
ABSTRACT 
 
 

FENG, XUE. Construction of Temperature and Salinity Climatology for the U. S. East 
Coastal Ocean and Intra-American Sea using Data Interpolating Variational Analysis. (Under 
the direction of Dr. Ruoying He). 

A net set of monthly temperature and salinity climatology (0.1°resolution on 31 

standard depth levels) were constructed for U. S. East Coastal Ocean and Intra-American Sea 

using a novel Data Interpolating Variational Analysis (DIVA) technique. The new DIVA 

climatology is able to solve several common problems associated with other existing ocean 

climatology, such as coarse resolution and not being able to account for constraints of 

physical (islands and land) boundary. DIVA climatology well reproduces many known open-

ocean water masses and circulation patterns in the study area, and more importantly, they 

provide a more realistic representation of hydrography in the coastal regions. Based on the 

DIVA temperature and salinity climatology, diagnostic and prognostic calculations were 

performed using Regional Ocean Modeling System (ROMS) to derive 3-dimensional ocean 

circulation in the region. Ocean volume transports were quantified for major passages in 

Intra-American Sea. 
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CHAPTER 1 

Introduction 

1. Oceanographic setting of the U. S. East Coastal Ocean and Intra-Americas Seas 

1.1 U. S. East Coastal Ocean 

 The United States east coastal ocean (Figure 1) is mainly constituted of three parts: 

the Gulf of Maine, a tidally energetic semi-enclosed shallow sea consisting of the Bay of 

Fundy and Georges Bank; the Middle Atlantic Bight (MAB) from Cape Cod to Cape 

Hatteras with a long, smooth and narrowing shelf and the South Atlantic Bight (SAB) located 

between Cape Hatteras and Miami, Florida. The Gulf of Maine is a semi-enclosed coastal sea 

bounded by Georges Bank at its seaward end. The circulation in the Gulf of Maine comprises 

the cyclonic flow around the Gulf’s inner basins and anticyclonic flow around its outer banks 

[Lynch et al., 1996]. The surface temperature ranges from 4℃~6℃ in the winter to 12℃~16

℃ in the summer while salinity is between 32-33 [Loder et al., 1998].  The MAB shelf 

decreases from ~ 100 km wide in the northern end to less than 30 km near Cape Hatteras. 

The shelf water temperature  and salinity large seasonal variation. Salinity ranges from about 

32 near the coast to about 34 at the shelf break due to river discharges, while temperature 

changes from 4℃~7℃ in the winter to around 22℃ in the summer [Loder et al., 1998; Lentz, 

2008]. Moving southward into the SAB,   the temperature (salinity) of surface shelf water 

varies from 10℃ to 20℃ (33 to 36.5) in winter [Blanton et al., 2003].  While they both 

become largely uniform cross the shelf in summer. Bumpus’s [1973] showed that the surface 
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flow in the SAB is generally northward in winter but become weak or even switch to 

southward during late summer and early fall. 

Being the most energetic current in the region, the Gulf Stream (GS) has an important 

influence on the hydrographic and circulation characteristics off the east coast of the United 

States. The Gulf Stream is a surface-intensified warm western boundary current that flows 

northward in close proximity to the southeastern U.S. continental margin until Cape Hatteras 

where it separates from the coast and heads east across the Atlantic Ocean. It is the western 

boundary of the North Atlantic Subtropical Gyre which circulates clockwise around the 

Sargasso Sea in the middle of the Atlantic Ocean. The GS is about 100 km wide and extends 

about 1000 m deep. In winter, the shoreward edge of the GS is several degrees warmer than 

surrounding waters and even warmer than land, so strong cross-shelf SST gradients exist off 

the southeastern U.S. and especially near Cape Hatteras, where the GS has its most onshore 

position. 

1.2 Intra-American Sea 

The Intra-American Sea (IAS) is the semi-enclosed body of water (Figure 1) 

comprising of the Caribbean Sea, the Gulf of Mexico, and the Straits of Florida. It is 

connected to the North Atlantic Ocean by a number of passages between the islands of the 

Bahamas, Greater Antilles, and Lesser Antilles.  

The IAS circulation is an important part of the western boundary current system of 

the North Atlantic sub-tropical gyre [Powell et al., 2008] and is the region where the Gulf 

Stream system, the earth’s most significant saltwater and heat transport medium [Fillenbaum 

et al.,1997], forms. The upper layer IAS circulation is dominated by throughflow, with an 
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estimated volume transport to be 30sv [Molinari et al., 1985]. The source of the inflow is 

tropical and subtropical North Atlantic Ocean. The northward Antilles current flows to the 

east of the Antilles island chain entering Caribbean Sea through several passages and joins 

the Caribbean Current that flows westward off the northern coast of South American and 

then northward through the Yucatan Channel known as the Yucatan Current. It then becomes 

the Loop Current (LC) as it penetrates into the eastern Gulf of Mexico, which is the dominant 

feature of the circulation in the eastern Gulf of Mexico and the formation region of the 

Florida Current-Gulf Stream system with peak surface velocity of 1.5 to 1.8 m/s on the 

western side of the Yucatan channel. It forms an anticyclonical gyre and subsequently exit to 

the east of Florida through the Straits of Florida, known as the Florida current. The deep 

circulation is not well explored but a mean cyclonic flow along the bottom topography in 

both the Caribbean Sea and the Gulf of Mexico is expected [Sou et al., 1995]. The IAS is 

influenced by the seasonal runoff from four large rivers: Amazon, Orinoco, Magdalena and 

Mississippi. The river runoff not only brings terrestrial carbon and nutrient to support local 

marine ecosystem but also fresh waters that affect salinity distributions in the ocean. Satellite 

observations show that the Amazon River plume has the largest impact on IAS circulation 

during boreal winter and spring [Muller-Karger, 1993] while the Orinoco River plume 

affects the IAS circulation year round and engulfs the islands of the southern Lesser Antilles 

and extends across the Caribbean Sea to Puerto Rico. The discharge variability of the 

Mississippi River is also observed from satellite thermal and visible imagery [Walker, 1996]. 

The Mississippi River mostly flows to the west in the northern Gulf of Mexico due to the 

Coriolis Effect. From time to time, the Loop Current can penetrate far enough northward that 
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some of the water discharged through the Mississippi Delta is entrained into the Loop 

Current and transported into the Straits of Florida [Ortner et al., 1995]. 

The hydrographic conditions in the semi-enclosed Gulf of Mexico (GOM) are the 

result of the interaction between two climatological water masses: the background Gulf 

Common Water (GCW) and the Loop and Eddy Water (LEW) from the Caribbean. In the 

pycnocline, from depths of 200m to 600m, the Loop Current is 5 to 7 C° warmer and 1 part 

per thousand (ppt) more saline than the GCW [Herring, 2010]. Schmitz et al. [2005] showed 

the general circulation in the GOM includes the Loop Current (LC) and eddy shedding; anti-

cyclonic circulation in the upper layers of the central and northwestern GOM; cyclonic flow 

in the Bay of Campeche; and a cyclonic deep circulation in the Gulf. Warm-core rings (anti-

cyclonic eddies) shed from the LC normally have a diameter of about 200~300 km, vertical 

extent about 1km, and swirl speeds about 1.8~2 m/s. They generally translate westward at 

2~5 km/day and have lifetime of months to approximately a year. The eddy fields associated 

with the LC affect almost every aspect of the circulation in the entire GOM [Oey et al., 2005]. 

Leben [2005] based on a comprehensive analysis on satellite sea surface height dataset 

provides eddy separation timescales varying from a few weeks up to about 18 months and 

eddy separation which occurs most frequently at 6, 9 and 11.5 months. For the deep 

circulation of GOM, DeHaan and Sturges [2005] found the cyclonic deep flow in the eastern 

Gulf of Mexico beneath the Loop Current as well as in the western gulf although the mean 

deep flow was weak based on in-situ observations. 

 The Caribbean Sea (CS) is the largest marginal sea of the Atlantic Ocean, 

characterized by its fast transition from a cooling to a warming phase during winter and early 
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spring and a relatively abrupt period of intense thermal energy release to the atmosphere 

from mid-summer to late fall [Gallegos A,1996]. It has a surface extension of 2520000km2; 

almost as twice as large as that of the GOM. The north and eastern boundaries of the CS are 

the Greater and Lesser Antilles islands, respectively, while the southern boundary is the 

irregular coasts of Venezuela, Colombia, and Panama. The western boundary of the CS is the 

Central American eastern zigzag littoral. The CS is located between 8°N and 22°N 

latitude and 60°W and 89°W longitude. It has an average depth of 4400 m and consists of 

five principal basins. From east to west, they are the Grenada Basin, with an average depth of 

3000m, the Venezuela Basin, with an average depth of 5000m, the Colombia Basin, with an 

average depth of 4000m, the Cayman Trench and the Yucatan Basin which links the CS with 

GOM via the Yucatan Channel.  

The surface current of the tropical Atlantic Ocean results from the confluence of the 

Guiana Current and the North Equatorial Current splits downstream, at the verge of the 

Lesser Antilles, in two branches. One is a northerly flow, known as the Antilles Current, 

which flows along the eastern side of the Antillean Island Arc to merge into the Florida 

Current. The other is a northwesterly flow, known as the Caribbean Current, coming through 

the various passages between the Lesser Antilles. The upper layer circulation is dominated by 

the Caribbean Current, which contributes to the heat flux from the tropic to the mid-latitudes 

of the North Atlantic Ocean. It is a warm, persistent, and powerful current setting 

northwestward inflow, with a gentle increase in velocity as it flows from the Windward 

Islands to the Yucatan Channel. The axis of the main flow with a width of 20km extends 

from the surface to a few tens of meters below the streams about 200-300km off the coast of 
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Venezuela. The annual average velocity of the current is about 0.50m/s, being faster in spring 

and summer (0.80m/s) than in autumn and winter (0.40m/s). The magnitude of the current 

decreases with depth to speeds less than 0.05m/s at a depth of 1000m, and the annual mean 

volume transport is estimated to be about 30sv [Gordon, A.L., 1967]. 

 CS has four distinct water masses below the surface layer (0-50m). They are the 

Subtropical Underwater (SUW; 50-250m), the Western North Atlantic Central Water 

(WNACW; 250-750m), the Antarctic Intermediate Water (AAIW; 750-950m) and the 

Atlantic Deep Water (NADW; 950m to bottom). The SUW is marked by a salinity maximum 

at an average depth of 150m, which dominates the main flow features of the Gulf Stream 

system. It is formed in the central tropical Atlantic where evaporation is greater than 

precipitation and sinks before and during Antilles passages. The WNACW accounts to 12% 

of the volume of seawater in the CS, with a temperature range from 8℃ to 20℃ salinity 

range from 35.2 to 36.3 ppt. It separates the layer of maximum salinity (SUW) from the layer 

of minimum salinity (AAIW).  The AAIW enters the CS through those passages of the 

Antillean Island Arc and has minimum salinity of 34.8 ppt. 

 The water in IAS is from different origins through various passages. Some of the 

passages (such as Florida Straits) have been studied for their transports in the past, but most 

of the other passages and their associated water transports are still unknown. The recent 

transport observations [Rousset and Beal, 2010; Wilson and Johns, 1997] through major 

passages in IAS are summarized in Figure 20 adapted from Fig. 14 of Johns et al. [2002]. 

The mean transport of the Florida Current is about 31.5±1.5 Sv [Lee et al., 1996] and 28.4 

Sv passed through Yucatan Channel. However, Rousset and Beal [2010] recently found from 
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Caribbean Cruise ship data between May, 2001 and May, 2006 that the mean transports of 

the Florida Current at 26°N and the Yucatan Channel are 30.8±3.2 Sv and 30.3±5 Sv, 

respectively. The total transport between the Windward Islands Passages (composed of 

Grenada, St. Vincent and St. Lucia Passages) is 10.1±2.4 Sv [Wilson and Johns, 1997] 

while the total transport between the Leeward Islands Passages (Dominica, Guadeloupe, 

Antigua and Anegada Passages) is 8.3±2.3 Sv with dominate inflow concentrated in the 

Antigua and Anegada Passages. For the Greater Antilles Passages (Windward and Mona 

Passages), possible transport through Windward Passage is estimated at between 3~9 Sv due 

to lack of measurements and Mona Passage seems to have a mean transport of nearly 3 Sv 

[Johns et al., 2002]. 

2. Research background and objectives 

 Climatology is a set of gridded fields of hydrographic properties, computed at 

different levels [Troupin et al., 2010]. The temperature and salinity climatology have proven 

to be valuable tools for studying the water mass structure of the World Ocean, as initial and 

boundary conditions for ocean circulation models, and as a ground truth for quality checking 

of newly acquired observations.  There are many approaches allowing us to get climatology 

fields from observations. But the difficulty of putting these observations into gridded 

products lies in the fact that the measures are sparse in both time and space (more 

observations in coastal zones and in summer). In addition, the ocean includes various 

processes occurring at different spatial and temporal scales, which makes it even harder to 

extract the information of interest from a dataset. In general, we have two ways to do data 
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gridding. The first one is the interpolation which follows the observations strictly, but it is 

not proper for the creation of climatology due to the features (e.g. observations taken in 

different periods at different deployments) of the dataset. The second one is analysis which 

can provide reconstructed fields to be relatively close to the observations since it contains 

several sources of errors or noise.  The basic idea of analysis (or approximation) is error 

evaluation. Typically, we have two main approaches to provide error estimation: objective 

analysis [Gandin, 1963] and variational inverse method [Brasseur, 1991]. Objective analysis 

is widely used in creating climatology because it can acquire the error and analysis at the 

same time but it requires a priori definition of a set of adjustable parameters such as temporal 

and spatial decorrelation scales, hence making the analysis less objective and more difficult 

to adapt to a region with complex coastline and physical boundaries. The variational inverse 

method uses a variational principle to define the cost function which contains two terms: the 

misfit between analysis and original dataset and smoothness term. The weight function is 

determined by minimizing the cost function through least square approach. The variational 

inverse method is equivalent to the objective analysis if the weights are defined as the inverse 

of the covariance matrix used in objective analysis [Brankart and Brasseur, 1996], so can be 

considered as a special case for objective analysis. 

 The Climatological Atlas of the World Ocean was generated using objective analysis 

approach [Levitus, 1982], providing a description of the hydrographic climatology of the 

global ocean with 1°by 1°resolution on 33 isobaric levels. Boyer et al. [2005] recently 

developed a quarter degree World Ocean Atlas. Both Atlas have become widely used to 

understand the ocean hydrographic features and initialize numerical models. However, their 
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resolutions are too coarse for use in coastal zones, and by using uniform decorrelation time 

and spatial scales in the objective analysis; they ignore the constraints imposed by land/island 

boundary in the analysis. The same problems also exist for isopycnic hydrographic 

climatology such as Hydrobase proposed by Lozier et al. [1995]. Hydrobase only has data 

coverage at points with depth deeper than 200m. While it provides a better representation of 

water mass properties in the deep-ocean, it does not resolve and represent the coastal ocean 

water mass well. 

 Therefore, we need to generate a new hydrographic climatology for the coastal ocean 

using a method that can:  1) handle a large number of data; 2) take into account physical 

constraint of island and coastline effects; 3) depends on only a limited number of parameters 

which can be estimated in a relatively objective way; and 4) generates error maps. In this 

study, we choose an approach known as Data Interpolation Variational Analysis (DIVA), an 

application of the VIM, which satisfies all the criteria above. The resulting temperature and 

salinity climatology can subsequently be used to drive primitive equation ocean model. The 

so-called diagnostic and prognostic calculation (e.g., Ezer and Mellor, 1994) allow us to 

derive 3-d ocean circulation and estimate volume transport through transect and passages of 

interest.  

 Thus the objective of this research is two-fold: (1) apply DIVA method on World 

Ocean Database 09 (WOD09) hydrographic observations to construct monthly temperature 

and salinity climatology fields for the U.S. east coastal ocean and IAS; (2) calculate 3-D 

ocean circulation and transport estimates using the resulting new hydrographic climatology 

based on diagnostic ocean model calculation. The structure of this thesis is as following: 

 
9 



 

Chapter 2 describes the data source and DIVA methods. Chapter 3 presents and analyzes the 

results of DIVA monthly temperature and salinity climatology fields, followed by a summary 

and discussion of future work in Chapter 4. 
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CHAPTER 2 

Data and Methods 

1. Data 

 To construct temperature and salinity climatology fields, we utilized quality 

controlled raw hydrographic observations from World Ocean Database 2009 (WOD09) 

[Locarnini, R. A. et al., 2010; Antonov, J. I. et al., 2010] as input data. The same raw 

observations were used by the Ocean Climate Laboratory (OCL) at the National 

Oceanographic Data Center (NODC) to generate temperature salinity climatology fields on a 

1°grid, so called WOA09 (World Ocean Atlas 2009) [Locarnini, R. A. et al., 2010; Antonov, 

J. I. et al., 2010] climatology for the world ocean for the annual, seasonal, and monthly 

compositing period. The annual and seasonal fields are calculated at standard levels from the 

surface to 5500 meters (33 levels). The monthly fields are calculated at standard levels from 

the surface to 1500 meters (24 levels).   

The distribution of WOD09 quality controlled hydrographic observation is shown in 

Figure 2. Data points in the Gulf Stream region and most of U.S. east coastal ocean are fairly 

dense, but the coverage in the Caribbean Sea is to a much less extent. Breaking the data into 

month (Figure 3), we see more data coverage in summer (Jun-Aug) than winter (Dec-Feb). 

Vertically, the quality controlled hydrographic observations are interpolated to 31 

standard depth levels from surface to 4500m using the weighted parabolic interpolation 

method [Reiniger, 1968]. And then the domain is divided into 5°×5°squares. In each square, 

mean and standard deviation (STD) are calculated. Data falling outside of mean±3*STD 
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(5*STD) are removed for the open ocean (coastal region) observations [e.g., Locarnini et al., 

2006]. 

 

2. Methods 

2.1 Monthly temperature and salinity climatology construction 

Data-Interpolating Variational Analysis (DIVA) is a method developed by 

GeoHydrodynamics and Environment Research (GHER) group of University of Liège for  

gridding in-situ data using Variational Inverse Method (VIM). It is designed to solve 2-D 

variation problems of elliptic type with a finite element method [Troupin et al., 2010]. 

The advantages of the method over classic interpolation methods are as follows: (1) 

the coastlines are taken into account during the analysis, since the equation is solved only in 

the region covered by the sea. It can prevent data being interpolated across land boundaries 

and avoid artificial mixing between water masses; (2) The model depends on a small set of 

number of parameters (i.e. L and ) that can be estimated in an objective way; (3) The 

method handles high resolution output grid using efficient finite element solver and large 

amount of input observations; (4) It can generate associated error maps. To demonstrate its 

advantages, suppose we have a barrier in the domain. Panel (a) of Figure 4 shows the 

observations locations and values, say temperature.  The barrier (gray rectangle shown in 

 
12 



 

figure) can suppress the exchanges between two sides of the barrier and the temperature on 

two sides is quite different. The temperature above the barrier is higher than that beneath the 

barrier. Panel (b) shows the temperature field calculated by linear interpolation using 

function griddata in Matlab software.  Spurious high temperature is found penetrating from 

regions above the barrier to region beneath due to the lack of consideration of coastline. The 

linear interpolation is performed within any three points in the domain without taking barrier 

into account, causing large error especially near the barrier. Panel (c) shows the reconstructed 

temperature field by DIVA. The newly constructed temperature field is clearly separated by 

the barrier preventing signals exchange between its two sides and the fields are smooth, 

unlike the linear interpolation fields with large noise. Therefore DIVA produces more 

reasonable results for the area containing complex bathymetric and coastlines features. 

2.1.1 Formulation 

 Consider we have a set of Nd observations dj in locations rj,  j = 1,…, Nd. The idea is 

to find a smooth field  on a regular grid of positions r close to the original data. In a 

mathematical form, we want to find  to minimize the variational principle [Brasseur, 

1991]: 

                    (1) 

With                                  
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The variational principle contains two penalty terms:  the first term of the right-hand 

side of (1) is for the compatibility of the data (takes into account the distance between 

observations and constructed field),  penalizes the misfits between data and analysis; the 

second term of the right-hand side of (1) is the smoothness term which measures the spatial 

variability (curvature, gradient and value). Specifically, the first term of the smoothness 

penalizes curvature (regularization),  in the second term penalizes gradients, and  

penalizes the field itself (anomalies). 

  To determine parameters ,  and , let us assume that =  are same for 

all data. Writing equations (1) in non-dimensional form (with  ) and multiplying by 

, then we have 

           (2) 

The parameter  fixes the length scale moving the kernel function of the integral in (1) 

from 0 to 1 and makes the first and the last term of the right hand side of (2) to have same 

significance. 

                    (3) 

And  fixes the weight on background signal ( ) versus observational noise ( ) 

.                            (4) 
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where  is the signal-to-noise ratio. 

The parameter  fixes the effects of gradients 

                (5) 

We can set  (default in DIVA) if we penalize the gradients similar weight as the second 

derivatives. 

And the analysis at gridded point can be expressed as a linear combination of observations 

data: 

          (6) 

Where c is the covariance matrix between analysis and data points using correlation function 

(8) which we’ll talk about later, B is the positive-definite covariance matrix between all data 

points, R is the positive-definite error covariance matrix of the data and H is the weighting 

function. So H can be rewritten as a function of the correlation length L and signal-to-noise 

ratio . 

H=H(L, )    (7) 

The correlation scale can be estimated by using kernel function and signal-to-noise 

ratio by generalized cross validation (GCV) method. Then we can acquire the analysis field. 

2.1.2 Background field 

 Normally, DIVA analysis (and extrapolation) works on anomalies with respect to a 

background field. It is the anomaly term that is substituted in equation (2) as φ(r). DIVA 

provides some different ways to get the background field such as using mean of the data or 
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linear regression of data as background field.  Here we used the linear regression background 

according to [Troupin et al., 2012] 

2.1.3 Correlation length 

 The correlation length L is the distance over which given data influence its 

neighborhood. Kernel function can be used to determine L. The kernel (correlation function) 

of the integral term of (1) according to (3), (4), and (5) is 

          (8) 

Where  is the modified Bessel function of the second kind,  L is is the correlation length 

and r is the Euclidean distance between analysis and data point [Toupin et al. 2010, Brasseur 

et al., 1996]. In DIVA, L is determined by fitting the actual correlation between data points 

to the theoretical kernel function (8) [Troupin et al., 2010]. 

 In this study, in order to get a smooth transition from one month to another, the 

correlation length is estimated in DIVA for each month and then averaged because the 

correlation length has relatively large variation in different months and variations are due 

more to the data distribution than the temporal reasons [Troupin et al., 2010]. The averaged 

correlation length for temperature, salinity and mean of correlation length between 

temperature and salinity used in the study (Figure 5) are functions of depth from surface to 

4500m. L increases from 150m to around 1000m and decreases below 1000m to reach its 

minimum at 3500m. The properties of L is similar to these acquired in [Troupin et al., 2010] 
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and they believed that the evolution of L is not artifact but related to the distribution of water 

masses. 

 

2.1.4 Signal-to-noise ratio 

 The signal-to-noise ratio measures the closeness between data and analysis. The 

higher the ratio is, the closer analysis is to original data. DIVA estimates signal-to-noise ratio 

using generalized cross validation (GCV) method. GCV [Craven and Wahba, 1979] works 

by setting one real data aside and perform an analysis to random anomalies at the same 

locations as real data in order to obtain a global error estimate. The signal-to-noise ratio that 

can minimize the global estimate of the analysis error variance  is what we want. 

,                                    (8) 

Where  

.                                       (9) 

 is the real data at ,  is the analysis at same location when data i is discarded and A is 

the matrix that links real data and analysis. 

 According to study of Troupin et al. [2010], the signal-to-noise ratio estimated by 

GCV was too high. The high signal-to-noise ratio would cause very noisy temperature and 

salinity fields that violate the goal to acquire climatology fields, because if we want to 

acquire climatology, the error is not only from measurement instrument, but also from the 
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representativity of several campaigns with small scale to the climatology with large time 

scale. The representativity error is not able to quantify. Therefore the choice of  is kind of 

difficult for generating climatology, we set the ratio to be constant 1 in this study, similar to 

Troupin et al. [2010]. 

2.1.5 Finite element mesh 

 The finite element (FE) method is implemented due to consideration of coastline 

effect and demand of reasonably computational time. The finite element meshes (e.g. Figure 

6: surface (0 m) and subsurface (200 m) finite element mesh with 0.5°resolution in study 

domain) are shown. Because this kind of grid has analysis points only in the water, 

preventing spurious analyses are performed across boundaries. 

2.2 Diagnostic and Prognostic Circulation Calculation  

 Diagnostic calculation is the calculation which neglects time-dependent processes and 

assume a steady state solution while prognostic calculation is to adjust the variables such as 

density field to the topography and surface forcing by using the model dynamics [Ezer and 

Mellor 1994]. In Ezer and Mellor’s study, they first performed diagnostic calculations 

holding temperature and salinity unchanged and equal to Levitus annual climatology for 

30days using a free surface sigma coordinate ocean model.  Then run a prognostic 
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calculation for another 30 days letting temperature, salinity, velocity components and free 

surface to adjust with topography in order to achieve the dynamically adjusted velocities and 

surface elevations. So refer to their method, monthly ocean circulation in U.S. East coastal 

ocean and IAS can be calculated from hydrographic climatology using a free-surface, terrain-

following, primitive equations ocean model---Regional Ocean Modeling System (ROMS) 

[Shchepetkin and McWilliams, 2005]. When running diagnostic calculations, the temperature 

and salinity climatology are fixed to DIVA climatology for ten days. Then 10-day prognostic 

calculations (in which temperature and salinity are allowed to evolve with circulation) are 

run to refine the western boundary current and remove noise due to inconsistencies between 

bottom topography and hydrographic climatology. After that, transports through major 

passages in our study domain are also calculated. 
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CHAPTER 3 

Results 

Monthly temperature and salinity climatology fields are created using DIVA 

methodology on 31 depth levels from surface to 4500m at a 0.1°resolution. The reconstructed 

fields are compared against existing 1° resolution WOA09 climatology [Locarnini, R. A. et 

al., 2010; Antonov, J. I. et al., 2010] in the whole domain and several coastal regions. The 

temperature-salinity diagram is also generated to acquire a description of property of water 

masses in northern Caribbean Sea to compare with observed temperature-salinity diagram by 

Gallegos [1996]. To further validate the utility of our new climatology in the open ocean,  

DIVA climatology is also compared with the Hydrobase climatology [Lozier et al., 1995]in 

the isopycnal coordinate. 

1. Monthly climatology fields validation 

 Monthly temperature and salinity climatology fields are created with the method and 

data described in Chapter 2.  

1.1 Surface fields comparisons with WOA 

 Figure 7 and Figure 9 show the DIVA constructed temperature and salinity 

climatology fields and WOA climatology of February, May, August and November at 

surface in the study domain. The lowest salinity is observed in areas with large river charge, 

mainly in runoff areas of Orinoco, Magdelena and Mississippi Rivers (Figure 1). The 

Orinoco River and Mississippi River plumes affects the surface salinity year around while 

the Magdelena River plume most strongly influences the IAS during winter. The upper 
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Chesapeake Bay also has low salinity due to runoff of the Susquehanna and Potomac River. 

The isotherm has meridional gradient because of latitudinal difference in solar radiation. 

Impact of major circulation such as the Loop Current and Gulf Stream are clear. They 

transport warm water to higher latitude in a path that can be clearly seen in the temperature 

climatology field. Compared to WOA climatology field, the DIVA fields are able to 

reproduce open ocean features seen in WOA climatology field. Because of higher resolution 

and consideration physical (land/island) boundary constraint, they also produce more realistic 

hydrographic structures in the coast regions. Figure 8 and Figure 10 show the error map 

associated with DIVA constructed monthly surface temperature and salinity climatology. We 

note that the large errors occur at coastal regions especially river mouth and sometime in 

open ocean where observations are sparse. 

1.2 Subsurface fields comparisons with WOA 

 Figure 11 and Figure 12 show the DIVA constructed temperature and salinity 

climatology fields and WOA climatology of February, May, August and November at 200 m 

in the study domain. Below surface, the river runoff effects on salinity are small. The higher 

salinity associated with the Loop Current is obvious in the Gulf of Mexico. The Loop Current 

and anti-cyclonic eddies shed from it are also detectable from the temperature climatology, 

especially in May, August and November. From the comparison of these two kinds of 

climatology, the DIVA fields have shown very similar pattern as WOA fields in the open 

ocean, but the DIVA fields better preserve the sharp temperature and salinity, constituting 

overall a better representation of regional hydrography.  
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To highlight the utility of DIVA in handling complex bathymetry and land/islands 

boundaries, Figure 13 and Figure 14 compare the temperature and salinity climatology field 

of DIVA and WOA at 200m in May near Florida. Compared to WOA climatology, 

temperature and salinity produced by DIVA are more realistic. Their isolines follow 

shelfbreak isobath rather to intersect with them, and the frontal gradients are very preserved.  

In contrast, the WOA climatology lacks of resolution and ignores of bathymetry constraint, 

resulting overly smoothed fields that intersect with isobaths. The Gulf Stream and Loop 

Current regions have higher temperature and salinity in DIVA climatology than in WOA 

climatology. 

1.4 Surface fields comparisons with Hydrobase 

 Figure 15 and Figure 16 show the DIVA constructed surface temperature and 

salinity climatology fields and Hydrobase climatology of February, May, August and 

November in the study domain. The DIVA climatology shows decent agreement with 

Hydrobase climatology in open ocean, but  DIVA climatology also produces more realistic 

hydrographic structures in the coast regions due to higher resolution and consideration 

physical (land/island) boundary constraint, for instance, the high surface temperature in 

Wilkinson Basin in summer. Hydrobase climatology sometimes even have values on land 

resulting from coarse resolution and impact of major circulation such as the Loop Current 

and Gulf Stream are not as clear as those in DIVA climatology. 
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CHAPTER 4 

Discussion and Future Work 

 Monthly temperature and salinity climatology are constructed based on WOD quality 

controlled hydrographic observations by using DIVA method for the U. S. East Coastal 

Ocean and Intra-American Sea. Decent comparisons between DIVA climatology and two 

widely used climatology (WOA and Hydrobase) are seen in the open ocean, indicating DIVA 

climatology is able to capture the main hydrographic features shown in WOA and Hydrobase 

climatology. DIVA climatology is superior in the coastal ocean because of its higher spatial 

resolution, and more importantly, it considers the coastline and bathymetric constraint, 

reducing the spurious interpolation and artificial mixing of water masses across land 

boundaries. We provide some further discussions below on how the newly generated 

monthly temperature and salinity climatology fields can be used to infer 3-dimensional ocean 

circulation and transport using a free-surface, terrain-following, primitive equations ocean 

model---Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005]. 

After that, a comparison is made between the calculated and observed transports cross major 

passages in the IAS. 

1. Diagnostic and Prognostic Calculation 

 Monthly temperature and salinity climatology fields are used to initialize ROMS 

[Shchepetkin and McWilliams, 2005] to perform diagnostic and prognostic calculations of 3-

dimeiosnal ocean circulation. The monthly velocity fields are produced on 36 sigma levels 

with a 5′horizontal resolution and then interpolated to 31 standard depth levels from 

surface to 4500m. The eastern boundary is chosen to be open boundary and NCEP (National 
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Centers for Environmental Prediction) climatology wind stress fields [Kalnay et al., 1996] 

are used as surface forcing.  Figure 17 shows ROMS model grid, plotted at one-fourth of 

model actual resolution.  

1.1 Horizontal circulation and streamlines 

 The model was first run for 10 days with temperature and salinity climatology fields 

fixed (diagnostic mode) and then continued another 10 days prognostic calculations. From 

ROMS simulated surface current vector and SSH (Sea Surface Height) plot in Jan, Apr, Jul 

and Oct (Figure 18), we note that the structure of Gulf Stream, Loop Current, Florida 

Current and Caribbean Current are well captured. And the magnitude of velocities calculated 

using DIVA climatology is larger than that calculated using Levitus climatology (Figure 19) 

in [Ezer and Mellor, 1994]. The Gulf Stream is narrower than that in Ezer and Mellor’s 

model due to increase of resolution in DIVA temperature and salinity climatology. We also 

note the eddy shedding from LC and Panama-Columbia gyre present. The Florida Current is 

weak in winter and the Caribbean system has more variability in summer. 

1.2 Transports 

 Figure 21 shows the model simulated annual mean transport through several major 

passages (Florida Straits, Yucatan Channel, Windward Passage, Mona Passage, Anegada 

Passage, Antigua Passage, Guacelcoupe Passage, Dominica Passage, St. Lucia Passage, St. 

Vincent Passage and Grenada Passage) in IAS.  Compared to observed transports shown in 

Figure 20, transport through Yucatan Channel is 29.44±3.57 Sv, in the range of observed 

transport of 30.3±5.0 Sv [Rousset and Beal, 2010]. However, the transport of Florida 
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Current is 28.75±1.59 Sv, smaller than observed transport of about 30.8±3.2 Sv [Rousset 

and Beal, 2010]. This is because the model does not resolve the sharp topography gradient 

between the Old Bahama Channel and Northwest Providence Channel. Moreover, the quality 

controlled hydrographic observations in this region is very sparse. The resulting model 

simulated circulation, and thus the contribution of Old Babhama channel flow to the Florida 

transport is not well represented. And we note that the observed transports through the 

Antilles are highly variable, sometimes the standard deviation is as large as the mean. The 

transport through Windward and Mona Passage are 0.08±6.50 Sv and 4.91±4.16 Sv, 

respectively. Both are within the range of observed transport values 3~9 Sv and 3.0±1.2 Sv 

[Johns et al., 2002] considering the large variability. The transport between the Windward 

Islands Passages is about 10.06±8.75 Sv (4.96±2.47 Sv for St. Lucia Passage, 3.59±2.11 

Sv for St. Vincent Passage, 1.51±4.17 Sv for Grenada Passage). The mean value is 

consistent with observed transport of 10.1 Sv [Johns et al., 2002].  The transport between the 

Leeward Islands Passage is about 16.19 Sv with a standard deviation of 11.53 Sv (6.0±6.23 

Sv for Anegada Passage, 3.01±1.91 Sv for Antigua Passage, 2.75±0.84 Sv for Guadeloupe 

Passage and 5.44±2.55 Sv for Dominica Passage), which is not incomparable with the 

observation (8.3 ±2.3 Sv) [Johns et al., 2002]. We note that sometimes the standard 

deviation of modeled transports is larger than the means, indicating strong variability of 

transport at these passages.  One caveat is that our modeled transport values are annual 

means, while observed values were taken at individual locations in different periods from 

different research projects, so mismatch in time and space scale constitute of part of 

 
25 



 

uncertainties in such model/observation comparisons. And Sheinbaum et al.[2002] also 

noticed that the transport through the channels in the Antilles may be more variable than 

previously thought.  

2. Future Work 

 The monthly temperature and salinity climatology constructed by DIVA have shown 

decent skill in capturing open-ocean hydrographic features, and more importantly, provided 

realistic and detailed representation of water mass properties in the U. S. East Coastal Ocean 

and Intra-American Sea. It can provide a standard to assess the change of temperature and 

salinity fields due to climate change and evaluate the outcomes of climate prediction models. 

The same methodology is promising to be applied in the future to other coastal ocean water 

property variables such as nutrient, carbon, and Chl-a to generate their corresponding 

climatology. The resulting coastal ocean databases are valuable for initializing and validating 

high resolution coastal ocean coupled physical-biogeochemical models.  On the methodology 

itself, the two decorrelation parameters used in DIVA method can be further refined to be a 

function of space. Therefore DIVA hydrographic reconstruction in different coastal regions 

can be dependent on the distribution of hydrographic observations, such that the region with 

sparse observations would have large correlation length and vice versa.  
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Figure 1. Map of the Intra-American Sea and U. S. East Coastal Ocean 
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Figure 2. Locations of hydrographic profiles 
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Figure 3. Monthly distribution of number of hydrographic profiles in our study domain 
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Figure 4.  (a) Locations and values of observations (b) Linear Interpolation field (c) DIVA 
constructed field [Troupin et al., 2013] 
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Figure 5. Annual mean correlation length scale of temperature (blue) and salinity (green) as a 
function of depth. Also shown (in green) is the average value of temperature and salinity 

scales 
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(a) 

 

(b) 

Figure 6. The finite element meshes used in the DIVA reconstruction a) at surface (0-m), b) 
at 200-m with 0.5°resolution 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 7. Comparison of DIVA (a, c, e, g) and WOA (b,d,f,h) monthly surface temperature 
climatology in Feb, May, Aug and Nov 
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(d) (c) 
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(e) (f) 

(g) (h) 
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(a) (b)

(d)(c) 

Figure 8. DIVA monthly error map for the surface temperature climatology in Feb, May, 
Aug and Nov (a, b, c, d) 
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Figure 9. Comparison of DIVA (a, c, e, g) and WOA (b, d, f, h) monthly surface salinity 
climatology in Feb, May, Aug and Nov  
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(e) (f) 

(g) (h) 
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(a) (b)

(d)(c) 

Figure 10. DIVA monthly error map for the surface salinity climatology in Feb, May, Aug 
and Nov (a, b, c, d) 
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Figure 11. Comparison of DIVA (a, c, e, g) and WOA (b,d,f,h) monthly temperature 
climatology at 200-m in Feb, May, Aug and Nov  
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(b)(a) 
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(h) (g) 
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Figure 12. Comparison of DIVA (a, c, e, g) and WOA (b,d,f,h) monthly salinity climatology 
at 200-m in Feb, May, Aug and Nov 
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(d)(c) 
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(a) 

(b) 

Figure 13. Comparison of May monthly temperature climatology at 200m between (a): 
DIVA and (b): WOA 
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(a) 

(b) 

 

Figure 14. Comparison of May monthly salinity climatology at 200m between (a): DIVA and 
(b): WOA
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Figure 15. Comparison of DIVA (a, c, e, g) and Hydrobase (b,d,f,h) monthly surface 
temperature climatology in Feb, May, Aug and Nov 
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(g) (h)

 

 

 

 

 

 

 
55 



 

 

 

 

 

 

 

 

 

 

 

Figure 16. Comparison of DIVA (a, c, e, g) and Hydrobase (b,d,f,h) monthly surface salinity 
climatology in Feb, May, Aug and Nov 
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Figure 17. ROMS model grid, plotted at one-fourth of their actual resolution 
 

 

 

 

 

 

 

 

 
59 



 

 

 

 

 

 

 

 

 

 

Figure 18. ROMS simulated surface current vector (left column, unit: m/s) and SSH (right 
column, unit: m) fields in Jan (a, b), Apr (c, d) and Jul (e, f) and Oct (g, h); velocities smaller 

than 0.10m/s are not plotted 
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Figure 19. Velocity Vector at 50m, velocities smaller than 0.05m/s are not plotted [Ezer and 

Mellor, 1994] 
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30.8±3.2

30.3±5.0 

Figure 20. Observed mean transports through major passages in Intra-American Sea 
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Figure 21. Model simulated mean transports through major passages in Intra-American Sea 

 

 


	LIST OF FIGURES
	CHAPTER 1
	Introduction
	1. Oceanographic setting of the U. S. East Coastal Ocean and Intra-Americas Seas
	1.1 U. S. East Coastal Ocean
	1.2 Intra-American Sea

	2. Research background and objectives

	CHAPTER 2
	Data and Methods
	1. Data
	2.1 Monthly temperature and salinity climatology construction
	2.1.1 Formulation
	2.1.2 Background field
	2.1.3 Correlation length
	2.1.4 Signal-to-noise ratio
	2.1.5 Finite element mesh

	2.2 Diagnostic and Prognostic Circulation Calculation 


	CHAPTER 3
	Results
	1. Monthly climatology fields validation
	1.1 Surface fields comparisons with WOA
	1.2 Subsurface fields comparisons with WOA
	1.4 Surface fields comparisons with Hydrobase


	CHAPTER 4
	Discussion and Future Work
	1. Diagnostic and Prognostic Calculation
	1.1 Horizontal circulation and streamlines
	1.2 Transports

	2. Future Work

	REFERENCES

