
ABSTRACT 

MILES, TRAVIS N. Characterizing the South Atlantic Bight Seasonal Variability and 
Cold-water Event in 2003 using a Daily Cloud-free SST and Chlorophyll analysis. 
(Under the direction of Dr. Ruoying He). 
 
 Concurrent MODIS sea surface temperature (SST) and chlorophyll-a (Chl-a) data 

are used with a new technique — Data Interpolating Empirical Orthogonal Function 

(DINEOF) method — to produce daily, 4-km, cloud-free SST and Chl-a analyses for the 

South Atlantic Bight in 2003. Comparisons between SST analysis and in situ buoy 

temperature demonstrate DINEOF’s utility. To quantify connections between surface 

wind, SST and Chl-a variation, Empirical Orthogonal Function (EOF) analysis is applied 

to North American Regional Reanalysis winds, cloud-free DINEOF SST and Chl-a 

analyses. Wind EOF modes highlight upwelling winds from June to September. While 

the first SST mode represents seasonal heat flux variations, the second SST mode shows 

a direct response to upwelling winds with an abrupt drop in SST. The top two Chl-a EOF 

modes show less connection with wind, suggesting more subsurface Chl-a and nutrient 

observations are needed to quantify its relation with surface wind. 

 An additional study is performed on a larger DINEOF SST and Chlorophyll-a 

dataset including 2003-2007 for an identical spatial domain. This dataset puts the 2003 

cold event in the context of a long-term dataset. An analysis of the Gulf Stream summer 

position is performed using the 0.25 mg/m3 Chl-a contour line to define the Gulf Stream 

front. When compared to 2004-2007, 2003 has an anomalous offshore position. 
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Chapter 1 
 

Introduction 
 
 
1. South Atlantic Bight geography 
 

The South Atlantic Bight (SAB) reaches from Cape Canaveral, Florida, to Cape 

Hatteras, North Carolina, or from approximately 28oN to 35oN latitude and accounts for 

700km of coastline (Figure 1) (Lee et al., 1985; Lee et al, 1991). The SAB shelf slopes 

gently, with isobaths that parallel the coastline. The exception to this simple bathymetry 

is a topographic ridge near 32oN, known as the Charleston Bump, which deflects the Gulf 

Stream (GS) offshore and creates the semi-permanent Charleston Gyre (Atkinson and 

Menzel, 1985). At the same time, isobath divergence near Cape Canaveral can lead to 

upwelling through vortex stretching as flow exits the narrow Florida Straits and enters the 

wide SAB (Janowitz and Pietrafesa, 1982). 

The SAB can be divided into cross-shelf regions bathymetrically (Figure 2). The 

inner shelf includes depths of 0-20m, the middle shelf 20-40m, the outer shelf 40-70m 

and the slope 75-500m (Atkinson and Menzel, 1985; Pietrafesa et al., 1985; Signorini and 

McClain, 2006). The shelf width is approximately 50km off the east coast of Florida and 

can reach widths of 120km in the central SAB. Forcing and distinct flow regimes define 

each cross-shelf region. Freshwater river runoff into the inner shelf creates a low-salinity, 

stratified, alongshelf front. Flow in the middle shelf is dependent on tides and local 

winds, while stratification varies seasonally as a function of thermal heating. The water-

column is stratified in spring and summer, and conditions are vertically well mixed in fall 
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and winter (Atkinson et al., 1983). The outer shelf is primarily influenced by GS frontal 

meanders, frontal eddies and subsurface intrusions, which persist in summer in the 

southern SAB (Lee et al., 1991). 

 
2.1 Inner shelf 
 
 Due to the inner shelf’s shallow nature, the surface and bottom boundary layers 

merge and alongshore flow at the 15m isobath correlates with local wind stress (Schwing 

et al., 1983). During winter months, mean winds are southward to southeastward. Spring 

is a transitional period when mean winds rotate northeastward and persist through 

summer. Ekman transport is offshore during the summer and, though the inner shelf 

density field does not reverse with winds, the slope diminishes, which reduces the density 

field’s impact on current speed and direction (Blanton et al., 1985). 

A low-salinity band and an elevated nutrient supply due to river runoff 

characterize the inner shelf (Oey, 1986). Climatological mean river discharge for the 

Altamaha River in central Georgia is 900 m3s-1 in late winter and early spring, and 300 

m3s-1 through summer and fall (Aretxabaleta et al., 2006). Freshwater discharge from 

several rivers along the SAB stratifies the inner shelf water-column all year (Lee et al., 

1985). The strength of this stratification varies along the SAB with fluctuating volumes 

of river discharge from various rivers. Between Charleston, South Carolina, and Cape 

Hatteras, North Carolina, freshwater river input can be associated with point sources that 

empty directly into the SAB. As such, freshwater leads to a well-defined salinity front on 

the inner shelf. South of Charleston to Jacksonville, Florida, the coastline is mostly 
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marsh, which results in a much more diffuse discharge of freshwater and river nutrients 

(Signorini and McClain, 2006). 

A number of physical properties in addition to upwelling govern phytoplankton 

productivity on the inner shelf. Nutrients that phytoplankton readily use in this region 

enter the system predominantly through river input. The exception to this is where 

nutrients upwell on the narrow East Florida Shelf south of Jacksonville. The salinity front 

and a high-energy turbid zone on the inner shelf retain and mix nutrients and 

phytoplankton (Yoder, 1985). 

 
2.2 Middle shelf 
 
 A combination of local and remote processes influences the middle shelf, and 

local wind is highly correlated with its currents. In addition, frontal disturbances from GS 

fluctuations can play a role on the middle shelf’s dynamics, though not as heavily as in 

the outer shelf (Lee et al., 1985). The middle shelf is unique in that it provides a region 

where evidence of subsurface GS intrusions can be observed with little influence from 

other sources.   

 Ekman dynamics locally forces low-frequency variability on the SAB’s middle 

shelf during winter months. Alongshore winds over the shelf dominate offshore/onshore 

transports in the surface Ekman layer. These winds cause variations in sea surface height 

and produce cross-shelf surface slopes that are in geostrophic balance with an alongshore 

barotropic interior flow (Lee et al., 1991). Near Cape Canaveral, the SAB’s middle and 

inner shelves behave markedly different from their northern counterparts. Isobath 
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divergence in this strong cyclonically sheared frontal region leads to topographic 

upwelling. Unlike the remainder of the SAB, there is limited correlation between 

upwelling in this region and wind stress (Janowitz and Pietrafesa, 1982; Signorini and 

McClain, 2006). 

 Stratification on the middle shelf varies seasonally. Convective overturn and 

decreased thermal heating vertically mix the water column in winter. Elevated river 

discharge and cross-shelf transport of this freshwater lead to more stratified conditions in 

spring. Thermal stratification is dominant in summer months. Surface heat flux and a 

reduction in mixing contribute to the stratified water column and the shallow thermocline 

(Lee et al., 1985; Aretxabaleta et al., 2006).  

 Cross-shelf nutrient transport from the inner shelf can affect phytoplankton 

production on the middle shelf, but this is not the primary mechanism. Seasonal 

temperature variations thermally stratify the shelf during summer. As the subsurface Gulf 

Stream interacts with topography, shelf-break water penetrates onto the shelf and spreads 

along the middle shelf below the thermocline. Varying local wind stress can then bring 

this cold, subsurface GS water to the surface through Ekman transport (Yoder, 1985). 

These intrusions are most common south of Jacksonville, Florida and north of the 

Carolina Capes (Blanton, 1981; Janowitz and Pietrafesa, 1982), but can appear across the 

entire shelf when forcing is exceptionally strong (Aretxabaleta et al., 2006, 2007). 
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2.3 Outer shelf 

 The outer shelf is dynamically coupled to GS variations and associated remote 

forcing. Topography —  such as the Charleston Bump — generates frontal disturbances 

including warm anti-cyclonic rings, cold cyclonic rings and GS meanders. These eddies 

impact the outer shelf across the shelf-break through cross-shelf transport. 

The Gulf Stream’s mean path follows along the 200m isobath until the Charleston 

Bump displaces it offshore. There are two primary regions of eddy amplification along 

the SAB. Due to energy exchange, these regions are areas of baroclinic instability. The 

first region is north of the Straits of Florida, where the physical boundaries of the channel 

are relaxed with a widening shelf. Eddy dimensions can double in size over very short 

time scales in this region, reaching downstream lengths of 100-200km and cross-stream 

widths of 30-50km (Lee et al., 1991; Fiechter and Mooers, 2003). 

The second region of the SAB that enhances eddy generation is the area 

downstream of the Charleston Bump. The sharp depth change deflects the GS’s flow 

eastward, which creates eddies with downstream lengths on the order of 300km and 

meanders with 100km displacements (Lee et al., 1991). Meanders propagate northward at 

near 40 cm/s and last two days to three weeks. The crests and troughs associated with 

these meanders are onshore GS positions and offshore GS positions, respectively.  The 

Gulf Stream’s seasonality is dependent on the variability of the North Atlantic 

Subtropical Gyre (NASG). Through this connection, large-scale remote forcing 

influences the SAB’s outer shelf circulation.  
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Phytoplankton on the outer shelf are products of GS eddy and frontal interactions 

with shelf-break topography and are present on the outer shelf at low concentrations 

approximately 50% of the time (Yoder et al., 1983; Yoder, 1985). 

 
3. Seasonal SST and surface chlorophyll variability 
  

Differing dynamical regions such as the inner, middle and outer shelves lead to 

complex horizontal variations of SST and chlorophyll. In this section, I highlight the 

surface variations, which are visible with satellite remote sensing. Average SST on the 

inner shelf follows air temperature, while the Gulf Stream and upwelling processes 

modulate the middle and outer shelves. Previous studies indicate minimum temperatures 

(~ 10oC) on the inner shelf in late winter and early spring (Oey et al., 1987). These cold 

temperatures are a product of rapid winter cooling through convective overturning and a 

decrease in available thermal heating in the northern SAB. The central SAB reaches 

maximum temperatures (~ 28oC) in summer, when the thermocline is shallow and the 

shelf is highly stratified. Consistently warm Gulf Stream water causes strong cross-shelf 

thermal gradients in winter and weaker gradients in summer (Atkinson, 1985; Signorini 

and McClain, 2006). 

 Chlorophyll and water temperature have an intrinsic relationship. Cooler water’s 

subsurface origin means that it carries elevated nutrients and is more conducive for 

phytoplankton growth. Chlorophyll concentrations reach a maximum on the inner shelf, 

where nutrients from river runoff are highest. Chlorophyll decreases offshore toward the 

nutrient-deplete GS, though there can be a narrow band associated with the shelf-break 
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due to topographically enhanced upwelling (Yoder, 1985; Signorini and McClain, 2006). 

Signorini and McClain (2006) calculated satellite chlorophyll anomalies that show a 

distinct out-of-phase relationship between chlorophyll in the southern and northern SAB. 

A number of physical processes account for this variability. Gulf Stream shelf-break 

upwelling processes on the southern SAB cause phytoplankton blooms that are 

independent of the rest of the shelf. In the northern SAB off the Carolina Capes, river 

discharge plays a greater role in bringing new nutrients onto the shelf. As mentioned 

previously, river discharge is more diffuse in the southern SAB. 

 Chapter 2 of this document highlights the 2003 cold event on the SAB through 

wind variability and reconstructed daily SST and Chl-a satellite imagery. In Chapter 3, I 

put the 2003 cold event in the context of five years of reconstructed Chl-a and SST data. 

Appendices A and B highlight the Empirical Orthogonal Function procedure and the Data 

Interpolating Empirical Orthogonal Function method respectively.  
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Chapter 2 
 

Characterizing the South Atlantic Bight seasonal variability and cold-

water event in 2003 using a daily cloud-free SST and chlorophyll 

analysis 

Travis N. Miles, Ruoying He* and Mingkui Li 

Department of Marine, Earth and Atmospheric Sciences 

North Carolina State University 

 

1. Introduction 

 The South Atlantic Bight (SAB) is a highly variable coastal ocean system that can 

be separated dynamically into the inner, middle and outer shelves (Atkinson, 1985). The 

SAB inner shelf (0-20 m) is forced by river runoff and local winds; the middle shelf (20-

40 m) is forced by local winds and Gulf Stream (GS) intrusions; and the outer shelf (40-

70 m) is forced by GS, eddies, and meanders (e.g., Lee et al., 1991). Such distinctions in 

cross-shelf forcing mechanisms, along with other factors — such as isobath divergence in 

the Straits of Florida, isobath convergence off the Carolinas, the semi-permanent gyre 

created by the Charleston Bump, and locations of the Gulf Stream Front lead to complex 

spatial and temporal distributions of ocean physical and biological properties in the SAB. 

Satellite-observed sea surface temperature (SST) and chlorophyll-a (Chl-a) color imagery 

manifest these distributions (e.g., Yoder et al., 1985; Signorini and McClain, 2006, 2007). 
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During the summer of 2003, an anomalous cold-water event took place in the 

central SAB. Early studies (Aretxabaleta et al., 2006, 2007; Yuan, 2006) have shown that 

anomalously large precipitation and river discharge were present along the Southeastern 

Continental Shelf during that time, producing a strong stratification with a shallow 

thermocline. From June to mid-July, persistent southwesterly winds elevated the 

thermocline and produced intensive upwelling along the SAB. This upwelling event 

lasted into September, when an atmospheric front’s passage on September 7-8 2003 

terminated the southwesterly winds. Both Aretxabaleta et al. (2006) and Yuan (2006) 

presented in situ hydrography and remote-sensing observations to document this cold-

water event. While offering valuable dynamics insights, these studies only used monthly 

composite and selected low-cloud coverage SST and Chl-a snapshots, thus limiting our 

understanding of short-term SST and Chl-a variations during the 2003 cold-water event. 

 We present here a new daily, high-resolution, cloud-free SST and Chl-a analysis 

for the SAB using the Data Interpolating Empirical Orthogonal Function (DINEOF) 

method (Alvera-Azcarate et al., 2007). This new analysis technique provides an accurate 

space and time reconstruction of otherwise cloud-covered SST and Chl-a fields. 

Compared with a traditional optimal interpolation (OI) method, such as that used by He 

et al. (2003), DINEOF is highly efficient for processing large datasets. It does not require 

a priori temporal and spatial decorrelation scales, which are not readily available for a 

dynamically complex coastal ocean such as the SAB. In a previous study, Alvera-

Azcarate et al. (2005) used the DINEOF procedure extensively to analyze SST variations 

in the Adriatic Sea. The SST variations are reconstructed from Advanced Very High 
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Resolution Radiometer (AVHRR) SST images. Modulations of the East Adriatic Current, 

West Adriatic Current, Po river plume and a cold event on the Albanian coast are 

analyzed. 

 We begin in Section 2 with a description of satellite and wind data used in this 

study. Section 3 outlines the DINEOF procedure for generating daily cloud-free SST and 

chlorophyll analysis, as well as their validations. To characterize the SAB seasonal 

variability and the cold-water event in the summer of 2003, we apply Empirical 

Orthogonal Function (EOF) analysis in Section 4, followed by a summary and conclusion 

in Section 5. 

 

2. Data 

 This study utilized the Moderate Resolution Imaging Spectroradiometer (MODIS) 

daily SST and Chl-a data. Figure 3 shows a typical MODIS SST image. White over the 

ocean denotes missing data due to cloud cover. Cloud coverage emphasizes difficulties in 

using these products to accurately represent ocean conditions. In 2003 alone, 

approximately 40% of SST data was missing on the SAB; 80% of data was missing over 

the Gulf Stream and open ocean due to cloud generation by convective lifting over warm 

waters (Figure 4). The National Aeronautics and Space Administration (NASA) 

launched the MODIS sensor in 2002 aboard the sun-synchronous polar orbiting satellite 

Aqua. MODIS is only capable of viewing in the visible and infrared wave bands, thus 

almost all images have cloud cover to various extents. A major advantage of the MODIS 

sensor is that it is of sufficiently high resolution to resolve fine-scale structures in the 
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ocean. Moreover, the sensor measures SST and Chl-a concurrently, allowing for the first 

time, examination of the covariations of SST and Chl-a and enhanced correlation 

between variables when using the multivariate DINEOF procedure described in Section 

3.   

  Both SST and Chl-a products were gridded Level 3 fields collected from the 

NASA Goddard Space Flight Center (GSFC). We collected Level 3 data from January 1, 

2003 to December 31, 2003 in a 4-km resolution 384x215 pixel grid ranging from 22oN 

to 38oN latitude and 73oW to 82oW longitude. Given that the DINEOF method cannot 

accurately reconstruct data with over 95% cloud contamination (Alvera-Azcarate et al., 

2005), we removed days where chlorophyll cloud contamination exceeded 95% from 

both the SST and Chl-a datasets (Chl-a traditionally has greater cloud cover) to ensure 

input data quality. Of the initial 365 days, we retained 295 for analysis. 

 To characterize surface wind conditions, we also utilized wind fields provided by 

the National Centers for Environmental Protection (NCEP) North American Regional 

Reanalysis (NARR, http://www.cdc.noaa.gov/). NCEP provides NARR winds derived 

from a data-assimilative atmospheric model at three-hour temporal resolution and 32-km 

spatial resolution. We sampled only noon surface winds for 2003, resulting in 365 daily 

wind fields on the same domain as SST and Chl-a. 

 To validate DINEOF analysis, we downloaded in situ temperature data from 

buoys 41004, 41008, 41009, and lkwf1 (Figure 5b) from the National Data Buoy Center 

(NDBC) website (http://www.ndbc.noaa.gov/). We collected buoy data hourly and 

computed their daily means for comparison with reconstructed satellite fields. 
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3. Method 

 We present a concise description of DINEOF procedure. Refer to Appendix B 

and Alvera-Azcarate et al. (2007) for more details. First, the initial data input (X) is 

obtained by subtracting the temporal mean and setting the missing data to 0. Second, a 

Singular Value Decomposition (SVD) of X is performed. This fills in missing data with a 

best guess by the equation: ,
1

( ) ( )
k

T
i j p p i p j

p

X u vρ
=

=∑ , where i and j in X are the temporal and 

spatial indices, respectively, k is the number of EOF modes, up and vp are the pth column 

of the spatial and temporal functions of EOF, and pρ
p

(where p=1...k) represents the 

corresponding singular values. Step 2 is repeated iteratively k times or until convergence, 

using the previous best guess as the initial value for the subsequent iteration, where 

convergence is defined by a preset threshold of the absolute value of the difference 

between the SVD of the current and previous iterations. Third, a cross-validation 

technique determines the optimum number of EOF modes retained in the reconstruction. 

Finally, the first and second steps are repeated using only the optimum number of EOF 

modes and the temporal mean is added to the reconstructed matrix to obtain the 

interpolated dataset. 

 Following Alvera-Azcarate et al. (2007), we used a multivariate adaptation of 

DINEOF in this study. An extended matrix Xe, which contains multiple state variables, 

determines the reconstruction. Specifically, we utilized concurrent SST, Chl-a, and 1-

day-lagged SST to reconstruct SST fields. Similarly, we used Chl-a, SST, and 1-day-
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lagged Chl-a to reconstruct Chl-a fields. To yield the best reconstruction results, we 

performed sensitivity experiments to determined lag-time. We found 1-day lag to be ideal 

for our purposes. In the event that the following day had less than 5% data coverage, we 

utilized the next closest valid day as the 1-day-lagged data. The DINEOF procedure 

calculates correlation between variables internally and no a priori knowledge of these 

relationships is necessary to perform the multivariate reconstruction. After 

reconstruction, only missing (cloud covered) data is filled in and original valid data are 

retained. Figure 5, as an example, demonstrates DINEOF’s ability to construct time and 

space-continuous SST and Chl-a fields. 

 While no in situ Chl-a data are available for comparison, we validated the 

DINEOF daily SST reconstruction through direct comparisons with daily-averaged in situ 

temperature from the four buoys mentioned above (Figure 6). Qualitatively, there is a 

good fit between observed buoy SST and the nearest DINEOF daily SST data point in 

2003. DINEOF SST at the buoy 41004 and 41008 locations both show clearly depressed 

summer SST, which is the subject of section 4. Statistics (Table 1) show that with the 

seasonal cycle retained, correlation coefficients are above 0.93 with mean offsets less 

than 0.77oC at all stations. When the seasonal cycle is removed using the least square 

harmonic analysis of buoy and DINEOF data independently, correlation coefficients at 

sub-seasonal scales are also significant, ranging from 0.57 to 0.81. Differences between 

DINEOF SST and in situ buoy-measured SST are due to a number of factors, including 

errors in the MODIS retrievals, spatial offsets between buoy locations and the DINEOF 

SST 4-km footprint, and differences between satellite-derived ocean skin temperature and 
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buoy bulk temperature measured 1 to 2 meters below the surface. In light of potential 

errors, the comparison between analysis and in situ data is robust. Consistent with 

Alvera-Azcarate et al. (2005) findings, we note that on the same computing server used 

for this study, DINEOF is able to produce statistically similar reconstructions up to 30 

times faster than the OI method applied in He et al. (2003).   

 

4. Analysis of seasonal variability and the summer cold event in 2003 

 DINEOF reconstructions provide time- and space-continuous daily SST and Chl-a 

fields, allowing for direct comparisons with high-resolution NARR wind fields to 

understand their intrinsic connections. We performed EOF analyses (Appendix A) on 

NARR winds, and cloud-free DINEOF SST and Chl-a fields. Prior to EOF analysis, we 

removed the temporal mean of each variable from the original datasets. The analyses 

provided temporal (principal components) and spatial (EOFs) functions derived from 

their respective anomaly covariances. We scaled all EOF results for better illustration. 

Chl-a input data is the natural logarithm of Chl-a, therefore results below 0 are equivalent 

to values between 0 and 1, and results above 0 are equivalent to values above 1. 

 

4.1 2003 EOF analysis 

 To highlight events with persistence longer than the synoptic scale, the principal 

components of surface wind underwent 7-day low-pass filtering. The first wind EOF 

mode (36% of the variance) (Figure 7a, c) showed highly variable wind speed and 

direction from January to May, which became uniformly northward (upwelling 
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favorable) from June throughout the summer, until a well-defined shift of northward to 

southward wind occurred in September. The second wind EOF mode (27% of the 

variance) (Figure 7b, d) indicated that winds became consistently offshore (upwelling 

favorable) from June to August, followed by a direction reversal in September, with 

persistent and strong onshore winds for the remainder of the year. A complete 

reconstruction of surface wind fields required more higher-order EOF modes, which 

together accounted for another 37% of variance in the wind signal. The fact that each of 

the top two modes showed persistent upwelling-favorable conditions from late spring 

throughout the summer indicates surface wind played a major role in strong summer 

upwelling in 2003. The Ohio Valley High and the Bermuda-Azores High govern large-

scale wind patterns on the SAB (Blanton et. al., 1985). Schwing and Pickett (2004) 

suggest the persistent wind pattern in summer 2003 relates to the anomalous proximity, 

size and strength of the Bermuda-Azores High. 

 In addition to NARR winds, we included 7-day low-pass filtered winds from 

buoys 41004 and 41009 (Figure 8) to highlight the onset and persistence of alongshore 

winds. Winds varied in the cross-shelf direction, but were generally northward 

upwelling-favorable winds of approximately 5 m/s from May to September. As seen in 

the NARR wind EOF modes, there was a clear shift to southward winds in early 

September that signified an end to upwelling-favorable winds. 

The first SST EOF mode (87.93%) (Figure 9a, e) captured the ocean response to 

the seasonal solar heating cycle. He and Weisberg (2003) showed that over the seasonal 

time scale, shallow coastal ocean temperature variation can be expressed by a one-
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dimensional balance: )/(/ HCQtT Pρ=∂∂ , where Q is net surface heat flux, ρ the water 

density, Cp the water specific heat, and H the local water depth. As such, SST variability 

is inversely proportional to the water depth, and the largest variability with the highest 

(lowest) water temperature in summer (winter) was on the inner shelf. In contrast, 

temperatures in the offshore GS region stayed consistent throughout the year due to both 

increased water depth and strong heat advection supplied from the tropical ocean. 

The second SST EOF mode (4.66%) (Figure 9c, e) was more complex, showing 

the sub-seasonal temperature variations in response to water stratification and wind 

forcing. In 2003, anomalous precipitation elevated freshwater input to the shelf, creating 

a strong salinity front and stratification that decoupled the thermocline from the bottom 

boundary layer (Aretxabaleta et al., 2006; Yuan, 2006). Thermal heating further 

enhanced the stratification, until persistent upwelling winds initiated in June. This caused 

onshore transport of cold subsurface water, and subsequently a continued drop in SST, as 

clearly manifested by the second mode principal component from June to September.   

 The heavy emphasis on the seasonal SST signal can mask the significance of the 

second-mode coastal upwelling event. To better represent this signal, we removed the 

seasonal cycle through harmonic curve fitting, and reduced the time domain to only 

include summer data and again performed the EOF procedure. The resulting EOF mode 1 

accounted for 24% of the variability and clearly highlighted upwelling associated with 

summer winds (Figure 10). The seasonal-removed EOF mode 1 and PC mode 1 began to 

trend toward negative values in early June shortly after upwelling-favorable winds 

initiated in May. Cold seasonal-removed SST on the shelf peaked at ~ -2oC in July and 
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August. Conditions abruptly changed to downwelling-favorable in early September when 

winds reversed direction. 

 Spatial variability in Chl-a was apparent in its first and second EOF modes. The 

first mode (51.65% of the variance) (Figure 9b, f) had trends that were distinctly out of 

phase for different regions on the SAB. The Georgia Bight’s inner shelf region had 

decreasing Chl-a concentrations in the spring and increasing concentrations in the fall 

toward winter. The trend was opposite north of this region along the coast of the 

Carolinas, where Chl-a concentrations increased in summer months and decreased into 

winter months. Such a regional contrast was consistent with earlier findings (e.g., 

McClain et al., 1984). Elevated Chl-a concentrations in the northern SAB are largely due 

to the high correlation between Chl-a and river runoff in this region. Marsh and estuaries 

in the south do not allow for point-source distribution of nutrients and concentrations are 

quickly diluted, which limits phytoplankton uptake (Signorini and McClain, 2006). 

 The second Chl-a EOF mode (10.81%) (Figure 9d, f) showed a more coherent 

distribution. A regional difference was discerned where the Georgia Bight was 

independent of other coastal and offshore waters. The Georgia Bight region had a major 

Chl-a peak throughout spring, which coincided with times of increased precipitation and 

river discharge. In particular, what appeared to be a river plume structure offshore of the 

Georgia Bight was penetrating offshore and possibly entraining into the Gulf Stream. 

Chl-a in regions south of Jacksonville, Florida and along the Carolina Capes was out of 

phase with Chl-a in the Georgia Bight. Chl-a peaked in the summer/fall season instead. 

Such regional differences suggest Chl-a behaved differently from SST as it responded 
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more directly to nutrient delivery than to wind forcing. The Georgia Bight traditionally 

gets nutrients from river runoff, such that increased nutrient content from elevated spring 

river runoff can stimulate a spring bloom of phytoplankton. Coastal areas near the Florida 

Straits gain most of their nutrients from Gulf Stream subsurface intrusions, which 

penetrate onto the shelf where isobaths diverge north of Cape Canaveral. Farther 

downstream, nutrients exit off the shelf north of the Carolina Capes region, where 

isobaths converge. Wind forcing facilitates GS-originating nutrient transport (Yoder et 

al., 1985). Persistent upwelling-favorable wind may have enhanced onshore nutrient 

transport, fueling coastal phytoplankton growth, and thus increasing Chl-a concentration 

from June to September south of Cape Canaveral and north of the Carolina Capes. With 

subsurface Chl-a and nutrient data, it will be possible to better quantify anomalous wind’s 

role in coastal chlorophyll variation in summer 2003.  

 

4.2 Topographic upwelling 

 In general, the entire shelf was 1-2oC colder than climatology values. In addition 

to this cold temperature anomaly on the entire shelf, there was evidence of intermittent 

upwelling events that showed reduced SST as cold as 24oC from April to September. 

These short-term upwelling events served as evidence of the greatly depressed bottom 

temperatures and highlighted the true spatial extent of cold water on the entire shelf 

(Figure 11). These events initiated off Cape Canaveral, where vortex stretching from 

isobath divergence commonly induces topographic upwelling. At times, these events 

cover the entire SAB shelf from Cape Canaveral to Cape Hatteras. Janowitz and 
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Pietrafesa (1982) show that in a cyclonic region of current ( / ( / ) 0)ud dh V α >  such as the 

northeastern Florida shelf, if isobaths diverge in the downstream 

direction , then upwelling and onshore flow occur similar to our 

reconstructed snapshots. 

(( / ) | | 0)s h∂ ∂ ∇ <

 

5. Summary and conclusion 

 We used concurrent MODIS SST and Chl-a data with a new analysis method, 

DINEOF, to produce daily 4-km cloud-free SST and Chl-a fields for the SAB in 2003. 

Compared to a traditional OI method, DINEOF is much more efficient in handling a large 

dataset. More importantly, DINEOF computes the spatial and temporal correlation scales 

internally in DINEOF, a perfect feature to apply to a complex coastal ocean such as the 

SAB, where a priori information about temporal and spatial decorrelation scales is not 

available. While no in situ Chl-a data were available, favorable comparisons between in 

situ observed SST and DINEOF SST results showed that the reconstruction was robust 

and successful. The complete 2003 cloud-free SST and Chl-a analyses, along with raw 

input data, are available online at: http://omglnx2.meas.ncsu.edu/travis/DINEOF.html.  

 We analyzed the intrinsic connections between the 2003 daily, cloud-free SST 

and Chl-a analyses and high-resolution NARR wind fields. EOF analysis showed that the 

top two modes of surface wind had persistent upwelling-favorable conditions from June 

to September. The first SST mode was due to the seasonal solar heating cycle. The 

second SST mode showed a continued decrease along the SAB coast from June to 

September, a direct response to upwelling-favorable wind. The Chl-a EOFs did not show 
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clear variations that we could directly attribute to wind forcing, but we recreated the 

regional out-of-phase characteristics that previous works identified. Our analysis 

suggested Chl-a responded more directly to nutrient delivery from local river runoff and 

deep-ocean/GS upwelling. Surface winds may indirectly influence regional Chl-a 

distribution via modulating cross-shelf nutrient transport.  

Future work includes applying the DINEOF method to the entire MODIS data 

record and sub-regional areas to further highlight spatial patterns and the associated PCs. 

The resulting multiple-year cloud-free SST and Chl-a analyses will allow for studying 

their inter-annual variability on the SAB. Accompanying coupled biophysical modeling 

work is ongoing. DINEOF reconstruction will provide a critical dataset for model 

validation and interpretation. In turn, models will provide subsurface information. 
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Chapter 3 

Inter-annual variability on the South Atlantic Bight 

1. Introduction 

 During the summer of 2003, an anomalous cold-water event took place in the 

central SAB from May to September. Previous studies (Aretxabaleta et al., 2006, 2007; 

Miles et al., 2009; Yuan, 2006) identify the local and remote forcing responsible for 

depleted temperatures on the shelf, such as anomalous precipitation, river discharge and 

winds. Miles et al (2009) use reconstructed Moderate Resolution Imaging 

Spectroradiometer sea surface temperature (SST) and chlorophyll-a (Chl-a) to highlight 

the temporal and spatial extent of the cold-water event in the summer of 2003. However, 

this study did not put the 2003 cold-water event in the context of long-term datasets. 

Consistent long-term daily high-resolution datasets for the South Atlantic Bight (SAB) 

are notoriously difficult to find. Oceanographic data in this region is traditionally 

collected using buoys at numerous field locations, oceanographic cruises and satellite 

sensors that are frequently subject to high amounts of cloud cover. 

 Presented here is a five-year Data Interpolating Empirical Orthogonal Function 

(DINEOF) (Alvera-Azcarate et al., 2007) reconstruction of daily MODIS SST and Chl-a. 

This reconstruction shows 2003’s anomalous nature through comparisons with 

subsequent years. Additionally, SST, Chl-a and Gulf Stream position inter-annual 

variability are analyzed and related to large-scale mean wind patterns. 

 Section 2 presents a description of satellite data used in the analysis. Section 3 

briefly outlines the DINEOF procedure used in this study. In Section 4.1, an Empirical 
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Orthogonal Function (EOF) analysis compactly presents temporal and spatial variability 

on the SAB. The summer mean Gulf Stream position for 2003-2007 is estimated from 

Chl-a contours in section 4.2, followed by a summary and conclusion in Section 5. 

  

2. Data 

 Miles et al. (2009) use 295 daily 4-km Level 3 Moderate Resolution Imaging 

Spectroradiometer Chl-a and SST images from 2003 to reconstruct cloud-covered data. 

This study uses an identical 384x215 pixel grid covering 22oN to 38oN latitude and 73oW 

to 82oW longitude. A data set of 1,499 images extracted from an initial dataset of 1,826 

days was used to reconstruct SST and Chl-a from January 1, 2003 to December 31, 2007. 

after removing images with less than 5% data coverage. The mean summer surface Gulf 

Stream position for each year was estimated from the 0.25 mg/m3 Chl-a contour 

(Signorini and McClain, 2006).  

 

3. Methods 

 This study uses an identical Data Interpolating Empirical Orthogonal Function 

(DINEOF) reconstruction method as in Miles et al. (2009). This method reconstructs each 

year independently using SST, Chl-a and 1-day-lag SST for SST reconstructions; and 

using Chl-a, SST and Chl-a 1-day-lag images for Chl-a reconstructions. For 

reconstructive purposes, the next-closest day substituted for a 1-day-lag image when 

excessive cloud cover obscured it. The DINEOF method identifies dominant modes of 

covariance in multiple datasets and reconstructs missing data based on these covariances. 

 22



Appendix B and previous publications (Miles et al., 2009; Alvera-Azcarate et al, 2005; 

Beckers and Rixen 2003) give an in-depth explanation. DINEOF reconstructed time-

series was compared with National Data Buoy Center (NDBC) buoys 41004, 41008 and 

41009, whose positions can be seen in Figure 5. 

 

4.1 2003-2007 SST and chlorophyll EOF analysis 

 In the context of the full five-year 2003-2007 MODIS SST dataset, summer 

2003’s anomalous nature stood out clearly. DINEOF SST point comparisons with buoy 

41008 (Figure 12) showed a temperature drop of ~ 2-3oC in summer. Buoys 41004 and 

41009 exhibited similar temperature drops of ~ 1-2oC. 2004 showed a cold event of 

reduced magnitude and duration, which initiated slightly earlier than in 2003. Summer 

temperatures were lower when compared to subsequent years, and they peaked at 28-

29oC. 2005 was clearly the warmest year of the five-year dataset, with temperatures at 

buoys 41008 and 41009 reaching above 30oC. 2006 and 2007 continued the mean upward 

trend in temperatures and did not exhibit significant summer upwelling, with 

temperatures peaking right at 30 oC at all three buoy locations. Winter of 2003 had the 

coolest temperatures; they fell as low as 10oC at buoy 41008 on the central SAB shelf. 

 Five-year EOF analyses (Appendix A) were performed on DINEOF 

reconstructed SST. SST EOF mode 1 accounted for 89.16% of the total variability 

(Figure 13a, c). Temperatures on the SAB were at a maximum during summer months 

on the inner shelf and at a minimum during winter months on the inner shelf. The Gulf 

Stream exhibited the least amount of variability over all five years with a fluctuation of 
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less than 2.5oC. EOF mode 1 showed the lowest temperatures in 2003 and 2006 on the 

inner shelf during late winter and early spring. EOF mode 1 showed maximum 

temperatures in the summer of 2005 on the inner shelf. Not including 2005, summer 

temperature values remained stable and there was no obvious warming or cooling trend 

throughout the five years in EOF mode 1. SST EOF mode 1 did not show significant 

reductions in temperatures in 2003, suggesting that the cold event was not a product of 

the seasonal thermal heating cycle. 

 SST EOF mode 2 accounted for 3.02% of the total variability (Figure 13b, d). 

Temperatures were out of phase between coastal waters and offshore deep ocean waters. 

The signal was closely related to the seasonal variability of major wind patterns on the 

SAB. A combination of the Ohio Valley High and the Bermuda-Azores High pressure 

systems drives winds on the SAB. In spring, the Bermuda-Azores High over the Atlantic 

moves westward and replaces the Ohio Valley High, which is over the continental United 

States. Winds shift from southwestward to northward on the shelf, which are alongshore 

and upwelling-favorable. Through summer, these winds blow across Florida as the 

Bermuda-Azores High moves further west, and they strengthen in the northeastward 

direction. In fall, penetration of tropical air collapses and the Ohio Valley High returns 

eastward, setting up southward flow and downwelling along the southeastern U.S. coast 

(Blanton et al., 1985). The Bermuda-Azores High’s anomalous position in 2003 

accounted for anomalous strength and persistence of wind and the sharp SST decrease 

that initiated in late spring (Schwing and Pickett, 2004) in mode 2. The cold event in the 

summer of 2003 was obvious in this mode. It initiated in May with a sharp SST drop of ~ 
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2-3oC associated with the onset of upwelling-favorable winds (Miles et al., 2009). 2004 

had a similar event, though the drop’s magnitude was lower (~ 1 oC). 2003 and 2004 

mode 2 values also showed the coldest winter temperatures of ~ -6 oC on the inner shelf. 

Summer 2005 and 2006 had the highest values out of the five-year EOF mode 2, with 

SST of ~ 4-6 oC on the inner and middle shelves, while 2007 had a moderate seasonal 

fluctuation. 

 Log-normal chlorophyll EOF mode 1 (Figure 14a, c) explained 44.52% of 

chlorophyll variability. There was a clear seasonal cycle with consistently higher 

chlorophyll concentration in winter and spring, decreasing in summer. The units of log-

normal chlorophyll-a are not straight-forward, but can be thought of relative to the 

amplitudes of the principal components. Negative values correspond to Chl-a 

concentrations near 0. There was a distinct out-of-phase bimodal pattern in the central 

SAB, off the coast of Georgia and South Carolina. In the summer of 2003, there was a 

slight increase of ~ 0.1 in Chl-a mode 1 south of 30.5 o N and on the outer shelf. This 

increase was not present in subsequent years and reflected a similar drop in SST during 

this period of upwelling-favorable winds. Off the coast of Georgia and South Carolina, 

the maximum chlorophyll concentration was seen in the summer of 2004, while 

following years show seasonal amplitudes of ~ 0.6. 

 In log-normal chlorophyll-a EOF mode 2, 7.52% of the variability (Figure 14b, 

d), had an out-of-phase relationship between the coastal SAB and offshore deep-ocean 

waters. Spring of 2003 had the highest shelf chlorophyll-a concentration, which may have 

been attributable to enhanced precipitation in spring 2003 (Aretxabaleta et al., 2006). 
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There were minor peaks in following years, such as the peak in fall of 2004 and the 

winter peak of 2006. Chl-a mode 2 variability had an inconsistent pattern that was not 

easily attributable to any one forcing. The location of the strongest chlorophyll-a gradient 

in mode 2 corresponded with the general position of the Gulf Stream front and the 200m 

isobath. Chlorophyll-a data represent up to one optical-depth of phytoplankton, or only a 

few meters. It is likely that subsurface phytoplankton blooms were present on the SAB 

but could not be resolved with satellite remote sensing.  

 

4.2 Gulf Stream position 

 Uniform temperatures across the SAB and Gulf Stream in summer make it 

difficult to accurately estimate surface GS frontal position from SST data. To resolve the 

GS position, I instead calculated the mean summer GS surface front from the DINEOF-

reconstructed Chl-a. The 0.25 mg/m3 contour of Chl-a identified the location of the GS 

front similar to the method Signornini and McClain (2006) use. The Gulf Stream’s 

tropical origin and consistently nutrient-deplete nature allow this contour to be a stable 

estimate of the mean frontal position year-round on the South Atlantic Bight. This 

method did not allow for resolution of frontal eddies and synoptic variability of the GS 

front because of the DINEOF method’s emphasis on the dominant physical modes 

(Alvera-Azcarate et al., 2005). 

 Previous studies have had conflicting explanations of how the Gulf Stream affects 

the 2003 summer cold event on the SAB. Yuan (2006) states that the GS did not play a 

major role in summer upwelling on the SAB in 2003 because of its offshore position seen 
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in satellite snapshots. Cross-shelf transects provided by Aretxabaleta et al. (2006) show 

that subsurface water in the central SAB are distinctly of GS origin.  

I compared the 2003 mean summer GS surface position with the mean summer 

GS surface positions for 2004-2007 (Figure 15). The surface GS was anomalously 

offshore for only 2003, most notably in the central and northern SAB. In 2004-2007, the 

summer GS surface position was highly coupled to the outer shelf. The GS south of 30oN 

maintains a consistent summer position inter-annually. The fact that the surface GS front 

was offshore only in the summer of 2003 suggests that there is a more complex 

relationship between the GS and shelf physics. Comparisons of DINEOF reconstructed 

surface GS positions with cross-shelf transects from Aretxabaleta et al. (2006) (Figure 

16) showed that, while the Gulf Stream’s surface position was farther offshore, the 

subsurface GS front might have been anomalously onshore. The onshore subsurface 

position may have promoted enhanced subsurface intrusions onto the shelf. Indeed, 

summer bottom temperatures from cross-shelf transects off Savannah, Georgia were 

below 17oC, while a climatological cross-shelf temperature transect for June from 

Aretxabaleta et al. (2006) (Figure 17) shows a uniformly stratified water-column with 

bottom temperatures on the shelf between 22-24oC. Anomalously cold bottom 

temperatures in conjunction with the Gulf Stream front’s offshore position suggest a 

complex interaction, which will require modeling and further subsurface measurements 

to explain. 
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5. Summary and conclusion 

 A full five-year, cloud-free, MODIS, 4-km resolution dataset of Chl-a and SST 

has been reconstructed using the DINEOF method. EOF analysis highlighted spatial and 

temporal variability. The first EOF SST mode showed the seasonal thermal heating cycle, 

which remained stable throughout the five-year period. The inner shelf showed the 

greatest variability, while the outer shelf and Gulf Stream held a consistent temperature 

due to tropical origin of GS surface waters. The second EOF mode clearly showed the 

anomalous nature of 2003 with a sharp drop in summer temperatures. The years 2005-

2007 were warmer in the summer than previous years and had mild winter temperatures. 

 Log-normal DINEOF Chl-a EOF mode 1 showed a seasonal pattern, likely as a 

response to SST variability and GS proximity. There was a slight increase in chlorophyll-

a concentration on the shelf in the summer of 2003 not seen in 2004-2007, which 

corresponds with the timing of upwelling-favorable winds and cold SST. Chl-a EOF 

mode 2 showed an out-of-phase relationship between the SAB and offshore waters. This 

gradient is likely due to available nutrients through GS proximity, river input and 

stratification, which can retain nutrients below the thermocline. There was a large Chl-a 

peak seen in the spring of 2003, which was not evident in any of the following years. 

Anomalous precipitation in 2003 (Aretxabaleta et al., 2006) may have caused this 

enhanced spring bloom on the SAB shelf. 

 I estimated the summer mean surface Gulf Stream position through the 0.25 

mg/m3 contour line. The summer surface GS front in 2003 was anomalously offshore. In 

addition to the offshore summer surface GS position, cold bottom water seen in cross-
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shelf transects off Savannah, Georgia suggested a complex interaction between the shelf 

and the Gulf Stream. More subsurface in situ and modeling data are necessary to resolve 

the Gulf Stream’s nature and its affect on SAB upwelling processes. 
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Table 1. Point comparisons of buoy Observations with corresponding DINEOF SST and 

raw MODIS SST.  

 
B

 
num

obser

 
m
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offsets 

 DINEO
SST 

orrelations 
asonal cycle 
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BS/ MODIS 
raw SST 

correlations 
seasonal cycle 

retained/removed 
41004 331 -0.18 0.97/0.79 0.96/0.67 

41 36 -0 0 0008 5 .18 .99/0.81 .99/0.84 

41 33 -0 0 0009 9 .22 .93/0.59 .91/0.56 

L 36 -0 0 0kwf1 2 .77 .96/0.57 .96/0.58 
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Figure 1. A topographic view of the South Atlantic Bight with coastal locations of 

terest (Lee et al., 1991). in
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Figure 2. A general cross-sectional view of the South Atlantic Bight with physical 
forcing parameters included (Lee et al., 1991). 
 

 

 

 

 

 

 

 38



 

 

 

Figure 3. A snapshot of a typical MODIS SST image of the South Atlantic Bight. 
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Figure 4. The ratio of missing SST data from 2003 on the South Atlantic Bight. 
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Figure 5. Examples of Raw MODIS (a) SST and (c) chlorophyll-a and their DINEOF. 

SST (b) and chlorophyll-a (d) reconstructions on March 22, 2003. Panel (a) contains 

geographic references and panel (b) indicates buoy validation locations. 
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Figure 6. NDBC buoy SST and reconstructed DINEOF SST from the nearest location for 

2003.  
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Figure 7. 2003 NARR wind spatial EOF mode 1 (a) and 2 (b) with their corresponding 

principal component (PC) 1 (c) and 2 (d). To highlight events with persistence longer 

than the synoptic scale, the PCs are 7-day low-pass filtered. 
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Figure 8. 

 

N 

 

NDBC buoy 41004 and 41009 surface wind stick plots. Vectors point in the 

N 

direction wind is blowing. Winds have been 7-day low-pass filtered. 
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Figure 9. 2003 reconstructed SST spatial EOF mode 1 (panel a) and 2 (panel c) and 

corresponding principal component 1 (blue) and 2 (red) in panel e, along with 2003 

reconstructed Chl-a spatial EOF mode 1 (panel b) and 2 (panel d) and corresponding 

principal component 1 (blue) and 2 (red) in panel f. Chl-a is on a natural log scale, 

therefore negative values represent decimals and positive values represent Chl-a greater 

than 1. Also shown in green is the 200-m contour line. 
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Figure 10. June to September 2003 reconstructed spatial EOF mode 1 (top) and principal 

component 1 (bottom) with the seasonal signal removed. 
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igure 11. Snapshots of DINEOF reconstructed Chl-a and SST.  
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Figure 12. Five-year NDBC Buoy SST and reconstructed DINEO

lo
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Figure 13. 2003-2007 SST EOF Mode 1 (a) and Mode 2 (b). 2003-2007 SST principal 

components 1 (c) and 2 (d). 
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Figure 14. 2003-2007 log-normal Chl-a EOF Mode 1 (a) and Mode 2 (b). 2003-2007 

hl-a principal components 1 (c) and 2 (d). C
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Figure 15. Summer mean surface Gulf Stream positions from the 0.25mg/m3 Chl-a 

ontour. Dashed lines are 2004-2007. Solid pink is the 2003 mean position. Solid green is 

e 200-m isobath. 
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Figure 16. Cross-shelf transects of temperature off the coast of Savannah, Georgia. 

ontours are 1oC and the x-axis corresponds to cross-shelf distance in km seaward of the 

5-m isobath (Aretxabaleta et al., 2006). 
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Figure 17. Temperature transect across the shelf during June 25, 2003 (top) from 

Aretxabaleta et al. (2006) and climatological June temperature field from Blanton et

(2003). 
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Appendix A.  

Empirical Orthogonal Functions 

The following is largely from Beckers and Rixen (2003). Empirical Orthogonal Functions 

(EOFs) allow for the decomposition of a signal into multiple temporal and spatial modes. 

EOF analysis is an ideal method for the dissemination of 2-D satellite datasets. The initial 

data matrix Χ  contains spatial and temporal data. The EOF of this matrix can be 

calculated by the singular value decomposition (SVD) of the matrix Χ resulting in: 

v uρΧ =   (1) 

u vρ∗Χ =   (2) 

Where u is the spatial EOF, v is the temporal EOF and ρ is the singular value. ∗Χ  is the 

conjugate transpose of the matrix Χ . An alternative to solving equations (1) and (2) 

instead we solve: 

2u uρ∗ΧΧ =   (3) 

2v vρ∗Χ Χ =   (4) 

The spatial modes u are the eigenvectors of the temporal covariance matrix ∗ΧΧ , and v 

are the eigenvectors of the spatially averaged covariance matrix ∗Χ Χ . Eigenvectors by 

design are normalized and due to the above equation, orthogonal. Once eigenvalues and 

eigenvectors are determined, the initial matrix can be decomposed following: 

1

q

k k k
k

u vρ ∗

=

Χ =∑   (5) 
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With (5), we can solve for EOF modes k=1 to k=q, q being the number of eigenvalues 

pirical 

(2005). Beckers and Rixen (200

 The above EOF/SVD me kes the assum t 

different from 0, or the rank. 

 

Appendix B.  

Data Interpolating Empirical Orthogonal Functions 

 The following is a more in-depth explanation of the Data Interpolating Em

Orthogonal Function method used in Miles et al. (2009) and Alvera-A carate et al. z

3) describe it. 

thod ma ption tha Χ has no missing data. 

functions to fill in gaps in datasets and reconstruct orig atrices using the dominant 

odes. I will be the ensemble of points where data are missing. t

The Data Interpolating Empirical Orthogonal Function (DINEOF) method uses EOF 

spatial and temporal m

inal m

Χ  

is the field we would like to recover. R  is the noise field, and p t RΧ = Χ + is the true field 

with noise superimposed. aΧ ield with missing data filled in. will be the observed f

 For all missing data points [( , ) ]i j I∈  0 is inserted into the original m x Xatri o. W

then used SVD decomposition described in Appendix A to obtain a first guess of the 

spatial and temporal EOFs U and V in addition to their amplitudes from their singular 

values D. 

e 

(6) 

 

oUDV X∗ =   
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The truncated EOF series is used to obtain an interpolated value for the missing data 

point: 

*
1

( ) ( ) ( ) ( )N
a ij N N N ij k k i k jk

X U D V u vρ
=

= =∑   (7) 

N consists of only the first N spatial EOFs. We now have an analyzed field 

a

a o

The matrix U

X : 

δΧ = Χ + Χ  (8)  

The matrix δΧ is zero everywhere except at missing data points. We then perform the 

procedure again using the first guess as the new initial points until we reach convergence. 
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