
CHAPTER 4

TURBULENCE
INTRODUCTION


Turbulence is caused by the irregular movement of air in the atmosphere resulting in the creation of eddy currents and wind shear.  These eddies can create rapid fluctuations in vertical and horizontal velocities of aircraft with effects ranging from minor discomfort to possible structural damage.  In this chapter we will discuss the effects, types, methods of forecasting, and intensities of turbulence.

INFORMATION
EFFECTS ON AIRCRAFT

Fixed Wing Aircraft

The amount of turbulence experienced by a fixed wing aircraft is directly proportional to the aircraft speed and to the wing area.  Turbulence is inversely proportional to the weight the aircraft.

Rotary Wing Aircraft


The amount of turbulence experienced by a rotary wing aircraft is directly proportional to the aircraft speed and to the arc of the rotor blade (wing area).  Turbulence is inversely proportional to the weight of the aircraft and to its lift velocities.

Effects on Specific Aircraft


Air Force Weather Agency’s Global Weather Center Division turbulence forecasts are issued for Category II (Cat II) aircraft.  Pilot reports (PIREPS) of turbulence are for the aircraft type reporting it.  To convert forecasts and PIREPS to correspond with a specific aircraft type refer to AFWA/TN-98/001.  You must know the specific aircraft type and what hazards the aircraft is capable of handling.  See Figure 4-1.

CATEGORY
AIRCRAFT TYPE

I
OH-58

UH-1

AH-1

II
C-141

C-9

RAH-66
C-12

C-21

F-106
C-20
C-5A

E-4A

F-15

AH-64
B-52

C-130

C-17

F-117
F-16


KC-135
C-23
CH-47
U-21

OV-1

CH-3

UH-60
CH-53

CH-54

VC-137
T-38

III
OV-10

KC-10

T-37
A-10

IV
A-7

F-4

B-1B
F-111*

*  At 50 degree wing configuration.

Turbulence 
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Figure 4-1.  Turbulence Categories

CONVECTIVE TURBULENCE


Convective turbulence is caused by localized vertical currents due to either intense surface heating over an uneven terrain or the convective currents associated with cumuliform clouds.

Thermally Induced Convective Turbulence


This type of convective turbulence may or may not be associated with cumuliform clouds.  Convective turbulence is normally found from the surface to the top of the boundary layer, but may also be found at higher levels (in association with cumuliform clouds).  This turbulence is caused by the uneven heating on the surface causing alternating currents of ascending and descending air.


Conditions favorable for the formation of thermally induced convective turbulence includes warm summer afternoons with clear to partly cloudy skies, and light winds (strong winds break up the convective currents).  Uneven terrain with different types of surfaces (i.e., barren surfaces heat up more than water or vegetation covered surfaces) are also favorable for formation of this type of turbulence.


The effects of this turbulence on aircraft during landing include updrafts, which may cause the pilot to overshoot the runway.  Downdrafts may cause the pilot to undershoot the runway.  Thermally induced convective turbulence is usually light to moderate in intensity.

Thunderstorm Induced Convective Turbulence


This is the most hazardous type of convective turbulence.  It can be experienced beneath, in the clouds, or above the clouds.  The greatest probability of severe convective turbulence normally occurs within the cloud, from 10,000 to 15,000-feet AGL, and/or within 5,000 feet of the freezing level.  Thunderstorm induced convective turbulence can be moderate to extreme in intensity.

Forecasting Convective Turbulence Using the Skew-T


The following is a modified method of calculating expected turbulence within a convective cloud, using a plotted Skew-T, Log P diagram.  The resulting turbulence criteria are based on a medium-size, twin engine, fixed-wing aircraft (DC-3/C-117) and must be adjusted subjectively for other aircraft.  Follow along on Figure 4-2 as you go through the computation procedure.

1.
Divide the plotted atmosphere into two layers at the 9,000 feet MSL height.

2.
From the convective condensation level (CCL), descend dry-adiabatically to the surface to locate the convective temperature (Tc) and adjust Tc according to local objective techniques and expected insolation.  This is the forecast maximum temperature (FMT) at the surface

4.
Subtract 11(C from FMT to give a new temperature, which is designated T3.

5.
Follow the T3-isotherm to its intersection with the dry adiabat projected upward from the FMT.

a.
If the intersection occurs above 9,000 feet, no turbulence is expected below 9,000 feet.  Go to step 7.

b.
If the intersection occurs below 9,000 feet, continue with step 6.

6.
Draw a moist adiabat from the intersection upward to the 9,000 feet level.  The temperature difference between the moist adiabat and the ambient temperature determines the severity of the turbulence that should be expected within convective clouds.  Use the following guidelines:

Table 4-2.  Surface to 9,000 foot MSL Layer

Temperature Difference ((C)
Turbulence

0 to 5.9
Light

6.0 to 10.9
Moderate

( 11
Severe

7. For the layer above 9,000 feet, project a moist adiabat upward from the CCL to the 400-mb level.  The maximum temperature difference between the moist adiabat and the free-air temperature in the moist turbulent layer.  Turbulence will be classified as follows:

Table 4-3.  9,000 foot MSL to above the 400-mb Layer

Temperature Difference ((C)
Turbulence

0 to 2.4
Light

2.5 to 6.9
Moderate

( 7
Severe

8. If the two criteria overlap near the 9,000-foot level, use the greater turbulence.
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9.
If the CCL is above 9,000 feet, evaluate turbulence from the CCL upwards only.

Figure 4-4.  Computation of Convective Temperature

MECHANICAL TURBULENCE (LOW-LEVEL)


This type of turbulence is caused by wind shear, which is caused by pressure gradient differences, terrain obstructions, or frontal zone shear.

Degree of Mechanical Turbulence

The degree of low-level mechanical turbulence is a function of windspeeds at the surface, including gusts; terrain roughness (rough terrain is defined as a region where topographic features extend more than 1,000 feet above the surroundings); stability of the atmosphere from the surface to 850 mb (unstable air allows larger eddies to form than could form in stable air, but the instability breaks up the eddies quickly, while in stable air they dissipate slowly); and finally, low-level vertical wind shear associated with frontal boundaries.

Forecasting low-level Mechanical Turbulence


Forecasting low-level mechanical turbulence rules for Cat II aircraft, are found in AFWA/TN-98/001.  Refinements based on PIREPS, wind shear, surface pressure change; time of day, surface heating, local terrain effects, and aircraft configuration should be made.

MOUNTAIN WAVE TURBULENCE (HIGH-LEVEL MECHANICAL)


Mountain wave turbulence occurs when stable air flows across a mountain range.  This is the most dangerous type of mechanical turbulence, mainly due to the very high velocity updrafts and downdrafts on the lee-side of the mountain range.  These updrafts and downdrafts may extend as high as 70,000 feet and as far as 300 miles downstream from the mountain range.

Conditions Favorable for Mountain Wave Turbulence Formation


The conditions favorable for mountain wave turbulence formation include a perpendicular wind component of 25 knots or greater, with a wind direction within 45o of perpendicularity across the mountain tops, and a stable layer at and above the mountain top.


Other clues for mountain wave potential include the following: a temperature of -70oC or less in the upper atmosphere (200 mb) near the mountain wave zone; rapidly falling pressures to the lee-side of the mountains, with lee-side gusty surface winds at nearly right angles to the mountains; blowing dust picked up and carried aloft to 20,000 feet AGL or higher; and the presence of rotor clouds and broken or ragged-edged ACSL reported on the lee-side of the mountains.

Clouds Often Associated with Mountain Wave Turbulence


Cap Cloud.  This is a low-hanging cirriform or stratiform type cloud with its base near the mountaintop and at times obscuring the mountain peak.  Most of the cloud is on the windward side with part of the cloud flowing down the lee-side.  Cap clouds are associated with severe turbulence.


Rotor Cloud.  This is an altocumulus-type line of clouds parallel to the ridgeline on the lee-side of the mountain range.  The cloud is usually stationary and is constantly forming and dissipating on the lee-side.  The air in the cloud rotates around a horizontal axis parallel to the mountain range.  The most dangerous feature of mountain waves is the extreme turbulence in and below the rotor clouds with updrafts and downdrafts of up to 5,000 feet per minute.


Lenticular Cloud.  These are lenses or almond shaped clouds that are the most frequent cloud associated with mountain waves.  Like the rotor cloud, they are stationary; constantly forming clouds that are located parallel to, and on the lee-side of mountain ranges.  They normally form above rotor clouds, and are usually found above 20,000 feet.  Lenticular clouds are associated with moderate to severe turbulence.

CLEAR AIR TURBULENCE (CAT)


Clear Air Turbulence (abbreviated CAT) is not associated with convection clouds and is not thermally induced.  CAT is not restricted to cloud-free air.  It can also occur in cirrus clouds and haze layers.

Synoptic Weather Patterns and CAT


Synoptic Wind Patterns (Jet Stream).  CAT is found in areas of greatest horizontal and vertical speed shear.  For CAT occurrence, horizontal wind shear should be > 40 knots/150 nm.  Vertical wind shear should be > 6 knots/1,000 ft.  Most common areas of CAT in association with the jet stream are found where isotach gradients are strong.  In the horizontal, this is located on the cold side (+N) of the jet core.  In the vertical, above and below (+Z and -Z) the jet core.


Thermal Patterns.  Cold-air advection associated with temperature gradients at the 300, 250, and 200-mb levels provide key information for the potential of CAT.  You should expect CAT when a temperature gradient of > 5oC/120 nm exists or is forecast, and at least one of the following is observed: A trough is present and moving > 20 knots, horizontal wind shear > 35 knots/200 km (about 120 nm), a wind component normal (perpendicular) to the cold advection > 55 knots, or a wind shift > 75o in the region of cold-air advection.
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Upper-Level Ridges.  You can expect moderate CAT on both sides of an anticyclonically curved jet, where it undergoes maximum latitudinal displacement in an amplifying ridge (Figure 4-5).  Maximum CAT is in the area of greatest anticyclonic curvature (usually within 250 nm of the ridge axis and elongated in the direction of the flow).

 






   Figure 4-5. CAT associated with upper-level ridges

You can expect moderate to severe CAT with strong vertical wind shear > 10 knots/1,000 ft., winds > 135 knots in an area of large anticyclonic curvature, and winds > 115 knots in an area of strong latitudinal displacement (steep ridge).


Surface Cyclogenesis.  When cyclogenesis occurs, CAT should be forecast near the jet stream core north to northeast of the surface low.  CAT intensity is directly related to the rate of cyclogenesis.  If deepening is > 1 mb/hr. expect moderate to severe turbulence.  If deepening is < 1 mb/hr. expect moderate turbulence.  CAT intensity is also related to the proximity to mountains, intensity of the jet core, and the intensity of the downstream ridge.
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Confluent Jets.  When two jet stream cores converge within 300 nm (5o latitude), the potential for CAT increases (Figure 4-6).  Strong vertical wind shear is produced if the poleward jet undercuts the second jet.


Figure 4-6. CAT associated with confluent jets


Upper-Level Lows.  As a cut-off low develops, there is a potential for moderate CAT.  During the cut-off process, CAT is found in areas of confluent and diffluent flow.  Once the low is cut-off, the intensity of CAT diminishes to "light" in the area of the low.  (See figure 4-7).
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Figure 4-7. CAT associated with developing cut-off low

Shear Line in Throat of an Upper-Level Low.  When the jet is strong around a closed low and there is a very narrow neck between the prevailing flow around the low, there is a potential for moderate CAT if windspeeds > 50 knots.  If winds reach 115 knots, forecast moderate to severe CAT.  The potential for CAT is greater between the two anticyclonically curved portions of the jet (Figure 4-8).
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Figure 4-8. CAT associated with shear line in throat of an upper-level low

Diffluent Wind Patterns.  Most CAT occurrences are observed during the formation of diffluent patterns.  After the diffluent pattern is established the CAT weakens in the diffluent zone.  When diffluent wind patterns exist aloft, the probability of CAT is low, except when a surface front is present.


Shearing Trough.  Rapidly moving troughs north of a quasi-stationary jet produce CAT potential in the confluent flow at the base of the trough.  The area of CAT is just north of the jet-stream core and the downwind side of the southern portion of the trough line.


Strong Wind Max to the Rear of an Upper Trough.  When a strong north-south jet is located along the backside of an upper trough, the potential for CAT is high.  The potential for CAT is in the area of decreasing winds between the base of the trough and the max winds upstream and should be centered on the warm-air (equatorward) side of the jet stream core (Figure 4-9).  The change in wind speed should be > 40 knots within 10o latitude to occur.  If a difference of at least 60 knots exists between the jet core minimum in the trough and a point in the jet stream core 10( latitude upstream, forecast moderate or greater turbulence.


Figure 4-9.  CAT Forecast (open circles) in outflow                     area of cold digging jet at 300 mb

500-mb CLEAR AIR TURBULENCE CRITERIA


The 500-mb chart is a useful tool to check for CAT potential.  However, exclusive use of one chart is not recommended.  Data for all available levels should be considered.

General Clues to Consider for the Existence of CAT (at 500 mb)


Some clues to consider for CAT existence at 500 mb include a definite thermal trough (cold air tongue), a moving, closed isotherm pattern (often seen before contours close off), strong 500-mb winds (> 75 knots) along with a wind direction shift (20o, or a strong thermal gradient are observed.  Troughs associated with surface frontal waves, narrow bands of strong winds with strong horizontal wind shears, or a double contour trough at 500 mb may also produce CAT.  These specific 500-mb synoptic situations are described in AFWA/TN-98/001.


We've reviewed the different types of turbulence and situations associated with them.  Next, we'll determine turbulence intensities based on horizontal and vertical speed shear.

DETERMINING TURBULENCE INTENSITIES BASED ON HORIZONTAL

AND VERTICAL SPEED SHEAR


Table 4-10 is used for estimating the potential for various turbulence intensities (based on Category II aircraft).

Table 4-10.  Turbulence Intensities based on Category II Aircraft
Intensity
Horizontal Shear
Vertical Shear

Light
< 25 kt/90 nm
3-5 kt/1,000 ft

Moderate
25-49 kt/90 nm
6-9 kt/1,000 ft

Severe
50-89 kt/90 nm
10-15 kt/1,000 ft

Extreme
> 90 kt/90 nm
> 15 kt/1,000 ft

EXAMPLES:


Horizontal





B-A = 55 kt


55 kts    =       X
 





120 nm       90 nm    





(55 kt) (90 nm) = X 





      120 nm





X = 41.25 kt / 90 nm = moderate turbulence


Vertical


1000 - 2000 ft = 25 kt/1,000 ft = extreme turbulence


2000 - 3000 ft = 0 kt/1,000 ft = no turbulence

OCCURRENCE OF INTENSITIES

Intensity Types


Light.  Light turbulence causes small changes in the aircraft's attitude and/or altitude.  This intensity occurs with low-level mechanical turbulence, in or near cumuliform clouds, and near the tropopause without the presence of a strong jet.


Moderate.  Moderate turbulence causes moderate changes experienced in the aircraft's attitude, and/or altitude but the aircraft remains in positive control at all times.  Small variations in aircraft airspeed are experienced.


This intensity occurs with mountain-wave turbulence: When the perpendicular wind component is > 50 knots at the mountain ridge, moderate turbulence is experienced up to 300 nm downstream from the ridgeline.  When the perpendicular wind component is 25-50 knots, moderate turbulence is experienced up to 150 nm downstream.  Moderate turbulence is also found in or near ACSL.


Moderate turbulence is experienced in, near, and above thunderstorms and TCU.  It is located near jet stream cores on the cold side (+N), and above and below (+Z and -Z) the core.  Moderate turbulence is also located in upper cold troughs, with low-level mechanical turbulence, and associated with thermal turbulence.


Severe.  Severe turbulence causes abrupt changes in the aircraft's attitude and/or altitude.  The aircraft may be out of control for short periods of time.  Large variations in aircraft airspeed are experienced.


This intensity also occurs with mountain wave turbulence.  When the perpendicular wind component is > 50 knots at the mountain ridge, severe turbulence is experienced up to 150 nm downstream.  When the perpendicular wind component is 25-50 knots, severe turbulence is experienced up to 50 nm downstream.  Severe turbulence is also found in mountain wave Cap clouds and ACSL.


Severe turbulence is experienced in or near mature thunderstorms.  It is located near jet streams characterized by vertical speed shears > 10 kts/1,000 ft and/or horizontal shears > 50 kts/90 nm.


Extreme.  With extreme turbulence the aircraft is violently tossed about and practically impossible to control.  Structural damage may occur to the aircraft.  It is also associated with mountain wave turbulence - in or near rotor clouds and is experienced in or near severe thunderstorms.

SUMMARY


As you have seen, there are many situations that can produce turbulence.  Being aware of these situations allow you to forecast turbulence which will alert aircrews to be prepared for this phenomena while in flight.  Please complete the review exercise and discuss any problems or clarifications with the instructor.

REVIEW EXERCISE 4

1.
A pilot flying through an area of moderate turbulence decreases his airspeed in order to make his final approach into your airfield.  What intensity of turbulence should he expect to encounter on descent?

2.
A C-5 cargo aircraft enroute to your station to drop off 500 82nd Airborne troops and their equipment reports that he encountered moderate to severe turbulence along the same flight path he will be returning on.  Prior to departure, the pilot reports to the weather station for an update on the turbulence he encountered.  What would you brief the pilot?  Why?  

3.
You receive a report from an F-111 of moderate turbulence.  What would you brief a KC-135 if it were to fly through the same area?  Why?

4.
What conditions are ideal for the formation of thermally induced convective turbulence?

5.
Where is the greatest probability of severe turbulence associated with thunderstorms located?

6.
What determines the amount of low-level mechanical turbulence?

7.
What conditions are necessary for mountain wave turbulence?

8.
Using a satellite picture, you determine that there are no clouds near a mountain range located in the Rocky Mountains region.  However, upper-air charts show strong flow across (perpendicular to) the mountain range.  What would you brief a pilot flying through this area?

9.
You are briefing a pilot into an area where a cut-off low is developing.  Using the diagram below, indicate where he/she may expect to encounter the greatest amount of turbulence and at what intensity.

10.
A new low is forming at the triple point of an old occlusion.  This low has deepened at a rate of 5 mb in the past 6 hours.  Where would you expect turbulence to occur and at what intensity?

11.
Using the horizontal and vertical wind shear criteria table, determine the turbulence intensity associated with each case below.  (HS = Horizontal Shear, VS = Vertical Shear)


_____ a.
HS is 75 kts/90 nm:


_____ b.
HS is 100 kts/90 nm:


_____ c.
HS is 55 kts/60 nm:


_____ d.
HS is 35 kts/70 nm:


_____ e.
HS is 130 kts/120 nm:


_____ f.
HS is 110 kts/105 nm:


_____ g.
VS is 4 kts/1,000 ft:


_____ h.
VS is 12 kts/2,000 ft:


_____ i.
VS is 2 kts/1,000 ft:


_____ j.
VS is 8 kts/3,000 ft:


_____ k.
VS is 18 kts/1,200 ft:


_____ l.
VS is 22 kts/2,000 ft:


_____ m.
HS is 52 kts/90 nm and VS is 4 kts/1,000 ft:


_____ n.
HS is 88 kts/135 nm and VS is 14 kts/2,000 ft:
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