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Abstract 

This project focused on limited validation of the 
Richardson number (Ri) as a tool to forecast clear air tur
bulence (CAT) at the flight levels of most commercial and 
military aircraft. The Richardson number in this study 
was derived based upon ten flights over the United States 
in 1995. Airborne turbulence observations were taken by 
the principal author and received from other aircraft in 
the flight profile area. The results, while not representing 
an all encompassing case study, none the less illustrate 
the potential for Ri as a useful tool in operational fore
casting of CAT. Values of Ri near four, rather than the the
orized values less than one, correlated to higher possibili
ties for turbulence. The critical value of Ri for forecasting 
CAT could be further refined through more data from 
additional flights. There is also a need for more accurate 
aircraft instrumentation and a denser radiosonde and 
wind profiler network. 

1. Introduction 

A 1986 article in Aviation Week and Space Technology 
(AWST) reported that turbulence is the largest single cause 
of weather-related commercial air carrier accidents, 
(voLl03, pg.130-131). Further evidence of the significance 
of airborne turbulence is seen in a recent National 
Transportation Safety Board article (NTSB 1998) where it 
was reported that the only U. S. airborne commercial avia
tion fatality was the result of an encounter with turbulence. 
This flight phenomenon is so widespread that it occurs on 
one in every four flights from Atlanta to Los Angeles (AWST 
1994). Military mission failures, personnel injury, and air
craft damage (Bender et al. 1976) have been attributable to 
turbulence. Between 1962 and 1974, airborne turbulence 
was a contributing factor in 189 out of 450 weather-related 
incidents. Between 1982 and 1984, six transports flying at 
cruise altitude (typically between 9,000 and 12,000 m) 
encountered severe turbulence, resulting in 14 serious and 
64 minor injuries (AWST 1986). 

'Current affiliation United States Air Force, Headquarters, Air 
Mobility Command, Scott Air Force Base, Illinois. ''The views 
expressed in this article are those of the authors and do not nec
essarily reflect the official policy or position of the United States 
Air Force, Department of Defense, or the US Government." 
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This project examined clear air turbulence (CAT) 
events, defined here to be those turbulent events occur
ring above 5,000 meters, clear of clouds and removed 
from any mechanically generated terrain turbulence 
(AWST 1989). Conventional definitions ofturbulence are 
found in many sources, each introducing its own unique 
characteristics. We find reference to the occurrence of 
turbulence above and below strong jet streams where 
huge eddies form and develop in clear air (Ahrens 1988; 
Stull 1988). Patchy sheets, stretching a few kilometers 
horizontally and from 10 to 300 meters vertically are 
reported by Balsley and Peterson (1981), Barat and 
Bertin (1984), and Keller (1981). These patches were 
then found to appear to drift along with the mean wind 
flow (Qin and Robinson 1992). This form of turbulence is 
widely believed to occur on strongly sloping, isentropic 
surfaces in strong baroclinic zones. Aircraft detection of 
these narrow zones defined by a thickness of a few hun
dred meters and width of a few kilometers (Woods 1969; 
Bender et al. 1976) is not an easy task. Generally, aircraft 
are allowed to fly on pressure surfaces separated by a 
minimum of 1,000 feet or 300 meters, thus aircraft flying 
closer than 100 meters is illegal and highly dangerous. 
Consequently, a single aircraft cannot measure wind 
speeds on adjacent pressure levels unless that aircraft is 
in a scheduled climb or descent. CAT occurrence even has 
annually preferred geographic regions (AWST 1994) 
where high-risk zones are found near the merger of the 
subtropical and polar jet which migrate north and south 
as the seasons change. 

Previous studies of turbulence have focused on the 
phenomenon in the lower levels of the atmosphere, i.e., at 
altitudes below 700 meters (Sethuraman and Raynor 
1980; Ian and Robinson 1997). These studies provide lim
ited initial applicability to flight forecasting situations as 
modem commercial airliners and military aircraft spend 
by far the majority of their flying hours above this lower 
boundary layer. This project thus focused on the occur
rence of turbulence in those levels of the atmosphere 
where most aviation activity occurs. Previous studies 
have relied on rawinsonde data nearest in time to the 
turbulence event; this can be as much as six hours before 
or after observation (Waco 1970). Kennedy and Shapiro 
(1980) used wind speeds, wind direction, and potential 
temperatures from rawinsonde data, Boucher (1973) also 
used rawinsonde data. Unfortunately, rawinsonde data 
does not provide the time and space resolution needed to 



Volume 23 Number 4 December 1999 

Table 1. Turbulence Forecasts Given Wind Speed and Shear 

Wind Speed at Amount of Speed Turbulence 
Flight Altitude Shear per Forecast 

(knots) 1000 Feet (knots) to be Issued 
40-60 5-7 None 

8-10 Light 
11-20 Light to Moderate 
21-30 Moderate 
31-50 Moderate to Severe 
50+ Severe 

61-120 5-7 Light 
8-10 Light to Moderate 
11-20 Moderate 
21-30 Moderate to Severe 
31-50 Severe 
50+ Severe to Extreme 

120+ 5-7 Light 
8-10 Light to Moderate 
11-20 Moderate 
21-30 Moderate to Severe 
31-50 Severe 
50+ Extreme 

from US Air Force, Air Weather Service Regulation 105-27. 

accurately detect, let alone forecast, small patches of tur
bulence. The US National Weather Service (NWS) cur
rently operates a total of 102 rawinsonde stations nation
wide, with observations taken twice daily. It is quite obvi
ous that this spatial and temporal distribution is less 
than ideal for detecting and forecasting a phenomenon 
with the small scales associated with clear air turbu
lence. A CAT index (based upon data averaged monthly, 
seasonally and annually) will hopefully provide some 
assistance for regions where severe turbulence is 
strongest (AWST 1994). The basis for this CAT index is a 
combination of the intensity of vertical wind shears 
between two altitudes and the amount of deformation 
and compression that happens between the two levels. 

This project used real-time wind data from wind pro
filers and airborne aircraft to infer where turbulence was 
occurring. Earlier studies merely used aircraft as detec
tors of turbulence, not as sources of real-time wind infor
mation. This real-time data, with its increased temporal 
and spatial resolution, should support efforts to deter
mine if the dynamic and thermodynamic processes con
sidered in the gradient Ri are valid criteria for forecast
ing turbulence (Ray 1986). 

2. Turbulence Forecasting Approaches 

Aircraft turbulence is defined subjectively in guide
lines set forth in the Department of Defense Flight 
Information Handbook (DMA Aerospace Center 1995). 
Light turbulence or light "chop" is defined in the hand
book as "turbulence that momentarily causes slight, 
erratic changes in altitude." Under these conditions, 
occupants may feel a slight strain against seat belts, food 
service can be conducted with little difficulty, and unse
cured objects would only be displaced slightly. Moderate 
turbulence causes changes in aircraft altitude or attitude, 
or both, pilots still have control of the aircraft. Occupants 
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would feel definite strains against seat belts, while walk
ing and food service become difficult. 

At present, Air Force weather forecasters issue turbu
lence warnings emphasizing areas where significant 
wind shear exists or is forecast to occur. Air Force Manual 
51-12 Vol. II delineates other potential turbulent areas 
including troughs aloft, upper-level closed cyclonic circu
lations, large temperature gradients, and vertical wind 
shears. A nomogram from Air Weather Service 
Regulation 105-27 enables the development of warnings 
for turbulence generated by wind speed shear. This tech
nique initially includes the wind speed at altitude and 
the amount of vertical wind shear per thousand feet. 
Given this input information, turbulence forecasts are 
developed based upon the parameters shown in Table 1 
from Air Weather Service Regulation 105-27. 

Forecasts of moderate turbulence are typically issued 
based upon the presence of areas of cold or warm air 
advection, positive vorticity advection, cyclogenesis, and 
the degree of curvature exhibited by constant height con
tours. In addition, moderate turbulence is normally fore
cast to occur within 700 meters above and 2,000 meters 
below the tropopause, particularly near the jet stream. 
Further, changes in the horizontal wind direction may 
itself be sufficient to forecast moderate turbulence near 
ridges and troughs. The turbulence generated by the 
change in horizontal wind direction at a constant height 
is not accounted for in Ri; only changes in the wind speed 
and direction measured between different heights are 
included in the calculation (Lee et al. 1979). Wind shear 
generated turbulence has been validated via airborne air
craft observations. Wind direction changes of 10-15 
degrees, or velocity changes of 10-20 knots, or both, that 
occur in less than one minute (as observed on the Inertial 
Navigation System (INS) wind display) usually result in 
turbulence. 

3. The Richardson Number and Turbulence 

The Richardson number (Ri) describes the atmos
phere's ability to sustain turbulence produced through 
other means by quantifYing the ratio of static stability to 
vertical wind shear. It is defined as 

Ri = (g / eXaBm / az) 
((au / az)2 +(ali / az)2) 

(1) 

where g is gravity, em is potential temperature, u is the x
component of velocity, v is the y-component of ~elocity, z 
is the vertical coordinate (Holton 1992), and e denotes 
the average potential temperature in a vertical layer. 
This gradient Ri is commonly defined as the ratio of buoy
ancy to vertical wind shear (Stull 1988). 

The value of Ri does not indicate turbulence intensity; 
it merely indicates if turbulence can be sustained. It 
therefore represents a necessary but not sufficient condi
tion for turbulence occurrence (Oard 1974). The turbu
lence we are seeking to forecast is generated in one of two 
ways. First, surface heating can create an unstable tem
perature lapse rate near the ground and convective over
turning consequently occurs. We also must account for 
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turbulence generated by dynamic instability from wind 
shear, represented by an energy conversion between the 
mean flow and turbulent fluctuations. The Richardson 
number provides a means to estimate turbulence based 
upon the relationship between areas of significant CAT 
and areas of statically stable air with strong vertical 
shears (Keller 1981). Finally, Ri does not appear to be 
affected by global atmospheric phenomena, such as an EI 
Nino, since only 0.3% of the variability is associated with 
yearly variations. Location (latitude and longitude), alti
tude and season can adequately explain 24-50% of the 
variability of Ri (Murphy et al. 1982). 

However, in a statically stable layer, turbulence can 
only persist if the mechanical production can overcome 
the damping effects of stability and viscous dissipation. 
When Ri is unity, the buoyancy term is removing energy 
as fast as it is introduced by wind shear; the turbulence 
cannot maintain itself. In such a case, the minimal Ri 
does not give the criteria for the onset or disappearance 
of turbulence; an instability or another outside source 
must first generate the disturbance (Lumley and 
Panofsky 1964). Observational and laboratory research 
(Stull 1988) both conclude that mechanical production is 
intense enough to sustain stable layer turbulence (with 
an Ri less than 0.25). 

It thus seems reasonable to propose that a critical Ri 
of 0.25 might be used as a lower threshold provided the 
meteorologist had data on the actual changes in potential 
temperature and wind at a point, i.e., via a laboratory sit
uation. In the free atmosphere of aviation operations, 
wind and potential temperature gradients cannot be 
directly measured, but must be estimated from widely 
dispersed observational parameters. Consequently, a 
larger gradient Ri has been accepted as the threshold for 
determining turbulence; most commonly, the practice is 
to use a value near unity as the precise indicator of mod
erate turbulence. Murphy et al. (1982) found that the 
lowest values of Ri are correlated with the highest prob
ability of CAT and that the turbulence is usually centered 
near nine kilometers above mean sea level, particularly 
near the jet stream. Many flights in this study were near 
this height. 

4. Data Collection 

Aircraft turbulence measurements were obtained from 
an unmodified Boeing EC-135C, four-engine jet aircraft. 
Wind speed and direction, as well as navigation positions 
were recorded using the aircraft's Inertial Navigation 
System (INS). Using a gyro-stabilized platform and gim
bal assembly that is electronically controlled, the INS 
provides horizontal and azimuth reference regardless of 
the aircraft attitude. The manufacturer of the INS has 
specified a positional accuracy of 1.28 ms-1 for this navi
gational system (Boeing Technical Order 1C-135(E)C-1 
1995), although accuracy's of 0.10 ms-1 or less have been 
documented (Lemone and Pennell 1980). The Boeing EC-
135C is also able to measure outside air temperature (not 
used as a data input in this study) through a pitot static 
tube. Bender et al. (1976) have previously determined, 
through use of a Boeing 747, that temperature gradients 
obtained from aircraft temperature sensors are not well 
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correlated with CAT. In support of this analysis, wind 
and potential temperature data were obtained from 
radiosonde and wind profiler data via the Unidata 
McIDAS (Man Computer Interactive Data Access 
System) weather computer system at Creighton 
University. 

Turbulence reports were gathered from the primary 
aircraft used for the project as well as from other nearby 
commercial aircraft that reported turbulence. Aircraft 
submitted reports of turbulence encounters to the air 
traffic control agency as the aircraft traversed each sec
tor. Thus;-although the exact locations of these other air
craft were not known, it can be safely assumed that they 
were within 100 kilometers of the primary aircraft since 
air traffic control sectors are roughly 100 kilometers 
across. 

5. Methodology 

The use of only the wind profiler data or only the 
rawinsonde data does not adequately address the 
problem. Large errors in the horizontal winds, as 
much as 20 knots, may arise when trying to measure 
wavelengths of 5 to 15 km. However, these large errors 
become negligible when averaging periods of wave
lengths that are 10 km for typical profiler geometry. 
Keller (1981) determined that rawinsonde data alone 
should not be used to detect the existence of CAT 
because the time differences between launches may 
well lead to different trajectories and vertical differ
ences that are too coarse to fully support CAT detec
tion or forecasting. For this project, rawinsonde data 
were only used to derive potential temperatures. 

The Richardson number was calculated using a vari
ety of data sources. In-flight data were tabulated when 
the aircraft was near a wind profiler station regardless of 
the observed turbulence conditions. Winds and altitudes 
were interpolated from displayed wind profiler data after 
the flight. When turbulence was encountered, the near
est and most current RAOB data were obtained and used 
in conjunction with winds from the profiler station; this 
only occurred if the aircraft did not transition between 
two different altitudes. In all cases, the potential temper
atures used were taken from the most recent and nearest 
RAOB since in-flight temperatures are subject to multi
ple interpolations and are also ineffective in providing 
useful information towards the determination of Ri. 

Wind readouts were recorded on the aircraft every 300 
meters in the vertical; conversely, RAOB and wind profil
er data can easily have vertical resolutions greater than 
1,000 meters. Mahrt (1985) stated that when the vertical 
resolution is 20-70 meters, the gradient Ri would have to 
be 1.3 to indicate turbulence and approximately 9 to indi
cate no turbulence. For vertical sampling resolutions 
greater than 70 meters, the numbers distinguishing tur
bulent conditions would increase since larger vertical dis
tances increase Ri. The critical Ri for distinguishing 
between turbulent and nonturbulent conditions will 
probably increase as a result of this type of data collection 

A detailed example of Ri calculation using aircraft and 
RAOB data for 7 February 1995 is illustrated in Table 2, 
Richardson Number Worksheet. As the aircraft flew over 
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Table 2. Richardson Number Worksheet 

Date: 7-Feb-95 lime: 1710 UTC Location: Fairbury NE 

Aircraft Height (m) 8380 Upper Level Wind 137 
Speed (kt) 
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needed to arrive at the gradient Ri 
for this flight segment. 

6. Results 

Upper Level Potential 321 Upper Level Wind 70.5095 U-Component 33.4536 

Ten flights helped provide data 
for this project; 49 observations 
were collected: 22 for smooth air, 
19 for light chop and 8 for moder
ate turbulence. As shown in Table 
3, the values ofRi were widespread 
for all turbulent conditions. Values 
of Ri for "smooth" flights varied 
from 0.135 to 104.5; light chop val
ues ranged from 0.10 to 60.9; and 
moderate turbulence conditions 
ranged from 0.047 to 16.37. 
Average Ri values, accounting for 
all data sources, for smooth condi
tions, light chop, and moderate tur
bulence were 16.137, 6.377 and 
3.911, respectively. Interestingly, 
lower average (and the smallest 
range in calculated values) Ri val
ues occurred for moderate turbu
lence conditions. These average 
values are much higher than the 
theorized value of one. It would 
seem reasonable, based upon these 
flights, to forecast Ri at the range 
off our to six, or less, to predict tur
bulence during flight operations. 

Temp (8) Speed (ms-1) of Lower Wind 

Upper Level Potential 8780.4 Upper Level Wind 8380 V-Component -57.9427 
Temp Height (m) Height of Lower Wind 

~ 

Lower Level Potential 304.5 Upper Level Wind 330 U-Component 0.00014 
Temp (8) Direction (deg) Wind Shear 

Term Squared 

Lower Level Potential 7621 Lower Level Wind 5.75956 V-Component 0.00043 
Temp Height (m) Direction (rad) Wind Shear 

Term Squared 

Gravity divided by 0.03136 Lower Level Wind 130 Total Wind 0.00058 
Average Potential Speed (kt) Shear 
Temp ( denominator) 

Potential Temp 0.01423 Lower Level Wind 66.9068 Turbulence Smooth 
Lapse rate (8m) Speed (ms-1) Reported 

Wind Source A Lower Level Wind 8230 Source of A 
(A-Aircraft; Height Turbulence 

P-Profiler) Report 

Upper Level Wind 330 U-Component of 35.255 Richardson 0.77359 
Direction (deg) Upper Wind Number 

Upper Level Wind 5.75956 V-Component of -61.0627 
Direction (rad) Upper Wind 

the Fairbury, Nebraska, wind profiler site at 1710 UTC, 
no turbulence was experienced, thus "smooth" conditions 
were recorded in the third column. The altitude of the air
craft at the time ofthe report was 27,500 feet MSL (8,380 
meters). The aircraft did change altitude while over 
Fairbury, dropping down to 8,230 meters. Since the alti
tude of the aircraft did change, a vertical shear of the hor
izontal wind could be locally determined from the INS 
wind readout on the aircraft. 

The average potential temperature and the vertical 
gradient of potential temperature were determined post 
flight from the most recent and closest RAOB sounding. 
In this case, the sounding used was taken at 1200 UTC 
7 February 1995 from Valley, Nebraska. Potential tem
perature values from the RAOB, encompassing the flight 
profile, were determined to be 321°K (8,730 m) and 
304.5°K (7,621 m), thus giving us the terms needed to cal
culate the numerator of Ri. 

The u and v components of the winds at or near flight 
levels form the basis ofthe wind shear components ofthe 
equation. In this case, the wind at 8,380 meters was 
330°/137 knots and the wind at 8,230 meters was 
330°/130 knots. These values were converted to speed in 
meters per second, and zonal and meridional wind com
ponents were computed. We thus have the final terms 

The data shown in Table 3 sug
gest that current aircraft and real
time wind profiler data are valid 
inputs for Ri development and the 
ultimate prediction of turbulence. 

One shortcoming of this technique lies in the difficulty of 
getting a true measurement of the potential temperature 
gradient, especially since the current temperature instru
ments on the aircraft do not accurately measure temper
ature (Bender et al. 1976). Thus the only source used for 
potential temperature gradient determination was the 
data from the RAOB nearest the flight path, often sever
al kilometers from the nearest profiler station. A further 
difficulty arises in that rawinsondes are not released as 
frequently as they were in previous years. 

We find Ri values for moderate turbulence are smaller 
when derived from aircraft source measurements than 
from either wind profiler, RAOB, or combination data sets 
from the aircraftlprofiler. When only aircraft data were 
used for moderate turbulence calculations, the average Ri 
was 0.348, compared to a wind profiler-based average 
value of 3.128. However, when considering aircraft data 
against profiler data for light turbulence, the average val
ues are nearly the same (7.049 and 6.077 respectively). 

There was a large difference when comparing profiler 
data against aircraft source data for measuring no tur
bulence conditions. In non-turbulent conditions, the aver
age Ri for profiler data was 36.56112 versus 3.566 for air
craft data. A possible reason for this great disparity is 
that three of the large Ri based on profiler values (87.301 
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Table 3. Richardson Number Summary 

OVERALL RICHARDSON NUMBER SUMMARY 

Turbulence Reported None Light Moderate Average 
Data Source 
RAOS 0049 1.74 1.11 
Aircraft 3.57 7.05 0.35 3.65 
Wind Profiler 36.56 6.08 3.13 15.26 
AircraftJProfiler 14.00 9.65 11.13 11.59 
Overall Average 18.04 7.59 4.87 10.17 
(except RAOS data) 

at 1949 UTC 13 February 1995; 104.489 at 2050 UTC 13 
February 1995; and 20.978 at 2141 UTC 31 March 1995) 
occurred at altitudes in excess of 9,000 meters. This alti
tude would be in the stratosphere in the late winter. 
Potential temperatures increase rapidly in the stratos
phere and thus higher values of Ri would result. 

In summary, Ri has proven to be a useful predictor of 
flight turbulence. The data from this study indicates that 
a more realistic threshold for the turbulent Ri (using all 
sources of data) is closer to four than it is to the theorized 
value of 0.25. Further investigation, with more flights 
and associated data collection, will be necessary to vali
date these results. Of particular interest would be a 
study of the effect of scale in defining turbulent flow in a 
laboratory situation versus the turbulent flow noticeable 
via large aircraft. 

7. Summary and Conclusions 

This project was conducted to determine how Ri sub
stantiates evidence of turbulence during flight opera
tions. A secondary purpose was to determine if there was 
a range of Ri that validated operational use of the theo
retical values. This project was unique in that no recent 
study had directly measured winds using an airborne 
platform at the altitudes of this study. Balsley, 1981 and 
Brooks, 1997 both incorporated aircraft-based data, but 
their altitudes were restricted to a boundary layer situa
tion, i.e., below 1 kilometer. Further, wind profiler data 
had not been previously used to determine a relationship 
between Ri and moderate flight turbulence. 

The data presents evidence that values of Ri associat
ed with significant turbulence are lower when derived 
from wind profiler and aircraft sources. When the aircraft 
data is used, Ri for moderate turbulence are even lower 
than those from the profiler data because the aircraft is 
able to record wind changes over smaller vertical layers 
than profiler data. The aircraft is able to more pre
cisely measure the atmosphere and detect small 
patches of moderate turbulence, generally only 
ten to hundreds of meters in depth by kilometers 
wide. The spacing of profiler instruments is presently on 
the order of hundreds of kilometers apart and the data 
itself is only resolved to every 1000 meters vertically. 
Thus profilers, as presently deployed, simply do not have 
the resolution to detect these moderate turbulence patch
es in support of military or commercial flight operations. 

This project is presented to lay the groundwork for 
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future research that will more narrowly define the range 
of values of Ri associated with flight turbulence. It was 
unfortunate; only from a research point of view, that not 
one of the ten flights encountered severe turbulence. In 
addition, future studies should include vertically stacked 
aircraft flying though areas of moderate turbulence. Air 
refueling missions often involve two or more aircraft fly
ing 150 meters apart vertically and one to two miles hor
izontally. Simultaneously measuring wind speed and 
direction from different aircraft flying through varied 
conditions would be a major step towards determining a 
true gradient Ri for turbulent conditions. 

In-flight temperature gauges should not be discounted 
but held for future use when, ideally, airborne tempera
ture measurements could be directly compared to the 
rawinsonde data during experimental flights . Additional 
profiler data would help studies like this tremendously. 
For this project, wind profiler data was often not avail
able via the McIDAS system on flight days. Further res
olution of the critical range ofRi would be possible if real
time wind profiler data were available at vertical inter
vals less than 1000 meters 

Another problem in the turbulence arena involves 
mathematics. An early goal for the statistical theory of 
turbulence was to find a finite, closed set of equations for 
quantities such as the mean velocity and the energy spec
trum. This goal is now thought to be unrealistic. The cur
rent goal is to reduce the multiple degrees of freedom 
used to solve the analytical equations defining turbulent 
flow (Frisch and Orszag 1990). 

Future operational applications of this study might 
use the reported winds and temperatures from the cur
rent rawinsonde network to construct Ri arrays. These 
might lead to objective turbulence forecasts for areas 
meeting the criteria for turbulence according to the 
Richardson number thresholds. This information could 
then be disseminated, perhaps via a public access 
Internet site such as that presently available from the 
Airline Dispatchers Federation at: 

http://www.dispatcher.org/brief/adfbrief.html. 
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