/NCAR reanalysis dataset for the period of 1949-2006 [Kistler, et al, 

2001], while for the Expt2, the atmospheric forcing is derived from IPCC AR4 SERS 

scenario from 2001-2050. The SRES refers to the scenarios described in IPCC Special 

Report on Emissions Scenarios (SRES, 2000). The SRES scenarios are grouped into four 

scenario families (A1, A2, B1 and B2) that explore alternative development pathways, 

covering a wide range of demographic, economic and technological driving forces and 

resulting Green House Gas (GHG) emissions. The emissions projections are widely used 

in the assessments of future climate change, and their underlying assumptions with 

respect to socio-economic, demographic and technological change serve as inputs to 

many recent climate change vulnerability and impact assessments. The A1 storyline 

assumes a world of very rapid economic growth, a global population that peaks in mid-

century and rapid introduction of new and more efficient technologies.  B1 describes a 

convergent world, with the same global population as A1, but with more rapid changes in 

economic structures toward a service and information economy. B2 describes a world 

with intermediate population and economic growth, emphasizing local solutions to 

economic, social, and environmental sustainability. A2 describes a very heterogeneous 

world with high population growth, slow economic development and slow technological 

change. No likelihood has been attached to any of the SRES scenarios. Warming tends to 

reduce land and ocean uptake of atmospheric carbon dioxide, increasing the fraction of 

anthropogenic emissions that remains in the atmosphere (IPCC AR4 Special Report on 
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Emissions Scenarios, 2007).  

 

2.1 Experiment Design 

 

    Two kinds of long-term model runs are conducted. One is to study how the ocean 

circulation and water mass characteristics around the GMR was affected by the past base 

climate overlaid with anthropogenic current climate change using HYCOM with daily 

atmospheric forcing derived from the NCEP/NCAR reanalysis dataset for the period of 

1951-2007 (Expt1); the other is to study the ocean circulation and water mass 

characteristics in the GMR under a global warming scenarios forced by IPCC AR4 SRES 

A1B Emissions Scenario from 2001-2050 (Expt2). The high resolution runs are 

conducted near the Galapagos for all El Niño, and La Niña years from 2001 to 2050 

observed in Experiment 1.  

 

   The HYCOM simulations were carried out using a nesting scheme of 4 ever increasing 

resolution domains. The largest domain covers the Pacific Ocean with a grid size of 2.88° 

x 1.44° in zonal and meridional direction, respectively. The second and third domain 

embedded within the Pacific domain uses a grid size of 0.72° x 0.36° and 0.18° x 0.09° 

covering the Eastern Pacific Ocean. Finally, the highest resolution domain has a grid size 

of 0.06° x 0.03° (about 6.67 km x 3.32 km) that is centered on the GMR (92.16° W - 

88.74° W, 1.71° S - 1.71° 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 
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frame discussed above. The model was initialized with temperature and salinity from the 

Levitus monthly climatology [Levitus et al., 1994] and run for 50 years. For the current 

and future climate, the monthly IPCC (AR4) SRES A1b Emissions Scenario from 2001-

2050 is used as the atmospheric forcing to perform the simulation (Expt2). 

 

The latent and sensible heat fluxes were calculated during model runs using the model 

sea surface temperature and the bulk formulation [Cayan 1992]. Boundary conditions 

were provided by buffer zones that are ten grid points wide within which temperature, 

salinity, and interface depth are relaxed to Levitus climatological values [Levitus et al., 

1994] that have been vertically remapped to hybrid vertical coordinates. The KPP vertical 

mixing model of Large et al. [1994] was also used. For the experiments with the grid size 

of 2.88º, 0.72º and 0.18º on zonal direction, the bathymetry was derived from the 

ETOPO2 data [National Geophysical Data Center (NGDC)], which contains digital data 

bases of seafloor and land elevations on a 2-minute latitude/longitude grid and is 

interpolated on the model grids of different resolutions. In the simulation with the 

resolution of 0.06º (near the Galapagos Islands), the bathymetry was drived from  the 

0.01º data  processed by William Chadwick, Oregon State University 

(http://www.pmel.noaa.gov/vents/staff/chadwick/galapagos.html). The model was spun 

up for fifty years from 2001 to 2050. We will discuss the results in the next section.  
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3. Results 

3.1 The impact of past and current climate on the ocean variability around the 

GMR  

 

     For Expt1, the historical data can be used to validate and calibrate the ocean model. 

The response of the GMR ocean circulation to historical climate in the past fifty years is 

simulated using the NCEP/NCAR reanalysis data as the climatic forcing. This simulation 

provides a validation for the high resolution HYCOM model and a benchmark of 

assessing future climate change impacts. The global run occurred using HYCOM, with a 

grid size of 1.44° x 0.72° in zonal and meridional directions, respectively. The 

experiment domain covers the entire global ocean and has a vertical resolution defined by 

26 layers that stretch or shrink vertically as a function of total depth according to the 

hybrid coordinate frame.  

 

The results indicate that with prescribed atmospheric forcing, the nested HYCOM 

model can reproduce the major characteristics of the ocean circulation and its variability 

in the Galapagos region, including the ENSO events, annual and seasonal cycles, 

upwelling system, local and regional current systems. The area-averaged SST anomalies 

in the Nino3.4 region (5° S-5° N, 150° W-90° W) are used to index ENSO variability 

[Trenberth, 1997]. Fig 2 shows the observed (solid) and HYCOM simulated (dashed) 

SST anomalies in Niño3.4 region from 1949 to 2006. The SST anomalies are computed 

from the departure of the monthly mean SST from average climatology SST. The 
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climatology SST is the average condition computed from the climatological base period 

of 1949-2006. The observational datasets used for comparison with model output came 

from the 2° 2° Reynolds and Smith (1994) optimal interpolation (OI) SST (often 

referred to ―Reynolds SST‖), from 1949 to 2006. The correlation coefficient between the 

simulated SSTA and Reynolds SSTA is 0.721. The power spectrum of the SST anomalies 

(Fig 3) showed that the main ENSO period in the model is approximately 3 to 7 years, 

similar to the observed period. The peak amplitude of the simulated power spectrum is 

comparable to that of the Reynolds. This result indicates that the HYCOM can generally 

simulate major El Niño events.   

 

   However, the simulated SST anomalies (SSTA) in Niño3.4 region show a rising trend 

compared with the Reynolds SSTA (Fig 2). It is not clear whether this trend is a model 

artifact or something real but missing from the Reynolds SSTA. Recent studies by 

Conroy et al. [2009] indicate that there was significant warming trend in Eastern tropical 

Pacific in the past 40 years. Therefore, the simulated trend in Nino3.4 SSTA may not be 

entirely artificial. If we compare ―apple to apple‖ by removing the trend from the 

simulated SST anomalies series, the de-trended simulated SSTA is in much better 

agreement with the de-trended Reynolds SSTA (see Fig 4). The correlation coefficient 

between the de-trended simulated SSTA and Reynolds SSTA increases to 0.836. An 

alternative to comparing the interannual signal is to extract the main signal with a period 

of 2-7 year from the SST anomalies in Niño3.4 region using a band-pass wavelet filter. 

Fig 5 shows the band-pass filtered Reynolds (dashed) and HYCOM simulated SST 
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anomalies (solid) in the Nino3.4 region from 1950 to 2006. The correlation coefficient 

between the simulated SSTA and Reynolds SSTA in the 2-7 year band increases to 0.913, 

which shows a near-perfect match between the model data and the observations at the 2-7 

year band. This suggests that the model was able to accurately simulate the inter-annual 

variability in the tropical ocean. 

 

   3.2 The impact of future climate on the ocean variability around the GMR  

 

   The response of the GMR ocean circulation to future climate in the next fifty years is 

simulated using the monthly IPCC (AR4) SRES A1bE missions Scenario from 2001-

2050 as the atmospheric forcing (Expt 2), with the goal to better understand the impact of 

global climate change on the ocean circulation and water mass structure around the GMR 

region. The results from the 50-yr simulation will be shown and analyzed in the 

following.  

 

     Figure 6 shows the simulated SST in Nino3.4 region from 1950 to 2006 forced by 

NCEP atmospheric forcing and the simulated SST in the Nino3.4 region from 2001 to 

2070 forced by IPCC AR4 SERS A1b atmospheric forcing using HYCOM model. 

Results indicate that the ocean variability is greatly affected by global climate change. 

There is a 2° C rising trend in the SST anomaly in the Nino3.4 region during ??? fifty 

years(2001-2050 which 50 years?, not clear). Besides, during the overlapping years of 

2001-2007 for Expt1 and Expt2, the SST in the Nino3.4 region is consistent. The wavelet 
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power spectrum of the simulated SSTA in the Nino 3.4 region from 1949 to 2061 (Fig 7) 

shows that there is an obvious ENSO period of approximately 5-yr and a PDO period of 

approximately 8-10yr. Power spectrum analysis shows that the frequency for the 

occurrence of ENSO events seems unchanged (4-5yr) by climate change compared with 

Figure 3 and Figure 7. The interannual variability, increased SST may suggest a warmer 

mean state of the eastern Pacific Ocean, perhaps due to weaker Walker Circulation or a 

more southerly ITCZ, which would weaken the trade winds, deepen the thermocline and 

increase local convection. 

 

Figure 8 shows the simulated SST anomalies in the Niño3.4 region from 2001 to 

2060. The results indicate that there is an obvious global warming around the GMR.  Fig 

9 and 10 shows the simulated SST anomalies after subtracting the trend and using the 

band-pass filter, which greatly help us to recognize the future El Nino/La Nina events, for 

example the El Nino events in 2013, 2017, 2027, 2030, 2040, 2044 and the La Nina 

events in 2014, 2018, 2026, 2031, 2041, 2045. Figure 11 and 12 show the 10-yr average 

SST and salinity around the GMR simulated with the 0.18° x 0.09° resolution grids from 

2001- 2050. The results indicate that there is about ~1.6° C temperature increase around 

the GMR, while the salinity around the GMR is little changed (Figure 12). The 10-yr 

average water temperature at 40m around the GMR (Figure 13) shows a pattern similar to 

that of the SST, with the lowest temperature around the west portion of Galápagos. The 

10-yr average salinity at 40m around the GMR (Figure 14) increases slightly with time. 
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3.3 Case studies 

 

    In this section, the El Niño and La Niña cases from 2001 to 2050 are chosen to study 

how these ENSO events affect the ocean circulation and water mass characteristics 

around the GMR under future climate change scenario. We choose the December-

February to represent the El Niño season and August-October for the La Niña season. 

The El Niño cases include 2013-2014, 2017-2018, 2027-2028 and 2044-2045 El Niño 

events and the La Niña cases include 2014, 2018, 2026 and 2045 La Niña events. Fig 15 

and 16 indicate the SST around the GMR during the El Niño cases (Fig 15) and La Niña 

cases (Fig 16), respectively, while Fig 17 and 18 indicate the surface salinity around the 

GMR during the El Niño cases (Fig 17) and La Niña cases (Fig 18). During the El Niño 

events, there are warm and less salty waters around the whole GMR region, while less 

warm and saltier water are found west of Isabella and Fernandina, indicative of 

topographically reduced upwelling of the EUC. While during the La Niña event, there are 

cold and salty waters around the whole GMR region, while colder and saltier water are 

found west of Isabella and Fernandina, indicative of topographically increased upwelling 

of the EUC. Figures 19 and 20 show the surface current around the GMR during the El 

Niño cases and the La Niña cases, respectively. Figures 21 and 22 show the current in the 

mixed layer around the GMR during the El Niño cases and the La Niña cases, 

respectively. During the El Niño events, the surface currents during this period were 

dominated by the westward flowing SEC. The EUC was greatly weakened, leading to 

weaker upwelling to the west of Isabella Island. During the La Niña cases, the simulated 
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surface layer flow showed that the westward flow of the SEC collided with the eastward 

flow of the EUC both north and south of Isabella Island.  

 

   Figures 23 and 25 show the vertical sections of the zonal current along 92W, 91.8W, 

90W and 89W for the upper 200m around the GMR in the Dec-Feb 2014 El Niño event, 

and the Aug-Oct 2014 La Niña event, Figures 24 and 26 show the vertical sections of 

zonal current ( sm / ) along 1S, 0.5S, EQ and 0.5N for the upper 200 m around the GMR 

in the Dec-Feb 2014 El Niño event and the Aug-Oct 2014 La Niña event. These results 

also show that during the El Niño cases, the EUC will be greatly weakened, leading to a 

weaker upwelling to the west of Isabella Island. While during the La Niña event, the 

EUC will be greatly strengthened and even reach the sea surface. The EUC core is 

located around 0.5˚N. During El Niño, the SEC is diminished in strength during its 

respective annual cycle, as is the EUC, whose core also sinks tens of meters (Johnson et 

al. 2002).  In addition, a decreased Ekman divergence and evaporation (Xie 1994) and 

eastward migration of the warm SST pool contribute to a reduced upwelling and warming 

of the SST (Fieldler and Talley 2006).  The opposite response occurs during La Niña. The 

surface salinity changes little (Fielder and Talley 2006), fresher (saltier) during El Niño 

(La Niña) as upwelling within the equatorial cold tongue is suppressed (heightened). 

 

   To study the weighted average of the GMR region of SST variability, and find whether 

there is any noticeable difference at different spatial and temporal time scales, the SST 

trend contour is plotted around GMR (Figure 27) for different time scales from 10 year to 
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30 year: a) 10yr from 2005-2014, b) 15yr from 2005-2019, c) 20yr from 2005-2024, d) 

25yr from 2005-2029 and e) 30yr from 2005-2029. The positive (negative) values in the 

plot indicate positive (negative) trend in the region for the period of trend calculation. 

The presence of different values and signs in the trend field indicate that SST values in 

the GMR region experience varying trends in different regions and for different time 

periods. 

 

As shown from the contour figure, if we define the west Galapagos as the upwelling 

region, this upwelling zone is less affected by global warming compared with other 

regions. For the 10-year and 15-year SST trends, there is even a cold trend around most 

of the GMR region, especially the upwelling region, while there is a warm trend around 

the GMR for the longer time period (for example, 20-year, 25-year and 30-year). In 

summary, the regional impact of global climate change in the Galapagos region varies 

from region to region. The SST trend is also dependent on the time scales. The upwelling 

region has the lowest warming trend, and occasionally experiences a decreasing trend at 

decadal time scales. This indicates that the upwelling zone may be less affected by global 

warming compared with other regions. Power spectrum analysis shows that the frequency 

for the occurrence of ENSO events seems unchanged (4-5yr) for the period of 2001-2060 

under IPCC AR4 A1B scenario. The results show that the oceanic variability in the 

Galapagos region is sensitive to global climate change. However, the regional impact of 

global climate change in the Galapagos region varies from region to region. The SST 

trend is also dependent on the time scales.  
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4. Study of the EUC using TAO moored data and model data 

4.1 Definitions of EUC time series from TAO/TRITON data and numerical 

model 

     

    In this section the CTD/ADCP data are used to calculate the EUC volume flux 

transport during Tropical Atmosphere-Ocean/Triangle Trans-Ocean Buoy Network (TAO/ 

TRITON) buoy array cruises, which is an ocean observing system of instrumented 

moorings spanning the entire equatorial Pacific for monitoring seasonal-to-interannual 

climate variability (McPhaden et al., 1998). The TAO/TRITON array consists of 

approximately 70 moorings between 170° W and 95° W which measures subsurface 

temperature. At some locations, current meters and acoustic Doppler current profiler 

(ADCP) measurements are available. To study the EUC volume flux, we use the current 

from TAO mooring along the equator at 140°W and at 110°W from 2001 to 2007.   

     

In the calculation of volume fluxes, the EUC and SEC are objectively defined below. 

 

EUC: The EUC is defined as the zonal currents (U) which satisfy the following criteria: 

U > 0 m/s and 25 m < z < 300 m (or less depending on data availability). The sensitivity 

to the choice of the criteria was tested and appeared insignificant for the variability of 

EUC volume flux. The mean transport of EUC is defined as:  

 EUC
eqEUC udzU /  
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where eqEUCU / is the volume transport per unit width in sm /2  obtained by integrating the 

zonal current at the equator over all depth where EUC is defined. 

SEC:  the SEC is defined similar to EUC but with zonal current U <0. 

 

    In the HYCOM model, the same criteria are used to define the EUC and SEC. Because 

the high-resolution model domain does not include 95°W, for convenience,  the 

simulated EUC volume flux at 140°W and 110°W will be computed using the simulated 

currents from the 0.72° x 0.36° domain.  In the model, there is a proportionality between 

the zonal current integrated only vertically right at the equator over the depth of EUC 

( eqEUCU / ) and the current integrated over the whole EUC section (
EUCU ). For a better 

comparison, we use a meridional width L of about 100km. eqEUCEUC ULU /* . Figure 28 

shows the comparison between model and in-situ (TAO) EUC (SEC) volume flux 

transport at 140°W and 110°W, which indicate that the simulated EUC volume flux 

transport is consistent with the TAO in-situ data, especially with respect to the 

annual/interannual cycle. This means that the constructed EUC/SEC time series obtained 

from the in-situ data from 2001-2007 could be used to study the EUC variability and to 

validate the simulated EUC in ocean model. In the next section, we will use the ocean 

model to study the EUC in more details. 
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4.2 Study of  EUC using numerical model (HYCOM) 

 

Because of the scarcity of current data, the numerical model (HYCOM) is used to 

study the EUC/SEC volume flux variability and the effect of three currents on the 

different regions of the Galapagos. Figure 29 shows the simulated EUC, SEC (including 

Panama Current and Peru Current) volume flux transport from 2005 to 2035 around 

GMR. The blue line is the simulated flux transport computed using the simulated currents 

from the high resolution (0.06° x 0.03°) domain, while the red line represents the 

simulated flux transport computed using the simulated currents from the relatively low 

resolution (0.72° x 0.36°) domain. For the low resolution domain, we defined the EUC: 

U>0 m/s and 0 m < z < 300 m and defined the EUC volume flux transport per unit width 

in sm /2
 obtained by integrating the zonal current over the whole EUC section between 

3° S and 3° N over all depth where EUC is defined. The SEC is defined similar to EUC 

but with U<0 m/s. It consists of the Panama Current and the Peru Current. The Panama 

current is defined by U<0 m/s and V< 0 m/s, while the Peru current is defined by U<0 

m/s but V>0 m/s. In the high resolution domain, because of the limitation of the domain 

size (92.16° W - 88.74° W, 1.71° S - 1.71° N), we can only define the portions of 

EUC/SEC within the domain (1.71° S - 1.71° N). All the simulated volume flux 

transports within the high resolution domain is smaller than those with the low resolution 

due to the difference in covered area. The correlation coefficient of the EUC volume flux 

transports between these two resolutions is 0.793; while the correlation coefficient of 

Panama Current and Peru Current are 0.279 and 0.473 respectively. Due to the domain 
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limitation of the high resolution, we will use the simulated volume flux transport 

computed from the low resolution of 0.72° x 0.36° domain in following discussions.  

 

To find how these currents are related with each other, the correlation coefficients 

between these three currents (EUC vs. Peru, EUC vs. Panama and Panama vs. Peru) are 

calculated. The results show that the correlation coefficient between the Panama (Peru) 

current volume flux and EUC current volume flux is 0.241 (0.192) (both pass the 95% 

significance test), while the correlation coefficient between the Panama current and Peru 

Current is 0.016. This indicates that the Panama current and Peru Current is significantly 

correlated with the EUC current, while the Panama current is not related to Peru Current.  

 

How does the EUC flux transport propagate across the Galápagos platform? As the 

EUC runs into the GMR and is topographically split into two streams, how do these 

streams vary in position and strength, and the route through the islands? (Leetmaa., 1982, 

Steger et al., 1998). Figure 30 shows the north and south branches of the split streams, 

and the difference between the north and south branch of EUC volume flux of the 

simulated EUC volume flux transport at 91.26W from 2005 to 2035 around GMR. The 

north branch of the EUC accounts for the most (58%) of the EUC volume transport.  

 

The GMR is composed of several regions (Edgar, 2002): the west Galapagos, the far 

north region, the southeast region, the central region, etc. In order to find the effect of 
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different currents (EUC, Panama and Peru) on different areas of the Galapagos 

Archipelago, as well as the key region for EUC upwelling, the correlation coefficients 

between the computed EUC (Panama/Peru Current) volume flux transport and the SST 

fields in the simulation using the high resolution (0.06° x 0.03°) domain are calculated 

(Figure 31). The results show that the western Galapagos upwelling region is affected by 

the EUC and Panama currents; while central/east Galapagos is affected by both Peru and 

EUC currents. The north region is affected by the Panama Current only. The southeast 

region is affected by Peru Current only. These regional differences explain the variability 

of the responses in different regions of the Galapagos Archipelago to global climate 

change. 

 

4.3. Empirical mode decomposition (EMD) and Ensemble EMD (EEMD) method 

 

4.3.1. Introduction of the EMD and EEMD 

Empirical Mode Decomposition (EMD) can be used [Huang et al 1998, 1999] as an 

adaptive time-frequency data analysis method. It is quite versatile in a broad range of 

applications for extracting signals from data generated in noisy nonlinear and non-

stationary processes.  

 

  Because one of the major drawbacks of the original EMD is the frequent appearance of 

mode mixing, which is defined as a single IMF either consisting of signals of widely 

disparate scales, or a signal of a similar scale residing in different IMF components, when 
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mode mixing occurs, an IMF can cease to have physical meaning by itself, suggesting 

falsely that there may be different physical processes represented in a mode. To 

overcome the mode mixing problem, the Ensemble EMD is used [Wu et al 2009], which 

defines the true IMF components as the mean of an ensemble of trials, each consisting of 

the signal plus a white noise of finite amplitude. With this ensemble approach, we can 

clearly separate the scale naturally without any a priori subjective criterion selection. To 

generalize this ensemble idea, noise is introduced to the single data set, x(t), as if separate 

observations were indeed being made as an analog to a physical experiment that could be 

repeated many times. The added white noise is treated as the possible random noise that 

would be encountered in the measurement process. Under such conditions, the ith 

―artificial‖ observation will be 

 

      )()()( twtxtx i                                    (2) 

 

In the case of only one time series, each multiple-observation ensembles is processed 

by adding not arbitrary but different realizations of white noise, )(twi , to that single time  

series as given in Eq. (2). By adding finite noise, the EEMD eliminated largely the mode 

mixing problem and preserved physical uniqueness of decomposition. Therefore, the 

EEMD represents a major improvement of the EMD method.  
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4.3.2 Analysis of EUC and SEC volume flux using EMD and EEMD method 

 

Figures 32-34 show the intrinsic mode functions of the EUC, Panama Current and Peru 

Current volume flux transport (C1-C9). The decompositions of these indices using the 

original EMD are plotted in Figure 32. The lack of correlation clearly represents a typical 

problem of mode mixing in the original EMD. It is composed of pieces of contagious 

model mixing. The pieces of oscillations having approximate periods of those appear also 

in its neighboring IMFs. For examples, if happens in one IMF, it will happen in the 

following IMFs at the same temporal neighborhood. Consequently, mode mixing reduces 

the capability of the EMD in identifying the true timescales of consistent oscillations in 

the individual IMF component. This is clearly shown in Figures 32-34, in which none of 

the IMF pairs with a rank from 1 to 7 have a higher correlation than 0.3. 

 

To solve this problem and to identify the timescale at which the interaction truly occurs, 

all time series (EUC, Panama and Peru Current) were reanalyzed using the EEMD. The 

results are displayed in Figures 35-37. It is clear that the synchronizations between 

corresponding IMF pairs are much improved, especially for the IMF components 3-7. 

The detailed correlation between the corresponding IMF components of EUC volume 

flux transport is displayed in Figure 38. Clearly, the decompositions using the EEMD 

improve the correlation values significantly. The EEMD results help greatly in the 

isolation of signals of various scales that reflect the relation between EUC volume flux 

and SEC volume transport. So the higher correlations between EUC and SEC (including 
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Panama and Peru Current) at various timescales have been obtained, especially those of 

annual (components 4 and 5 with mean periods of  1 and 2 years, respectively) and 

interannual (components 6 and 7 with mean periods of 3 and 5 years, respectively) time 

scales. For the long interdecadal timescales, especially for C8 and C9, since the number 

of degrees of freedom of the IMF components is very small due to the lack of oscillation 

variations, the correlation coefficients corresponding to them can be very misleading; 

therefore, they should be ignored. These results clearly indicated the correlation between 

EUC and SEC volume flux occurs on a broad range of timescales, covering annual, inter-

annual and decadal from 1 to 10 years.  

 

5. Concluding Remarks 

 

     The regional impact of global climate change on the ocean circulation and water 

volume characteristics around the Galápagos Archipelago is studied using the Hybrid 

Coordinate Ocean Model (HYCOM). A four-level nested-domain system is used in the 

study to downscale the global climate change impact to the regional scale centered on the 

Galapagos Archipelago. 

  

The ocean circulation driven by the past and current climate is simulated using 

HYCOM with daily atmospheric forcing derived from the NCEP/NCAR reanalysis 

dataset for the period of 1951-2007 (Expt1). The result indicates that with prescribed 

atmospheric forcing, the major characteristics of the ocean circulation and its variability 
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in the Galapagos 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 (r=0.73) between the 

simulated Sea Surface Temperature (SST) anomalies and the observed SST anomalies in 

the Niño3.4 region. The response of the ocean circulation in the Galapagos region to 

future climate change scenarios is studied using the IPCC AR4 SRES A1b scenario as an 

example. The monthly IPCC (AR4) SRES A1b Emissions Scenario from 2001-2050 is 

used as the atmospheric forcing to drive the nested HYCOM in the future climate change 

scenario simulation (Expt2). The results show that the oceanic variability in the 

Galapagos region is sensitive to global climate change. The result also indicates that 

future climate will continue the type of El Nino/La Nina phenomenon as seen in the 

present day climate; however the presence of a warming trend, at a rate of approximately 

0.1-0.4 degrees per decade, creates higher maximum SST during future El Nino than seen 

in the past. There are different characteristics in future ENSO events, with some events 

shutting down the EUC and the upwelling almost completely within the upper 50m of 

water.  

 

  The regional impact of global climate change in the Galapagos region varies from 

region to region. The SST trend is also dependent on the time scales. The upwelling 

region has the lowest warming trend, and occasionally experiences a decreasing trend at 

decadal time scales. This indicates that the upwelling zone may be less affected by global 

warming compared with other regions. Power spectrum analysis shows that the frequency 



 159 

for the occurrence of ENSO events seems unchanged (4-5yr) by climate change, while 

the amplitude of ENSO events is increased. There seems to be a nonlinear coupling 

between El Nino and the long-term warming trend. There is deepening of the core of 

EUC due to warming and deepening of the mixed layer, resulting in weaker upwelling/La 

Nina, and enhancing warming/El Nino. 

 

The surface temperature, salinity and current as well as the undercurrent around 

Galápagos Archipelago are simulated under increasing fine resolution. These variables 

are specifically compared and analyzed around the Galapagos Marine Reserve with a 

resolution of 0.06° x 0.03° for El Niño and La Niña cases, respectively. The results show 

that for the El Niño cases, the EUC will be greatly weakened, leading to weaker 

upwelling to the west of Isabella Island. While during the La Niña event, the EUC will be 

greatly strengthened and the EUC may come up to the sea surface. The EUC core is 

located around 0.5˚N. The volume transport variations in the entire equatorial band of the 

Pacific and in its eastern part are quantified using both in situ data and an ocean general 

circulation model, in which the current data from the TAO/TRITON moorings and 

simulated current at the equator are compared. The effect of different currents (EUC, 

Panama and Peru) on different areas of the Galapagos Archipelago is studied. The results 

show that the western Galapagos upwelling region is affected mainly by the EUC and 

Panama currents; while central/east Galapagos is predominantly affected by both Peru 

and EUC currents. The north region is affected by the Panama Current only. The 

southeast region is affected by Peru Current only. These regional differences explain the 
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variability of the responses in different regions of the Galapagos Archipelago to global 

climate change. However, a limitation of the assessment is that it is based on one IPCC 

scenario only. A more reliable way to assess regional response to climate change is to 

estimate the range of responses using ensemble approach. 

 

Acknowledgements 

     This project was funded by National Aeronautics Space Association (NASA) 

Biodiversity and Ecological Forecasting grant NNG04GL98G. The Counterpart US-AID 

No. 518-A-00-03-00152-00 and UK Darwin Initiative Project No. 14-048 also provided 

funding for this project.  All modeling work is carried out in the Coastal Fluid Dynamical 

Lab of North Carolina State University using the High-Performance Computing (HPC) 

system. 

 

Appendix 

1. EMD and EEMD 

 

    First, we will briefly introduce the original EMD method. The detailed description can 

be found in the works of Huang et al  [1998], Huang et al [1999], and Wu et al [2009]. 

The EMD method is adaptive, with the basis of the decomposition derived from the data. 

In the EMD approach, the data x(t) is decomposed in terms of several different Intrinsic 

Mode Function (IMF) components, jC , i.e., 
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      n

n

j

j rCtx 
1

)(                                                            (1) 

where 
nr  is the residue of data x(t), after n number of IMFs are extracted [Wu et al 2009]. 

IMFs are simple oscillatory functions with varying amplitude and frequency, and hence 

have the following properties: 

1. Throughout the whole length of a single IMF, the number of extrema and the number 

of zero-crossings must either be equal or differ at most by one (although these numbers 

could differ significantly for the original data set). 

2. At any data location, the mean value of the envelope defined by the local maxima and 

the envelope defined by the local minima is zero.  

Therefore, the means of the corresponding IMFs of different white noise series are likely 

to cancel each other. 

 

  The principle of the EEMD is that the added white noise would populate the whole 

time-frequency space uniformly with the constituting components of different scales. 

When a signal is added to this uniformly distributed white background, the bits of signal 

of different scales are automatically projected onto proper scales of reference established 

by the white noise in the background. Each individual trial may produce very noisy 

results, for each of the noise-added decompositions consists of the signal and the added 

white noise. Since the noise in each trial is different in separate trials, it is canceled out in 

the ensemble mean of enough trials. The ensemble mean is treated as the true answer, for, 

in the end, the only persistent part is the signal as more and more trials are added in the 
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ensemble. 
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Figure 1:  Bathymetry map and sampling stations of the Galápagos Archipelago. 
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Figure 2: The observed (red, dashed) and HYCOM simulated SST anomalies (blue, solid) 

in Nino3.4 region from 1950 to 2006. 

 

 

 
Figure 3: The power spectrum of the SST anomalies in the Niño3 region during 1950- 

2006: a) Model simulation; b) Observation.  
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Figure 4: The observed (red, dashed) and HYCOM simulated SST anomalies (blue, solid) 

in Nino3.4 region from 1950 to 2006 after subtracting the trend. 

 

 
 

Figure 5: The bandpass filtered observed (red, dashed) and HYCOM simulated SST 

anomalies (blue, solid) in Nino3.4 region from 1950 to 2006. 

 

 

 
 

Figure 6: The simulated SST in Nino3.4 Region from 1950 to 2006 (Blue) forced by 

NCEP atmospheric forcing and simulated SST from 2001 to 2060 (red) forced by IPCC 

AR4 SERS A1b atmospheric forcing using HYCOM model. 
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Figure 7: a) The wavelet power spectrum and b) main period of the simulated SSTA in 

Nino 3.4 region from 1949 to 2061. 

 

 

 
 

Figure 8: The simulated SSTA in Nino3.4 Region from 2001-2060. 
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Figure 9: The HYCOM simulated SST anomalies (blue, solid) in Nino3.4 region from 

2001-2060 after subtracting the trend. 

 

 
 

Figure 10: The band-pass filtered HYCOM simulated SST anomalies (blue, solid) in 

Nino3.4 region from 2001-2060 
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Figure 11: The 10-yr average SST around the GMR under the resolution of 0.18° x 0.09°: 

a) from 2001 to 2010, b) from 2011 to 2020, c) from 2021 to 2030, d) from 2031 to 2040 

and e) from 2041 to 2050. 
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Figure 12: The 10-yr average Sea surface salinity around the GMR under the resolution 

of 0.18° x 0.09°: a) from 2001 to 2010, b) from 2011 to 2020, c) from 2021 to 2030, d) 

from 2031 to 2040 and e) from 2041 to 2050. 
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Figure 13: The 10-yr average Sea temperature at 40m around the GMR under the 

resolution of 0.18° x 0.09°: a) from 2001 to 2010, b) from 2011 to 2020, c) from 2021 to 

2030, d) from 2031 to 2040 and e) from 2041 to 2050. 
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Figure 14: The 10-yr average Sea salinity at 40m around the GMR under the resolution of 

0.18° x 0.09°: a) from 2001 to 2010, b) from 2011 to 2020, c) from 2021 to 2030, d) from 

2031 to 2040 and e) from 2041 to 2050. 
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Figure 15: The SST around the GMR during the El Nino cases: a) in Dec-Feb in 2013-

2014, b) in Dec-Feb in 2017-2018, c) in Dec-Feb in 2027-2028 and d) in Dec-Feb in 

2044-2045. 
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Figure 16: The SST around the GMR during the La Nina cases: a) in Aug-Oct in 2014, b) 

in Aug-Oct in 2018, c) in Aug-Oct in 2026 and d) in Aug-Oct in 2045. 
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Figure 17: Sea surface salinity around the GMR during the El Nino cases: a) in Dec-Feb 

in 2013-2014, b) in Dec-Feb in 2017-2018, c) in Dec-Feb in 2027-2028 and d) in Dec-

Feb in 2044-2045. 
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Figure 18: Sea surface salinity around the GMR during the La Nina cases: a) in Aug-Oct 

in 2014, b) in Aug-Oct in 2018, c) in Aug-Oct in 2026 and d) in Aug-Oct in 2045. 
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Figure 19: The surface current around the GMR during the El Nino cases: a) in Dec-Feb 

in 2013-2014, b) in Dec-Feb in 2017-2018, c) in Dec-Feb in 2027-2028 and d) in Dec-

Feb in 2044-2045. 
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Figure 20: The surface current around the GMR during the La Nina cases: a) in Aug-Oct 

in 2014, b) in Aug-Oct in 2018, c) in Aug-Oct in 2026 and d) in Aug-Oct in 2045. 
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Figure 21: The current at 40m around the GMR during the El Nino cases: a) in Dec-Feb 

in 2013-2014, b) in Dec-Feb in 2017-2018, c) in Dec-Feb in 2027-2028 and d) in Dec-

Feb in 2044-2045. 
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Figure 22: The current at 40m around the GMR during the La Nina cases: a) in Dec-Feb 

in 2013-2014, b) in Dec-Feb in 2017-2018, c) in Dec-Feb in 2027-2028 and d) in Dec-

Feb in 2044-2045. 
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Figure 23: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W for 

the upper 200 m around the GMR in Dec-Feb 2014 El Niño event. 
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Figure 24: Vertical sections of zonal current ( sm / ) along 1S, 0.5S, EQ and 0.5N for the 

upper 200 m around the GMR in Dec-Feb 2014 El Niño event. 
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Figure 25: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W for 

the upper 200 m around the GMR in Aug-Oct 2014 La Niña event. 
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Figure 26: Vertical sections of zonal current ( sm / ) along 92W, 91.8W, 90W and 89W for 

the upper 200 m around the GMR in Aug-Oct 2014 La Niña event. 
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Figure 27: The SST trend contour around GMR for a) 10yr from 2005-2014, b) 15yr from 

2005-2019, c) 20yr from 2005-2024, d) 25yr from 2005-2029 and e) 30yr from 2005-

2029. 
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Figure 28 the compared model and TAO EUC (SEC) volume flux transport at 140°W and 

110°W. 
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Figure 29: The simulated EUC, SEC (including Panama current and Peru Current) 

volume flux transport from 2005 to 2035 around GMR. The blue line is the simulated 

flux transport with a high resolution of 0.06x0.03, while the red line means the simulated 

flux transport with a relatively low resolution of 0.72x0.36. 
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Figure 30: The a) north branch, b) south branch, c) difference between the north branch 

and the south branch, d) the whole (south + north) simulated EUC volume flux transport 

at 91.26W from 2005 to 2035 around GMR.  
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Figure 31: The contour of correlation coefficients between the simulated a) EUC, b) 

Panama Current, c) Peru Current volume flux transport under the low resolution of 0.72 x 

0.36 degree and SST fields under the high resolution of 0.06 x 0.03. 
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Figure 32:  The intrinsic mode functions of the EUC volume flux transport (C1-C9).  
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Figure 33:  The intrinsic mode functions of the Panama Current volume flux transport 

(C1-C9).  
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Figure 34:  The intrinsic mode functions of the Peru Current volume flux transport (C1-

C9).  
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Figure 35:  The intrinsic mode functions of the EUC volume flux transport (C1-C9) using 

EEMD (standard deviation is 0.4).  
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Figure 36:  The intrinsic mode functions of the EUC volume flux transport (C1-C9) using 

EEMD (standard deviation is 0.4).  
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Figure 37:  The intrinsic mode functions of the EUC volume flux transport (C1-C9) using 

EEMD (standard deviation is 0.4).  
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Figure 38:  The intrinsic mode functions of the EUC volume flux transport (C1-C9).  
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Chapter 7 

Concluding Remarks and Future Work 

1. Concluding Remarks 

 

     The ocean circulation around the Galápagos Archipelago is simulated using the 

University of Miami’s Hybrid Coordinate Ocean Model (HYCOM) using a high-

resolution (.04 degree resolution) nested domain. The model generally reproduces the 

major ocean circulation features around the Galapagos showing that the 0.04 degree 

resolution is sufficient for studying the circulation and water mass structure local to the 

Galápagos.  A variety of winds forcing were tried with high frequency wind forcing 

(daily, 6-hrly) proving to be more reliable than the monthly forcing. 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 most consistent upwelling zones, resulting from the collision of the 

Equatorial Undercurrent with the islands, bring relatively colder and salty waters to the 

surface in a region of topographically induced upwelling. This upwelling zone marks the 

location of high biological production at the surface with the EUC shoaling to 

approximately 20m from its normal depth of 50m just to the west of the islands.  This 

results not only a strong upwelling zone just to the west of the islands, but also in  

shallow mixed layers over the entire western portion of the Archipelago. The model 

results, which agree quite well with observations of the EUC by the TAO array, show a 
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seasonal cycle in the speed and transport of the EUC, reaching a maximum during the 

late spring/early summer and minimum in the late fall. This seasonal cycle is disrupted 

during El Niño when the collapse of the westerlies results in a greatly weakened to a total 

lack of the undercurrent. The far northern region of the Archipelago is characterized with 

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 a mixing of cool Peru Current waters and upwelled Cold Tongue waters 

entering from the east to the southeast mixing with the upwelled EUC waters.  

 

The regional impact of global climate change on the ocean circulation and water mass 

characteristics around the Galápagos Archipelago is studied using the Hybrid Coordinate 

Ocean Model (HYCOM). A four-level nested-domain system is used in the study to 

downscale the global climate change impact to the regional scale centered on the 

Galapagos Archipelago. First, the ocean circulation driven by the past and current climate 

is simulated using HYCOM with daily atmospheric forcing derived from the 

NCEP/NCAR reanalysis dataset for the period of 1951-2007. The result indicates that 

with prescribed atmospheric forcing, the major characteristics of the ocean circulation 

and its variability in the Galapagos 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. 

The response of the ocean circulation in the Galapagos region to future climate change 

scenarios is studied using the IPCC AR4 SRES A1b scenario as an example. The results 
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show that the oceanic variability in the Galapagos region is sensitive to global climate 

change. However, the regional impact of global climate change in the Galapagos region 

varies from region to region. The SST trend is also dependent on the time scales. The 

upwelling region has the lowest warming trend, and occasionally experiences a 

decreasing trend at decadal time scales. This indicates that the upwelling zone may be 

less affected by global warming compared with other regions. Power spectrum analysis 

shows that the frequency for the occurrence of ENSO events seems unchanged (4-5yr) by 

climate change, while the amplitude of ENSO events is increased. for the El Niño cases, 

the EUC will be greatly weakened, leading to weaker upwelling to the west of Isabella 

Island. While during the La Niña event, the EUC will be greatly strengthened and the 

EUC may come up to the sea surface. The EUC core is located around 0.5˚N. The 

volume transport variations in the entire equatorial band of the Pacific and in its eastern 

part are quantified using both in situ data and an ocean general circulation model, in 

which the current data from the TAO/TRITON moorings and simulated current at the 

equator are compared. The north branch of the EUC accounts for the most (58%) of 

volume transport. The effect of different currents (EUC, Panama and Peru) on different 

areas of the Galapagos Archipelago is studied. The results show that the western 

Galapagos upwelling region is affected mainly by the EUC and Panama currents; while 

central/east Galapagos is predominantly affected by both Peru and EUC currents. The 

north region is affected by the Panama Current only. The southeast region is affected by 

Peru Current only. These regional differences explain the variability of the responses in 

different regions of the Galapagos Archipelago to global climate change. These regional 
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differences explain the variability of the responses in different regions of the Galapagos 

Archipelago to global climate change. However, a limitation of the assessment is that it is 

based on one IPCC scenario only. A more reliable way to assess regional response to 

climate change is to estimate the range of responses using ensemble approach. 

 

2. Future Work 

     1)  Coupled Physical –Biological Modeling 

 

    As an integral part of recent large-scale observational programs such as JGOFS (Joint 

Global Ocean Flux Study) and GLOBEC (Global Ocean Ecosystems Dynamics), models 

have been developed to simulate biogeochemical cycling in specific oceanographic 

regions.   As part of the Regional Ecosystem Modeling 'Testbed' Project  (Friedrichs et 

al., 2006), inter-comparisons are being carried out to critically examine which ecosystem 

structures and formulations are best able to simulate observed data across regions.  One 

of the regions that have been studied in this program is the IronExII region around the 

Galápagos (Coale et al., 2006). Initial results have indicated that a simple NPZD models 

can fit data well at individual sites such as the Galápagos. 

 

   Wiggert et al. (2004) conclude that at present the greatest challenge in understanding 

the biogeochemistry of the Arabian sea appears to be understanding and reproducing in 

models the observed levels of physical variability (e.g., upwelling and rapid mixing 

events, filaments and mesoscale eddies).  They show that these higher frequency physical 
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processes are directly responsible for the major biogeochemical events that are, in turn, 

responsible for a large fraction of the annual production and export fluxes. Until these 

processes are resolved and their biogeochemical effects accounted for, our understanding 

of Arabian Sea biogeochemistry will be severely hampered.  Hood et al. (2003) go on to 

say that changes in the physical environment result in more drastic changes in the 

resulting phytoplankton distributions in their coupled model studies than those incurred 

by varying the degree of ecosystem model complexity. Therefore, rather than starting 

with a more complicated ecosystem model, such as the 10 compartment model of Chai et 

al. (2002), future work of the biological variability associated with the physical 

oceanographic setting around the GMR should be studied using a Nutrient-

Phytoplankton-Zooplankton-Detritus (NPZD) ecosystem model coupled to a 

hydrodynamic model that will resolve the observed scales in physical variability within 

the GMR.  

 

    The physical model system described above will be used to determine the three 

dimensional motions of water within the oceanic domain; the dynamics are forced by 

meteorological and tidal influences.  The inclusion of tides is important in this study 

since the dynamics within the islands are essentially the same as in a coastal 

environment, therefore the tides can have important implications regarding larval 

dispersal (Wolanski and Spagnol, 2000). Within the sub-domain of the GMR, the model  

domain has a grid size of 0.04° x 0.02° (about 4.45 km x 2.21 km) that is centered on the 

GMR (92.16° W - 88.96° W, 1.68° S - 1.68° N). Within this domain the model has a 
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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 fine resolution within the 

GMR and will provide pathways and current dynamics to be used in the biological 

components of the model system. The set z-coordinate layers in the hybrid model 

facilitate the addition of vertical migration behavior between layers over short distances 

(10s of meters) in the biological models. 

 

    The physical oceanic dynamics generated by HYCOM may be used as the 

environmental framework for driving coupled biological models. A working version of a 

general Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) ecosystem model has 

been successfully interfaced to HYCOM (Oschlies 2001). The NPZD model will act as 

food source for key larval species under study. The NPZD ecosystem model is directly 

coupled to and runs simultaneously with the physical model using the same scheme used 

to drive the temperature/salinity. That is, the NPZD domain is developed and runs in 

Eulerian space as coupled conservation advective-diffusive equations in addition to 

community dynamics equation components (Olascoaga et al., 2005). The unique feature 

of this NPZD model is the temperature dependent physiological process functions added 

to both the P and Z compartments of the coupled ecosystem model.  

 

    The nutrient- phytoplankton- zooplankton – detritus (NPZD, Oschlies 2001) will be 

used to simulate the biological response to physical forcing.  In the most general form, 

the NPZD model is coupled to a physical model through the advection-diffusion equation. 
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Each state variable of the NPZ model will have a separate equation describing its motion 

in space and time, of the form 

)()()(
2

2

2

2

2

2

Csms
z

C
K

y

C

x

C
K

z

C
ww

y

C
v

x

C
u

t

C
Vhs 

































  (6.1) 

where C is the concentration of the state variable (N, P, Z, etc), u, v and w are the 

horizontal and vertical water velocities determined by the physical model, 
sw  is the 

vertical swimming or sinking speed of the state variable, and 
hK  and 

vK  are the 

horizontal and vertical eddy diffusivities. The last term is the source-minus-sink term due 

to biological activity. The u, v and w are obtained from the physical model run (HYCOM) 

simultaneously with the biological dynamics. All four ecosystem compartments are 

transported passively by advection and diffusion.  

 

    A great deal of attention must be placed on parameter choices. The initial simulations 

have been carried out using reference values from Oschlies 2001. For the actual 

Galapagos simulations, the choice of parameters will be determined using the observed 

data (Schaeffer et al., 2008, Sweet et al., 2007). The physical forcing can be generated by 

a spin-up of several years using NCEP forcing fields. The nitrogen compartment of the 

model can be initialized by the annual nitrate field from WOA98. The other 

compartments (phytoplankton, zooplankton, and detritus) will be initialized with a small 

concentration (for example. 0.1
3mmmolN ) in the mixed layer and zero concentration 

below the mixed layer. HYCOM’s velocity fields will be used to determine the advection 

fields for the NPZD model. Daily advection and horizontal diffusion of the ecosystem 
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components as well as the effects of diapycnal mixing and mixed layer 

shoaling/deepening on the concentration of the ecosystem variables will be computed. 

Biological source/sink terms will be computed using a forward Euler time-stepping 

scheme. This will result in estimations of the biological responses to the physical forcing. 

 

    A more advanced ten-compartment ecosystem model has been developed by Chai Fei 

(2002). This model contains compartments representing two size of phytoplankton, small 

phytoplankton cells (P1) and diatoms (P2), micro- and meso-zooplankton (Z1 and Z2), 

nonliving detrital nitrogen and silica (DN and DSi), dissolved silicic acid (Si), two forms 

of dissolved inorganic nitrogen: nitrate (N1) and ammonium (N2), and total CO2 (T 

CO2). The one-dimensional version is ready for release, however, the 3D version that are 

coupled with HYCOM are under development and will be available in the future. 

 

2) Data Assimilation 

 

The simulations of oceanic circulation can be improved by data assimilation. 

Simulations without data assimilation contain errors due to inadequate knowledge of the 

ocean's initial/boundary conditions, atmospheric forcing as well as those that are due to 

deficiencies in the model's dynamics. These errors can be corrected by assimilate 

available observations into model. Data assimilation is the process by which observations 

are used to correct the evolving state of the model (Bengtsson et al. 1981). There are 

several kinds of data assimilation. For example, Kalman filtering (Kalman., 1960) 
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attempts to exploit the effects of dynamics on the evolution of errors; while optimal 

interpolation (Carton and Hackert 1990) often assumes the error structure to be 

temporally stationary and spatially inhomogeneous. Both approaches rely on a 

covariance-based formalism. 

 

HYCOM has been a leader in the application of data assimilation techniques for 

operational ocean predictions. The simplest method for assimilating data into HYCOM is 

optimal interpolation. Current efforts toward at making HYCOM operational are 

centering on a data-assimilation package the Navy has developed for use with more 

conventional models. Ensemble Kalman Filter (Evensen, G. 1994) is an advanced data 

assimilation technique that is implemented in HYCOM.  

 

The EnKF is a sophisticated sequental data assimilation method. It applies an ensemble 

of model states to represent the error statistics of the model estimate, it applies ensemble 

integrations to predict the error statistics forward in time, and it uses an analysis scheme 

which operates directly on the ensemble of model states when observations are 

assimilated. The EnKF has proven to efficiently handle strongly nonlinear dynamics and 

large state spaces and is now used in realistic applications with primitive equation models 

for the ocean and atmosphere. Efforts have been made to implement EnKF in HYCOM 

by Navy Research Library (NRL), and a version of EnKF code that is tailored for 

HYCOM can be downloaded at http://enkf.nersc.no/. Further work needs to be done to 

improve the simulation accuracy. 
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