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ABSTRACT 

 

Changes in wind direction in association with the phases of the El Niño-Southern 

Oscillation (ENSO) are identified over the Southeast region of the United States during the 

winter season (December-February).  Wind roses, which depict the percentage of time the wind 

comes from each direction and can graphically identify the prevailing wind, are computed 

according to a 12-point compass for 24 stations in the region.  Unfolding the wind rose into a 12-

bin histogram visually demonstrates the peak frequencies in wind direction during each of the 

three (warm, cold and neutral) phases of ENSO.  Normalized values represent the number of 

occurrences (counts) per month per ENSO phase, and comparison using percent changes 

illustrates the differences between phases.   

Based on similarities in wind direction characteristics, regional topography and results 

from a formal statistical test, stations are grouped into five geographic regions, with a 

representative station used to describe conditions in that region.  Locations in South Florida 

show significant differences in the frequencies in wind direction from easterly directions during 

the cold phase and northerly directions during the warm phase.  North Florida stations display 

cold phase southerly directions, and westerly and northerly directions during the warm phase, 

both of which are significant for much of the winter.  Coastal Atlantic stations reveal winds from 

westerly directions for both phases.  The Piedmont region demonstrates large variability in wind 

direction due to the influence from the Appalachian Mountains, but generally identifies warm 

phase and cold phase winds with more zonal influences rather than just from south or north.  The 



 xi 

 
 

 

Mountainous region also indicates southerly cold phase winds and northerly warm phase winds, 

but also reveals less of an influence from ENSO or significantly different distributions.  

Comparisons between observed patterns and those obtained using the NCEP/NCAR 

Reanalysis data reveal how the model-derived observations resolve the ENSO influence on 

surface wind direction at selected locations.  Overall, resolution of the strength of the signals is 

not achieved, though the depiction of the general pattern is fair at two of the three locations.  

Connections between the synoptic flow and surface wind direction are examined via 

relationships to the storm track associated with the 250 hPa jet stream and sea level pressure 

patterns during each extreme ENSO phase.  Discussion of reasons the NCEP reanalysis 

illustrates surface wind direction patterns different from those derived from observations is 

included. 

 

 

 



 

 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

 

The El Niño-Southern Oscillation (ENSO) cycle has shown to have widespread 

interaction with numerous atmospheric parameters and impacts on the climate globally.  

Previous studies link ENSO with variations in temperature (e.g. Ropelewski and Halpert 1986), 

precipitation (e.g. Ropelewski and Halpert 1996; Smith et al. 1998), landfalling hurricanes (e.g. 

Bove et al. 1998), snowfall (e.g. Patten et al. 2003), and the impacts of peak wind gusts (e. g. 

Enloe et al. 2004) over the United States.  Many ENSO studies focus broadly on the continental 

United States and various geographic regions around the world (e.g. Ropelewski and Halpert 

1987; Green 1996; Romero-Centeno et al. 2003), but few have concentrated primarily on the 

Southeast United States (e. g. Douglas and Englehart 1981; Sittel 1994a; Richards 1994).  In 

addition, many of this previous research concluded that impacts from ENSO are greatest during 

the winter season (e.g. Sittel 1994b; Enloe et al., 2004; Ropelewski and Halpert 1986).  

Therefore, motivation for the present study is twofold: to identify the main surface wind 

directional patterns across the Southeast United States during the boreal winter, and from these 

findings, relate the observed wind directions to the large scale atmospheric circulation patterns 

during the extreme ENSO phases.  Additional analysis involving reanalyzed wind direction data 

is conducted to determine how well the atmospheric features are resolved.  Through this study a 

connection to previously identified ENSO impacts (i.e. temperature and precipitation) can be 

better understood along with an indication of how the NCEP reanalysis data handles surface 

wind direction at specified locations.   

A common method of displaying the frequency of wind direction is in the form of a wind 

rose (Figure 1).  Wind roses provide a visual perspective of local wind conditions by portraying 

the percentage of occurrence (or percent frequency) the direction(s) and/or speed(s) occur over a 

station for a specified period of time.  Such graphics provide valuable information to many 

entities that rely on accurate wind information for a wide range of activities.  Aviation interests 
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need to be conscious of the seasonal change in prevailing winds when constructing new runways 

at an airport.  People who engage in recreational activities, such as hang-gliding and sailing, need 

to be aware of wind direction to properly align with the flow of the wind and know when the best 

season for such activities may be depending on their destination.  Knowledge of prevailing wind 

directions can be beneficial in architectural development, for architects can take into account 

these directions in the design of buildings.  Structures that require natural ventilation (e.g. bus 

stations, warehouses, picnic shelters, historical buildings and older homes) require the use of 

wind to funnel air through the complex.  Wind causes a positive pressure on the windward side 

and a negative pressure on the leeward side of buildings. To equalize pressure, fresh air will 

enter any windward opening and be exhausted from any leeward opening. In summer, wind is 

used to supply as much fresh air as possible while in winter, ventilation is normally reduced to 

levels sufficient to remove excess moisture and pollutants.  Wind roses can also provide 

atmospheric chemists with a measure of how long a particular pollutant can be expected over an 

area based on the prevailing wind direction, and be useful in dispersion modeling.  In addition, 

wind direction is very useful to firefighters when fighting fires, and to the forestry service when 

conducting control burns. 

 

 

 

 

 

Figure 1. Wind rose for the January warm phase for Tallahassee, FL.  The lengths of the bars depict the 

frequency with which the wind blows from that particular direction.  The colors and associated percent 

frequency (percentage of occurrence) is given to the right. 
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This study investigates the winter variability of wind direction in the Southeastern United 

States as it relates to ENSO.  Chapter 2 details the hourly surface wind data and region of study, 

as well as the methodology of the creation of wind roses across the region and the statistical 

analysis performed on the data.  A discussion of the prevailing wind during each ENSO phase 

follows in chapter 3, along with a comparison between the occurrences for each phase.  This 

reveals several stations that show a clear indication of an ENSO relation with wind direction for 

one or more phases.  An analysis of the wind direction represented in the NCEP Reanalysis data 

is examined in chapter 4 with comparison to the observed data.  A description of the atmospheric 

circulation during each ENSO phase and discussion regarding reanalysis depiction of these 

features are included in chapter 5.  Finally, the conclusions are summarized in chapter 6.  
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CHAPTER 2 

 

DATA AND METHODOLOGY 

 

 

The focus of this study is on seasonal analysis of wind direction across the Southeast.  

This research is performed based on the different phases of ENSO for a period of record of 52 

years.  Statistical methods and histograms depicting each direction are employed to observe 

variability relating to each ENSO phase. 

The winter season is chosen to investigate directional signals since this time of year 

reveals less dominating local weather patterns compared with other seasons.  During the 

summer, the Southeast is characterized by the effects of transient localized features such as sea 

breezes, convective thunderstorms, and tropical cyclones, which can bias observations.  During 

winter, such activity is not as common and the wind direction is influenced by more synoptic 

scale weather systems.  Winter is also the season when ENSO events are strongly teleconnected 

to locations in the midlatitudes and bears the greatest impact in the Southeast (e.g., Sittel 1994a, 

b).  Therefore, the December-January-February (DJF) time period is chosen for the focus of this 

study. 

The classification of ENSO events followed in the present study is the same as that used 

in prior studies, and is defined by the Japanese Meteorological Agency (JMA) sea surface 

temperature index.  The JMA SST index defines phases of ENSO based on sea surface 

temperature anomalies in the region from 4° N to 4° S and from 150° to 90° W.  A warm (cold) 

phase is characterized when the five month running mean of SST anomalies in the specified 

region is greater than 0.5°C (less than -0.5°C) for at least six consecutive months, including 

October, November and December.  If these criteria are not satisfied, the phase is classified as 

neutral (Japan Meteorological Agency 1991).  An ENSO year is defined as beginning in October 

of the onset year and continuing through September of the following year.  This convention is 

used to observe the effects of the ENSO event from its maturity in the winter through the 

dissipation the following summer (Green 1996).  Such an example would be the warm event year 
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of 1991, which began in October 1991 and concluded in September 1992.  In this study, 

commonly termed El Niño years are referred to as “warm” years, whereas La Niña years are 

called “cold” years.  A breakdown of the warm, cold and neutral years used in this study can be 

found in Table 1. 

 

 

 

Table 1. Cold, warm and neutral phase years based on the JMA SST index.  Each year marks the beginning 

of the ENSO year (i.e. 1947= October 1947-September 1948). 

Cold Phase Warm Phase Neutral Phase 

1949, 1954, 1955. 1956, 1964, 1967, 

1970, 1971, 1973, 1974, 1975, 1988, 

1998, 1999 

 

 

1951, 1957, 1963, 1965, 

1969, 1972, 1976, 1982, 

1986, 1987, 1991, 1997 

 

1948, 1950, 1952, 1953, 1958, 

1959, 1960, 1961, 1962, 1966, 

1968, 1977, 1978, 1979, 1980, 

1981, 1983, 1984, 1985, 1989, 

1990, 1992, 1993, 1994, 1995, 

1996, 2000 

 

 

 

 

 

Hourly wind direction data for First Order Weather Stations (FOWS) are obtained from 

the Data Support Section of the National Center for Atmospheric Research (NCAR).  The 

primary NCAR dataset, DS470, contains the binary formatted TD14 “U.S. Hourly Surface 

Observations” (NCDC 1975) and the ASCII formatted TD3280 “Surface Airways Hourly” 

(Steurer and Bodosky 2000) datasets provided by the National Climatic Data Center (NCDC). 

The TD14 dataset spans the period from 1 January 1938 through 31 December 1983; however 

most of the stations begin with data in 1948. The TD3280 dataset encompasses the period from 1 

January 1984 through 31 December 2001 (NCAR 2003).  Observations included in these datasets 

are from stations worldwide, collected by certified observers from the National Weather Service, 

the Federal Aviation Administration, the U.S. Air Force, and the U.S. Navy.  The present study 

focuses on the southeast United States. 

Wind direction data for 33 stations within an area extending from 24° N to 35.5° N and 

from 78° W to 89° W are examined (Figure 2).  This region includes the four states of Florida, 
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Georgia, Alabama and South Carolina, along with selected cities from North Carolina and one 

from Tennessee, thus providing adequate spatial coverage of the Southeast.  Station data 

underwent a completeness review which required at least 30 years of data, where each year must 

be 90% complete.  The majority of the stations fit this criterion; however seven lacked sufficient 

data to be serviceable, including: Apalachicola, Gainesville, and Vero Beach, Florida; 

Centreville and Huntsville, Alabama; Greenville, South Carolina; and Waycross, Georgia.  These 

stations contained a very short record length of roughly 10 years or less.  Six stations (Orlando, 

Fort Myers, Key West and Pensacola, Florida and Athens and Savannah, Georgia) experienced 

gaps in the data; nonetheless, they are used due to their location despite these gaps.  The lengths 

of the gaps vary from station to station, but range from a couple of years to around 10 years.  For 

the most part, such gaps are not considered to be detrimental to the study, since the required 30 

years of data is met.  Data from a total of 24 stations are used to complete this study. 

Wind direction measurements prior to September 1992 were made by human observers 

using analog or digital wind dials and subjective human judgment.   However, following the 

implementation of the Automated Surface Observing System (ASOS), observations are made at 

airports by sensors across the study region.  Wind direction is measured with a direction vane 

assembly coupled to a precision potentiometer.  Typical ASOS sensor heights are 8 to 10 meters, 

depending on site requirements.  The ASOS wind sensor takes one-second measurements and 

from these, computes five-second averages.  A two-minute average of the five-second average 

wind directions is reported once a minute and the current two-minute average wind direction is 

included in the transmission of the METAR observation reports at the top of the hour.  For 

reporting, the wind direction is given relative to true north and in 10° increments (NOAA 1998).  
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Figure 2.  Map of First Order Weather Stations across the Southeast which provide hourly wind data. 

 

 

 

Two primary methods of reporting wind direction occur in the TD14 dataset.  From 1938 

through 1962, wind directions were based on a 16-point compass using a two digit code that was 

then computed into a median value of the bin used to record the direction (Appendix A NCAR 

2003).  After 1962, wind directions are expressed in 10° increments (NCAR 2003, Steurer and 

Bodosky 2000).  In addition, beginning in the mid 1960s, wind direction data is archived in three 

hour intervals rather than hourly.  The length of this trend varies among stations and continues 

until the early to mid 1970s when hourly archiving resumes. 

For this study, calm and variable winds are discarded from calculations.  Calm winds are 

designated as ‘00000’, and concern winds speeds below 2 knots; whereas variable winds usually 

have a minimal reported wind speed (3-6 knots) and the direction is not definite nor is reported 
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(Steurer and Bodosky 2000).  Both conditions, while important in mesoscale processes such as 

fog formation, have little influence in the large scale circulation and are thus eliminated from the 

study. 

Wind direction data taken prior to 1962 are adjusted to the unit standard of every 10° to 

sort data into bins on a 36-point compass.  To do this, the median values are either rounded up or 

down to the nearest 10°.  For instance, for the range of directions from 12 to 33, the median 

value used is 23.  To adjust, the value is rounded to 20. The data is subsequently sorted into 

ENSO phases according to the JMA definition (Table 1).  For the 53 years used in this study 

(1948-2001), there are 12 warm phases, 14 cold phases and 27 neutral phases.  Wind speed 

information is stored into one of 36 angles of wind direction bins, and each wind speed accounts 

for one occurrence in a particular wind direction.  Subsequently, these 36 angles are grouped 

according to a 12-point compass.  Based on the complexity of using a 16-point or 36-point 

compass to bin the data, it is decided that using a 12-point compass is more efficient in 

displaying wind directions to eliminate skewness and create a more even distribution.  Table 2 

indicates the bounds for each of the 12 directions of the compass.  Once the data has been sorted 

into the 12-point compass, ratios are computed based on the number of observations from each 

direction divided by the total number of wind observations for all directions, for each month at a 

station.  These ratios are then expressed as percentages, which determine the length of the bar on 

the wind rose.  

 

 

Table 2. Wind direction bounds for the 12-point compass. 

N 350-10 

NNE 20-40 

ENE 50-70 

E 80-100 

ESE 110-130 

SSE 140-160 

S 170-190 

SSW 200-220 

WSW 230-250 

W 260-280 

WNW 290-310 

NNW 320-340 
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 Percent of occurrence histograms for all stations for each month of the winter season are 

created to identify the specific ENSO influences in wind direction.  This is done by unfolding the 

wind rose and plotting the percentages between 0 and 100 for each wind direction.  This method 

visually demonstrates where the prevailing wind directions are for each phase.  However, given 

the differing number of years in each phase, direct comparison between phases is not allowed 

using these graphs; only an investigation within the same phase from month to month and 

direction to direction is feasible.  Therefore, another set of histograms is created to determine the 

normalized number of occurrences. This is calculated using the equation: 

y

f
N =  

where f= the number of observations (frequency) in each directional bin, and y= the 

number of years in each phase.  This method eliminates the differences related to the varying 

number of years in each ENSO phase and allows for a comparison between phases to determine 

the amount of change from the other two phases.   

Testing for significance with circular data proves to be a challenge. The Kuiper test, a 

nonparametric variant on the Kolmogorov-Smirnov test, appears to be the most advantageous 

due to the circular nature of wind roses.  The Kuiper test allows for the wind rose to be sliced at 

any direction and the significance is not affected (Press et. al., 1986).  This test utilizes the 

maximum difference above and below one cumulative distribution function relative to the other 

and significance probabilities, or P-values, of the Kuiper statistic are used for comparison to the 

significance level.  However, the Kuiper test is inappropriate for such applications where the data 

are recorded in intervals such as 5º or 10º increments, also known as grouped data, which is the 

case with wind direction data (Fisher 1995).  Therefore, another method is employed to 

determine whether or not the data for each phase come from the same or different distributions 

for each station and month in the study.   

Before testing for significance in the distributions, we must test the correlation of the 

datasets.  The following statistical method for determining the correlation and significance 

testing can be found in Fisher (1995).  Correlation testing is performed using a T-linear 

association between two circular distributions.  To find the extent of the association, or 

correlation, between the two distributions, we begin by calculating: 
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Since , the test for correlation depends on the distributions.  Subsequently, the mean 

directions, mean resultant lengths and second central moments are calculated: 
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and the mean resultant lengths are found by: 
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Finally, we set all of these components to find the T-linear association: 
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Since 0ˆ ≠Tρ , and there are greater than 25 observations, an approximate 95% confidence 

interval can be computed using the standard normal distribution. Solving the equation for Tρ̂± , 

we find the confidence interval for the 95% significance level.  To determine correlation, the 

point where the Z line becomes uncorrelated or weakly correlated, is chosen and used to 

determine the effective sample size for significance testing.  The total size for each distribution is 

divided by the correlation number to give the effective sample size.  Since wind data is highly 

correlated, the effective sample size gives an estimation of the independence in the dataset. 
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To test for significance, a formal test is used, as described in Fisher (1995).  For this 

study, we assume the null hypothesis that the two distributions are identical, and reject the null 

hypothesis if the distributions are different at the 90% and 95% significance level.  Utilizing the 

effective sample size determined by the correlation testing, 1000 iterations of random samples 

are run with the assumption that rejection or no rejection of the null hypothesis for the random 

sample can hold true for the entire dataset.  First we consider all data values rnnN ++= .......1  

pooled together into a single sample.  We employ the method of circular ranks where the data are 

treated as linear and arranged into ascending order.  The circular rank of ijθ is defined as: 
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Using these relations, we can calculate the test statistic: 

 

∑
=

+
=

r

i i

ii

r
n

SC
W

1

22 )(
2  

 

In order to perform hypothesis testing, the test statistic must be used to create a critical 

value for comparison to the 95% significance level.  For this study, we utilize the chi-square 

distribution, with two degrees of freedom.  If the P-value created by the chi-square distribution 

exceeds the chosen significance level, the null hypothesis is not rejected and the two distributions 

are thought to be identical.  However, if the P-value is less than the significance level, the null 

hypothesis is rejected and the two distributions are considered to be different.  Since we are 

taking a random sample from the larger dataset, we choose to run the test for 1000 iterations for 

consistency.  From these 1000 runs, we take the mean of the distribution of P-values as the 

 12



primary P-value used for rejection testing.  Results from this test are included in the following 

section.  

A comparison of surface wind observations to surface reanalysis data is conducted using 

the same technique as described for observational winds.  Six-hourly surface wind data is 

obtained from National Center for Environmental Prediction using the NCEP/NCAR Reanalysis, 

which is provided by the NOAA-CIRES ESRL/PSD Climate Diagnostics branch, Boulder, 

Colorado, USA, via their website at http://www.cdc.noaa.gov/.  Zonal (u) and meridional (v) 

wind components are obtained and the direction is computed for the nearest gridpoint to selected 

observational stations.  Reanalysis winds are binned into month and ENSO phase and tested 

utilizing the same statistical methods. 

 Mean sea level pressure plots are created to determine relations between the wind 

direction signals and large scale atmospheric features.  The dataset, HadSLP1, is provided by the 

Hadley Centre in the United Kingdom, and distributed by the NOAA-CIRES ESRL/PSD 

Climate Diagnostics branch, Boulder, Colorado, USA, via their website at 

http://www.cdc.noaa.gov.  An update to the GMSLP2 dataset, the HadSLP1 gives a monthly 

global view of pressure observations gridded onto a 5° latitude-longitude field from 1871 to 

1998 (Basnett 1997).  Even though the dataset covers such an expansive time period, the surface 

observations used for the wind roses are restricted to 1948 through 2001.  Thus, a period from 

1948 through 1998 is extracted from HadSLP1to create composite monthly plots of mean sea 

level pressure.  

Composite monthly upper level wind analysis is conducted using wind component data 

from NCEP Reanalysis, which is provided by the NOAA-CIRES ESRL/PSD Climate 

Diagnostics branch, Boulder, Colorado, USA, via their website at http://www.cdc.noaa.gov/.  

The 250 hPa level, where the jet stream is location, is used to identify large scale atmospheric 

circulations.  The jet stream pattern reveals relative storm track locations that play a role in the 

surface wind variability, as will be discussed in later chapters. 
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CHAPTER 3 

 

OBSERVED ENSO VARIABILITY IN WIND DIRECTION 

 

 

Results from the significance testing are included in Table 3.  As noted, several locations 

in Florida yield wind distributions significantly different from each other (according to ENSO 

phase) at the 90% or 95% significance level.  Many locations north of Florida are found to not be 

significantly different at either of the significance levels for most of the winter season.  This does 

not mean that there are not any directional variations associated with ENSO, but rather there is 

not a high confidence in a difference in the wind directions during this time.  Further assessment 

of the histograms for each of the 24 stations identifies five geographic regions based on 

similarity of wind directional patterns:  South Florida, North Florida, Coastal Atlantic, Piedmont, 

and Mountainous.  A list of stations contained within each region can be found in Table 4. 

Each region is discussed in a separate subsection with a representative station chosen to 

illustrate the influence of the cold and warm phases of ENSO on surface wind direction.  The 

representative stations for the regions include:  Miami for South Florida, Tallahassee for North 

Florida, Charleston for Coastal Atlantic, Birmingham for the Piedmont region and Chattanooga 

for the Mountainous region.  These stations are chosen based on record length and the 

characteristics of the percent of occurrence histograms.  In addition, Tallahassee and Miami are 

chosen due to their statistical significance in the distributions, along with the robustness of the 

wind rose patterns.  Additionally, wind roses for the three ENSO phases throughout the winter 

season can be found in the Appendix. 
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Table 3.  Results determined by the statistical test from Fisher (1995).  NS indicates the distribution of wind directions from indicated phases and 

months is not statistically significant at either the 90% or 95% significance level. 

 

Station Name Dec 

Warm/ 

Cold 

Dec 

Warm/ 

Neutral 

Dec 

Cold/ 

Neutral 

Jan 

Warm/ 

Cold 

Jan 

Warm/ 

Neutral 

Jan 

Cold/ 

Neutral 

Feb 

Warm/ 

Cold 

Feb 

Warm/ 

Neutral 

Feb 

Cold/ 

Neutral 

ASHEVILLE NS  Sig. 95%  Sig. 90%  Sig. 95%  Sig. 95%  Sig. 95% NS  Sig. 95% NS 

ATLANTA NS NS  Sig. 90% NS NS NS Sig. 90% NS NS 

ATHENS Sig. 90% NS  Sig. 95% NS NS NS Sig. 95% NS NS 

AUGUSTA NS NS NS NS NS NS Sig. 95% NS NS 

BIRMINGHAM NS NS NS NS NS  Sig. 90% Sig. 95% NS NS 

CHARLESTON NS NS  Sig. 95% NS NS NS Sig. 95% NS NS 

CHARLOTTE NS NS NS NS NS NS NS NS NS 

CHATTANOOGA NS NS NS NS NS NS NS  Sig. 90% NS 

COLUMBIA NS NS NS NS NS NS NS NS NS 

COLUMBUS NS NS NS NS NS NS Sig. 95% NS NS 

DAYTONA 

BEACH 
NS  Sig. 90% NS NS NS NS NS NS NS 

FORT MYERS Sig. 90% NS  Sig. 95%  Sig. 95% NS  Sig. 90% Sig. 90% NS NS 

JACKSONVILLE NS NS  Sig. 90% NS NS NS NS  Sig. 90% NS 

KEY WEST Sig. 95%  Sig. 90% NS  Sig. 95% NS  Sig. 95%  Sig. 90%  Sig. 95% NS 

MACON NS NS NS NS NS NS NS NS NS 

MIAMI      Sig. 90% NS  Sig. 95%  Sig. 95%  Sig. 90%  Sig. 95% NS  Sig. 95% NS 

MOBILE NS NS  Sig. 90%  Sig. 95% NS  Sig. 95%  Sig. 95% NS NS 

MONTGOMERY NS NS NS NS NS NS NS NS  Sig. 90% 

ORLANDO NS NS NS NS NS NS NS NS NS 

PENSACOLA NS NS NS  Sig. 95% NS  Sig. 95%  Sig. 90% NS NS 

SAVANNAH NS NS  Sig. 95% NS NS NS NS NS NS 

TALLAHASSEE     Sig. 90% NS  Sig. 90%  Sig. 95%  Sig. 95%  Sig. 90%  Sig. 90%  Sig. 90% NS 

TAMPA NS NS NS NS NS NS NS NS NS 

W PALM BEACH Sig. 95%  Sig. 90%  Sig. 95% NS NS NS NS  Sig. 90% NS 

 



Table 4.  Southeastern United States region list.  A list of the 5 regions used in this study and the stations 

located within each region based from similar wind direction characteristics in the wind roses.  The locations 

of each station can be found in Figure 2.  The asterisk (*) denotes the representative station discussed in that 

region. 

 

South Florida North Florida Coastal Atlantic Piedmont Mountainous

Fort Myers, FL 

Key West , FL 

Miami, FL* 

Tampa, FL 

West Palm Beach, FL 

 

Mobile, AL 

Orlando, FL 

Pensacola, FL 

Tallahassee, FL* 

 

Charleston, SC* 

Daytona Beach, FL 

Jacksonville, FL 

Savannah, GA 

 

Athens, GA 

Atlanta, GA 

Augusta, GA 

Birmingham, AL*  

Macon, GA 

Montgomery, AL 

 Charlotte, NC 

 Columbia, SC 

 Columbus, GA  

 

 

Asheville, NC 

Chattanooga, TN* 

Percent of occurrence histograms illustrate the percentage of time wind from each 

direction occurs during each of the 12 warm, 14 cold, and 27 neutral phases.  These graphs 

indicate the prevailing wind during each phase, just as a wind rose does but in a linear format. 

Another set of histograms represents the normalized number of occurrences, which does not 

include the varying number of years in each phase.  This figure depicts the number of 

occurrences (counts) per month per ENSO phase.  Such a technique is used to compare the 

number of observations between each of the three phases and to quantify changes in direction 

from other phases utilizing a percent change formula: 

 

%100
occurences ofnumber 

occurences ofnumber occurences ofnumber 

phase  neutral

phase  neutralphase warm/cold
x

−
. 
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In comparing the warm and cold phases, the equation alters to reflect a percent increase relative 

to the lower of the two phases. 

 

3.1. South Florida 

During the warm phase, the prevailing wind direction occurs mainly from the north-

northwest throughout the entire DJF season (Figures 3a-c).  In December, this wind direction 

accounts for 17% of the total frequency distribution (Figure 3a).  With an increase in 

observations, the west-northwest direction contributes to the total prevailing wind in January and 

to a lesser extent in February.  This brings the percentage to around 30% from the northwesterly 

sector for both months (Figures 3b & c).   Dividing by the number of years in each phase, a 

comparison can be conducted using the normalized number of occurrences (i.e. the number of 

counts from a particular direction per month per ENSO phase).  From this, we find that during 

December, there is a 42% increase in counts from the north-northwest as compared to the cold 

phase (Figure 4a).  Though a small increase to neutral is also found, this is not significant (Table 

3).  During January, significant warm phase differences do occur with relation to both the cold 

and neutral phases.  Figure 4b indicates a 40% change in occurrences for the warm phase relative 

to the neutral phase, and a 94% increase relative to the cold phase from the north-northwest.  

From the west-northwest, percent changes over both of the other phases exceed 100% in favor of 

the warm phase.  Large increases continue in February from these prevailing directions, with 

significant anomalies to neutral around 80-85% (Figure 4c).  North winds are also more 

enhanced relative to neutral with an increase of 27%.  Though not significant, northwesterly 

warm-cold phase percent changes continue to be large (90-110%) in February.  Such 

north/northwesterly surface winds are indicative of frontal passages/trough influences found 

during the warm phase.  

 During the cold phase, the dominant wind direction in winter is easterly, spanning the east-

northeast to east-southeast sectors.  A total frequency of 40-48% is found throughout DJF from 

these easterly directions (Figures 3a-c).  In February, an increase in observations from the south-

southeast contributes to bring a higher percentage of 56%.  During December, the most prevalent 

of these wind directions is east (Figures 3a & 4a), with a 69% change compared to neutral years.  

30-35% increases for the other two east sector winds are also found (Figure 4a).  An increase in 

east-southeast observations in January leads to a shift in peak wind direction from due east.  
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Increases from all easterly directions total 60-65% compared to both neutral and warm years 

(Figure 4b).  While still predominant compared to both neutral and warm phases, the changes 

during February are not significant, nor are they as impressive as the previous two months.  East 

and east-northeast directions persist as being anomalous to neutral with 20-30% increases.  East-

southeast and south-southeast do not vary much from neutral, perhaps as the trade winds start to 

build during other phases, and the cold phase high pressure influence subsides.  

 

 

Figure 3. Percent of occurrence for 12 warm phases, 14 cold phases and 27 neutral phases of ENSO 

for (a) December, (b) January, and (c) February for Miami, FL.  The percentages from each direction during 

a phase total 100%. 
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Figure 4. Normalized occurrences for (a) December, (b) January, and (c) February for Miami, FL.  

The total number of observations in each directional bin for a phase is divided by the number of years during 

that phase.  These signify the number of counts per month per ENSO phase.  Percent changes relative to 

other phases can be computed to quantify differences. 

 

 

3.2. North Florida 

Prevailing winds during the warm phase winter reveal a consistent due north wind.  Such 

a wind direction occurs as the result of passages of fronts and troughs. During December, 

prevailing winds occur from the north-northwest to north-northeast of 47% during the warm 

phase, which includes a primary peak from due north of 21% (Figure 5a).  This predominant 

north wind continues throughout the winter, with more influence from north-northwest during 

January and February.  Percentages of the total wind frequency distribution remain around the 

same as December (Figure 5b & c). Comparison with the other phases reveals a 143% increase 

of northerly winds and 186% increase of north-northeasterly winds relative to the cold phase 

during December.  Changes relative to neutral, though not significant in December, reveal to be 

around 45% for these directions.  In addition, a 76% increase from the north-northwest is found 

compared with the cold years (Figure 6a).  The significantly robust northerly wind during 

January realizes a 78% increase in counts from neutral phase and a 211% increase from the cold 

phase (Figure 6b).  Significant warm phase changes in the number of northerly wind counts 

persists in February with percent changes well exceeding 100% to the cold phase, and ranging 

30% from the north-northwest to 50% from the north with regards to neutral (Figure 6c). 
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During the cold phase, Tallahassee exhibits a mixture of wind directions that are 

predominant during the winter.  Throughout DJF, main prevailing wind occurs from the north to 

north-northwest, along with from the south and south-southeast, with percentages from 25-30% 

of the total wind distribution (Figures 5a-c).  In December, the individual northerly winds are 

more prominent than southerly, but by February this trend is reversed.  Investigation of the 

normalized counts reveals a lack of influence from the cold phase throughout the winter months 

for all prevailing wind directions.  The north and north-northwesterly winds, though significant 

in December and January to neutral,  are not anomalous with a decrease around 40% (Figures 6a 

& b).  Comparison to the warm phase in all three months reveals a lessened cold phase influence 

in the northerly directions, as noted previously.  Cold years do not present much influence in 

southerly directions as compared with warm and neutral phases, with normalized occurrences 

roughly equal to, or slightly above or below the other two phases throughout the season (Figures 

6a-c).  During December, the warm phase reveals a 67% increase in occurrences to the cold 

phase, but all three phases are roughly equal in the south (Figure 6a).  January and February also 

depict decreases to both warm and neutral in the south-southeast, but February indicates a 30% 

decrease to neutral in the south, though not significant (Figures 6b & c).   

 

 

Figure 5. As in Figure 3, but for Tallahassee, FL. 
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Figure 6.  As in Figure 4, but for Tallahassee, FL. 

 

 

3.3. Coastal Atlantic 

In the Coastal Atlantic region, much of the ENSO influences on wind distributions are 

not as pronounced as in North and South Florida.  The prevailing winds for both phases 

encompass a wider range of wind directions.  During the warm phase, prevailing winds occur 

from the west-southwest through the north-northeast around 65-70% of the total wind (Figures 

7a-c).  Differences in December are not significant for the warm phase, and any changes are 

between the cold and warm phases, mainly from the west-northwest to north.  This accounts for a 

range of percent changes of 43% in the north to 50-55% in the west-northwest and north-

northwest (Figure 8a).  During January, the warm phase continues to be more prevalent 

compared with cold and neutral, but still not significant.  Prevailing winds depict percent 

changes of  26% (73%) in the west-northwest, 23% (29%) in the north-northwest, and the north 

and north-northeast reveal differences around 30% (50%-55%) compared to neutral (cold) 

(Figure 8b).  In February, the most significant changes occur between the cold and warm phases, 
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with the greatest occurring from the west at 75%, north at 91% and north-northwest at 88% 

(Figure 8c). 

The cold phase in Charleston is similar to the warm phase in that the prevailing wind 

across the entire winter season is consistently from the south-southwest to west-southwest, 

however it lacks the northerly wind signal.  During December, these two directions, combined 

with a peak in frequency from the west, bring a prevailing percentage of 37% (Figure 7a).  The 

other two months do not indicate as frequent a west wind, and thus the percentage of the total 

wind drops to around 28% (Figures 7b & c).  The most significant difference of these months 

occurs in December between the cold and neutral phases, along with the warm and cold phases 

during February.  Compared with the neutral phase, there is a change from the south-southwest 

and west-southwest of 31% and 20%, respectively (Figure 8a).  By February, the prevailing cold 

phase directions are fairly equivalent to the other phases.  The main warm-cold phase differences 

exist in the west to north directions, where the cold phase is decreased to the warm phase, as 

noted previously.  Though not significant, a 31% (68%) increase to neutral (warm) years exists 

in January for the south-southwest (Figure 8b).  

 

 

Figure 7. As in Figure 3, but  for Charleston, SC. 
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Figure 8. As in Figure 4, but for Charleston, SC.  

 

 

3.4. Piedmont 

This region is determined by the topography of the area, given that the majority of the 

stations lie at the foot of the Appalachian Mountains.  The terrain in this realm is smoother than 

in the Mountainous region, but more rugged as compared to the previous three regions.  Much 

variability exists in the wind distributions from station to station due to various localized 

influences (i.e., terrain differences, elevation, ASOS placement).  The wind frequencies in this 

region do not peak as much from one or two single directions, but rather are spread over 

numerous directions.   

In Birmingham, the prevailing warm phase wind occurs from the north-northwest to east-

northeast around a 40% frequency during the winter (Figures 9a-c).  The most significant 

differences at Birmingham are found between the warm and cold phases during February.  

During this month, most all directions, with the exception of the southerly directions, depict a 

positive change judged against the cold phase.  The most prevailing direction, north-northwest, 

experiences a 40% increase in counts as compared to cold years, while a 20% change is found in 

the due north direction (Figure 10c).  The remaining winter months also indicate an increased 
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change in occurrences in these directions to the cold phase, though not significant (Figure 10a & 

b).  Overall, changes relative to neutral in the northerly directions mostly are negative, with the 

most consistent percent increase relative to both phases being from the north-northeast and east-

northeast during DJF. Such changes, though not significant, range from 40% to 80% compared 

to neutral, and exceed 100% relative to the cold phase (Figures 10a-c). 

The cold phase in Birmingham reveals prevailing winds in the sector from the south-

southeast to south-southwest, with a percentage throughout the winter around 37% (Figures 9a-

c).  The most significant differences are during January between cold and neutral, and between 

February warm and cold phases.  In January, the cold phase has the largest positive change to 

neutral in the south-southwest, with 46% (Figure 10b).  The other southerly directions are not 

anomalous to neutral, but do see an increase compared to the warm phase.  During February, the 

lack of statistical significance determined between the cold and neutral phase is understood with 

the cold phase not realizing any positive changes to neutral.  Instead, focus shifts to differences 

in the warm phase.  In the southerly directions, significant changes to warm years are realized by 

32% in the south to 50% in the south-southeast (Figure 10c).  As noted, there are consistent 

decreases to the warm phase across the northerly directions. 

 

 

Figure 9. As in Figure 3, but for Birmingham, AL. 
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Figure 10.  As in Figure 4, but for Birmingham, AL. 

 

3.5. Mountainous  

The Mountainous region is unique in that the terrain of the Appalachian Mountains 

directly affects the flow of the wind at each of the stations.  Of the two stations in this region, 

Chattanooga and Asheville, only Chattanooga bares any variability in wind direction (Figures 

11a-c). Asheville, situated in the heart of the Appalachians, reveals prevailing winds from the 

north-northwest and north with a 25-30% frequency and a secondary peak from the southerly 

direction with 15% frequency for all phases throughout the winter season (not shown).  The 

remaining directions contribute 5% or less to the total wind for each phase.  Though Asheville is 

found to be significantly different according to the statistical test used (Table 3), wind 

distributions are very similar and lack any noticeable ENSO signal by inspection.  The 

mountains at this location allow the wind to funnel only from either the north or the south for all 

phases, and interfere too much with the other surface wind directions.  Chattanooga, situated in a 

valley of the mountains, still reflects the effects of the mountains, though not as much as 

Asheville.  Therefore, more variability is exhibited in the wind distributions and is discussed in 

this section. 

Like Asheville, there is a reduced wind frequency from the east and east-southeast, where 

percentages are less than 2% per direction for all phases. As seen in Figures 11a-c, the warm 
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phase winter season contains prevailing winds from north-northwest through north-northeast 

with a total percentage around 40-45%.  The most significant difference for this station is during 

February between warm and neutral years.  Percent changes in the north directions are around 

40% for north-northwest and north-northeast, and 25% for due north (Figure 12c). Though not 

significant, changes of this magnitude or larger are present compared to the cold phase, and for 

December and January warm/neutral and warm/cold comparisons (Figures 12a & b). 

The cold phase demonstrates similar patterns to those of other regions in the Southeast.  

Prevailing wind patterns indicate a main peak from due south throughout the winter season, and 

combined with the south-southwest, exhibits roughly 40% of the wind distribution (Figures 11a-

c).  Though none of the cold phase distributions are found to be significant based on the 

statistical test, increases relative to neutral and the warm phase can be found, most prominently 

in the south-southwest. Percent changes to neutral range from 20% in January to 40% in 

February (Figures 12b & c).  South winds in Chattanooga allow moisture to flow off the Gulf of 

Mexico, providing the impetus for wet weather enhanced by a northern storm track during the 

cold phase.  

 

 

Figure 11. As in Figure 3, but for Chattanooga, TN. 
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Figure 12. As in Figure 4, but for Chattanooga, TN. 
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CHAPTER 4 

 

COMPARISON OF ENSO WIND DIRECTION INFLUENCES USING NCEP REANALYSIS 

 

 

 A long running problem in the field of meteorology is accurate numerical modeling and 

prediction of the state the atmosphere.  Utilizing NCEP Reanalysis (NCEPR) data, a comparison 

between the model-generated analysis and given surface observations is performed to determine 

if the wind direction frequency changes related to ENSO are accurately noted by the NCEPR 

data.  Assessments of the large scale atmospheric features during each ENSO phase that are 

being observed or missed by the model are discussed.  Given that the influence of ENSO is most 

strongly felt along the coastal regions, the comparison will be limited to three stations, two of 

which exhibit the most statistically significant differences in the surface observations.  

Employing the same statistical analysis on these stations as is used on the observational data 

indicates no significant differences between the phases. However, a comparison between the 

normalized distributions of the surface observations and the NCEP Reanalysis model data is 

performed. 

 

4.1. Miami 

 Throughout the cold phase winter season, NCEPR surface wind analyses depict the same 

trends as the observational surface wind.  During December and February, the prevalent cold 

phase winds continue out of the east-northeast to east, with percent changes over neutral and 

warm phases around 18-25% (Figures 13a & c).  In January, NCEPR depicts principal cold 

phase winds from the east-northeast through east-southeast, with the primary peak from due east 

(43% increase relative to neutral and 80% increased from the warm phase) (Figure 13b).  This is 

a slightly different scenario than the surface observations, which indicate prevailing cold phase 

winds out of the east and east-southeast, with predominance from the east-southeast, as 

compared with other phases.  Though the wind directional pattern is similar, the percent changes 

relative to neutral from the easterly directions is underestimated in NCEPR, and overestimated 

compared with warm years against the changes in the observations.  
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 While the cold phase is depicted well in the model, the warm phase NCEPR lacks much 

of the robustness the surface observations indicate.  In general, patterns between the NCEPR 

winds and the observation winds are similar, but the magnitude of the winds is largely 

underestimated.  During December, the NCEPR winds are more equivalent to neutral and 

slightly increased to the cold phase in occurrences of north-northwesterly directions (Figure 

13a), whereas in the observations these changes are around 10% and 40%, respectively.  The 

NCEPR winds from the northwesterly directions are not as dominant in January and February 

compared to both neutral and cold phase.  Changes relative to neutral are 60% from the west-

northwest and 10% from the north-northwest during January (Figure 13b).  February brings 

changes compared to neutral from both northwesterly directions to around 30% (Figure 13c).  In 

the observations, these changes are much stronger around 40-80% increases from the north-

northwest and 90-110% from the west-northwest during these two months.  Relating to the cold 

phase, January depicts the most accurate comparison, with relatively similar percent changes as 

observed; however, during February, NCEPR winds are diminished compared with the 

observations, with north-northwest changes depicting 68% compared with an observed 90%. 

 

 

Figure 13.  Normalized occurrences for (a) December, (b) January, and (c) February for the closest 

gridpoint to Miami, FL using the NCEP reanalysis data. 
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4.2. Tallahassee 

 NCEPR wind analysis for Tallahassee reveals a less stout distribution than the wind 

observations.  Normalized NCEPR distributions indicate that throughout the winter season, there 

is not a noticeable difference among the three phases, as there is in the observations.  The only 

contrast between phases in the NCEPR reanalysis occurs from the north-northwest directions and 

southerly directions (Figures 14a-c).  From the north-northwest, a slight warm phase increase 

over the cold phase exists for December, and this difference augments in January and February, 

as is the case in the observations.  Northwesterly winds are about equal to neutral in December, 

similar to the observations; however the prevalent northerly peak is not present in the NCEPR 

data, with a 5% decrease from neutral.  In January, the north and north-northwest winds show a 

little more distinction, with an increase of 20%, but miss the overwhelming signal found in the 

observations.  The northwesterly winds depict more prominence than the observations, but the 

northerly winds lack the magnitude of the observations, which is around 80% higher than 

neutral.  In addition, NCEPR winds diverge in change compared to the cold phase with a 17% 

difference as opposed to an observed 211%.  February also reveals less robust signatures with 

only the north-northwest winds increased over the other phases.  The observations, however, 

depict differences from the north, and west-northwest in addition to the north-northwest.  

Moreover, NCEPR north winds portray a 10% (7%) decrease from neutral (cold), which 

contrasts the 50% (175%) increase found in the observations. 

 During the cold phase, the NCEPR winds reveal fewer or equivalent occurrences than the 

neutral phase, just as the observations do.  The difference lies in the southerly directions, where 

the NCEPR winds indicate definite increases relative to both neutral and warm phases.  This 

increase to neutral is found from the east-southeast (46%) to due south (23%) during December, 

and from south-southeast through south (both 23%) during January, with a lesser extent during 

February. Compared to the warm phase, all months indicate a positive change from the southerly 

directions, and most greater than 35% (Figure 14a-c).   This is not present in the observations, 

where the cold phase exhibits only slight increases and large decreases relative to the warm 

phase and equality or a decrease in occurrences against the neutral phase.   
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Figure 14. As in Figure 15, but for Tallahassee, FL 

 

 

4.3. Charleston 

 Similar winter season trends compared to observations are found in the NCEPR winds in 

Charleston (Figure 15a-c).  Southerly directions are more pronounced in the cold phase as 

compared to the other phases in both the model and the observations.  The NCEPR winds 

indicate percent changes in December roughly equal to the observational percent changes 

relative to neutral, but such changes are considerably higher in January and February.  NCEPR 

winds even indicate a 19% increase in the west-southwest during January, which features a 14% 

decrease in the observations.  In addition, 11-15% increases in NCEPR winds during February 

occur from the south-southwest to west-southwest compared to a 5-7% decrease in the 

observations.  In addition, the NCEPR analysis reveals a greater difference between cold and 

warm phases in these southerly directions, mainly during the later winter months.  NCEPR 

percent changes are around 50% during February, and observed changes hover around 10-15%.  

The closest similarity between the reanalysis and observations is from the west-southwest where 

NCEPR depicts a 9% cold to warm phase increase, against an 11% observed decrease (Figures 

8c & 15c).   

A first glance at the general warm phase pattern suggests similar winds as observed, 

though some directions are not as diverse when compared to neutral as the observations might 
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indicate.   Percent change comparisons to neutral signify the most consistent differences through 

the DJF season reside mostly in the northerly directions.  Though observation changes in 

December in the north are not large (i.e. most are around 2-5%), the NCEPR changes indicate a 

deficit of 10-15% to neutral in the north.  The largest discrepancies are in January and February.  

In these months, observations from the north are around 30-40% higher; however the NCEPR 

winds reveal decreases that range from 3 to 15%.  Changes in the observed winds during 

February are upwards of 60-90%, whereas NCEPR changes remain less than 20%, with the 

largest being 35% in the west-northwest (Figures 8c & 15c).  Warm phase comparisons to both 

neutral and cold phases underestimate the robustness of the signal from the northerly directions.  

The most similarity between the two datasets occurs in the west to north-northwest directions 

during January.  

 

 

Figure 15. As in Figure 15, but for Charleston, SC. 

 

 

 

The discrepancies between the observed and model-gridded reanalysis winds present the 

researcher using the NCEPR dataset with some interesting dilemmas, since it is so apparent that 

coastal winds are not well depicted.  It is possible that coastal winds are not well represented 

owing to the poor resolution in the NCEPR dataset (O’Brien personal communication 2006).  
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With a 2.5° grid spacing, much of Florida is not well resolved.  With a coarse resolution, many 

weather patterns may be smoothed over or simply undetected.  Coastal locations also are 

influenced by problems with resolution between land and ocean surfaces (O’Brien personal 

communication 2006).  It has also been previously documented that NCEPR winds do not 

always match observed winds in coastal areas, due to a poor resolution of the synoptic pressure 

gradient (e.g. Smith et al., 2001).  This analysis leads to little confidence that the NCEPR winds 

are viable stand-ins for observations.  Also, NCEPR winds are only available on a six-hourly 

basis, rather than the hourly availability of the first-order stations, thus observations are more 

useful to describe mesoscale climate variability.  These deficiencies are further explored in the 

next chapter with regard to general synoptic patterns associated with storm track and semi-

permanent anticyclone features. 
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CHAPTER FIVE 

 

DISCUSSION 

 

  The comparison of NCEPR winds to the observation winds leads to the conclusion that 

the NCEPR winds do not resolve the atmospheric patterns that affect wind directions during 

ENSO, particularly during the warm phase.  This is indicated by the much smaller amplitude of  

normalized occurrences when compared to the neutral and cold phases and related to the 

observed winds described in Chapter 3.  A description of the synoptic pattern associated with 

each extreme phase of ENSO gives insight as to what features the NCEPR model must take into 

consideration when trying to simulate the observational wind directions.   

Many studies (e.g. Smith et al., 1998; Eichler and Higgins 2006; Ropelewski and Halpert 

1986) have found that there is an association between the upper level flow via storm tracks, and 

phase of ENSO.  In addition, there is a relation between the surface wind and the sea level 

pressure patterns of the Southeast region.  Both large-scale features play a role in altering the 

wind direction frequencies for each ENSO phase.  These factors are discussed in the following 

subsections, based on the phase of ENSO.    

 

5.1. Cold Phase 

During the cold phase winter, a persistent blocking high pressure system forms south of 

Alaska. This strong Pacific High, coupled with a weak Aleutian Low, forces the polar jet stream 

through Alaska, south into Canada and dipping into the central areas of the United States.  The 

southern branch of the polar jet forms south of the high and directs moist air into the Pacific 

Northwest.  Given this upper level wind pattern (Figure 16a-c), it is seen that the storm tracks 

during the cold phase do not intersect the majority of the Southeast, but rather remain to the 

north of the region.  Thus, fewer midlatitude storms trek through the area compared to the warm 

and neutral phases.  This is consistent with Noel and Changnon (1998), who found a 29-46% 
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decrease in cyclone frequency in the Southeast during the cold phase.  As a result, the climate 

during the cold phase is left warmer and drier for much of the Southeast.    

 

 

 

 

Figure 16.  250 hPa vector wind anomalies for the cold versus neutral phases  (a) December, (b) January, and 

(c) February.   Contours are every 2 m/s depicting magnitude, with solid contours illustrating positive (cold 

phase greater than neutral phase) values and dashed contours illustrate negative (neutral phase greater than 

cold phase) values. 

 

 

 

 

A second important aspect of the atmospheric circulation is the sea level pressure pattern.  

As noted in Smith et al. (1998), the cold phase of ENSO reveals a westward elongation of the 

Bermuda High over the southeast United States, with an apparent increase in strength as 
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compared to the other phases.  This is seen in Figures 17a-c.  Strong 1022 hPa high pressure is 

present over the eastern Atlantic and shifts westward during the cold phase, with a definite 

continuous elongation during January that spreads across the entire region (Figure 17b).  

However, it is evident that the high pressure lingers in the region in February and continues to be 

strong.  This placement is not as far west as in January, but a full eastward retreat is not seen.  

The location of the high is still extended further west than during either the warm or neutral 

phases. 

 

 

 

Figure 17. Sea level pressure for the cold phase for (a) December, (b) January, and (c) February.  Contours 

are every 2 hPa. 

 

 

The elongation of the Bermuda High lends to an enhancement of the trade winds and thus 

a higher frequency of easterly winds, particularly in the southern sections of Florida.  As seen in 
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Miami (Figure 3), there are more pronounced winds from easterly and east-southeasterly during 

the cold phase due to the westward expansion of the Bermuda High.  The presence of the high 

pressure also contributes to southerly winds in other portions of the Southeast.  This includes 

Chattanooga and Birmingham, which receive moisture from the Gulf of Mexico to fuel any 

precipitation that occurs near a northern storm track region close to Chattanooga.  Smith et al. 

(1998) has shown the elongation of the Bermuda High allows low-level flow to be restricted to 

the western Gulf of Mexico and flows around the high into the region.  Due to the presence of 

the high over the Southeast, much of the region is left warm and dry.  The strength and location 

allow for storms to skirt north and avoid the area, thus not allowing for the invasion of frontal 

passages and associated wind shifts.  

The NCEPR data does handle the presence of higher cold phase easterlies due to the 

enhancement of the trade winds, but underestimates the changes from both neutral and warm 

phases at Miami.  In addition, southerly winds at Tallahassee and Charleston are overestimated 

in NCEPR, when the observations indicate a lack from these directions during the cold phase.  

We can infer from these changes that the NCEP reanalysis may not be capturing the strength or 

the position of the Bermuda High correctly.  It has been seen in other studies (e.g. Smith et al., 

2001) that the NCEP reanalysis data has trouble depicting the wind speed and surface pressure in 

various oceanic locations when compared with ship observations, of note being the high and low 

pressure centers.  Smith et al. (2001) deduces the errors in wind speed and pressure are attributed 

to the misplacement and/or incorrect strengths of highs and lows, resulting in weaker pressure 

gradients and underestimated winds.  Given the noted trouble with such parameters, it is not 

unreasonable to relate the changes in wind direction to an inaccurate intensity and/or placement 

of the Bermuda High, thus affecting the surface wind pattern during the cold phase. 

 

5.2. Warm Phase 

The large scale pattern for the warm phase winter consists of a persistent trough of low 

pressure over the North Pacific. South of the low, the subtropical jet stream forms off the Pacific 

and flows straight into the southern United States.  A weak polar jet forms over eastern Canada 

and allows intrusion of warmer than normal weather to northern sections of the United States.  

The upper level pattern contrasted to neutral conditions is shown in Figures 18a-c.  With the 

presence of the subtropical jet in place during the warm phase, an increase in the frequency of 
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storms over the Gulf of Mexico and east coast of the United States has been found (Eichler and 

Higgins 2006; Hirsch et al. 2001).  Noel and Changnon (1998) determined that during the warm 

phase winters the Southeast experiences an increase in cyclone frequency by roughly 35-60%, 

and Hirsch et al. (2001) presents similar values.  With the passage of such storms, cooler and 

wetter weather prevails.  The placement of this storm track affects the wind direction at the 

surface, with a higher frequency of northerly winds owing to the increased number of frontal 

passages.  As seen in the upper level pattern, the storm track is more influential in January and 

February (Figures 18b & c), which coincides with the greatest influence of northerly winds seen 

in many locations discussed in chapter three.   

 

Figure 18.  As in Figure 16, except for the warm phase. 
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In addition to the upper level steering, the sea level pressure pattern is quite different in 

the warm phase than that during the cold phase (Figures 19a-c).  During the warm phase, the 

Bermuda High does not elongate as much to the west, and the frequency of cyclone passages 

leads to lower pressure over the region, with more localized high pressure pockets.  The eastward 

retreat of the high pressure system allows for broad southwesterly flow off the Gulf of Mexico, 

funneling moisture into the Southeast. 

 

 

Figure 19.  As in Figure 17, except for the warm phase. 

 

 

 

Given the main synoptic pattern, it can be seen that this feature is not depicted as well by 

the NCEPR winds as it is in the observations.  NCEPR winds are underestimated in all three 

locations, most notably Tallahassee.  The most obvious reason is that the model is not accurately 

identifying the synoptic systems that propagate through the region along the storm track during 
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the warm phase winter.  By not grasping this aspect, the model’s data assimilation does not 

illustrate the northerly winds present due to the increased passages of cyclones and fronts.  One 

reason the model is not picking up on the northerly winds can be due to the placement of the 

storm track.  However, Eichler and Higgins (2006) utilized the NCEP Reanalysis sea level 

pressure data and found more storms over the Gulf coastal region during the warm phase, just as 

other studies have shown.  This would suggest that NCEPR is simulating the general placement 

of the storm track accurately.  Instead, the reason is that NCEPR is not realizing the sea level 

pressure correctly, a problem mentioned previously (Smith et al., 2001).  With NCEPR 

underestimating the sea level pressure, and thus the overall pressure gradient, the resolution of 

the depth of any cyclonic system is misrepresented.  From this, the wind components, and 

calculated wind direction, are also affected, leading to an underestimation of wind speed and 

misattribution of wind direction.  Thus, sustained northerly winds accompanying the frontal 

passages during this phase are not present.   
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CHAPTER 6 

 

CONCLUSIONS 

 

 

Variability in wind direction during the winter season across the Southeast is investigated 

in association with the warm and cold phases of ENSO.  The variability is identified by 

unraveling a 12-point wind rose, based on hourly surface wind data, into percent of occurrence 

histograms and locating the characteristics of the wind distribution, along with discerning 

percent changes between phases in these prevailing directions.   

Based on statistical testing, the most significant differences between phases and months 

occur along coastal locations in Florida.  As latitude increases, along with movement away from 

coastal regions, the amount of statistical significance decreases.  The influence of ENSO on wind 

direction also follows this pattern with the greatest impacts found in Florida and less influence in 

the Piedmont and Mountainous regions.  Inspection of the wind distribution patterns reveals the 

most anomalous wind occurs during the warm phase with a temporal and spatial consistency. 

The Southeast experiences the greatest impact in the warm phase, particularly from westerly to 

northerly directions.  Stations in South and North Florida reveal the largest frequencies of 

northerly winds than any other region in this study.  In particular, North Florida experiences 

striking winds from northerly directions compared to other directions within the warm phase and 

very robust changes relative to the neutral and cold phases.  Coastal Atlantic stations indicate a 

broad range of prevailing winds from westerly to northerly directions.  The locations in the 

Piedmont and Mountainous regions exhibit the same general trend in directions and also 

exemplify a wide variability due to the funneling and blocking effects of the Appalachian 

Mountains.  The Mountainous region depicts either a lack of ENSO influence, or identified 

impacts are not found to be significant. 

The Southeast receives less of an impact during the cold phase.  Influences during the 

cold phase are most striking in South Florida where easterly and southeasterly winds increase 

considerably compared with neutral conditions.  Other regions in the Southeast primarily 
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experience southerly winds during the cold phase to a lesser frequency, and with a more equal 

occurrence to the other ENSO phases.  A paucity of northerly winds occurs compared to both 

neutral and the warm phase.   

A comparison conducted with NCEP reanalysis winds indicates how the model-derived 

analysis depicts surface winds during each ENSO phase.  The NCEPR simulates general patterns 

in Miami and Charleston, but does not handle the amplitude of the changes relative to neutral or 

warm phases.  In Tallahassee, NCEPR does not resolve much of an ENSO signal.  Both 

Tallahassee and Charleston overestimate cold phase winds, while all stations greatly 

underestimate warm phase wind changes when compared to the observed surface wind pattern. 

The large scale atmospheric circulation during each phase, both at the surface and aloft, 

plays a role in affecting the surface wind pattern and differences between phases.  The location 

and intensity of the subtropical jet stream during the warm phase creates an impetus for the 

higher frequencies of northerly winds from increased frontal passages in the region. Southerly 

and easterly winds in the Southeast reflect the elongation of the Bermuda High during the cold 

phase, along with a much northern storm track that skirts the extreme upper portion of the region.  

During January and, to a lesser extent, February, these atmospheric features are more developed 

in both phases and this is reflected in the higher frequencies of northerly winds during the warm 

phase and southerly and easterly winds during the cold phase for these months.  The lack of 

resolution of these features in the NCEP reanalysis presents reasons for the differing wind 

patterns and strengths.  Misrepresentation of atmospheric features, coupled with coarse 

resolution and a larger time scale pose challenges for accurate modeling of the surface wind 

direction patterns.  

The findings in this study are connected with previously known influences ENSO has on 

the climate in the Southeast.  Knowledge of such impacts on the wind can be useful in many 

fields, such as aviation, fire management, air quality transport and building construction.  In 

addition, the comparison to a model-derived analysis sheds more light on the inadequacies of 

such datasets.  Results found in this study suggest other avenues of research could be conducted 

in the future.  Future work includes the expansion of this study to other regions of the United 

States and other months of the year when ENSO has a bigger impact than during the winter in 

the Southeast.  More investigation involving wind speed and the use of calm winds could be 

interesting to further our knowledge of wind patterns at the surface.  
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APPENDIX 

 

WIND ROSES 

 

 

Figure 20.  Wind roses for Miami, FL for (a)-(c) December, (d)-(f) January, (g)-(i) February.  The first 

column depicts warm phases, the second column illustrates cold phases, and the third column shows neutral 

phases. 
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Figure 21.  As in Figure 20, but for Tallahassee, FL. 
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Figure 22.  As in Figure 20, but for Charleston, SC. 
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Figure 23.  As in Figure 20, but for Birmingham, AL. 
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Figure 24.  As in Figure 20, but for Chattanooga, TN. 
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