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ABSTRACT 

 
 

CLEAR AIR TURBULENCE 
 

A NUMERICAL SOLUTION FOR TRANS-OCEANIC FORECASTING 

by 
 

Samuel T. Jones 
 

Plymouth State University, May, 2013 
 
 

 Clear air turbulence forecasting has historically been a challenge.  In 

recent years, many tools have been developed that have provided a measure of 

success.  These tools can always be improved.  This study focuses on one of 

these tools, Gary Ellrod’s Turbulence Index (Ellrod Index), and attempts to 

determine if the index could be improved by the addition of other turbulence 

factors.  The study began with the most recent version of the Ellrod Index and 

examined it in conjunction with Richardson Number, horizontal shear, stability 

gradient, and temperature gradient.  The indices were then verified against 16 

pilot reports of turbulence over the north Pacific.  None of the examined variables 

added significantly to the Ellrod Index, which performed at 75% accuracy.  Four 

case studies were examined in additional detail to attempt to identify other 

potential turbulence drivers.   It was ultimately determined that the Ellrod Index 

performs as well as can be determined by this study, the additional factors did 

not improve performance. 
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CHAPTER 1 

 

1.  Background 

a. Motivation 

Clear air turbulence (CAT) is one of the most difficult in-flight hazards to 

forecast.  Usually there are no visual cues such as cloud formations to indicate 

shear zones.  A forecaster has to rely on standard synoptic-scale upper-level 

charts to infer turbulent zones, which may not adequately indicate smaller-scale 

features.  Over the oceans these problems are amplified with the simple lack of 

observational data.  A simple to use, modular algorithm that could be applied to 

any numerical model output could be of great use to forecasters and pilots alike. 

CAT hasn’t caused a loss of aircraft, but passengers can be tossed 

around in the cabin.  Historic crashes with CAT as a factor have been attributed 

to a combination of poor aircraft design and pilot inexperience (PBS 1997).  

Fatalities can occur if the passengers haven’t secured their seat belts and the 

turbulence is severe enough (NTSB 1998).  Recently, an aircraft encountered 

severe turbulence in flight that injured a number of passengers and required an 

emergency landing (FAA 2013).  Airlines seek to maximize passenger comfort, 

so areas of turbulence are typically avoided.  With many current broad-brush 

analysis techniques, areas of potential CAT are usually quite large.  This 

necessitates the airline to plan a longer flight path around the turbulent area than 

may be required.  With a numerical approach, these paths could be optimized 

better, potentially incurring significant fuel savings every year. 
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Many tools and rules of thumb already exist to forecast turbulence.  

Overall these perform fairly well over the continental United States (CONUS).  

This is mainly due to forecasters and researchers focusing on where the majority 

of flight traffic occurs.  Additionally, CONUS enjoys many higher-resolution 

forecast models, such as the 12km NAM and 13km RAP models.  One area that 

has been overlooked is trans-oceanic flights.  Most non-global models do not 

include much of the oceans, and due to the smaller number of flights occurring, 

forecasters and researchers do not focus on these areas.  This study seeks to fill 

that knowledge hole by attempting to formulate a turbulence forecast technique 

for trans-oceanic flights. 

 

b. Definition of clear-air turbulence 

Turbulence is defined by pilots as “bumpiness in flight.”  Because this is 

based upon an aircraft’s response to the atmospheric state, turbulence can be 

caused by both disorganized motions and organized small-scale circulations.  

Simplistically, turbulence is categorized by chaotic variations in velocity.  These 

conditions can occur in many places of the atmosphere – in and near 

thunderstorms, in the vicinity of mountains and within the boundary layer to name 

a few (Lester 2007). 

Clear air turbulence, specifically, are these conditions which occur outside 

the influence of thunderstorms.  Therefore, mountain waves and jet streaks, 

among other sources, can contribute to clear air turbulence (Lester 2007).  

Because this paper focuses on CAT associated with trans-oceanic flight paths, 
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boundary layer and mountain wave turbulence will not be included in the 

analysis. 

 

c. Sources of clear-air turbulence 

Turbulence is caused by many sources, anything that could cause chaotic 

flow within the atmosphere.  These sources range from physical structures to 

atmospheric flows, and from small circulations to large synoptic-scale systems.  

Due to this paper’s focus on trans-oceanic flight paths, many of these sources 

can be ignored.  For example, the boundary layer is a major source of 

turbulence.  The ground-atmosphere interface and the boundary layer-free 

atmosphere interface both produce turbulent flows (Lester 2007), but they occur 

far below trans-oceanic flight levels.  Similarly, mountain waves are also a major 

source (Lester 2007; Ellrod 1989), but because mountains are rare and relatively 

small scale over the oceans, these sources of CAT can also be ignored.  Wake 

turbulence, the vortices created by the passage of an aircraft (Lester 2007), 

aren’t a factor because of the standard separation between aircraft of 50nm over 

trans-oceanic flight paths (Campos and Marques 2011). 

One of the major causes of turbulence is shear with its related instabilities 

(Wallace and Hobbs 1977).  The rapid change of speed and/or direction can 

change how the aircraft responds to the incident wind field.  Shear regions 

associated with a jet streak are a primary source (Bluestein 1986) of turbulence, 

especially the associated deformation zones and confluent regions (Ellrod 1989).  

Vertical shears associated with Kelvin-Helmholtz (K-H) instability is one easily 
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analyzed property, and is therefore one of the primary forecast tools.  Measuring 

the Richardson Number can provide an indication of turbulence probability (Lilly 

1986; Bluestein 1986).  Richardson Number is calculated by: 
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  Large shear regions outside these specific cases can also indicate turbulent 

flow (Ahrens 1992), therefore shear in general should be examined for adequate 

turbulence forecasting. 

Another category could be rapid environmental changes.  Frontal systems 

are often associated with turbulence (Lester 2007; Bluestein 1986).  While 

surface fronts are typically found below flight level, upper-level fronts could be an 

issue. Inconsistencies in flow, such as confluent regions and active cyclogenesis, 

can also be a source of turbulence (Ellrod 1989).  Chaotic flow is created by the 

collection of mass and the atmosphere’s propensity for maintaining equilibrium.  

Additionally, stability inconsistencies associated with strong thermal 

gradients, T , (Ellrod 2007) and tropopause folds (Bluestein 1986; Mecikalski et 

al. 2007) can also be sources of turbulence.  Stability is directly related to vertical 

velocity, and if this changes rapidly, the aircraft can experience a change in lift, 

sometimes dropping a significant distance in height.  Stability can be equated 

with horizontal gradients of vertical velocity (omega). 

In addition to these categories, gravity waves can be a primary source of 

turbulence in otherwise stable air (Hooke 1986).  Some of these gravity waves 
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are generated by shears, but another source is developing thunderstorms.  The 

impulses of updrafts can oscillate the upper-level flow, causing downstream 

gravity waves.  Finally, strong anticyclonic flows can also spawn turbulent 

regions.  Strong anticyclonic flow can both enhance vertical shear (K-H 

instability), and anticyclonic vorticity-generated gravity waves (Knox 1997). 

 

d. Current forecast techniques 

One of the primary ways to forecast turbulence is using subjective 

analysis techniques.  The upper air pattern is analyzed for areas of tight 

gradients, deformation zones and confluent regions, and correlated with satellite 

data to identify areas of turbulence (AWS 1984; Ellrod 1989; AFWA 1998). The 

problem with these types of forecasts, while useful, is that the areas tend to be 

large, broad-brushed areas of turbulence potential, implying turbulence where it 

may not exist (Bass and Minsk 2001).  Given these large areas, a pilot may plan 

a longer route than necessary to circumvent them.  That could lead to an 

increase of fuel usage and, in turn, cost. 

Another major issue was the inherent subjectivity of turbulence reports 

from pilots.  What one pilot may report as “light” turbulence could be interpreted 

by another as “moderate”.  An attempt was made to automate the identification of 

turbulent eddies and standardizing the report quantitatively (Corman et al. 1995), 

independent of aircraft type.  Automated Eddy Dissipation Rate (EDR) 

observations (Takacs, et al. 2005) have been implemented in the National 

Weather Service’s (NWS) Graphical Turbulence Guidance (GTG) product as an 
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initialization variable.  The GTG algorithms also include Gary Ellrod’s turbulence 

index (hereafter referred to as the Ellrod Index or simply EI) (Ellrod and Knapp 

1992) among a number of other parameters in a weighted algorithm (Sharman et 

al. 2006).  The GTG itself utilizes the Rapid Update Cycle (RUC) model to 

produce the turbulence guidance up to 12 hours out (NWS 2012). 

This study seeks to examine clear-air turbulence mechanisms over the 

oceans and attempt to formulate a forecast algorithm that can be applied to 

typical model data.  Current forecast techniques are imperfect, mostly relying on 

objective analysis of the upper-level flow.  While numerical analyses exist, many 

are disused in favor of traditional methods.  GTG is an adequate tool for 

continental United States (CONUS) operations, but the domain ends at the 

shores, limiting its application.  Development of a modular trans-oceanic 

algorithm for CAT could be very useful for those fuel-conscious long-haul flights. 

 

e. Ellrod index 

For the purposes of this study, many turbulence algorithms are 

superfluous. As described previously, because this study will examine turbulence 

over trans-oceanic flight paths, most lower-level and terrain-induced turbulences 

won’t be encountered.  The United States Air Force (USAF) developed a 

graphical forecast technique using the Ellrod Index as a primary variable (Belson 

2004).  Given previous work successfully focusing on the Ellrod Index, this paper 

will begin there. 
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Mr. Ellrod began developing a numerical turbulence forecast technique in 

1992.  At the time, CAT wasn’t resolvable at the model grid level.  The primary 

method of forecasting was hand-analysis of the synoptic-scale flow, resulting in 

very large forecast areas.  Seminal numeric techniques had previously examined 

either horizontal and vertical wind shear or Richardson Number tendency (e.g. 

Roach 1970; Brown 1973; Lee et al. 1984; Sorensen & Beckwith 1985).  These 

techniques were inadequate, as they did not describe enough sources of 

turbulence to be of operational use.  Ellrod focused his index on horizontal 

deformation, convergence, and vertical wind shear, to attempt to simply describe 

as many CAT cases as possible.  The initial index verified well during the study, 

with a roughly 75% accuracy (Ellrod & Knapp 1992). 

Later, it was identified that current indices did not correctly identify many 

significant sources of turbulence.  Specifically, the Ellrod Index misidentified 

turbulence generated in strong anticyclonic shear regions due to the small 

deformation in these areas.  It was noted that while the Ellrod Index focused on a 

derivation of the Petterssen Equation to identify regions of horizontal and vertical 

shear, it does not account for geostrophic adjustment or inertial instability in 

strongly anticyclonic shear regions (Knox 1997).  To account for these sources, a 

divergence trend term was added to the Ellrod Index.  This divergence trend is 

applicable in anticyclonic flow and reduced to zero for cyclonic flow.  It was noted 

that addition of this term significantly improved the performance of the index 

(Ellrod & Knox 2005, 2010).  With the improvements noted in the Ellrod Index, 

this study will begin with that most recent work and look into its application along 
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trans-oceanic routes, and possible improvements that could be made.  The Ellrod 

Index is calculated by: 
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Where u and v are zonal and meridional wind components, V is total 

horizontal wind speed, h2 is 6 hours ahead of h1, and x, y, and z are horizontal 

and vertical distances (Ellrod & Knox 2010). 
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CHAPTER 2 

 

2.  Data and methodology  

This study required a few data sources for the analysis.  The intent was to 

assume the position of an operational forecaster assembling a flight briefing for a 

pilot customer.  As such, model data were selected to correspond with an 

example lead time, and PIREP data were selected to verify the model data 

output. 

 

a. PIREPs 

The first data sets to be reviewed were PIREPs.  The reason for this was 

simplicity.  PIPREP data over the open ocean are sparse, so the selection of 

analysis dates and times would hinge upon where and when applicable PIREP 

data occurred.  Archived PIREP data were accessed through the National 

Climatic Data Center (NCDC)’s Hierarchical Data Storage System (HDSS) 

Access System (NOAA 2013b).  A year of data was downloaded, stretching from 

July 2010 to June 2011.  This stretch of time was selected to coincide with 

available archived model data. 

 

b. Model data 

In order to forecast potential turbulence parameters, archived model runs 

were required.  These were downloaded from the National Operational Model 

Archive & Distribution System (NOMADS) (NOAA 2013c).  This study is focusing 
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on trans-oceanic flight paths over the north Pacific, so a box was selected 

bounded by 20 degrees north latitude, 50 degrees north latitude, 130 degrees 

west longitude, and 150 degrees east longitude.  This required a global model as 

any North American or United States focused model would not include the entire 

box.  Therefore, the 0.5 degree GFS model was selected. 

 

c. Other analysis data 

To facilitate an entire weather picture for certain case studies associated 

with this paper, other data were required.  Archived surface and 500 hPa 

analyses were downloaded from NCDC’s Service Records Retention System 

(SRRS) (NOAA 2013d).  Archived GOES West satellite data were acquired from 

NOAA’s Comprehensive Large Array-data Stewardship System (CLASS) (NOAA 

2013a).  While this study ostensibly took the view of an operational forecaster 

assembling a flight briefing from model data and verifying the forecast against 

pilot reports, the methodology required a backwards approach.  Because of the 

sparseness of PIREP data over the open ocean, they were analyzed for 

adequate dates and times to apply model data.  The model data were then, in 

turn, verified against the PIREPs, which were assumed to be ground truth. 

 

d. Selection of data points 

Given the year of data downloaded from HDSS, a Perl script was written 

(APPENDIX A) to parse through and select pilot reports that included positive or 

negative turbulence reports.  Detection of turbulence by a pilot is subjective, so 
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reports that did not include a turbulence remark at all could not be trusted.  We 

could not assume either if conditions were smooth or turbulent.  In the study area 

over the north Pacific, there were 181 reports during the year.  Many days 

reported only one occurrence, or a few occurrences each at different hours.  In 

order to have a high confidence in turbulence over a wide enough area to be 

covered in the 0.5 GFS data, cases selected needed to fit the  criteria that a 

minimum number of 3 reports needed to occur within 3 hours of available  

forecast output (00z, 06z, 12z, or 18z) (Table 1).  The first report on December 

16th was further removed during model verification due to the fact the PREP 

reported latitude and longitude (lat/lon) as a range and therefore difficult to verify 

against the point forecast focus of this study. 

 

e. Forecast runs 

Given the five dates chosen in the previous section, GFS data from 

NOMADS were downloaded and analyzed using GEMPAK.  This study assumed 

the position of an operational forecaster assembling a turbulence forecast for 

trans-oceanic flights.  To facilitate a logical lead-time, most dates used the 00 

UTC GFS run.  The exception was May 31st which used the 12 UTC run as there 

was adequate lead time to use it.  The 06 UTC and 18 UTC GFS runs were 

specifically avoided due to inherent problems with the model, specifically the lack 

of updated upper air data to ingest.  For most cases, the 12h and 18h forecast 

data were utilized, except for May 31st which used 18h and 24h data.  The 6h 

difference between forecast hours was necessary to calculate the Ellrod Index, 



 

 12 

which includes a six-hour divergence trend term (DVT) (Eq. 1).  Due to limitations 

in the GEMPAK formula input, the Ellrod Index had to be manually added 

together.  A logic operator was required in order to raise the DVT to zero if the 

trend was negative (Ellrod 2010).  Therefore, the vertical wind shear and 

deformation terms were calculated and added to DVT, only when the DVT was 

greater than zero. 

In order to examine whether the Ellrod Index could be improved over the 

open ocean, additional variables were calculated and analyzed.  These potential 

variables were identified as: horizontal shear, Richardson Number (RN), stability 

gradient, and temperature gradient.  Horizontal shear was already evaluated 

within the Ellrod Index, so it was not further analyzed.  GEMPAK included an 

automatic RN calculation which was used in lieu of a detailed equation.  As 

stated previously, one factor in turbulence is horizontal differences in stability.  

Due to difficulties in calculating a stability gradient directly in GEMPAK, omega 

was utilized as a proxy within the gradient.  This had an added benefit of 

including all vertical motions, such as those associated with strong shears or jet 

streaks.  The temperature gradient was uncomplicated.   

 

f. Verification of turbulence forecast 

Each variable was evaluated at each PIREP lat/lon point and inserted into 

a spreadsheet where additional analysis and verification were performed.  The 

GEMPAK text output at each point did not always provide consistent scaling.  

Each individual point was compared to the majority and adjusted to a scaling of 



 

 13 

10-8 for omega gradient and 10-6 for Ellrod Index and temperature gradient.  This 

was also done to facilitate a possible enhanced index where the scaling between 

variables would be matched when added together. 

The Ellrod Index was first compared against PIREP data to determine how 

well it performed on its own.  Initially, a simple YES or NO occurrence was 

compared against the Ellrod Index output.  Further analysis was performed to 

determine whether turbulence severity could be indicated.  Each potential 

augmentation variable was then analyzed to see whether or not adding it, or a 

combination of multiple variables, could improve the Ellrod Index performance. 

 

g. Case studies 

Further charts were analyzed to dig deeper into four case studies.  A 

number of 300mb absolute vorticity and wind field charts were created in 

GEMPAK.  Archived 500mb and surface analysis charts were acquired from 

NOAA’s National Centers for Environmental Prediction (NCEP) database.  

Satellite data were also sourced from NOAA and examined.  Each point in these 

cases was identified on the various charts to see what was occurring at the time 

of report. 
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Table 1.  PIREPs used in this study. 
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CHAPTER 3 

 

3.  Results and case studies  

Results began with the accuracy of the Ellrod Index itself, and an analysis 

of any graphical patterns.  Limitations were identified, and corrected.  Further 

variables were analyzed and added to Ellrod Index in turn, to identify any 

potential improvement to the index.  Graphical analyses, while providing a rough 

pattern, were too ambiguous for detailed study.  Therefore point data were 

analyzed.  The four case studies were further examined for additional insight.   

 

a. Ellrod Index 

The Ellrod Index by itself performed fairly well.  Out of the 16 analyzed 

points, turbulence existence or nonexistence was correctly identified 75% of the 

time.  The four misses were forecast as no turbulence, when moderate 

turbulence was reported by the pilot.  In addition, turbulence severity was 

irresolvable given this data.  The one severe turbulence point came in with a 

relatively low Ellrod Index value of 6.13 (turbulence threshold is 4).  Many 

moderate and light-to-moderate reports were associated with values much higher 

than this, some exceeding 20, and one light-to-moderate report associated with 

an Ellrod Index of 87.80.  The scatter plot (Fig. 1) displays no discernible pattern 

to the data. 

Graphical analysis charts were generated using GEMPAK (Figs. 2-6).  

Examination of these charts only highlighted the need to analyze the point data.  
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Placement of the turbulence PIREPs had to be estimated, and indeed, these 

placements often occurred near the critical “4” isopleth.  The placement was 

ambiguous enough that uncertainty was high whether EI forecast turbulence at 

the PIREP location or not.   

Another problem was inherent to the way EI was calculated within 

GEMPAK.  The original algorithm (Ellrod & Knox, 2010) called for the divergence 

trend to be zero if it would otherwise be negative.  Due to limitations in coding the 

formula in GEMPAK, such a distinction wasn’t possible.  Therefore, some 

instances of EI were erroneously reduced where DVT was negative.  Manual 

analysis of the point data alleviated this issue. 
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Figure 1. Ellrod Index plotted as a function of Turbulence Severity.  The x-axis contains all 16 points, ordered from lowest 
severity (smooth) to highest (severe).  
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Figure 2. Ellrod Index at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010. Standard turbulence 
symbols mark the locations of the turbulence reports. 
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Figure 3. Ellrod Index at 300 mb from the 18 h GFS forecast valid 18 UTC 18 December 2010. Standard turbulence 
symbols mark the locations of the turbulence reports. 
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Figure 4. Ellrod Index at 300 mb from the 18 h GFS forecast valid 18 UTC 21 March 2011. Standard turbulence symbols 
mark the locations of the turbulence reports. 
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Figure 5. Ellrod Index at 300 mb from the 18 h GFS forecast valid 18 UTC 17 May 2011. Standard turbulence symbols 
mark the locations of the turbulence reports. 
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Figure 6. Ellrod Index at 300 mb from the 24 h GFS forecast valid 12 UTC 31 May 2011. Standard turbulence symbols 
mark the locations of the turbulence reports.
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b. Richardson Number 

The graphical representation of RN was revealing (Figs. 7-11).  RN had 

few areas of potential instability within the values of interest from 0 to 1.  Only 

PIREP IDs #7, 12 and 13 even fell within the RN areas.  Furthermore, no PIREP 

corresponded with a RN of 0.25, which is the ideal value for shearing instability 

(Bluestein 1986).  Since none of the PIREPs corresponded with values of note, 

RN was discounted for possible inclusion. 
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Figure 7.  Richardson Number plotted at 0.25 and 1.0 at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 
2010.  Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 8.  Richardson Number plotted at 0.25 and 1.0 at 300 mb from the 18 h GFS forecast valid 18 UTC 18 December 
2010.  Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 9.  Richardson Number plotted at 0.25 and 1.0 at 300 mb from the 18 h GFS forecast valid 18 UTC 21 March 2011.  
Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 10.  Richardson Number plotted at 0.25 and 1.0 at 300 mb from the 18 h GFS forecast valid 18 UTC 17 May 2011.  
Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 11.  Richardson Number plotted at 0.25 and 1.0 at 300 mb from the 24 h GFS forecast valid 12 UTC 31 May 2011.  
Standard turbulence symbols mark the locations of turbulence reports. 
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c. Omega gradient 

Initially, the omega gradient appeared to be a good candidate.  Graphical 

analysis provided a pattern (Figs. 12-16) with a tentatively optimistic potential.  

Some PIREP reports seemed to correlate well with data spikes, especially on 18 

December.  An equal number of points were associated with either low values or 

near zero values, so deeper analysis of the point data was needed.  

Unfortunately, even that analysis revealed no definitive pattern (Fig. 17).  Overall, 

it was not possible to readily identify a threshold either in the variable itself, or 

when added to the Ellrod Index (Fig. 18).  Therefore, omega gradient was not 

considered a significant factor that could increase Ellrod Index performance. 
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Figure 12.  Omega gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 13.  Omega gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 18 December 2010.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 14.  Omega gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 21 March 2011.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 15.  Omega gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 17 May 2011.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 16.  Omega gradient magnitude at 300 mb from the 24 h GFS forecast valid 12 UTC 31 May 2011.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 17. Omega gradient magnitude plotted as a function of Turbulence Severity.  The x-axis contains all 16 points, 
ordered from lowest severity (smooth) to highest (severe).  



 

 36 

  
Figure 18. Ellrod Index plus omega gradient magnitude plotted as a function of Turbulence Severity.  The x-axis contains 
all 16 points, ordered from lowest severity (smooth) to highest (severe).  
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d. Temperature gradient 

The graphical representation of the temperature gradient magnitude (Figs. 

19-23) initially appeared useful, much like the omega gradient.  A few points 

seemed to correlate well with the graphical data, especially on 16 December, 21 

March, and 31 May.  As with the Omega gradient, it was after a deeper analysis 

where the usefulness fell apart.  A scatter plot (Fig. 24) suggested a negative 

correlation between temperature gradient and turbulence.  The severe report had 

one of the lowest values, and the smooth report had the highest value by a factor 

of 2.  Even when discounting these values, no discernible pattern emerged.  

When adding this variable to Ellrod Index (Fig. 25), a definite negative correlation 

emerges, indicating that the temperature gradient is a poor candidate for 

improving the index.  Subtraction of the negative correlation was not considered 

because the temperature gradient values were positive and would not enhance 

the index in that fashion. 

Overall, none of the tested variables added refinement to the Ellrod Index.  

Each had potential of varying strength, but no discernible patterns emerged, nor 

did any viable forecast threshold values for turbulence detection.  Even adding all 

variables together did not reveal any significant patterns or potential threshold 

values (Fig. 26).  Further examinations of some case studies within this data set 

were warranted. Reports that were misforecast or underforecast by the Ellrod 

Index were especially interesting. 
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Figure 19.  Temperature gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010.  
Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 20.  Temperature gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 18 December 2010.  
Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 21.  Temperature gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 21 March 2011.  
Standard turbulence symbols mark the locations of turbulence reports. 
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Figure 22.  Temperature gradient magnitude at 300 mb from the 18 h GFS forecast valid 18 UTC 17 May 2011.  Standard 
turbulence symbols mark the locations of turbulence reports 
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Figure 23.  Temperature gradient magnitude at 300 mb from the 24 h GFS forecast valid 12 UTC 31 May 2011.  Standard 
turbulence symbols mark the locations of turbulence reports. 
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Figure 24. Temperature gradient magnitude plotted as a function of Turbulence Severity.  The x-axis contains all 16 
points, ordered from lowest severity (smooth) to highest (severe).  
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Figure 25. Ellrod Index plus temperature gradient magnitude plotted as a function of Turbulence Severity.  The x-axis 
contains all 16 points, ordered from lowest severity (smooth) to highest (severe).  
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Figure 26. Ellrod Index plus omega gradient magnitude plus temperature gradient magnitude plotted as a function of 
Turbulence Severity.  The x-axis contains all 16 points, ordered from lowest severity (smooth) to highest (severe).  
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Four Case Studies were identified within the data set that warranted 

further investigation.  These were PIREPs 4, 5, 15, and 16 (Table 2).  They were 

selected due to being unique among the data set.  PIREP 4 was the sole smooth 

case.  In this instance, the temperature gradient magnitude was extremely large.  

PIREP 5 was the only severe report and was associated with  a relatively low 

Ellrod Index compared to other observed intensities.  PIREPs 15 and 16 had 

unusually low Ellrod Indices compared with others of equal turbulence intensity, 

and were close enough together geographically to be considered collocated.  In 

fact, the Ellrod Index analysis at this point was well below the detection 

threshold, indicating a forecast of “smooth”, despite moderate turbulence 

reported.  These cases were examined to acquire a full weather picture, and to 

determine whether there was anything else going on meteorologically that was 

not included in this study’s identified variables. 

 

Table 2.  Turbulence indices and point data from the examined variables. 
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e. Smooth 

The smooth case, occurring at 20:30 UTC on 16 December 2010 at 

45.56N, 166.20E, had low values of most variables.  However, the temperature 

gradient was higher than expected.  Examination of the upper level wind field 

(Figs. 27-28) reveals conditions conducive to smooth flying conditions.  Little 

speed shear, no directional shear, and no deformation indicates a small 

horizontal shear number.  The report point is close to the favorable smooth 

environment of the jet core.  There is a strong speed gradient at 500mb with 

cyclonic turning in the field (Fig. 29).  At the surface, the report point occurs just 

behind a cold front (Fig. 30), which agrees with satellite (Fig. 31).  Overall, the 

low shear values and stable environment correspond well with most of the low 

index numbers previously encountered.  The high temperature gradient is likely 

due to a nearby upper-level front associated with the surface cold front.  
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Figure 27.  Wind field at 300 mb from the 12 h GFS forecast valid 12 UTC 16 December 2010.  A standard turbulence 
symbol marks the location of the turbulence report. 
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Figure 28.  Wind field at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010.  A standard turbulence 
symbol marks the location of the turbulence report. 
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Figure 29.  Pacific Ocean 500 mb analysis valid 00 UTC 17 December 2010.  A standard turbulence symbol marks 
location of turbulence report. 
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Figure 30.  Pacific Ocean surface analysis valid 20 UTC 16 December 2010.  A standard turbulence symbol marks 
location of turbulence report. 
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Figure 31.  GOES-WEST Infrared satellite imagery of the North Pacific, valid 20 UTC 16 December 2010.  A standard 
turbulence symbol marks location of turbulence report. 
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f. Severe turbulence 

The severe turbulence case occurred at 15:50 UTC on 18 December 

2010, at 39.0N, 180.0W.  While the Ellrod Index broke the turbulence forecast 

threshold of 4, it was still relatively low.  The other variables also reported fairly 

low, so it was of interest to see why.  Overall, there was no horizontal shear to 

speak of, save for some weak anticyclonic deformation.  The divergence trend 

was also near zero, with only slight reduction of speed and very limited change 

from convergent to divergent flow (Figs. 32-33).  However, just west of the report 

location, the wind speed gradient tightened in association with a baroclinic shield 

on satellite (Fig. 34).  At the surface and 500mb, ridging dominates the area 

(Figs. 35-36).  All of these variables point to smooth flying conditions, as were 

found with the analyzed index variables.  Absolute vorticity was examined (Figs. 

37-38) to make an attempt to find other sources of turbulence that might point 

towards the severe report.  500mb had little to no vorticity, and 300mb showed 

fairly low values. There were some small negative values of absolute vorticity 

nearby suggesting at least some inertial instability that may have accounted for 

some of the turbulence.   

The location of the report pointed to a possible explanation for the drastic 

discrepancy.  Most reports provided a location resolution of two significant digits 

for latitude and longitude.  This report was rounded to a whole degree on both, 

indicating an estimated location.  It is possible the aircraft was flying through the 

baroclinic shield to the west of the PIREP location where it encountered the 
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severe turbulence, and only transmitted the report when it emerged into smooth 

conditions within the ridge.
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Figure 32.  Wind field at 300 mb from the 12 h GFS forecast valid 12 UTC 18 December 2010.  A standard turbulence 
symbol marks the location of the turbulence report. 
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Figure 33.  Wind field at 300 mb from the 18 h GFS forecast valid 18 UTC 18 December 2010.  A standard turbulence 
symbol marks the location of the turbulence report. 
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Figure 34.  GOES-WEST Infrared satellite imagery of the North Pacific, valid 15 UTC 18 December 2010.  A standard 
turbulence symbol marks location of turbulence report. 
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Figure 35.  Pacific Ocean surface analysis valid 15 UTC 18 December 2010.  A standard turbulence symbol marks 
location of turbulence report. 
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Figure 36.  Pacific Ocean 500 mb analysis valid 00 UTC 19 December 2010.  A standard turbulence symbol marks 
location of turbulence report. 
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Figure 37.  Absolute vorticity at 500 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010.  A standard 
turbulence symbol marks location of turbulence report. 
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Figure 38.  Absolute vorticity at 300 mb from the 18 h GFS forecast valid 18 UTC 16 December 2010.  A standard 
turbulence symbol marks location of turbulence report. 
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g. Case #15 and #16 

Case #15 occurred at 14:10 UTC on 31 May 2011, at 43.27N, 165.20W.  

Case #16 occurred within five minutes and a degree of this report, so they were 

considered collocated for this analysis.  While the PIREP reported moderate 

turbulence, the Ellrod Index did not exceed the forecast threshold value of 4.  

The additional variables did not improve the forecast.  Upper level charts (Figs. 

39-40) indicated the reports occurred in the left-exit region of the jet.  Strong 

cyclonic flow occurred along with moderate speed shear, though directional 

shear is low.  This suggested a higher Ellrod Index, even when the negative 

divergence trend was brought to zero (Ellrod and Knox 2010).  At the surface, the 

report occurred behind a cold front, within a small shortwave ridge between the 

front and a surface trough (Fig. 41).  The 500mb analysis indicated a strong 

gradient with troughing in the area (Fig. 42).  Satellite imagery agreed with the 

surface analysis, indicating a cold front to the east of the report (Fig. 43). 

Overall, the analysis suggested a better turbulence probability than the 

variables indicate.  A possible explanation for the discrepancy could be another 

instance of the PIREP location occurring in smooth air after the aircraft exited the 

turbulent region.  Additionally, there could be other variables involved that were 

not analyzed by this study.
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Figure 39.  Wind field at 300 mb from the 18 h GFS forecast valid 06 UTC 31 May 2011.  A standard turbulence symbol 
marks the location of the turbulence report. 
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Figure 40.  Wind field at 300 mb from the 24 h GFS forecast valid 12 UTC 31 May 2011.  A standard turbulence symbol 
marks the location of the turbulence report. 
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Figure 41.  Pacific Ocean surface analysis valid 15 UTC 31 May 2011.  A standard turbulence symbol marks location of 
turbulence report. 
 



 

 66 

 
Figure 42.  Pacific Ocean 500 mb analysis valid 12 UTC 31 May 2011.  A standard turbulence symbol marks location of 
turbulence report. 
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Figure 43.  GOES-WEST Infrared satellite imagery of the North Pacific, valid 14 UTC 31 May 2011.  A standard 
turbulence symbol marks location of turbulence report. 
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CHAPTER 4 

 

4.  Summary and conclusions  

This study sought to fill the turbulence forecast hole over the oceans with 

an easy-to-apply numerical algorithm for global models.  Current turbulence 

forecasting techniques are either focused over CONUS, or were lacking in 

precision.  It was thought that a Turbulence Index would work well in this 

instance, and in fact one such index had already been developed.  Gary Ellrod’s 

index was found to be a natural starting point.  Additional variables were 

examined to see if improvement to the index could be made and subsequently 

wrapped into a new model output algorithm. 

The process began with PIREP data.  Data from 16 reports were selected 

for maximum efficiency in graphical analysis.  Further, they were selected by 

whether turbulence was explicitly mentioned.  Once these data points were 

identified, corresponding archived 0.5° GFS model data were downloaded and 

analyzed.  Various scatter plots of the tabled data were created and analyzed.  

Further analysis was performed on four selected case studies.  These were 

selected for their unexpected performance either with the Ellrod Index or the 

additional variables. 

Through analysis, each additional variable examined, which might be 

expected to improve the Ellrod Index performance, showed poor correlation with 

turbulence occurrence.  Richardson number was discounted through graphical 

analysis, as no PIREP corresponded with ideal RN areas.  Omega gradient 
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analyses did not show any sort of correlation, nor could a cutoff value be 

identified.  Temperature gradient data showed a negative correlation with 

turbulence, and similarly did not identify a viable cutoff value. 

Overall, the primary conclusion drawn from this study is that the best 

current numerical solution for forecasting trans-oceanic turbulence is the Ellrod 

Index itself.  The examined variables in this study did not improve the 

performance of the index, so it is fairly clear that the Ellrod Index is already the 

best it can be.  Frankly, this might have beenexpected, given Mr. Ellrod’s 

expertise in CAT. 

 

a. Limitations and sources of error 

The largest limitation of this study is the small number of examined cases 

due to the limited availability of PIREPs over the north Pacific.  With only sixteen 

points, statistical analysis was not possible.  Ellrod and Knox (2010) examined 

over a thousand cases improving the existing index with a divergence trend term.  

Adding more data points to the study would allow for a similar analysis technique. 

Another significant source of error is the potential for a pilot report to not 

be issued at the exact latitude and longitude where the turbulence was 

encountered.  Moderate and severe turbulence especially require the full 

attention of an aircrew to get the airframe safely through the event.  A report 

would not likely be issued until after the airframe broke out into smooth air.  

Therefore, the position of the report may not match exactly to the position of the 
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turbulence.  This location mismatch makes it inherently difficult to verify 

turbulence reported in a PIREP against forecast model data. 

In addition, the omega gradient may not adequately describe turbulence 

caused by vertical velocities caused by instability.  The gradient was chosen 

because turbulent air would be associated with rapid changes of vertical velocity 

in the horizontal.  It is possible that the vertical velocities themselves could cause 

turbulence, or these velocities are too small to be a significant factor. 

Other sources of error include inherent errors associated with forecast 

model data, errors in PIREP code, and the subjectivity of turbulence severity 

description between different aircrews and airframes. 

 

b. Future work 

Firstly, future work should include a larger range of PIREPs.  For instance, 

using the entire 12-month period between January and December 2010 includes 

185 PIREPs with turbulence reports.  Including data from additional years could 

enhance the analysis.  Given an automated method of calculating the index at 

points of interest and comparing them to associated PIREPs, a better statistical 

analysis could be applied.  That would provide a more definitive answer whether 

the Ellrod Index could be improved. 

However, perhaps the best new source for turbulence data would be from 

the automated Aircraft Meteorological Data Relay (AMDAR) reports (Moninger et 

al. 2003). These turbulence data should be more objective, since they are based 

on instrumentation aboard the aircraft and not on the subjective judgment of the 
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pilot. They also provide more numerous reports of turbulent or non-turbulent 

cases with more accurate location and time information, since the observations 

are automatically generated and transmitted.  

The additional variables, which did not show much promise in this study, 

may actually show values with an expanded study with more objective and 

complete AMDAR data. Finally, it might be possible to find some other variables, 

not described in this study, which could be used to improve turbulence forecasts. 
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APPENDIX A 

Extraction program (Perl) 

Turbulence PIREP retrieval from HDSS archive 
 
#!/usr/bin/perl 
 
@all_mo = qw {Jul10 Aug10 Sep10 Oct10 Nov10 Dec10 Jan11 
Feb11 Mar11 Apr11 May11 Jun11}; 
$outfile = "pirep/turb_extract.txt"; 
# $testfile = "pirep/Apr10.txt"; 
 
$/ = "="; 
 
open(OUT, ">>$outfile") || die "Cannot open output file: 
$!"; 
 
foreach $mo (@all_mo) { 
 print OUT "\nPIREPs from the month of $mo \n\n"; 
 $file = "pirep/"."$mo".".txt"; 
 open(PIREP, "$file") || die "Cannot open file: $!"; 
 while (<PIREP>) { 
  /(UB.*?U+A.*?=)$/sm; 
  if (($1 =~ tr/\n//) > 2) { next; } 
  $pirep = $1; 
  $pirep =~ tr[\n][ ]; 
  if ($pirep !~ /\/TB/) { next; } 
  /\/OV (\d{4})(\w) (\d{5})(\w)/; 
  $lat = $1/100; 
  $lon = $3/100; 
  if ($2 != "N") { next; } 
  if ($lat >55 || $lat <20) {next;} 
  if ($4 == "E" && $lon <150) {next;} 
  if ($4 == "W" && $lon <120) {next;} 
  print OUT "$pirep\n"; 
 } 
 close(PIREP); 
} 
close(OUT); 
 
exit 0; 
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