CHAPTER 3

LOCAL MODIFICATION TO LARGE-SCALE CIRCULATIONS
OBJECTIVE

Determine the local modification to large-scale circulation patterns.

INTRODUCTION


This chapter will describe small-scale modifications to the large-scale patterns you have learned about thus far.  Understanding these small-scale changes is essential to the forecaster since they often have a large impact on the weather.

INFORMATION

We'll begin our sojourn into local effects by looking at diurnal changes occurring in the atmosphere.  We'll also cover terrain-induced local effects, land/ water interactions and the low-level jet.

DIURNAL EFFECTS 

Pressure and Height Fluctuations


Daily Pressure Curve.  In addition to the meteorologically significant pressure changes which occur due to the movement and development of systems, there is a diurnal oscillation in the barometric pressure.  Daily maxima occur about 1000L and 2200L.  Daily minima occur about 0400L and 1600L. 

Figure 3-1.  Daily Pressure Curve In the Absence

Of Synoptic Changes

The magnitude of the pressure oscillation depends on the geographical location.  Locations with a large diurnal temperature range will, generally, have a larger diurnal pressure oscillation.  Desert regions can have diurnal variations of nearly 5 mb.  In general, changes do not exceed 2 mb.  The oscillation is due to the uneven heating of the Earth and a tidal effect similar to ocean tides.


Terminology.  These diurnal changes show up on the analysis (both surface and aloft) The charts are categorized as "hot" or "cold" based upon the time the data was collected.  The "hot" chart is the chart time during or just after maximum heating.  In the U.S. this is the 0000 UTC chart.  The cold chart is the chart time during or just after maximum cooling.  In the U.S. this is the 1200 UTC chart.


Significance of Surface Pressure Changes.  When using surface pressure change data, consideration must be given to whether an observed change is due to dynamic forcing or diurnal effects.  Diurnal changes tell nothing about the change in the intensity of a system.


When analyzing charts, you will be concerned with the change in the central pressure of systems.  In chapter one we said this was the most common way of tracking system intensity.  These changes will generally be 12‑hour changes from the hot chart to the cold chart or the cold chart to the hot chart.  You need to determine whether the system is actually changing intensity or the pressure fluctuation is simply a part of the diurnal pressure oscillation.  For example: If a low deepens 2 mb between 1200 UTC and 0000 UTC, the change is likely diurnal, and does not represent a strengthening of the system.  Heat lows will typically have a larger diurnal change in central pressure, possibly approaching 5 mb.


When considering plotted 3‑hour pressure changes (app's), a change of more than 1.5 mb is generally considered significant (non‑diurnal).  On the hot chart, any rises are probably significant, and falls in excess of 1.5 mb are probably significant.  On the cold chart, any falls are probably significant, and rises in excess of 1.5 mb are probably significant.


As with surface pressure changes, upper‑level diurnal effects as well as dynamic forcing influence height changes.  Diurnal changes generally do not exceed 20 meters usually at the lower levels.  In general, height changes must exceed 20 meters in order to be considered significant.


Stability.  Diurnal changes have an impact on stability as well as surface and height changes.  On the hot chart, the surface is the warmest. Since diurnal temperature changes at middle and upper levels are small, the atmosphere will be the unstable when the surface is the warmest on the hot chart.  On the cold chart, the surface is the coldest and so the atmosphere is the most stable.

Figure 3-2.  Skew-T from 0000 UTC and 1200 UTC in the Same Air Mass
TERRAIN-INDUCED LOCAL EFFECTS 


Diurnal pressure changes vary over the surface for a variety of reasons.  The variability of the Earth's surface also impacts other atmospheric elements, such as temperature, humidity and precipitation.  Now, we'll turn our attention to the interaction between the atmosphere and mountainous terrain.

Upslope


When air is forced to rise due to orographic lift, upslope occurs.  This can occur wherever the elevation changes significantly.  Mountains affect the vertical motion of an air column to a height much greater than the height of the mountain range.  

Figure 3-3.  Vertical Influence of a Mountain Barrier

Air forced to flow up the slope of the barrier cools adiabatically.  Cloudiness and precipitation can result depending on the available moisture and air mass characteristics.


Upslope has a specific meaning in the Western Plains along the foothills of the Rockies.  Upslope precipitation occurs an appreciable distance east of the mountains.  Since the Western Plains slope up toward the west, easterly winds are forced to ascend well before they reach the mountains. Air is forced to rise orographically in two main scenarios:  

(1) A cold cP high can settle into the northern Plains causing easterly flow to glide up the sloping terrain. 

Figure 3-4.  Upslope Associated With A Continental Polar High

(2) An upper trough along the West Coast of the United States starts to cut off.  This causes a deep southeasterly flow of moist gulf air to glide up the sloping terrain.

Figure 3-5.  Upslope Associated With A West Coast Upper Trough

Cold Air Damming

Mountainous terrain can also lead to a phenomenon called cold-air damming. This occurs when cold air masses flow southward along the eastern slopes of mountains and the mountains act as an air mass boundary since the cold air is too dense to flow up and over the mountains.


The cold air mass is shallow and is poorly represented by 1000‑500-mb thickness values.  A ridge of high pressure at the surface develops over the shallow cold air mass.  This is one of the best indicators of the shallow cold air.  Winds in this air mass are highly ageostrophic and tend to be northerly despite the pressure gradient.


Cold-air damming is significant along the slopes of both the Rockies and Appalachians.  Along the slopes of the Appalachians, the shallow cold air often becomes dammed along the mountains as warm air tries to flow into the region.  This results in intense overrunning of the shallow cold air and heavy precipitation.


Along the slopes of the Rockies, the shallow cold air often advances southward into the Plains behind cold fronts.  Unless a very strong easterly flow prevails, the cold air does not spill westward over the mountains.  As a result, the cold air surges southward into the Plains.  This can occur despite southwesterly flow aloft, thus developing an overrunning pattern.

Figure 3-6: Cold Air Damming East Of the Appalachians
Downslope Winds


As well as flowing up the slopes of mountains or being dammed against them, winds can flow down a mountain barrier or downslope.  Air warms adiabatically as it descends the mountains.  Downslope winds fall into two classes: Foehn and Bora.


Warm downslope winds are generically known as Foehn winds. Different geographical areas have their own names.  Along the slopes of the Rockies, the term used is Chinook.  Foehn winds are associated with warm, windy, dry weather.  The same synoptic situation that favors a Chinook also supports the lee side trough.  Both features are often observed together. 

Figure 3-7.  Chinook                                   Figure 3-8.  Skew-T during a Chinook
Figure 3-9.  850-mb Chart during A Chinook

The generic term applied to cold downslope winds is Bora.  Boras are associated with windy, cold weather.    

Figure 3-10.  Bora


Both cold and warm downslope winds undergo adiabatic warming as they descend.  The difference is how the winds compare to the climatological norm in the area.  A Chinook, which blows into eastern Colorado replacing cold cP air, will be relatively warm.  A Bora, which originates as cold cP air, will still be relatively cold compared to the mild air, which is the norm for a coastal plain despite the adiabatic warming.

Thermally-Induced Circulation

Variety in the type of terrain also creates thermally induced circulation.  Local heating and cooling drives these circulations.  They are most easily detected if the synoptic-scale pressure pattern is weak.  


Valley Breeze.  One type of thermally induced circulation is the valley breeze (Ahrens, 2000).  It is a locally induced flow from the valley to the mountain. The valley breeze is a daytime phenomenon.  It develops in the morning and reaches peak strength in the afternoon. 

Figure 3-11.  Valley Breeze

As daytime heating occurs, the air at a given elevation next to the mountain warms faster than air at the same elevation above the valley.  This warmer air is less dense and will ascend the mountain creating the valley breeze.


Mountain Breeze.  The second type of thermally induced circulation is the mountain breeze (Ahrens, 2000).  It is a locally induced flow from the mountain to the valley.  The mountain breeze is a nocturnal phenomenon.  It develops after sundown and reaches peak strength around sunrise. 

Figure 3-12.  Mountain Breeze

As nocturnal cooling occurs, the air at a given elevation next to the mountain cools faster than air at the same elevation above the valley.  This cooler air is denser and will descend into the valley creating the mountain breeze.

LAND/WATER INTERACTIONS
Synoptic Scale

We are now going to look at three types of land/water interactions.  On the synoptic scale we'll examine onshore/offshore flow.  Following that discussion, we'll turn our attention to two types of mesoscale interaction, lake effect and sea/land breezes.


Onshore Flow.  The onshore flow occurs when the synoptic-scale pressure gradient supports flow from the water to the land.

Figure 3-13.  Onshore Flow

As the air flows onshore, friction increases, causing the wind to slow and back.  Low-level convergence occurs as air accumulates along the coastline. 


Offshore Flow.  During offshore flow the synoptic-scale pressure gradient supports flow from the land to the water.  As the air flows offshore, friction decreases, causing the wind to increase speed and veer.  This leads to low‑level divergence along the coastline.

Figure 3-14.  Offshore Flow

Lake effect Snow Squalls. Figure 3-15 is an example of mesoscale phenomena.  They are organized lines of snow showers, which form in the lee of large, unfrozen bodies of water in the cold season.  They form over the lake (as their name suggests) and move to the leeward side.  Significant snows are generally confined to within about 25 miles of the lake, though light snow can occur farther inland. 

Figure 3-15: Lake Effect Snow Squalls

The upward transfer of heat and moisture causes lake effect from the unfrozen lake surface to the cold air above.  


The larger the temperature difference between the lake and the air, the more intense the snow squalls.  A temperature difference of at least 15 C( between the water temperature and the 850-mb air temperature is required for significant lake‑effect snow squalls to form.  Figure 3-17 shows the 850-mb chart during a lake snow squall event.

Figure 3-16.  Skew-T during a Lake Effect Snow Squall

Since the formation of lake snow squalls requires the flow of cold air over the lakes, maximum snowfalls normally occur on the eastern and southern shores of the lake.  Lake‑effect snow squalls are occasionally associated with the development of a small low over the warm lake.  It appears as a spiral in the cloud bands over the lake.

Figure 3-17.  Lake Snow Squall On Radar Summary Chart and 850-mb Chart 

Mesoscale

Local heating and cooling drives thermally induced circulation. This is the second type of land/water interaction we'll examine. These circulation only develop in a slack synoptic-scale pressure pattern.


Sea (Lake) Breeze.  The sea- (or lake-) breeze (Atkinson, 1985) is a locally induced circulation where the wind blows from the water to the land. It is a daytime phenomenon.  It develops in the morning and reaches peak strength in the afternoon as in Figure 3-18. 

Figure 3-18.  Sea/Lake Breeze Circulation

As daytime heating occurs, air over the land warms faster than air over the water.  This warmer, less dense air ascends.  Cooler air over the water moves inland to replace it.  The sea breeze may extend up to 30 nm inland.  Vertically, it extends 2,000 to 4,000 ft. AGL with the average top 3,300 ft.  This is highly dependent on the atmospheric stability and the intensity of the surface heating.  Strong low‑level convergence develops along the boundary between the cool air advancing inland and the warmer air over the land.  This boundary acts as a small‑scale cold front and called a sea breeze front.  The intense convergence along the front may cause thunderstorms to develop.  They are more likely to occur if the shoreline is convex.  In the tropics, the sea breeze is considered the strongest diurnal wind with speeds of 10 to 20 knots often observed. 

Figure 3-19: Sea Breeze Front

Land Breeze.  Air rises because of the convergence.  A return flow develops aloft from the land to the water.  The land breeze (Atkinson, 1985) is a locally induced circulation where the wind blows from the land to the water.  It is a nocturnal phenomenon, developing after sunset and reaching peak strength around sunrise.


As nocturnal cooling occurs, air over the water cools slower than air over the land and hence is relatively warm.  This warmer, less dense air ascends.  Cooler air over the land moves offshore to replace the warmer air.  Low‑level convergence develops along the boundary between the advancing cool air and the warmer air over the water.  Air rises because of the convergence.  A return flow develops aloft from the water to the land.  Typically, a land breeze will extend only 5 to 6 nm out to sea with wind speeds generally less than 10 knots.

Figure 3-20.  Land Breeze Circulation

Atmospheric Eddy Currents.  Atmospheric eddies are circulation produced on the lee-side of a barrier.  These barriers could consist of mountains, islands, or a peninsula.  As you move further downstream from the barrier, the intensity decreases.  This is an area of turbulence caused by strong directional and speed shear.  

THE LOW-LEVEL JET
Definition and Characteristics


The low‑level jet is a band of strong ( > 30 knot) super‑geostrophic southerly winds which develops above the top of the boundary layer (about 900 mb).


The low‑level jet is primarily a nocturnal phenomenon.  It reaches peak intensity around sunrise.  It diminishes after daytime heating starts to break the nocturnal radiation inversion.  Over the continental United States, it transports heat (energy) and moisture northward from the Southern Plains into the Midwest very rapidly.


The low‑level jet typically forms when a high is over the eastern U.S. and a low is developing in the Western Plains.  It develops in the warm sector of the low and is positioned parallel to 

The cold front.  If the low‑level jet intersects the warm frontal surface, intense lift results which can lead to thunderstorms along the warm front.  The low‑level jet is most commonly oriented from the Southern Plains to the western Great Lakes.

Figure 3-21.   LLJ in Warm Sector of a Baroclinic Low
Weather

The low‑level jet is important because it transports a great deal of heat and moisture northward from the Southern Plains to the Midwest.  This rapidly destabilizes the atmosphere and leads to the development of thunderstorms at the nose of the jet.  In portions of the Midwest, thunderstorms are most common near or after midnight (nocturnal thunderstorms) because of the intense low‑level convergence at the nose of the jet.

Causes

There exists many theories on the formation of the low-level jet exist, we're going to focus on two common ones. The first type is the upper‑level forced or coupled low-level jet. (Uccellini and Johnson, 1979)


Upper-Level Forced.  In this scenario, the low‑level jet is dynamically linked to an upper‑level jet stream.  The low‑level jet develops downstream from the nose of an upper‑level jet max in the polar‑front jet, more or less perpendicular to the upper‑level jet‑stream axis.


Supergradient winds exist at the nose of the upper‑level jet max.  These winds deflect to the right. 

Strong divergence occurs in the left-front quadrant and weak convergence in the right-front quadrant as mass is transported from the left side of the jet to the right. 


The air transported to the right-front quadrant of the jet is forced to sink and downward vertical motion develops.  The downward vertical motion leads to low‑level divergence beneath the upper‑level convergence.  The air then returns northward beneath the upper‑level jet max.  This flow is toward 

the region beneath the left-front quadrant of the upper‑level jet max. It compensates for the supergradient winds aloft and forces a strong southerly flow at low levels.


Air then ascends toward the region of upper-level divergence in the left- front quadrant of the jet max.  This pattern, which exists in a plane perpendicular to the upper‑level jet max, forms a complete circulation around the nose of the upper jet. 

Figure 3-22.  Development of LLJ Beneath Upper- Level Jet Maxima

Lowering Of the Boundary Layer.  
The lowering of the boundary layer at night allows this transverse circulation to organize into a low‑level jet.  During the day, surface heating causes air in contact with the Earth's surface to become hot.


The lowest layers of the atmosphere become absolutely unstable.  As thermals develop in the instability, the air is mixed vertically.  As a result of the mixing, the boundary layer grows in depth.  Faster moving air aloft is mixed downward and the surface wind increases.  Slower moving air (due to surface friction) is mixed upward and winds speeds near the top of the boundary layer decrease.  With the deep daytime boundary layer, the air at low levels moving northward beneath the upper‑level jet develops into a deep flow of air of relatively uniform speed.  

Figure 3-23.  Boundary Layer During the Daytime

After sunset, the Earth's surface begins to cool and air in contact with the surface also cools. The lowest layers of the atmosphere become stable as a radiation inversion develops.  As a result of the lack of mixing the boundary layer shrinks in the vertical.  


Faster moving air in the free atmosphere is no longer mixed downward and the surface winds decrease.  The inversion confines slower moving air (retarded by surface friction) to very low levels.  The shallow nighttime boundary layer creates a large gradient in wind speed in the vertical. 


Overall, the same amount of air must still move northward to compensate for the supergradient winds aloft. Air near the surface (in the inversion layer) is almost calm, so no air is transported northward at this level. All the air must flow northward above the top of the boundary layer to compensate for the calm winds below.  In order for the necessary airflow to be maintained, the wind must increase to high speeds (the low‑level jet) just above the boundary layer. 


Both the upper‑level and boundary layer forcing are needed for a well-developed low‑level jet.  If one of the conditions is not present, a weak low‑level jet may still form.

Figure 3-24.  Boundary Layer at Night


Gradient Induced "Jet".  While, strictly speaking, the low‑level jet described above is a band of supergeostrophic winds, a low‑level jet may develop due to an intense pressure gradient.  A strong band of gradient winds will act much the same as the true low‑level jet.  Weather conditions in both cases will be similar.


Low-Level Jet Streams In the Tropics.  Occurs in areas with large surface temperature / pressure gradients.  A favored location for the LLJ is along coastal desert areas with cold upwelling occurring offshore.  This is often seen over Eastern Somalia to Eastern Madagascar and along the West Coast of Africa.  A LLJ is also seen in areas of strong radiational cooling with channeling from inversions or mountains.  Examples of this can be found in Northern Australia and Northeastern Saudi Arabia.  Speeds of LLJs can exceed 60 knots.  Daytime heating and vertical mixing tends to dissipate LLJs.

SUMMARY


In this chapter, we looked at small-scale modifications, which affect the large-scale pattern.  Often, these small-scale alterations can impact the forecast more than the large-scale pattern.


In this student text, we've acquainted you with an array of schemes for categorizing mid-latitude systems.  We've discussed physical processes affecting the evolution of these systems and introduced some local effects.  Obviously, this brief guide cannot cover the gamut of synoptic and mesoscale phenomena you will encounter in the operational environment.  You are responsible for your growth as a forecaster/aerographer’s mate.  To facilitate this growth, the technical references used in developing this student text are listed. 

REVIEW EXERCISE 3

1.
At what times do the local minima and maxima in atmospheric pressure occur in the absence of dynamic effects?

2.
A low filled 2‑mb between 0000 UTC and 1200 UTC.  Is this change significant?

3.
Does a station "app" plot of +15/ on the 0000 UTC chart indicate anything about the vertical motion in the overlying column?

4.
Does a station "app" plot of +10( on the 1200 UTC chart indicate anything about the vertical motion in the overlying column?

5.
Both the chinook and the bora are downslope winds and in both cases the air warms adiabatically as it descends.  Why is one wind considered a warm wind and the other a cold wind?

6.
What is the difference between a sea/lake breeze and onshore flow?

7.
When is the low-level jet in the mid latitudes typically the strongest?

8.
How is the low-level jet related to thunderstorm development in the central United States?

9.
What three ways can a low-level jet develop in the mid latitudes? 

10.
What role does the nocturnal radiation inversion play in the development of a low-level jet in the mid-latitudes?

11.
Match the local circulation with the phrase below, which is most closely associated with it.


________ Hot Chart




________Onshore Flow


________Cold Chart




________Offshore Flow


________Upslope




________Lake Effect Snow


________Chinook




________Sea/Lake Breeze


________Bora





________Land Breeze


________Mountain Breeze



________Sea Breeze Front


________Valley Breeze



________Low Level Jet



a.
Localized heavy snow at Buffalo, NY in the winter.



b.
A wind blows from the mountain to the valley during the nighttime.



c.
A cold downslope wind.



d.
1200 UTC in the United States.



e.
0000 UTC in the United States.



f.
A cool northeast wind at Milwaukee, WI during the afternoon in May.



g.
A wind blows from the valley to the mountain during the daytime.



h.
Synoptic scale flow associated with low-level convergence along a shoreline.



i.
Synoptic scale flow associated with low-level divergence along a shoreline.



j.
A warm downslope wind.



k.
A violent thunderstorm at Des Moines, IA at 0800 UTC.



l.
A weak nighttime circulation from the land to the water which dies off after




sunrise.



m.
A band of thunderstorms parallels the Florida coastline at 2100 UTC.



n.
Wind flow forced to ascend an orographic barrier.

12.
Thickness chart F-1 and vorticity chart F-2 are valid 1200 UTC, Monday 28 Nov 1988.  The remainder of the charts in Appendix F are valid 0000 UTC, Tuesday 29 Nov 1988.  Complete the table below for systems A through F on charts F-3.


a.
Determine the change in system intensity (in mb) between 1200 UTC Monday and 0000 UTC Tuesday.  If the system is newly developed, write “new” on the line.


b.
Determine the cause of the change.

Note:
This question should be answered by incorporating the information on factors affecting the 


development of systems from Chapter 2 and information on local effects in Chapter 5.

	System
	ID of System
	Pressure Change
	Cause

	A

	
	
	

	B

	
	
	

	C

	
	
	

	D

	
	
	

	E

	
	
	

	F

	
	
	


13.
Using chart F-1, determine whether the following are occurring on the chart or are likely to be 


observed within the next 12 hours.  Answer LIKELY or UNLIKELY in the space provided.


Sea Breeze over southern Florida

_____________________


Chinook at Denver, CO


_____________________


Lake Breeze over Chicago, IL

_____________________


Onshore flow over South Carolina

_____________________


Upslope precipitation in Virginia

_____________________


Lake Effect snow squalls at Marquette, MI
_____________________
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