CHAPTER 5

Jet Stream

OBJECTIVE

Evaluate the jet stream type, structure, and/or characteristics. 

INTRODUCTION

Understanding the jet stream is vital to system forecasting.  This chapter will discuss the different types, their causes, locations, dimensions, and specific rules for locating jet streams on charts. 

INFORMATION
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jet streams

Jet streams - relatively strong, quasi-horizontal winds concentrated within a narrow air current in the upper troposphere.  The jet may be thought of as a meandering fast moving river of air flowing between “banks” of relatively stagnant air.

Causes of jet streams

Large horizontal temperature contrasts associated with large thermal wind vector. The jet axis is near the tropopause because this is where the HGF is at a maximum.  Above and below the tropopause,  the slope of a constant pressure surface weakens.  
A second cause of jet streams is the conservation of angular momentum in the Hadley Cell.                                                       
                                 Figure 5-1.  Jet Stream in 3-D
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Figure 5-2.  The jet, trop and constant pressure surfaces
Characteristics of jet streams

Tropopause heights tend to change abruptly.  
The tropopause tends to be discontinuous in two areas: in the subtropics, often occurring over subtropical ridges, and in the mid-latitudes near the polar front.  The jet stream is found in the discontinuous areas (i.e., tropopause “folds” or “breaks”) between the tropopause leaves.  It is located above significant temperature (or potential temperature) gradients in the troposphere.  The height of the jet stream varies with the height of the tropopause leaves.

There are three major types of tropopause leaves, the polar, mid-latitude and tropical.  The polar leaf is lower, therefore warmer than other leaves.  It is generally located poleward of 60( latitude, but may  extend farther equatorward within major troughs in the jet stream.  The mid-latitude leaf is generally located between 30( and 60( latitude in both hemispheres.  It may not exist at all in regions where the polar front jet (PFJ) and subtropical jet (STJ) merge.  The tropical leaf is higher, therefore colder, than other leaves.  Generally located equatorward of 30( latitude, it may extend farther poleward within major ridges in the jet stream.

There are two major types of tropopause folds, those associated with the PFJ, and those associated with the STJ.  Tropopause folds associated with the PFJ may extend deep into the troposphere along the polar front.  It is indicated by tight vertical packing of isentropes extending from the stratosphere toward the surface.  Tight isentrope packing (vertically) indicates very stable air associated with the polar frontal layer (i.e., frontal inversion).  The isentrope pattern indicates a direct connection between the PFJ and the surface reflection of the polar front (Figure 5-3).

Figure 5-3.  Isentropic pattern (classic example)

Significant intrusion of stratospheric air deep into the troposphere occurs in some PFJ tropopause folds.  Ageostrophic motion within the entrance region of the jet streak drives a direct circulation.  
Upper-tropospheric convergence and subsidence on the cyclonic shear side of the jet “folds” the tropopause downward along the polar front.  
This tropopause fold is actually a “break” in the tropopause, allowing stratospheric air to penetrate downward into the troposphere.

Figure 5-4.  Tropopause folding and associated direct circulation
Tropopause folds associated with the STJ and subtropical front (upper troposphere only) rarely extend downward below 500 mb.  
Indicated by tight vertical packing of isentropes extending downward from the stratosphere into the upper troposphere.  Tight vertical isentrope packing indicates stable air associated with the upper-level subtropical frontal layer (i.e., frontal inversion).  The isentrope pattern indicates the subtropical front does not extend to the surface; thus, the STJ has no surface front.  Only shallow, weak intrusions of stratospheric air into the upper troposphere occur in these STJ tropopause folds.

Figure 5-5.  Isentrope pattern  (classic example)

Tropopause folding is often observed on water vapor satellite imagery as elongated dark dry regions on the cyclonic shear side of the PFJ and STJ. 

Figure 5-6.  Water vapor satellite imagery displaying tropopause folding associated with the PFJ.  (IR: Emphasize dry aspects of WV imagery.)
Typical dimensions of a jet stream

A jet stream is characterized by a length of thousands of kilometers, a width of hundreds of kilometers, and a depth of several kilometers.  The PFJ is deeper than the STJ.
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Figure 5-7.  Typical dimensions of a jet stream
Physical structure of the jet stream and its relationship to the thermal structure of the atmosphere.

The jet core is a region of relatively uniform wind speeds in the interior of the jet stream.  Due to the uniformity of the wind speeds, shear is normally small within the core.  The jet axis is an axis of  maximum wind speeds through the center of the jet core (stream).  
Jet maxima (i.e., jet streaks) are intermittent regions of strongest wind speeds within jet.   
Isotachs which define the jet maximum are somewhat elliptically shaped both horizontally and vertically.

Figure 5-8.  Jet Stream cross sections (Use "isentrope" cross sections)

Isotach gradients

Within the jet stream, isotach gradients, in the horizontal, are strongest on the cyclonic shear (i.e., +n) side of the jet maximum.  In the vertical (+z), isotach gradients are strongest above the jet maximum.  The isotach gradient relationship described above applies directly to the PFJ and to a lesser degree to the STJ  (more on this later).  
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Compared to the PFJ, the STJ usually must have wider spacing of the isotachs on the anticyclonic shear (i.e., -n) side of the jet maximum because the magnitude of the anticyclonic shear cannot exceed the smaller value of f found at lower latitudes.  
Isotach gradients (strongest to weakest) are:  (1) strongest in the vertical along +z (2)  next strongest across the flow along +n, and (3) weakest in the direction of flow along +s.

Figure 5-9.  Isotach gradients

Shear and turbulence associated with the jet stream are directly related to the strength of the isotach gradient and stability.

Shear is defined as the difference in wind speed or direction per unit distance.  With the jet stream, shear is due mainly to a change in wind speed; however, very strong directional shear occurs across sharp trough axes.  The greatest shear will be found where the isotach gradient is the strongest.  vertical shear (the strongest shear) is stronger above the jet core than below.  Lateral shear (second strongest) is stronger on the cyclonic shear side of the jet core than on the anticyclonic shear side.  
There is no upper limit to the size of the cyclonic shear on the +n side of the jet core.  
The magnitude of the anticyclonic shear on the -n side of the jet core cannot exceed the Coriolis parameter.
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Figure 5-10.  Jet stream shear
Jet stream turbulence is related to stability.  
Temperature inversions are regions of strong thermodynamic stability and may be accompanied by strong vertical wind shear through the inversion.  
This vertical wind shear may produce a form of atmospheric “gravity” wave on the inversion, similar to wind-generated waves on the ocean surface.  
Normally, these waves remain stable. However, if the vertical wind shear becomes too strong, these waves on the inversion my become unstable and begin to “break”, similar to ocean waves producing whitecaps as their tops roll over. This breaking of waves generates turbulence.  

The Richardson number (Ri) provides a measure as to whether the waves will remain stable, or become unstable and generate turbulence.  


                              Ri = (Static Stability) / (Vertical Wind Shear)2  

When Ri becomes very small, wave breaking and turbulence are likely.  Thus, turbulence is more likely when the static stability weakens (i.e., numerator becomes smaller).  Note: If static stability becomes extremely small, thermal convection (i.e., over-turning) may occur.  Thus, convective turbulence may occur (discussed later).  Turbulence is also more likely as the vertical wind shear increases (i.e., denominator becomes larger).  Note: Because the denominator is squared, small increases in vertical wind shear can generate large increases in the denominator, thus resulting in large decreases in Ri.  
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The jet stream produces strong vertical wind shear across the tropopause.  Thus, conditions for turbulence are often met in the vicinity of jet streams.  Strong jet streams, and thus potential turbulence, are often found near areas of strong temperature advection where the thermal wind and baroclinicity are high.  Many types of jet-stream induced turbulence occurs in clear skies and is known as Clear Air Turbulence (CAT).  At times, CAT is strong enough to cause structural damage to aircraft.  Jet streams crossing large mountain ranges (such as the Rockies) may generate large waves in the atmosphere.  Some of these waves may become unstable and break, creating severe “mountain wave” turbulence (discussed later).  Mountain waves are often associated with nearly stationary “standing lenticular” clouds.  
Strong vertical wind shear through the polar front aloft (an inversion layer) may also induce wave breaking and turbulence.  These shear-induced waves (formally known as Kelvin-Helmholtz waves) may be observed in the cloud field as billow clouds.  

Figure 5-11.  Actual jet stream analysis

Figure 5-12.  Jet stream induced turbulence at the tropopause and on frontal inversions

SPECIFIC JET STREAMS

Polar‑Front Jet (PFJ)

The primary cause of the PFJ is horizontal temperature contrast in the troposphere.  The PFJ is located in the tropopause fold between the polar and mid-latitude tropopause leafs.  Stratospheric air is located on the cyclonic shear side of the PFJ, while tropospheric air is located on the anticyclonic shear side of PFJ.  The PFJ migrates with seasons, moving towards the equator in winter, and toward the poles in summer.  The height of the PFJ varies with the height of the tropopause, and will vary with the situation.  The intensity of jet maximum speeds varies with the seasons, they are stronger in winter than in summer.  There is a stronger thermal gradient in winter between equator and pole.  The core height varies with the tropopause:  it is higher in summer than in winter.  Higher mean layer temperatures in the troposphere cause thermal expansion of the troposphere.  Remember, the hypsometric equation dictates that: Higher layer  Tv  = higher (Z of tropopause.
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Figure 5-13.  Polar‑Front Jet (PFJ)
"Rules of Thumb" for identification of the jet stream. These rules give you a general idea as to jet location and should be applied using seasonal and situational adjustments for accurate location.  

a.  The jet stream can be located within strongest 250 or 300 mb contour gradient and wind flow.

b.  Located above tightest thickness packing on 1,000‑500 mb thickness chart.

c.  The 500 mb contour pattern and enhanced 500 mb HGs generally provide a good estimate of the PFJ pattern and location. 

d.  Generally found on poleward side of surface polar front. 

e.  Roughly found above the maximum thermal gradient on 500mb chart.

f.  Cirrus cloud decks normally form or persist on the equatorward warm air side of the jet stream axes.  Often, a well defined cloud border exists along the jet axis.

g.  Elongated dark (dry) regions in water vapor satellite imagery form or persist on the +n (cyclonic shear side) of the jet stream axes.  There can be a well defined water vapor gradient along the axis.

h.  Final positioning of the jet depends on (1) the interpretation of computer-generated 250/300 mb height and isotach analyses from forecast models.  (2) the interpretation of plotted 250/300 mb wind observations from rawinsondes, aircraft and satellite-derived cloud motions, and (3) satellite imagery pattern analysis.  

In the absence of some of the above information, a general idea of jet stream placement may be derived from the 500mb contour gradient and/or the 1000-500 mb thickness chart.

Subtropical Jet (STJ)

The primary cause of the formation of the STJ  is provided by the contribution of two factors: (1) thermal convergence aloft (i.e., upper-level frontogenesis) between the Hadley/Ferrel Cells and (2) convergence aloft of westerly angular momentum between Hadley and Ferrel Cells.  The STJ is located between 15° and 35° latitude.  Climatologically in the Northern Hemisphere, the STJ is farthest equatorward over eastern ocean basins and farthest poleward over the east coasts of North America and Asia.  But, the actual position shows large fluctuations.  The tropical East Pacific and tropical East Atlantic ocean regions are favored origin regions of the subtropical jet with tropical plumes.  Tropical plumes are extensive cloud shields associated with vigorous subtropical jets.  Tropical plumes often originate between 5( and 15( N and extend northeastward into the mid-latitudes.
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Figure 5-14.  Subtropical Jet (STJ) cross section

Figure 5-15.  Satellite image of a Tropical Plume arching into North America from the tropical East Pacific.

The conservation of angular momentum (AM) is a factor in accelerating the STJ (discussed earlier).  AM = mVr.  
For a specific air parcel, if mass is constant and radius changes, velocity must change to conserve angular momentum.  
As the radius decreases poleward (point A to B), linear/angular velocity increases.  
As the radius increases equatorward (point B to C), linear/angular velocity decreases.  
The CoF is a manifestation of this conservation of angular momentum. CoF causes recurvature because as V and/or latitude increases, CoF increases and turns the jet anticyclonically to the right.  

The intensity of the STJ is seasonal, it is stronger in winter than in summer.  Tropical plumes nearly always occur during the winter.  The STJ is weak during the hurricane season,  but often plays a major role in modulating hurricane activity and intensity (more on this in Dynamics III).  The core height is located between the mid‑latitude and tropical leaves at approximately 150 to 250 mb.  Jet cirrus is commonly found on the warm air tropical leaf (i.e., equatorward) side of axis (see tropical plume image above).  The cirrus associated with the STJ often forms transverse bands.

The interaction of the STJ with the PFJ can be seen in many ways.  Confluence of the PFJ and STJ cores results in favorable conditions for the development of extreme turbulence.  The turbulence is most severe between the cores.  This confluence generally promotes upper-level convergence and subsidence, suppressing storm formation.  Diffluence of the PFJ and STJ cores  often enhances upper-level divergence and lifting.  This diffluence favors the formation of severe thunderstorms.  Thunderstorms often are located just downstream of jet max.  Satellite imagery shows storm tops exhibiting a characteristic wedge shape.  In regions of confluence where STJ wind speeds are often the greatest, the STJ is at its farthest poleward extent and the radius of earth has decreased to its smallest value,  therefore “V”, wind velocity, increases (i.e., the principle of conservation of angular momentum).  The confluence with air already moving at high speeds in strong HGs associated with the PFJ results in a broader and stronger area jet maximum.  The STJ’s poleward extension into the mid-latitudes often enhances frontogenesis and dynamics there, producing strong gradients along the polar front.  Large middle and high cloud shields associated with the STJ often “seed” lower levels in mid latitudes with ice crystals, thus enhancing precipitation.

“Rules of Thumb” for identification of STJ.  

a.  The STJ is generally found between 10( and 35( latitude

b.  Often associated with elongated cirrus cloud shields (i.e., transverse bands and tropical plumes)

c.   Best found on 250 or 200 mb charts.
SUMMARY


This chapter has described the different types of jet streams, their characteristics, and their formation.  A thorough knowledge of jet streams is essential for logical vertical dynamic consistency, evolution and steering of synoptic scale systems.

REVIEW EXERCISE 5

1.  Using the diagrams below, arrange the points form the strongest to the weakest shear on the lines provided.

2. What is the primary cause for the PFJ?

3. What accelerates the STJ?

4. Where does severe weather typically form in relation to the interaction between the PFJ and STJ?

5. List 5 indicators used to identify location of the PFJ.

a.

     
b.

c.

d.

e.

6. Using the SFC/1000-500 mb thickness chart below, draw the PFJ.

2-1

