SCI-145: Introduction to Meteorology
Lecture Note Packet 2
Chapter 5: CLOUD DEVELOPMENT AND PRECIPITATION
I. Rising Air and the Formation of Clouds

A. Clouds form as air rises, expands and cools until the dew point is reached and 
     condensation occurs
B. The faster and higher air rises, the more condensation and latent heat is 
released and the more likely that precipitation and even thunderstorms will form
C. But what determines where air will rise and how high and fast?
D. Shortly we will discuss what “lifts” the air, or causes it to rise (there are 
     multiple causes)
E. But first we will discuss what causes air to continue to rise and even 
     accelerate upwards once it has been lifted (pushed or pulled upward)
F. This is dependent upon how stable or unstable the atmosphere is, a concept 
     referred to as atmospheric stability
II. Atmospheric Stability


A. If the atmosphere is “stable”, when we lift a parcel of air it will resist this 
     change and attempt to return to its original position
B. If the atmosphere is “unstable”, when we lift a parcel of air it will tend to 
     continue rising and, if unstable enough, even accelerate upward
C. Dry (Unsaturated/Clear) Adiabatic Lapse Rate

1. Recall that rising and sinking balloon-like blobs of air are referred to 
    as air parcels (thermals)

2. Also recall that a rising air parcel expands and cools and a sinking 
    air parcel compresses and warms
3. If the air in the parcel is unsaturated (no clouds) the rate of cooling is 
known and constant at 10°C per kilometer (1000 meters) or 5.5°F per 1000 feet and is called the dry (unsaturated) adiabatic lapse rate



a. Note: The rate at which temperature changes with height is 

    defined as the lapse rate

1. It is called adiabatic to signify we are referring to an air 

parcel (balloon) that is not exchanging heat with the environment


D. Moist (Saturated/Cloudy) Adiabatic Lapse Rate


1. If a rising parcel cools to its dew point (RH=100%, saturated), any 
    further lifting will result in condensation (cloud formation)

2. Latent heat will be released into the parcel and the parcel will cool less 
    quickly as it rises

3. This rate of cooling, which is about 6°C per kilometer (NOT a constant 
– lower for warm, moist air), is called the moist (saturated/cloudy) adiabatic lapse rate
4. Sinking (cloudy) air will warm at this same lower rate as evaporation 
from the liquid water droplets will reduce the rate of compressional warming
III. Determining Stability


A. If a rising parcel is colder than its surrounding environment it will tend to sink 
     back to its original position since cold air is heavier than warm air
1. This type of environment is “stable” because it resists upward 
    movement
B. If the rising air is warmer than its environment, it will continue to rise
1. This type of environment is “unstable”

C. Environmental Lapse Rate



1. To determine stability, we need to measure the temperature of the rising 
    air and its environment at various levels above the earth

2. We do this by releasing a weather balloon, called a radiosonde, which 
records how the temperature of the environment changes with altitude, called the environmental lapse rate

D. Stable Atmosphere



1. If the environmental lapse rate is small [less than both the dry 
(10°C/km) and saturated (6°C/km) adiabatic lapse rate] the atmosphere is absolutely stable
2. In this type of environment a rising air parcel will remain colder 
(heavier) than its environment whether it is dry (clear) or saturated (cloudy)

3. Therefore, a lifted parcel of air, if released, would have a tendency to 
    return to its original position

4. Air in a stable atmosphere, therefore, strongly resists vertical motion
5. Clouds in a Stable Atmosphere


a. If air is forced to rise (lifted) in a stable atmosphere it tends to 
    spread out horizontally

b. As such, clouds that form in this type of environment spread out 
    horizontally in thin layers, with flat tops and bottoms

c. Examples of clouds that form is this type of environment are 
    cirrostratus, altostratus, nimbostratus and stratus
d. Remember, stratus means “layers”


6. Causes




a. The atmosphere is “stable” when the environmental lapse rate 
is small, that is, when there is a relatively small difference in temperature between the surface air and the air aloft
b. Therefore, the atmosphere “stabilizes” when the air aloft 
    warms and/or the surface air cools

1. Cooling at the Surface


a. Cooling of surface air may be due to:

1. Nighttime radiational cooling

2. Air moving over a cold surface

3. Cold air brought in by the wind
b. On any given day, the atmosphere tends to be 
most stable in the early morning, when surface temperatures are at their lowest

c. If surface air becomes saturated in a stable 
environment, a persistent layer of fog or haze may form




2. Warming Aloft






a. The air aloft can be warmed by winds bringing in 
    warmer air
b. However, a more common cause of a stable 
atmosphere due to warmer air aloft is caused by air sinking (subsiding) over a large area (remember that sinking air compresses and warms)

c. As we will learn, this tends to occur with the 
    presence of high pressure systems


7. Subsidence Inversion




a. This process can result in what is called a subsidence inversion, 
where the air aloft is actually warmer than the air at the surface
b. An inversion is so stable that it acts like a “lid” on vertical air 
    motion, frequently trapping fog, haze and pollution at low levels
c. In fact, most air pollution episodes occur when a subsidence 
    inversion is present

E. Unstable Atmosphere


1. If the environmental lapse rate is large [greater than both the dry 
10°C/km) and saturated (6°C/km) adiabatic lapse rate] the atmosphere is absolutely unstable
2. In this type of environment a rising air parcel will remain warmer 
(lighter) than its environment whether it is dry (clear) or saturated (cloudy)

3. Therefore, a lifted parcel of air, if released, would have a tendency to 
    continue to rise on their own

4. Air in an unstable atmosphere, therefore, is susceptible to enhanced 
    upward motion
5. Causes


a. The atmosphere is “unstable” when the environmental lapse 
rate is large, that is, when there is a relatively large difference in temperature between the surface air and the air aloft
b. Therefore, the atmosphere “destabilizes” when the air aloft 
    cools and/or the surface air warms

1. Warming at the Surface



a. Warming of surface air may be due to:

1. Daytime solar heating of the surface

2. Air moving over a warm surface

3. Warm air brought in by the wind

b. Therefore, as the surface air warms with daytime 
heating, particularly on a sunny day, the atmosphere “destabilizes”




2. Cooling Aloft






a. It can become cooler aloft if winds bring in 
    colder air
b. Just as a large area of sinking air aloft results in 
warming (subsidence inversion), a large area of rising air can produce cooling aloft
c. This is particularly true if an entire thick layer 
that is dry at the top and humid at the bottom is lifted

d. This type of “destabilization” may lead to 
thunderstorms and tornadoes (more on this later)

F. Conditionally Unstable Atmosphere



1. An absolutely unstable atmosphere, in which the environmental lapse 
rate is greater than both the dry (clear) and saturated (cloudy) adiabatic lapse rate is rare above a thin layer near the surface on hot, sunny days
2. The type of instability which occurs commonly is called a 
conditionally unstable atmosphere in which the environmental lapse rate lies between the dry (10°C/km) and saturated (~6°C/km) rates


3. In a conditionally unstable atmosphere, the “condition” for instability 
    is whether or not the rising air becomes saturated
4. Look at the scenario of a conditionally unstable atmosphere in Fig. 5.9
5. An unsaturated (but humid) air parcel is forced to rise (lifted) from the 
    surface (causes for this will be looked at subsequently)
6. The air parcel will cool at the dry (clear) adiabatic rate (10°C/km) until 
    the temperature of the parcel cools to its dew point


7. At the level that this occurs, the air becomes saturated (the relative 
humidity is 100%) and further lifting of the parcel results in condensation (cloud formation)
8. The elevation where this cloud begins to form (cloud base) is called 
    the condensation level
9. Above this level, due to the release of latent heat into the parcel as 
condensation occurs, the rising (lifted) parcel begins to cool less quickly (at the saturated adiabatic rate ~ 6°C/km) 


10. Note in the example (Fig. 5.9) that from the surface up to about 2000 
meters the rising (lifted) air (parcel) is colder than the air surrounding it (environment)
11. This is a stable scenario in which the parcel must be “lifted” in order 
      to continue to rise
12. However, due to the release of latent heat into the parcel with 
condensation, it eventually becomes warmer than the surrounding air and can rise on its own (without being lifted)
13. At this level, called the level of free convection, the atmosphere 
      becomes unstable

G. The stability of the atmosphere changes during the course of the day and the 
     course of the year (seasons)
H. During the cool seasons, particularly in the morning, the atmosphere tends to 
     be stable (cool at the surface)

I. The air requires considerable lifting (“forcing” – forced to rise) in order for 
    precipitation to occur

J. Clouds, even in storms, during these seasons tend to be stable, layered clouds 
    (e.g. stratus, altostratus, nimbostratus)
K. During the warm seasons, particularly in the afternoon, the atmosphere tends 
to be more unstable (conditionally unstable) as it becomes very warm and humid near the surface
L. During this time of year clouds with vertical development (e.g. cumulus, 
     cumulonimbus) are commonly seen as the day progresses
IV. Cloud Development


A. Clouds form when air rises, cools and condenses
B. Air does not usually start rising on its own but needs a “trigger” to start it 
     moving upward (something to “lift” it or “force” it upwards)

C. Four mechanisms are responsible for the formation of most clouds:
1. Surface heating and free convection
2. Uplift along topography
3. Widespread ascent due to the flowing together (convergence) of 
    surface air
4. Uplift along weather fronts

D. Convection and Cloud Development



1. Some areas of earth’s surface absorb sunlight better and heat up more 
    quickly

2. This creates thermals (hot bubbles of air) which separate from the 
    surface and begin to rise (warm air is light)

3. If a rising thermal cools to its saturation (dew) point a cumulus cloud 
    will form

4. This process is only effective at forming clouds when the sun is high 
enough in the sky (warm seasons) to form thermals that are warm enough to reach their condensation level


5. The convective current is completed as cooler air aloft, displaced by 
    the rising thermals, sinks back toward the surface
6. The sinking air suppresses cloud formation
7. This is why cumulus clouds tend to be separated by patches of blue sky
8. Convection and Stability


a. The stability of the atmosphere plays an important role in 
    determining the vertical growth of cumulus clouds
b. If the atmosphere is stable (e.g. subsidence inversion of high 
pressure system) there will be little vertical development (fair weather cumulus humilis)
c. If the atmosphere is conditionally unstable the cloud forming 
rising air parcels will continue to rise forming cumulus congestus and possibly cumulonimbus

E. Topography and Cloud Development
1. Horizontally moving air (wind) cannot go through an obstacle 
    (mountain range) so it is forced upward
2. This forced lifting by a topographic barrier is called orographic lift
3. The rising air cools and, if humid enough, condensation (cloud 
    formation) occurs


4. When moist air is forced upward by a mountain range (e.g. the Sierra 
Nevada and Cascades along the west coast) there will tend to be considerable rainfall on the windward (upwind) side as air rises and very little rain, as air sinks on the leeward (downwind) side
5. The air on the leeward side is drier (note dew point) due to loss of 
water vapor to condensation and precipitation and warmer due to conversion of latent heat to sensible heat on the windward side of the range
6. Regions to the leeward side of these ranges are called “rain shadows”

F. Surface Convergence and Fronts



1. The last two mechanisms of cloud formation, surface convergence and 
    fronts, are usually associated with large scale storm systems
2. This subject, and these mechanisms, will be discussed in detail in 
    future sections
V. Precipitation Processes


A. We now (hopefully) have a pretty good idea of how clouds form

B. However, not all clouds produce precipitation (any form of water, liquid or 
     solid, that falls from a cloud and reaches the ground)
C. How does a cloud produce precipitation and why do some clouds produce 
     precipitation but not others?
D. A typical cloud droplet is only 0.02 mm in size and is easily suspended by air 
     currents in a cloud

E. If a cloud droplet should fall it would evaporate quickly in the dry air below a 
     cloud

F. A typical raindrop is 100 times larger (2 mm) and it takes one million cloud 
droplets to produce a rain drop yet clouds can develop and produce rain in less than an hour

G. How does this happen?
H. There are believed to be two general methods of precipitation formation:

1. The collision-coalescence process

2. Ice crystal (Bergeron) process

I. Collision-Coalescence Process

1. The first process, collision and coalescence only plays an important 
role in warm clouds (tops > 5°F) which are generally only present in  

the tropics


2. The cloud droplets must be of variable size in order for this to occur
3. Larger droplets fall faster so they overtake smaller droplets, collide 
with them and collect them (coalescence) to become even larger droplets
4. Eventually, these larger droplets become large enough so that they fall 
    from the cloud and reach the ground as a rain drop
5. The longer these growing droplets spend in a cloud, the larger they can 
become and the more likely they will produce precipitation (and greater amounts)
6. Therefore, thicker clouds with strong updrafts will produce greater 
    amounts of precipitation
7. For example, convective clouds (thunderstorms and tropical storms) in 
the tropics can produce copious amounts of rainfall (with large rain drops) by this method
8. A thin stratus cloud with weak upward air currents will produce 
    drizzle at best
9. The variability of droplet size is also important as it is necessary to have 
    many large droplets to initiate and propagate this process
10. Larger droplets form on large condensation nuclei, such as salt 
crystals, so this process is likely to be more efficient over oceans (e.g. tropical storms)

J. Ice-crystal (Bergeron) Process

1. At middle and high latitudes (extratropical locations) most of the 
    clouds that produce precipitation are below freezing, even in summer
2. In these clouds, the predominant precipitation producing process is the 
ice-crystal (Bergeron) process which requires the presence of both liquid water droplets AND ice crystals
3. But why are there liquid water droplets if the temperature is below 
    freezing?
4. The highly ordered lattice structure of ice crystals will only form 
spontaneously from liquid water droplets at very low temperatures (−40°C)
5. However, in the presence of certain particles, called ice nuclei, this can 
    occur at a much higher temperature
6. These particles (e.g. clay minerals, soot, bacteria and ice crystals 
themselves) provide a surface for the water molecules to align themselves in this highly ordered crystal structure


7. These ice nuclei, however, are not particularly plentiful so we are left 
with a cloud that contains some ice crystals and many more liquid cloud droplets
8. These droplets are called supercooled droplets since they are liquid 
    droplets with a temperature below freezing
9. So we have a saturated, cloud containing ice nuclei surrounded by 
    supercooled liquid water droplets
10. Since it is much easier for water molecules to separate themselves 
from the liquid droplet there will be many more water vapor molecules surrounding the liquid drops (in their saturation equilibrium state)
11. Another way to state this is that the saturation vapor pressure at a 
      given temperature is higher relative to water than ice
12. This difference in vapor pressure causes water vapor molecules to 
      diffuse from the liquid droplets toward the ice crystals
13. In order to maintain their respective saturation equilibrium pressures, 
the water vapor molecules will be absorbed by the ice crystals and more water vapor molecules will evaporate from the supercooled droplets to replace those that diffused toward the ice crystals

14. Essentially, during the ice-crystal (Bergeron) process, ice crystals 
      grow larger at the expense of the surrounding water droplets
15. As the ice crystals grow, they begin to fall and can:

a. Collide with many droplets causing them to grow by 
    “accretion”
b. Shatter into many smaller ice crystals when they collide with 
other crystals or droplets causing a chain reaction of ice crystal formation
v. Collide and stick to other ice crystals, producing snowflakes 
    (aggregation)


16. If the falling snowflakes fall into above freezing air they will melt, 
      reaching the ground as rain

17. In fact, since the ice-crystal (Bergeron) process is the dominant 
precipitation forming process in middle and high latitudes, most rain that falls in middle latitudes, even in summer, even in thunderstorms, starts as snow
VI. Precipitation Types


A. Rain



1. Most people consider rain to be any falling drop of liquid water
2. By strict meteorological definition, however, in order to be defined as 
    rain, the falling drop must measure at least 0.5 mm (0.2 in)

3. If the drops are smaller than this the precipitation is called drizzle
4. Most drizzle falls from low-lying stratus clouds


5. As rain falls from clouds into dry air below the liquid drop begins to 
    evaporate

6. If the air is very dry the drops may completely evaporate before 
    reaching the ground

7. These evaporating streaks of precipitation seen below the cloud base 
    are called virga
8. Virga is particularly common in the very dry great plains and desert 
    regions of the U.S., even below thunderstorms
9. In cumuliform clouds (clouds with vertical development) such as 
cumulus and cumulonimbus the rain tends to occur in rain showers (brief and sporadic)
a. This is because these types of clouds contain convective currents 
(updrafts and downdrafts) with the rain falling out of the downdraft

10. Continuous rain usually falls from a layered cloud (i.e. 
nimbostratus) that covers a larger area and has smaller vertical air currents


B. Snow



1. Snow is precipitation falling in the form of ice crystals
2. We know that most precipitation in middle latitudes start as snow in the 
clouds, however, during most of the year, the freezing level is high enough that the snow melts before reaching the ground

3. Even in winter, snowflakes can fall about 1000 feet before completely 
    melting
4. In fact, evaporation from the surface (cooling) of the melting snowflake 
    can retard the melting process further

5. Therefore, it may snow even when the temperature is above 40°F


6. The most common crystal shape for a snowflake is a six-sided 
    branching shape called a “dendrite”
7. Although the general shape remains the same, dendrite crystals can take 
    on innumerable forms, thus the saying “no two snowflakes are alike”

8. If the air below the clouds is very cold and dry these dendrite 
    snowflakes will reach the ground in this form

9. If the air is moist and close to freezing, the crystals will partially melt 
    and clump together, producing “giant”, formless, “snowflakes”



10. Snow that falls from cumuliform clouds tends to be showery with light 
snow showers called snow flurries and heavier snow showers called snow squalls
11. More continuous snowfall, just like rainfall, tends to fall from 
      nimbostratus clouds

12. The intensity of snowfall; light, moderate or heavy, is based upon how 
      much visibility is reduced (See Table 5.1)

C. Sleet



1. Sleet is precipitation that falls as small translucent ice pellets, usually 
    during a winter storm

2. Ice pellets that fall from thunderstorms are called hail and form in a 
    completely different manner 

3. Sleet forms when a layer of above freezing air melts falling snowflakes, 
forming “raindrops” which subsequently re-freeze into ice pellets as they fall through a deep layer of subfreezing air near the surface

D. Freezing Rain



1. If the cold layer near the surface is too shallow, the falling raindrops 
    become supercooled but do not freeze
2. When these supercooled drops hit any surface, the water molecules can 
rapidly organize into a crystal lattice structure of ice (like ice nuclei) and the droplets freeze on contact, forming an icy glaze

3. This type of precipitation is called freezing rain

E. Hail



1. Ice “pellets” that fall from thunderstorms, usually during the warm 
    season, are called hailstones
2. These can be transparent or partially opaque (white) and can range in 
    size from that of a small pea to golf ball size or larger

3. Hailstones can have a variety of shapes from round to highly irregular

4. The largest documented hailstone fell on Vivian, South Dakota July 23, 
    2010, had a diameter of 8 inches and weighed almost 9 pounds


5. Hail is produced in cumulonimbus clouds, particularly in severe 
    thunderstorms with very strong updrafts
6. Large frozen raindrops (graupel) or other particles serve as a hail 
“embryos” that grow by accumulating supercooled raindrops which freeze on contact with the hailstone
7. These growing hailstones are repeatedly lifted by the violent updrafts 
until they fall into a downdraft or become large enough to fall through the updraft


8. Hailstones must remain in the thunderstorm cloud for a prolonged 
period, being repetitively lifted by updrafts, in order to grow large enough that they do not melt completely while falling through the warm air below the cloud (must remain in the cloud for 5 – 10 minutes to attain golf ball size)
9. The largest hailstones fall in the severe thunderstorms of late spring 
    and summer (strongest updrafts)
10. Interesting that the largest form of frozen precipitation forms during 
      the warmest time of year
VII. Measuring Precipitation


A. Rain



1. An instrument that collects and measures rainfall is called a rain gauge
2. A standard rain gauge has a funnel-shaped collector attached to a long 
    measuring tube

a. The collector is 10 times wider than the measuring tube so that 
rainfall can be measured with a precision of one-hundredth (0.01) of an inch

3. Rainfall less than 0.01 inch is called a trace


4. As most weather stations are now automated, they use what is called a 
    tipping bucket rain gauge to measure rainfall

a. These instruments have a collecting funnel that drains into one 
    of two small collectors (buckets)

b. The buckets are calibrated so that the weight of the water causes 
them to tip over and empty their contents when they contain the equivalent of 0.01 inches of rainfall

c. When the bucket tips, it makes an electrical contact that is 
    recorded remotely

d. When one bucket tips, the other moves under the funnel

B. Snow



1. Snow Accumulation




a. Ideally snow accumulation is measured on a “snowboard” 
(lightly colored wooden board) although a deck or bare ground can be used if a board is not available 

b. A location that is not blocked by trees or other structures but that 
    is not prone to drifting is chosen for placement of the board
c. A yardstick is utilized to measure the greatest depth of snow on 
the board every six hours with the board wiped clean between each measurement

d. Ideally the average of measurements from multiple locations is 
    used


2. Snow Water Equivalent




a. Snow water equivalent is the amount of liquid water contained 
    in the snow

b. This is measured by collecting snowfall in a container and 
bringing it inside to melt, measuring the melted water in a rain gauge

c. This measurement, on average, is 10 inches of snow to 1 inch of 
    rain

d. However, this varies greatly from as little as a 5 to 1 ratio for 
very heavy wet snow to as much as 30 to 1 for snow that falls in very dry and cold conditions (e.g. Rocky Mountains)
VIII. Radar


A. Radar (radio detecting and ranging) measures the intensity and location of 
     falling precipitation
B. Standard radar consists of a transmitter that sends out microwave pulses and 
     a receiver that records any microwave energy that is reflected back
C. The time it takes for the echo to return indicates the distance from the radar 
and the intensity of the returning energy indicates the intensity of the precipitation

D. Doppler Radar


1. Doppler radar uses the “Doppler shift” principle to determine whether 
precipitation is being blown toward the radar or away from the radar by the wind
2. This type of radar is critical for detection of rotating winds in a 
    thunderstorm that may produce a tornado
3. We will discuss this more during the thunderstorm and tornado portion 
    of the course
Chapter 6: AIR PRESSURE AND WINDS
I. Atmospheric (Air) Pressure

A. Review


1. Air pressure (atmospheric pressure) is simply the mass (weight) of 
    air above any given location (level) in the atmosphere

2. As we climb in altitude, there are fewer air molecules above us; 
therefore, atmospheric pressure always decreases with decreasing height
3. Since most of our atmosphere is crowded close to earth’s surface, 
atmospheric pressure decreases with height, rapidly at first, then more slowly at higher altitudes

B. As we will see, it is differences in atmospheric pressure that causes air to 
 
     move from one place to another (wind), with air moving from higher 
     pressure (pushing more) to lower pressure (pushing less)
C. Why then doesn’t wind blow from the surface, where pressure is highest, 
     straight upwards (pressure decreases with height)?

D. We will also see that there is an equilibrium (balance) in the vertical (up and 
down) between the pressure force and the force of gravity that prevents air from blowing straight out into space and limits vertical motion in the atmosphere

E. Horizontal Differences in Atmospheric (Air) Pressure



1. A quite different situation exists in the horizontal plane where pressure 
    differences are not balanced by gravity

2. In the horizontal, air moves (is “forced”) from regions of higher 
pressure to regions of lower pressure in attempt to equalize the imbalances in pressure
3. This horizontal movement of air is called wind
4. It is differential heating of earth’s surface both on small scales (sea 
breeze) and large scales (jet stream) that creates the winds in the atmosphere and that is responsible for the evolution and movement of weather systems
5. Therefore, let us take a look at an idealized model to demonstrate why 
    this occurs

a. If we take two equal columns of air, one over City 1 and the 
other over City 2 and heat the one above City 2 while cooling the one above City 1 it will create differences in horizontal pressure between the two cities
b. We have not changed the number of molecules in the two 
columns, so we have not changed the pressure at the surface at either city



c. However, in the warm air above City 2, the molecules move 
    faster and the column expands (warm air is less dense)
d. In the cold air above City 1, the molecules move slower and 
crowd closer together, thus the column contracts (cold air is more dense)
e. If we now rise vertically from the surface, the pressure will drop 
    more quickly in column 1 as we pass more molecules
f. When we reach any random horizontal level above the two 
cities (designated “H” and “L” in the diagram), the pressure will be higher in column 2 than column 1 (note that there are more molecules above the “H” than the “L”)

g. This difference in pressure will force air out of column 2 and 
into column 1, causing the surface pressure to rise at City 1 and to fall at City 2



h. This pressure difference at the surface will force air from 
    column 1 toward column 2

i. Air aloft sinks in column 1 to replace the departing surface air 
    and rises in column 2 to replace the air that is departing aloft

j. We have now established a complete circulation of air based 
    upon differential heating of two air columns 

k. As we will see, this type of thermal circulation is the basis for a 
    wide range of wind systems

l. Bottom line: Differential heating creates pressure differences 
    that generate wind and, ultimately, weather

F. Measuring Atmospheric Pressure



1. An instrument that measures atmospheric pressure is called a 
    barometer 
2. This name comes from the standard pressure measurement called the 
    “bar”

3. In order to detect small pressure changes, the standard pressure 
measurement utilized in meteorology today is the millibar (mb) which is 1/1000 of a bar

4. A measurement frequently used in the U.S. is inches of mercury (in. 
    Hg)

5. Average pressure at sea level is: 1013.25 mb = 29.92 in. Hg

6. We frequently round this number further, to 1000 mb, for ease of use
7. Torricelli (a student of Galileo’s) developed the first barometer, a 
    mercury barometer, in 1643
8. This barometer utilized an evacuated (vacuum) glass tube immersed in a 
    dish containing mercury
9. When the immersed end of the tube was uncovered, the atmospheric 
    pressure forced mercury up into the glass tube
10. The height of the mercury column was measured (in.) as the reading of 
      atmospheric pressure, with a higher level indicative of higher pressure
11. Aneroid Barometer


a. The most common type of barometer in use today is the aneroid 
    barometer
b. This instrument utilizes a partially evacuated small metal box 
    called an aneroid cell
c. Small changes in atmospheric pressure will cause the cell to 
    expand (low pressure) or contract (high pressure)
d. The size of the cell is calibrated to represent different pressures 
which are either represented electronically (e.g. BCC station) or with an indicating arm (e.g. home barometer)



e. Home barometers have descriptors printed above the pressure 
scale to indicate the type of weather that is most likely with any given pressure with inclement weather indicated for lower pressures and fair weather for higher pressures
f. This is because, as we will learn, surface high pressure areas 
are associated with sinking air and fair weather and surface low pressure areas are associated with rising air and cloudy, wet weather



g. In a similar vein, a steady rise in atmospheric pressure (rising 
barometer) is frequently associated with fair or clearing weather as a high pressure system approaches and/or a low pressure system leaves

h. A steady drop in atmospheric pressure (falling barometer) is 
frequently associated with deteriorating weather as a low pressure system (cyclonic storm) approaches

G. Sea-Level Pressure Map (Surface Map)


1. Atmospheric pressure is plotted on surface maps in order to visualize 
    the location of weather systems and their associated winds
2. However, surface pressure measurements change greatly with 
    changes in altitude
3. Since we are most concerned with changes in pressure along the 
horizontal plane we must standardize the pressure at any given surface location to a particular horizontal level (altitude)


4. Therefore, altitude corrections are made (about +10 mb/100 m 
elevation, depending on temperature) so that readings at weather stations can be compared as if they were all at sea-level (the average surface level of the oceans)

5. This adjusted pressure reading is called sea-level pressure 


6. The pressure pattern can be visualized if we draw lines connecting 
points of equal pressure, called isobars, at 4 mb intervals, with 1000 mb being the base value

7. This map containing isobars is called a surface map
8. If we add other weather data to the map it is called a surface weather 
    map
9. A simple surface map will show areas of high pressure, called 
anticyclones, indicated with a large blue “H” and areas of low pressure, called cyclones, indicated with a large red “L” 

10. Arrows that indicate wind direction – the direction from which the 
      wind is blowing, are also plotted
11. Note that the wind blows across isobars from regions of higher 
pressure toward regions of lower pressure, but not directly from high to low pressure
12. Instead wind blows counterclockwise and inward toward low 
      pressure and clockwise and outward from high pressure
13. Clearly, there are other forces at work besides just the pressure 
      differences and we will examine these shortly

H. Upper-Air Maps


1. Visualizing the processes occurring in the atmosphere above earth’s 
surface are critical to understanding and forecasting the formation,   intensification and movement of surface weather systems
2. Therefore, we utilize data obtained primarily from weather balloon’s 
(radiosondes) to construct maps of different levels of the troposphere up to, and particularly, including the tropopause


3. Maps plotting height variations (contours) on a constant pressure 
surface (e.g. 500 mb), called isobaric maps, are utilized but these are identical to plotting pressure variations (isobars) on a constant height surface (like a surface map)
4. Therefore, as we discussed previously, a warm air column will be 
associated with high pressure (height) aloft and a cold air column with low pressure (height) aloft
5. Therefore, high pressure (height) tends to be located to the south and 
    low pressure (height) to the north
II. Why the Wind Blows (Forces)


A. Now that we have examined surface and upper-air maps we will utilize them to 
understand how and why the wind (horizontal movement of air) blows with the speed and direction that it does
B. Eventually we will see how changes in the speed and direction of winds creates 
     vertical movements of air that generate “weather”
C. Since “forces” acting on the air are necessary to generate its movement, we 
     will first take a look at the forces that generate the wind
D. Forces That Influence the Wind


1. Newton’s first law of motion states that a net force is necessary to 
    create the acceleration (change in speed or direction) of an object 

2. We know from Newton’s second law of motion that an object, in this 
case the air molecules, will move in the direction, and with the velocity imparted by, the net force or the sum of all of the different forces acting upon it
3. Therefore, we need to look at all the forces that affect the horizontal 
    movement of air (wind)

4. These forces include:

a. Pressure gradient force
b. Coriolis force
c. Centripetal force
d. Friction

E. Pressure Gradient Force (PGF)



1. We have already discussed that horizontal pressure differences are 

responsible for generating wind, with air moving from regions of high pressure to regions of low pressure

2. This force caused by pressure differences is called the pressure 
    gradient force (PGF)
3. The greater the pressure difference over a given distance, called the 
pressure gradient, the greater the net force, and the faster the wind will blow
4. Pressure gradient = difference in pressure                                               


          distance
5. We can see that since isobars represent lines of equal pressure, the 
pressure gradient force is directed from higher to lower pressure at right angles to the isobars
6. In addition, since the difference in pressure between isobars remains 
fixed (4 mb), there will be a greater pressure gradient and thus greater pressure gradient force if we decrease the distance between isobars


7. Therefore, the closer together are the isobars, the greater the PGF and 
    the stronger the winds will blow
8. Bottom line: Closely space isobars on weather maps indicate steep 
pressure gradients, strong pressure gradient forces and high winds; widely spaced isobars indicate gentle pressure gradients, weak PGFs and light winds

F. Coriolis Force



1. If PGF was the only force acting upon the air wind would always blow 
    directly from high to low pressure

2. However, due to the rotation of the earth, an additional “apparent” 
force, called the Coriolis force, changes the direction of the path of the air as soon as it begins to move
3. This is because, although the air, like all freely moving objects (e.g. 
aircraft, artillery projectiles, ocean currents) is moving in a straight line path through space, the object is deflected from this path, relative to earth’s surface, as the earth rotates below the object


4. Rules Regarding Coriolis Force




a. Always deflects wind to the right in the Northern Hemisphere 
    and to the left in the Southern Hemisphere

b. Always acts at right angles to the wind, only influencing wind 
    direction, not wind speed
c. Is proportional to wind speed (the greater the wind speed, 
    the greater the deflection)
d. Increases with increasing latitude from zero at the equator to a 
    maximum at the poles
e. Is only significant on a large scale, having an impact on large 
    scale weather systems and global winds (e.g. jet streams)

1. Contrary to popular belief, it does not cause water to turn 
clockwise or counterclockwise while draining in a sink, bathtub or flushing toilet
III. Straight-Line Flow Aloft: Geostrophic Balance

A. Above the frictional influence of earth’s surface (higher than about 1000 
meters/3300 feet) the PGF and Coriolis force combine to cause the wind to blow parallel to isobars (or height contours)

1. This is because this is the direction of wind flow in which these two 
forces exactly balance each other (are 180° opposed) with the PGF directed toward low pressure and the Coriolis directed 90° to the right of the direction of flow

B. This balance between the pressure gradient force (PGF) and Coriolis force is 
     called geostrophic balance
1. The resulting wind is called the geostrophic wind
C. In the Northern Hemisphere, the geostrophic wind blows parallel to the 
isobars at a constant speed (no net force so no acceleration) with lower pressure to the left and higher pressure to the right

D. We already know that the PGF determines the speed of the wind so that the 
     closer together the isobars (height contours) the faster the geostrophic wind
E. Geostrophic balance will (generally) be maintained since, as the speed of the 
wind increases the magnitude of the Coriolis force will also increase so that PGF and Coriolis force maintain balance, but with a higher constant wind speed
IV. Curved Flow Aloft: Gradient Wind

A. Geostrophic balance works for straight flow aloft but in reality the wind does 
     not usually blow in a straight line but tends to curve

B. However, even with curved flow, the wind still blows parallel to the isobars 
     with low pressure on the left in the NH
C. This results in counterclockwise flow around a cyclone (low pressure center) 
     and clockwise flow around an anticyclone (high pressure center)
D. A wind that blows at a constant speed parallel to curved isobars above the 
     level of frictional influence is termed a gradient wind
E. Even though it appears on the surface to be the same as geosotrophic we give it 
     a different name because an additional force, centripetal force, is present

F. We know this additional force exists because of Newton’s first law of motion, 
which states that for an “acceleration” to occur there must be a net force acting on the object (air molecules)

G. You may be asking, “huh?”, what “acceleration”, you just said that the wind is 
     blowing at a constant speed
G. Recall that the definition of “acceleration” is a change in speed or direction, 
and in this case, the wind is changing direction, constantly turning toward the center of circulation 
H. This is called the centripetal acceleration which is caused by a net force 
     directed inward toward the center of circulation
I. The additional force which disrupts geostrophic balance to cause this change in 
    direction (acceleration) is called the centripetal force
J. PGF force cannot change, it is always determined by the pressure gradient 
    (distance between isobars)
K. Therefore, in order for this net force inward to exist the Coriolis force must be 
decreased for flow (counterclockwise) around low pressure and increased for flow (clockwise) around high pressure

1. Remember that Coriolis force is correlated with wind speed, with 
    greater Coriolis force for faster wind speed
L. Therefore, for a given pressure gradient force (fixed distance between isobars), 
the wind speed will be greater with anticyclonic (clockwise) flow than  cyclonic flow (counterclockwise)
1. This will have significance when we discuss jet streams and the 
    development of storm systems
V. Winds on Upper-Level Maps


A. Note that winds on upper-level maps, as we would expect, flow parallel to the 
isobars (height contours) and flow, generally, from west to east (westerly winds)
1. This is because low pressure (height) at upper-levels is to the north, 
    where the air is colder
2. The overall westerly wind flow at upper-levels is the reason a flight 
from San Francisco to New York takes about 30 minutes less (tail wind) than a return flight to San Francisco (head wind)

B. The isobars (height contours) tend to be closest together (greater pressure 
gradient force) in the middle latitudes so the winds are strongest at upper-levels (jet stream) in this region

1. This is due to a greater meridional temperature gradient (temperature 
     difference from north to south) in this region

2. Since the temperature gradient is largest in the winter, this is when 
    the upper-level (jet stream) winds will be the strongest
C. Note that the wind does not flow directly west to east, it meanders north and 
    south as well (following the meandering height contours)

1. When the wind pattern is very “wavy” (has a large north-south 
component) it is called meridional flow and when it is more directly west to east it is called zonal flow
2. These differences in the flow pattern, as we will see, affect the speed and 
     direction of movement of storm systems in mid-latitudes
D. Southern Hemisphere

1. In the Southern Hemisphere (SH) the cold air is to the south and warm 
air to the north (opposite of NH) and, therefore, the pressure gradient (PGF) is also opposite
2. Therefore, we might expect the upper-level winds to be easterly 
    (opposite of NH)

3. However, remember that geostrophic wind is a balance between PGF 
    and Coriolis force

4. Coriolis force is also opposite in the SH turning air to the left
5. Therefore, upper-level winds are westerly in the SH as well

E. Estimating the Wind Pattern Aloft by Watching Clouds



1. We can watch the movement of mid and upper-level clouds to get a 
sense of what the pressure and flow pattern is aloft (Focus on p. 167)

2. For example, if the clouds are moving from southwest to northeast this 
would indicate that, most likely, there is an upper-level trough to our west and a ridge to our east

3. If the clouds are moving northwest to southeast this would indicate a 
    ridge to the west and a trough to the east
VI. Surface Winds

A. The wind pattern at the surface is slightly different than upper-levels

B. Wind still flows with lower pressure to the left such that it will flow clockwise 
     around high pressure and counterclockwise around low pressure
C. However, the wind does not flow parallel to the isobars, but crosses them, 
blowing from higher pressure toward lower pressure (inward toward lows and outward from highs)

D. The wind also blows slower for a given pressure gradient (distance between 
     contours) at the surface compared with upper-levels

E. Both of these differences are due to the presence of an additional force, 
     friction
1. The frictional drag of the ground slows down the wind
2. This frictional influence only exists for about the first 3000 ft from 
earth’s surface (planetary boundary layer) but can vary depending on the roughness of the terrain

F. Why does the wind cross isobars?

1. Friction reduces the wind speed which reduces the Coriolis force
a. Remember, the stronger the wind, the greater the Coriolis force

2. Consequently, unlike geostrophic balance (at upper-levels), the weaker 3. Coriolis force no longer balances the pressure gradient force (PGF), 
    so the wind blows across the isobars toward lower pressure

4. The PGF is now balanced by the sum of the Coriolis and frictional 

    forces


G. Bottom line: In the Northern Hemisphere (NH) surface winds blow 
     counterclockwise and into a low and clockwise and out of a high

H. Southern Hemisphere

1. Because the PGF is the same in the Southern Hemisphere (SH) surface 
    winds still blow into a low and out of a high

2. However, because Coriolis force in the SH turns the wind to the left 
(instead of the right) surface winds blow clockwise around lows and counterclockwise around highs in the SH
VII. Winds and Vertical Air Motions


A. Air flowing in toward a surface low results in a convergence (crowding 
     together) of air molecules

B. This converging air must go somewhere, and since it can’t go into the ground, 
     it begins to rise slowly
C. The rising air column of air molecules, upon reaching the tropopause (lid) is 
     forced to diverge (spread apart)
D. The rising air above the low cools and the water vapor it contains condenses 
to form clouds and precipitation, thus the bad weather associated with surface low pressure systems
E. We will examine this in more detail in Chapter 8 where it will become evident 
that it is actually the divergence at the tropopause, with subsequent rising air to replace the departing air aloft that generates the surface low in the first place

F. If the upper-level divergence exceeds the surface convergence (as is 
frequently the case) more air will be removed from the top of the air column than is replacing it at the bottom

G. Therefore, the air column will weigh less, decreasing the air pressure reading 
     at the surface
H. This “intensification” of the surface low will result in the isobars around the 
low becoming more tightly packed, increasing the pressure gradient force, resulting in greater wind speeds at the surface

I. Since air flows out from a surface high pressure system, air sinks in the air 
    column and converges at the tropopause to replace the missing air

J. The sinking air warms, resulting in evaporation of any clouds (liquid water), 
    thus, the fair weather usually associated with surface high pressure systems
K. From Fig. 6.22 we can see that a complete vertical circulation now exists 
     between the surface low and high

L. In middle latitudes it is very common to see this pattern with alternating 
surface highs and lows being pushed along by the jet stream (more on this later….)
VIII. Hydrostatic Balance (Equilibrium)


A. The rate at which air rises and sinks in these systems, usually only a few 
centimeters per second, is minimal compared to the horizontal winds which spiral around them

B. Since air pressure decreases rapidly with increasing height above the surface 
there is always a strong pressure gradient force directed upward, much stronger than in the horizontal
C. Why then doesn’t the air always rush upward into outer space?

D. This does not happen because the upward pressure gradient force is 
     balanced by the downward force of gravity
E. This balance of forces, called hydrostatic balance, exists most of the time in 
     the atmosphere
F. Even when air is slowly rising or sinking at a constant speed, it is not 
     accelerating and thus there is no net force acting on it

F. In strong thunderstorms hydrostatic balance is sometimes overcome with 
    resulting strong vertical accelerations
IX. Determining Wind Speed and Direction


A. Wind direction is the direction from which the wind is blowing
B. Wind direction can be expressed as a compass point (e.g. north wind [N]) or as 
     degrees about a circle (e.g. 360°)
C. Prevailing Wind


1. At many locations wind blows more frequently from one direction than 
    any other

2. The prevailing wind is the name given to the wind direction most often 
    observed during a given time period
3. Prevailing winds can greatly affect a region’s weather and climate

a. For example, in Southern California, if the prevailing wind is 
onshore (W),  this will result in advection fog and cool temperatures, if, on the other hand, the prevailing wind is offshore and downslope off the mountains (E), called a Santa Ana wind, it will be very hot and dry


4. The prevailing wind of a region is also important in terms of city 
planning (location of polluting factories and sewage treatment plants) and home building

a. In the northeastern U.S. the prevailing wind is northwest in 
winter and southwest in summer, and this factors heavily in the placement of windows and insulation as well as blocking tree lines when building new homes
5. The prevailing wind can be represented by a wind rose (Fig. 6.26) with 
the length of extensions from the center indicative of the percentage of time the wind blows from each direction

D. Wind Instruments



1. Surface Winds



a. A wind vane is used for measuring wind direction
1. It consists of an arrow with a tail so that the arrow points in 

    the direction from which the wind is blowing

b. Airports use wind socks, a cone shaped bag with both ends 
    open for pilots to utilize while landing

c. An instrument that measures wind speed is called an 
    anemometer
1. A common type of anemometer, called a cup 
anemometer uses 3 or 4 cups which rotate at a rate proportional to the wind speed
d. The aerovane measures both wind speed and direction
e. It consists of a bladed propeller for measuring wind speed and a 
    fin that keeps the propeller pointed in the direction of the wind
f. This is the type of device found on the BCC weather station


2. Winds Above the Surface

a. The previously described instruments only measure surface 
    winds
b. Multiple methods are presently utilized to measure winds at 
    higher levels in the atmosphere
1. Weather balloons (rawindsondes) are utilized to 
measure wind speed at different levels of the atmosphere by tracking, from the ground, the change in horizontal position of the balloon with height




2. A wind profiler is a Doppler radar that is used to track 
the movement of particles in the air to estimate wind speeds above the surface
3. Geostationary satellites use the motion of clouds at 
    different levels of the atmosphere to estimate wind speed
4. Other satellites estimate the surface wind speeds over 
the oceans by calculating the roughness of the seas in a given area
X. The Force of the Wind


A. The force exerted by the wind is very powerful and can influence the shape of 
     the landscape and cause tremendous destruction
B. The amount of force exerted by the wind over an area increases as the 
     square of the wind velocity
C. Therefore, if the wind velocity doubles, the force it exerts on an object goes 
     up by a factor of four
E. This force is now also being utilized for constructive purposes in the form of 
     wind power (p. 173)
Chapter 7: ATMOSPHERIC CIRCULATIONS
I. Introduction


A. Atmospheric temperature differences cause air pressure differences
B. These air pressure differences cause the movement of air (wind)
C. As air moves in the atmosphere, it tends to evolve into circulations, as air 
     from one place moves in to replace air that has moved out
D. Scales of Motion


1. These circulations can occur at variety of sizes (scales) from small 
“eddies” of wind (e.g. swirling dust or paper) to circulations on a global scale

2. Meteorologists categorize circulations based on their size from 
microscale (e.g. eddies) to mesoscale (e.g. thunderstorms) to synoptic scale (e.g. low pressure areas) to global scale (e.g. jet streams)

II. Eddies

A. When wind blows past or over obstructions of any kind, such as buildings or 
mountain ranges, the friction creates differences in wind speed (wind shear) that results in waves in the wind or, if the wind shear is large enough, chaotic or turbulent swirls of air called “eddies”

B. Clear Air Turbulence


1. At the tropopause there can be fairly profound wind shear near very 
    strong jet stream winds 

2. This shear generates waves that can “break” to form turbulent eddies

3. This type of turbulence, called clear air turbulence (no clouds), is 
    frequently encountered on passenger jet flights 

4. This turbulence, rarely, can be severe enough, particularly flying over 
mountain ranges, that a jet can suddenly plummet several hundred feet (“air pockets”)
III. Local Wind Systems

A. Thermal Circulations



1. As we discussed in the last chapter, differential heating of an air column 
will result in horizontal air pressure differences between the air columns, both at and above the surface that will create a “vertical” circulation
2. This is due to the fact that warm air is lighter than cold air

3. This difference in temperature in air columns usually results from 
    differential heating of earth’s surface
4. Sea and Land Breezes


a. Sea and land breezes are mesoscale coastal winds caused by the 
    uneven heating rates of land and water

b. During the day, the land heats rapidly compared to the ocean  

which generates a vertical circulation with relatively low pressure over the warmer land 

    1. This results in an “onshore” wind, called a sea breeze, that    

         blows from the sea to the land 


c. Overnight the circulation reverses as the land cools quickly 
         
    relative to the sea

1. This results in relatively higher pressure over the cooler 
land causing an “offshore” land breeze which blows from land toward the ocean
d. Note also that the vertical portions of the circulation cause 
rising air over land during the day and over the ocean at night


e. Therefore, over the humid East Coast of the U.S. clouds tend to 
    form over land during the day and over the ocean at night
f. During the summer, when the atmosphere is conditionally 
unstable, thunderstorms may develop inland during the day and lightning flashes are occasionally seen out over the ocean at night



g. Sea Breeze Front



1. The leading edge of the cooler ocean air being blown 
    inland is called the sea breeze “front”
2. If the temperature difference is large enough, the heavier 
cool air can lift the lighter warm air enhancing the rising motion along the front

3. This enhanced vertical motion may generate a line of 
    thunderstorms along the front during the afternoon



h. Sea Breeze Convergence





1. A convergence of sea breezes can occur on a peninsula, 
such as Florida, as the sea breezes generated by the two bodies of water (e.g. Atlantic Ocean and Gulf of Mexico) converge inland 

2. This convergence can generate very strong vertical 
motion that is responsible for almost daily inland thunderstorms in the summertime

3. This phenomena is responsible for a significant 
percentage of the annual rainfall for the Florida peninsula


5. Monsoons



a. A monsoon wind system is one that changes direction 
    seasonally
b. This seasonal reversal of winds is especially well developed in 
    eastern and southern Asia
c. This wind pattern is essentially a large-scale sea breeze
d. During winter, the air over the continent, particularly over the  

elevated Tibetan plateau, is much colder than air over the ocean, generating a surface high pressure system over land
1. Clockwise flow out from this high pressure system 
descends from the high altitude Tibetan plateau out over the ocean, similar to the overnight phase of the sea/land breeze
2. This descending flow results in fair weather and a dry 
    season during winter for eastern and southern Asia



e. During summer, the flow reverses as greater heating of the 
continent relative to the ocean generates an inland low pressure system 
1. Counterclockwise flow in to the low pressure system 
generates a large-scale sea breeze with moist air from the ocean blowing inland

2. This air converges along the shoreline, as it slows down 
due to increased friction, and then is lifted further by inland mountains resulting in heavy showers and thunderstorms




3. These portions of Asia can receive enormous amounts 
    of rainfall during the summer wet season

4. This regions depends upon the wet summer season for 
    agriculture and drinking water
5. Unfortunately, however, flooding is a major problem for 
Asia, particularly when the monsoon rains are enhanced during a La Niña year (e.g. Pakistan 2010)



f. Monsoon wind systems exist elsewhere in the world where 
    strong temperature contrasts develop between land and ocean

1. Examples include Africa, Australia and even the 
Southwestern U.S. although the systems are not as pronounced as southeast Asia

B. Mountain and Valley Breezes



1. Differential heating also can lead to local wind systems along mountain 
    slopes
2. During a sunny day, sunlight warms the valley walls creating an 
upslope flow (valley breeze) as this warm (less dense) air rises up the mountain slope

3. At night, as the air along the mountain slopes cool rapidly the cold 
    (more dense) air slides down the mountain (mountain breeze)
4. Valley breezes are most pronounced on warm, sunny summer days, 
and the rising air will cause a buildup of cumulus clouds over the mountains during the afternoon
5. In fact, afternoon thunderstorms over the mountains (elevated 
convection) can be an almost daily occurrence in the summer due to the fact that the air over the mountains is quite unstable, with a steep lapse rate from the elevated heated surface of the mountain slopes to the much colder air aloft

C. Katabatic Winds

1. An extreme type of downsloping mountain wind, called a katabatic  

(fall) wind, can develop when surface air becomes extremely cold over a snow and ice covered elevated plateau surrounded by mountains
2. The very dense cold air can flow through gaps in the mountains and  

    then rapidly downhill like water flowing over a fall
3. Common locations for katabatic winds are from the central mountains 
into the Rhone Valley of France (mistral), from elevated plateaus in western Russia into the lowlands of Yugoslavia (bora) and off the icecaps of Greenland and Antarctica where these winds can reach hurricane force

D. Chinook Winds



1. Warm, dry winds descending along the leeward slopes of mountain 
ranges are common where strong westerly winds aloft flow over north-south trending mountain ranges, such as the Rockies and Cascade ranges in the U.S. and Canada

2. This type of wind is given the name “chinook” wind along the eastern 
    slopes of the Rocky Mountains
3. These winds occur as air forced up and over the mountains by westerly 

    winds warms and dries due to compressional heating as it descends


4. This phenomenon is particularly pronounced when clouds and 
    precipitation occur on the mountain’s windward side
5. This adds heat due to latent heat release and removes moisture as 
    precipitation
6. Temperatures can rise more than 20°C in an hour and relative humidity 
    can drop to 5%


E. Santa Ana Winds



1. A warm, dry wind that blows from the east or northeast into southern 
California is called the Santa Ana wind (named for a canyon where it is particularly pronounced)

2. This wind develops when a surface high pressure system develops over 
    the elevated desert plateau, called the Great Basin
3. The clockwise circulation around the high forces air downslope into 
    southern California



4. These winds dry out vegetation, particularly in summer and autumn 
    when the landscape is already dry from lack of rainfall

5. The scenario of dry vegetation and strong, dry winds can exacerbate 
    brush fires to become massive wildfires
6. These fires can burn hundreds of thousands of acres and threaten homes 
as they are driven from the hills and canyons to the populated coastal regions

F. Dust and Sandstorms



1. In desert regions there is little vegetation to anchor dust and sand 
    covering the ground

2. Here strong winds can pick up loose dust and sand off the ground and 
    fill the air near the surface with it

3. Cold downdrafts from thunderstorms can generate a huge, advancing 
cloud of sand and dust near the ground called a haboob (Arabic for “blown”)

4. These storms are common in northern Africa (Sudan – Sahara desert) 
    and Arizona

G. Dust Devils



1. In dry areas, on hot, sunny days, small whirls of dust, dirt and sand, 
    called dust devils, can develop

2. Dust devils resemble tornadoes but are much smaller (usually less than 
10 feet in diameter) and weaker and last a short time (seconds to minutes)

3. They form when rising thermals are “spun”, either clockwise or 
    counterclockwise, by horizontal winds
IV. Global Winds: General Circulation of the Atmosphere


A. Introduction



1. If we average winds throughout the world we have a well-defined 
    circulation pattern, called the general circulation of the atmosphere
2. This circulation pattern is caused by unequal heating of earth’s 
surface, with maximal heating (solar insolation) near the equator and minimal heating near the poles



3. Before we take a look at the real-world circulation it will be easier to 
understand how this circulation develops if we first look at a few simple models (artificially constructed analogies) of earth’s atmosphere
B. Single-Cell Model
1. The simplest model, called the single-cell model, assumes that: 1) the 
sun is always over the equator (so that seasonal wind shifts do not occur), 2) the earth is uniformly covered by water (to avoid the complication of differential heating of land and water) and 3) the earth does not rotate 


2. This is a gross oversimplification, particularly since the only force at 
work is the pressure gradient force, however, it gives us a sense of how a circulation will develop to redistribute heat from the equator to the poles

3. In particular, in the cold air toward the poles high pressure develops 
at the surface with low pressure aloft with the reverse occurring in the heated air at the equator



4. These pressure differences (created by the temperature differences) 
generate a simple thermal circulation (called a Hadley cell) with rising air at the equator flowing towards the poles at the tropopause and sinking air at the poles flowing towards the equator at the surface
5. This model, although illustrative of how circulations develop to 
    redistribute heat, is a poor representation of the real earth

C. Three-Cell Model


1. If, however, we keep the first two assumptions, but eliminate the third 
by rotating the earth, we can create a model that more closely simulates the actual general circulation 

2. The model develops three vertical circulations in each hemisphere

3. This model (not the real world: no land masses, seasons, or storms), 
simulates the surface winds quite well (not as well with the upper-level winds), so we will examine it with that in mind



4. Intertropical Convergence Zone (ITCZ)




a. The equatorial region receives the most direct sunlight, which 
results in the greatest surface heating, causing the greatest evaporation from the warm waters of the ocean surface

b. This warm, moisture laden air rises to form showers and 
    thunderstorms

c. This equatorial band of clouds and precipitation (on the real 
    earth) is called the Intertropical Convergence Zone (ITCZ)
d. When the rising air in the ITCZ hits the tropopause (lid) it is 
    forced to move horizontally, north and south, toward the poles
e. This divergence (spreading apart) of air, together with the 
warmth of the air in the column, reduces the weight of the air column, resulting in a band of low pressure at the surface


5. Subtropical Highs




a. As the air aloft moves poleward it cools (gains weight) by 
giving up infrared radiation and converges (piles up) as the circumference of the earth decreases

b. This process results in sinking air and an increase in mass 
(weight) of the air column resulting in fair weather surface high pressure systems at about 30° latitude 

c. In the real world these systems are called subtropical highs



d. The descending air warms and dries in these regions

e. As a result, the world’s great deserts are located in the 
    subtropics (10 – 30° latitude), where these systems are located

1. Examples include the Sahara in northern Africa and 
the Sonoran of North America, which includes much of Mexico and the southwestern United States 




f. As we would expect, a clockwise circulation develops around t
these surface high pressure systems in the Northern Hemisphere and a counterclockwise circulation in the Southern Hemisphere
g. These circulations result in a “convergence” of easterly surface 
winds (called trade winds since they provide a trade route for sailing ships) at the equator (thus the name Intertropical Convergence Zone)

h. This surface convergence enhances the upward motion in this 
    portion of the vertical circulation 
i. Weak pressure gradients in the center of the subtropical highs 
    result in relatively calm winds
j. These regions are called the “horse latitudes” since sailing ships 
frequently got stuck here and those onboard were often forced to eat or throw overboard the horses they were carrying

k. The flow along the poleward side of these high results in 
westerly winds which tend to predominate at the surface in the middle latitudes (30 – 60°) in both hemispheres


6. Polar High and Polar Front

a. In the cold air at the poles, surface high pressure (polar high) 
develops due to the weight of the cold air and the convergence of poleward moving air aloft

b. In the Northern Hemisphere, the northeast wind circulating 
around this surface high converges with the southwest wind circulating around the subtropical high at about 60° latitude
c. This convergence of cold and warm air is called the polar front



d. Convergence at the polar front results in upward motion and 
    the development of clouds and storms

e. As we will see, the strong temperature contrast in this location 
also results in the development of the polar front jet stream near the tropopause

f. The rising air at the polar front is forced to move horizontally, 
poleward and equatorward, at the tropopause and then converges and sinks over the polar and subtropical highs, completing the three vertical circulations (cells)

D. Average Surface Winds and Pressure: The Real World



1. In the real world, there are continents, mountain ranges, oceans and 
    seasonal shifts to disrupt the well-defined surface systems in our model

2. However, if we look at the “average” global distribution of surface 
winds and pressure for January and July (Fig. 7.27), the “outline” of these systems is still discernible
3. The ITCZ, generally, shifts south of the equator in January and north of 
    the equator in July, following the zone of maximum surface heating


4. The subtropical high pressure systems can be clearly seen and these 
features are called semipermanent subtropical high pressure systems because they are, generally, persistent features throughout the year
a. These features are more clearly defined over the oceans, which 
tend to be cooler than the adjacent land and are not influenced by the significant change in seasonal heating that affects the continents

b. For this reason, these systems form a well-defined band in the 
Southern Hemisphere where the surface is largely dominated by oceans



c. In the Northern Hemisphere we call the well-defined 
semipermanent subtropical high pressure system over the Atlantic Ocean the “Bermuda High” and the one over the Pacific the “Pacific High”
d. These systems shift poleward and strengthen in the summer
e. As a result, continental weather tends to be rather fair in the 
summer and humidity and stability over the continents is markedly influenced by the clockwise circulation around these anticyclones


5. The alternating surface high and low pressure systems which occur 
    along the polar front tend to “average” out on these maps

a. However, two low pressure centers are evident over the northern 
Atlantic (Icelandic Low) and Pacific (Aleutian Low) oceans in winter

b. These features reflect the fact that strong surface cyclones tend 
to develop (along the polar front) along the east coast of the continents and then strengthen as they move northeastward into the northern oceans


6. Note also that there are “shallow” continental high and low pressure 
systems that develop seasonally (are not semipermanent) over the continents of the Northern Hemisphere

a. As we would expect, surface high pressure develops when the 
land cools in winter and “thermal” low pressure develops when the land warms in summer (e.g. the previously discussed Asian Monsoon)

b. These systems are “shallow” near the surface and do not 
    necessarily reflect rising or sinking within the air column

E. The General Circulation and Precipitation Patterns



1. The position of the major features of the general circulation and their 
annual (seasonal) latitudinal displacement (~10 – 15°) are the major determinant of the climate of most regions
2. There tends to be abundant rainfall where air is rising over the tropics 
in conjunction with the ITCZ and in the middle latitudes (40 – 55°) where storms and the polar front force air to rise
3. Areas of low rainfall occur in the regions of the subtropical and polar 
    highs where air is sinking

F. Jet Streams



1. We have been focusing on surface components of the general 
circulation, however, there is one feature of the general circulation that occurs at the top of the troposphere (tropopause) that is critical to the development of surface weather systems in middle latitudes, the jet stream, in particular the polar front jet stream
2. A jet stream is a relatively narrow band of strong horizontal winds 
that encircles the earth at upper portions of the troposphere in middle latitudes (30 – 60°) 


3. We have already learned that the winds aloft in the middle latitudes 
    blow in a wavy east to west direction

4. This is because differential heating of the atmosphere between the 
equator and poles generates high pressure aloft towards the equator and low pressure towards the poles

5. The stronger the north-south gradient of temperature, the stronger 
    the pressure gradient and the stronger the westerly winds
6. The strongest temperature gradient occurs, and thus the jet stream 
    develops, at the polar front
7. The polar front jet stream is not a homogeneous ribbon of strong winds 
    of a constant speed

a. It is wavy, meandering and frequently discontinuous with 
winds varying in speed from less than 50 knots to over 200 knots

b. As we will see, this waviness and the accelerations and 
decelerations in the jet stream are critical in the development of middle latitude surface storms


8. The strength and location of this strong temperature contrast varies by 
    season and, along with it the strength and location of the jet stream

a. In winter, the jet stream is stronger and located farther south
b. In summer, the jet stream weakens and moves north
c. Therefore, the middle latitude storms associated with the polar 
front jet stream tend to be weaker and located farther north in summer

V. Ocean/Atmospheric Interactions


A. Introduction



1. Weather and climate on the surface of the earth are not determined by 
    the condition of the atmosphere alone

2. The oceans cover a large portion of earth’s surface and there is 
    considerable interaction between the oceans and the atmosphere
3. The temperature and motions of the oceans affect the weather and 
climate of nearby continental regions as well as places at a distance through the influence of the oceans on the atmospheric circulation just discussed

B. Ocean Currents



1. As the wind blows over the ocean it moves the surface water along with 
    it and this leads to motion below the surface as well

2. As a result, we can see that there is a strong relationship between the 
general atmospheric circulation at the surface and the underlying ocean currents (compare Figs. 7.27 and 7.34)

3. Due to greater frictional drag in water the ocean currents tend to move 
more slowly than the prevailing winds, no more than a few miles per hour


4. As a result of this association with the atmospheric circulations we can 
see that there tend to be warm ocean currents bringing warm water poleward from the tropics along the east coast of continents (e.g. Gulf Stream) and cold currents bringing cold water equatorward along the west coast of continents (e.g. California Current)
5. We can now see the role that the atmospheric and ocean circulations 
have on lessening the heat imbalance (established by differential solar heating) between the equator and the poles
6. We have already discussed the influence of oceans and their currents on      

    the temperature and fog formation along coasts
7. The currents also influence atmospheric stability
a. For example, a warm current like the Gulf Stream enhances 
instability east of the Rockies as warm, humid air flows inland along the surface during the warm seasons, making the development of thunderstorms more likely

b. The California Current creates a stable atmosphere by cooling 
the surface along the West Coast so that thunderstorms are quite rare


8. Warm currents along the east coast of continents also create a 
strong temperature contrast with the cold land and its associated cold continental air masses during the winter

a. As we will see, this strong temperature contrast enhances the 
development of the polar front jet stream and their associated storms during that time of year



9. Upwelling




a. When ocean currents parallel the coast, the Coriolis force turns 
it to the right, pulling surface water away from the coast with colder water from below “upwelling” to the surface

b. For this reason, the coldest surface water tends to be where 
the current is paralleling the coast (Northern California in the case of the California Current)

c. This water is cold but nutrient rich which makes for the best 
    fishing (more dolphins and whales as well)


C. El Niño/Southern Oscillation (ENSO)


1. Introduction


a. The most pronounced instance of atmospheric/ocean interaction 
(goes both ways), largely because it involves the Pacific Ocean (which covers a large portion of earth’s surface) is the  El Niño/Southern Oscillation (ENSO)
b. Most of the time upwelling along the Peruvian coast (cold Peru 
current) provides cold, nutrient rich water that is a boon to the economy of Peru [anchovies for fish meal (livestock feed) and bird guano for fertilizer]
c. Toward the end of the year, at irregular intervals of 2 – 7 years,  

    a warm current of nutrient poor tropical water moves south

d. These episodes can become quite strong and last for as long as a 
    full year, which can have huge economic impacts in this regions 

e. The Peruvians call these episodes El Niño, [Spanish for boy 
    child (Christ child)], since it tends to be strongest in early winter

f. We now know that this is not a local event but encompasses a 
    significant percentage of the Pacific Ocean


2. Normally (neutral conditions), the strong equatorial easterly trade 
winds force the warm surface water towards the west where it “piles up” in the western Pacific (actually raises sea level)

a. This results in upwelling along the South American coast so that 
the surface water in the East Pacific is relatively cool and the surface water in the West Pacific is quite warm
b. This difference in water temperatures causes pressure 
    differences that generate an atmospheric circulation



c. Thunderstorms and heavy rain tend to develop over the Western 
Pacific where surface waters are the warmest (greatest evaporation and instability)

d. The rising air diverges when it hits the tropopause

e. The warm air and divergence create low surface pressure 
f. The opposite process occurs over the cool water of the Eastern 
    Pacific with high surface pressure and sinking air
g. This vertical circulation is called the Walker circulation


3. El Niño



a. Every 2 – 7 years, the trade winds weaken or even reverse
b. This causes a reversal in surface water temperature and 
    surface pressure, as well as the associated Walker circulation

c. The warmest water is now over the central to eastern Pacific 
Ocean with associated low pressure and the western Pacific cools and develops surface high pressure

d. This reversal is called El Niño


4. La Niña



a. Also every 2 – 7 years, the trade winds strengthen
b. This enhances the normal (neutral) conditions so that the 
water in the Western Pacific is even warmer with greater rainfall and storminess and the water to the east is cooler with even drier conditions
c. This part of what is, evidently, a cycle or oscillation (Southern 
    Oscillation) is called La Niña (girl child)


5. Impacts




a. Local





1. This oceanic/atmospheric oscillation profoundly affects 
    local weather with global influences as well

2. During an El Niño year flooding is common in South 
America while drought is likely in Indonesia and Australia
3. During a La Niña year the opposite occurs



b. Global




1. Global temperatures can rise by as much as 1°F from 
La Niña to El Niño years due to the increase in area of surface ocean warm waters with El Niño
2. The shift in water temperatures and the Walker 
circulation also has an impact on the development of tropical cyclones in the Pacific and the Atlantic Oceans
3. ENSO can also influence the general circulation such 
    that weather impacts are felt globally 



c. United States





1. The oscillation can also change the jet stream pattern so 
that the weather in downstream regions such as the U.S. are impacted, particularly in winter (when the pattern is strongest)

2. However, this influence is variable and depends on the 
    strength of the ENSO episode

3. Wet and warm winters in the U.S. do occur fairly 
consistently during a strong El Niño do to a combination of local (Pacific Ocean) and jet stream influences


6. Causes




a. The cause of this oscillation is unclear but is being researched 
heavily (my PhD research) due to its profound impact so that, hopefully it can be forecast more effectively

b. There are multiple theories but the process is probably 
    multifactorial 

c. However, one of the largest influences is most likely as follows:

1. Observations identify a moving “wave” of storminess 
called the Madden-Julian Oscillation (MJO) that moves off Asia and into the Pacific every few months

2. The MJO generates westerly winds which generate a 
    large slow-moving oceanic wave called a Kelvin Wave

3. These easterly moving waves push the warm near-
surface water to the east, helping to precipitate an El Niño event

d. Heavy MJO activity usually occurs for several months before an 
    El Niño event

Chapter 8: AIR MASSES, MIDLATITUDE CYCLONES AND FRONTS

I. Air Masses


A. Introduction



1. An air mass is an extremely large body of air whose properties of 
temperature and moisture (humidity) are fairly similar in any horizontal direction at any given altitude 
2. Air somewhat removed (north and south) from the polar front jet stream 
can sit over continental or oceanic regions for long periods of time, eventually acquiring the characteristics of these air mass “source regions”

B. Classification


1. Air masses are classified according to their temperature and humidity 
    into five basic types based upon their source region (Table 8.1)
2. They are designated “polar” if they originated north of the polar front 
(cold or cool air mass) and “tropical” if their source region is south of the polar front (hot or warm air mass



3. If the source region is land, air masses are designated “continental” 
(dry air mass)and if the source region is ocean they are designated “maritime” (moist air mass)

4. In winter, an extremely cold, dry air mass that originates over very 
    high latitudes is designated “arctic” 

C. Modification
1. As storms move along the jet stream, the counterclockwise circulation 
around the low pressure, if strong enough can move these air masses from their source regions over the middle latitudes
2. As they move away from their source regions they become “modified” 
or “weakened” as they begin to acquire some of the characteristics of the new surfaces they are moving over

D. Types



1. Continental Polar (cP) and Continental Arctic (cA)




a. The bitterly cold weather that occasionally invades the U.S. in 
    winter is associated with these air masses

b. They originate over the ice and snow covered arctic and 
northern Canada where the air becomes very cold and stable due to long nights of radiational cooling and little solar heating during the short days

c. These air masses are also very dry as there is little evaporation 
    from the surface




d. When the jet stream dips to the south, the northwest flow around 
a departing middle latitude cyclone can propel a portion of the cold air mass southward into the U.S as an enormous, shallow high pressure system

e. The air is very dry and stable (due to radiation and subsidence 
inversions) so that these air masses are usually accompanied by clear skies, and record overnight low temperatures are common




f. As the air mass moves south over “warmer” land it modifies 
    somewhat, becoming slightly less frigid

g. However, it is these air masses that are responsible for frosts 
and freezes in Florida in winter that can be disastrous for the citrus crop

h. The air can also warm somewhat as it descends the eastern 
slopes of the Appalachians with East Coast cities being slightly warmer than those to the west 



i. Lake Effect Snow





1. As the frigid air travels over the warmer water of the 
    Great Lakes in early winter it “destabilizes”
2. The near surface air is warmed and moistened by the 
lake water, which in early winter, before the lakes freeze, can be as much as 45°F warmer than the air 

3. The warm, moist “thermals” become buoyant and rise 
    to form towering cumulus clouds
4. Heavy snow showers develop and are enhanced by the 
additional lift caused by convergence of air caused by the rougher terrain (increased friction) as the air reaches the downwind side of the lake
5. This snowfall can occur in narrow bands and where the 
heaviest snow falls depends on the trajectory of the air (wind direction)


2. Maritime Polar (mP)

a. Maritime polar air masses originate over the northern Atlantic 
    and Pacific Oceans
b. In the Pacific, these air masses usually develop in winter when 
very cold, dry arctic air from northern Asia or the Arctic is drawn south by wind circulating around the Aleutian Low

1. This air travels over the Pacific ocean for hundreds, even 
thousands, of miles, modified by picking up warmth and moisture from the ocean
2. By the time this maritime polar air mass reaches the 
West Coast of the U.S. it is cool, moist and conditionally unstable
3. As the air moves inland, it can generate copious rainfall 
at low elevations, and snowfall at high elevations, as it is lifted by a series of mountain ranges




4. As we would expect from our prior discussion, by the 
time this air mass reaches the Central Plains it has dried considerably due to the loss of moisture in precipitation in the mountains

5. The air may also be warmed as it descends (Chinook) 
and these modified Pacific air masses can be a welcome respite from cold, stormy weather east of the Rockies
c. Wintertime maritime polar air masses originating over the North 
Atlantic tend to be colder than their Pacific counterparts since the water tends to be colder and the air mass spends less time over the ocean after moving south from the Arctic

1. Northeasterly winds around a slow moving anticyclone 
to the north can push one of these air masses inland over the Northeast U.S. and generate a variety of unpleasant weather
2. These air masses can also feed cold and moisture into 
    developing coastal cyclones 



3. Maritime Tropical (mT)




a. These warm, moist air masses originate over the subtropical 
    oceans
b. In the winter, the Pacific source region is near the Hawaiian 
Islands and the warm, moist flow into the West Coast of the U.S. being generated by these air masses is sometimes called the “pineapple express”
1. This can generate enormous amounts of rainfall along 
the West Coast, during El Niño years in particular, as a “suptropical jet stream” propels the warm, moist air eastward



c. East of the Rockies these air masses originate over the warm 
waters of the Gulf of Mexico, Caribbean Sea and subtropical Atlantic Ocean
1. In winter, these air masses tend to be confined to the 
    Gulf and extreme southern states
2. However, the southerly flow in advance of cyclone 
moving northeastward from the Plains through the Great Lakes can draw very warm air northward into the eastern U.S.




3. In summer, clockwise flow around the Bermuda High 
(semipermanent subtropical high pressure system) frequently draws these warm, humid maritime tropical air masses off the warm waters of the subtropical Atlantic Ocean and Gulf of Mexico into the central and eastern U.S.

4. This results in prolonged periods of hot, humid days 
with afternoon thunderstorms with little nighttime cooling


4. Continental Tropical (cT)

a. These hot, dry air masses only exist in North America in 
    summer
b. Their source region is the arid, desert regions of northern 
    Mexico and southwestern U.S.
c. They are usually accompanied by upper-level high pressure so 
the sinking air intensifies the heat and dryness of these air masses
d. If they move northward and eastward they can result in heat 
    waves and drought (Texas this year)

II. Fronts


A. Introduction



1. Named for the battle lines of World War I, fronts are boundaries 
    separating air masses of differing density 
2. The difference in density can be due to differing temperature or 
    moisture but is frequently both
3. Where this collision of air masses occurs, the air with lower density is 
forced to rise, which usually results in the formation of clouds and precipitation


4. Fronts are usually associated with surface low pressure systems
5. These systems are generated along the polar front, where there is the 
    strongest meridional (north-south) temperature gradient

6. It is the counterclockwise circulation around these lows that forces the 
    air masses on either side of the polar front to collide, creating fronts
7. Fronts are named for the temperature of the air mass that is 
    “advancing” 

B. Cold Fronts



1. A cold front is a boundary where a cold, dry air mass is advancing on 
    a warm, moist one

2. They are represented on weather maps by solid blue line with triangles 
    along the front indicating the direction of movement of the front
3. Cold fronts usually extend to the south and west of the surface low 
    that they are associated with



4. The advancing cold, dense air wedges under the lighter warm air, 
    forcing the warm air upward
a. This results in the formation of a band of clouds along the 
front and, if there is enough moisture in the rising air, precipitation will develop

b. Since the air being lifted is warm, moist and conditionally 
unstable, the clouds which tend to develop are cumuliform and a band of thunderstorms along the front is common 



5. The strong upper-level westerly winds frequently blow the ice crystals 
    in the anvil of the cumulonimbus clouds downwind 

a. This results in the formation of cirrus and cirrostratus clouds 
    which can appear far in advance of the front
6. Because the much denser cold air advances easily on the light warm air, 
cold fronts tend to move relatively rapidly, causing the precipitation to fall in a narrow band


7. Cold fronts also have a steep slope 
a. This is because friction slows the cold air near the ground 
    relative to the cold air above the friction layer

b. This steep slope enhances the upward motion of the warm, 
moist, conditionally unstable air being lifted by the front, encouraging heavy shower and thundershower formation


8. Due to the differing air densities, cold fronts act like an elongated 
    region of low pressure, or trough (note the kink in the isobars)

a. Since wind flows across isobars at the surface, in toward low 
pressure, there is usually a wind shift as a cold front passes with the wind in advance of the front having a southerly component with the wind behind the front having a northerly component 


9. Atypical Cold Fronts




a. We have been discussing a “typical” cold front, however, the 
    presentation of a cold front is highly variable
b. Even though heavy precipitation or thunderstorms commonly 
occur, a cold front can produce clouds but no precipitation, or even little in the way of clouds, if the air being lifted is relatively dry and stable or the difference in the density of the air masses is not great
c. For example, in winter a polar front (advancing cP air) will 
sometimes be followed by an arctic front (advancing cA air) with the only indication of frontal passage being a drop in temperature



d. Back Door Cold Fronts





1. Most cold fronts move to the south and east
2. However, along the northeast U.S. coast, particularly in 
the spring and early summer when the Atlantic Ocean waters are much cooler than the adjacent land, cold fronts can move westward (“backwards”) bringing cool maritime polar air well inland

3. A warm spring day can rapidly turn into a cool, damp 
foggy or drizzly day across New England and even into New York state


C. Dry Lines



1. In the southern Great Plains in late spring and summer a boundary 
separating warm, moist maritime tropical air originating from the Gulf of Mexico and hot, dry continental tropical air from northern Mexico frequently develops

2. This boundary is called a dry line
3. The dry (heavy) air to the west of the line can advance toward the east 
    and lift the moist (light), unstable air 

4. This scenario is commonly associated with the development of severe 
    thunderstorms and tornadoes (more on this later)

D. Warm Fronts



1. A warm front is a boundary where a warm air mass is advancing on a 
    cold one

2. They are represented on weather maps by solid red line with 
semicircles along the front indicating the direction of movement of the front
3. Warm fronts usually extend to the east of the surface low that they are 
    associated with



4. At a warm front, warmer (less dense) air rides up and over the colder 
    (more dense) surface air
5. The slope of these fronts is considerably less than cold fronts 
a. For this reason, clouds and precipitation form well in advance 
    of the surface front



b. This gradual slope generates a typical sequence of cloud type 
as the warm front approaches – cirrus, cirrostratus, altostratus, precipitation accompanying nimbostratus clouds and stratus clouds and fog where there is some mixing of the warm and cold air close to the surface front

c. An observer on the ground can deduce, well in advance of its 
arrival, that not only is there a warm front approaching but, given the usual location of a warm front in relation to its associated, low pressure system, and the usual northeastward movement of cyclones that a midlatitude cyclone should arrive within the next 24 hours as well
d. Because of the gradual slope of warm fronts, the precipitation 
    they generate tends to be light to moderate and covers a   

    much larger area than cold fronts


6. Because of the vertical temperature structure associated with warm 
fronts, in winter there tends to be a typical sequence of precipitation types as the front approaches as well

a. As the front approaches precipitation will change from snow to 
    sleet to freezing rain and finally rain
b. Like cold fronts, due to the temperature differences, warm fronts 
    are a low pressure trough
c. Therefore, as the front passes, winds typically shift from 
    southeast to south or southwest
d. Temperatures and dewpoints rise considerably and the weather 
    clears with only some scattered stratocumulus clouds


7. Atypical Warm Fronts




a. As with cold fronts, there is variability from the “typical” 
    weather associated with warm fronts

b. In particular, in spring and summer, the overrunning warm 
    air can be quite unstable
c. In these situations,  cumulonimbus clouds and thunderstorms 
    can develop just to the north of the surface front

E. Stationary Fronts



1. Sometimes the surface warm front stalls and stops its advance

2. It then becomes a stationary front, a front without movement
3. Winds at upper-levels tend to parallel the front (why it stalled) 

4. The surface winds also tend to parallel the front, blowing in opposite 
    directions on either side of it

5. Frequently, even though the surface front is not moving, there continues 
to be warm air overrunning cold air with a precipitation pattern typical of a warm front

F. Occluded Fronts



1. Since cold fronts move faster than warm fronts, late in the life cycle 
of a midlatitude cyclone the cold front catches up to the warm front forming a new front, an occluded front, which forms a boundary between cold air ahead of the front and “colder” air behind the front

2. These fronts are represented on a weather map by a purple line with 
alternating triangles and semicircles all pointing in the direction of motion of the front

3. This is the most common type front moving into the Pacific coastal 
states as they are associated with cyclones that developed along the east coast of Asia and are quite late in their life cycle 



4. The clouds and precipitation associated with these fronts tends to be a 
    hybrid between a warm front and a cold front
5. However, their presentation is quite variable and depends on the 
difference in density between the two air masses at the boundary and at would stage of development the front is in (early in formation or late)

III. Midlatitude Cyclonic Storms


A. Introduction



1. Weather observers dating back centuries were aware that precipitation 
tended to be associated with falling barometers, low pressure and a cyclonic (in the same direction as earth’s rotation) wind pattern

2. Early in the 20th century a group of Norwegian meteorologists 
developed a model for the formation and life cycle of cyclones that form in middle and high latitudes, called extratropical or midlatitude cyclones
3. This simple model, even though our present understanding is more 
complete, still serves as a good foundation for understanding the structure of these storms

B. Polar Front Theory



1. This model, called the Polar Front Theory, is based upon the 
recognition that midlatitude cyclones develop along the polar front, a semicontinuous global boundary separating cold polar air from warm subtropical air
2. At upper-levels (near tropopause) the jet stream forms in the same 
location and we will soon look at the important role that it plays in the development of these storms

3. Midlatitude cyclones are sometimes called wave cyclones because 
watching their life cycle is like watching a water wave as it approaches a beach: first it builds, then it breaks, and eventually it dissipates



4. Taking some liberty by updating the theory somewhat, an area of weak 
    low pressure develops along the stationary polar front

a. As we will see, this occurs because of “divergence” along the jet 
stream which pulls air out of the air column causing surface low pressure to form
5. Once the surface low develops its counterclockwise circulation causes 
    the cold air to the north of the polar front to advance south as a cold 
    front to the west of the low and the warm air to the south of the polar 
    front to advance northward as a warm front to the east of the low

a. In this early stage of development the cyclone is called an open 
    wave
b. The fronts begin to develop their typical pattern of clouds and 
    precipitation
c. Precipitation increases around the surface low itself as a 
vertical circulation develops as air converges into the center of the surface low (counterclockwise and in) and then spirals up and then out (diverges) at the level of the jet stream (tropopause)
6. The cyclone moves to the east and northeast being moved by the 
      westerly flow in the atmosphere

7. The low pressure center deepens, meaning the central pressure 
    continues to lower (we will soon look at why this deepening occurs)

a. This results in a greater pressure gradient at the surface 
(isobars closer together) with stronger surface winds developing



8. As the storm continues to strengthen (low pressure deepens), the 
 

    cold front catches the warm front and an occlusion develops

a. At this stage, when the storm tends to be at its strongest, it is 
    called a mature cyclone


b. The surface low is now separating from the polar front and jet 
    stream
9. Losing its source of energy, it begins to weaken, and now is called a 
    cut-off low (cut off from the jet stream)

10. Eventually, without an energy source, the cyclone dissipates
11. The process then begins again elsewhere along the polar front and a 
      new cyclone goes through its life cycle

IV. Developing Midlatitude Cyclones and Anticyclones


A. Introduction


1. That is the typical life cycle of a cyclone

2. But how does this surface low pressure system form and what causes it 
    to intensify?

3. The key to the development of surface systems is what is occurring 
at the tropopause, above the surface system, where the jet stream is located
4. First, let’s review the concept of convergence and divergence

5. Convergence is when air crowds together or “piles up”
6. Divergence is when air flows apart or spreads out
B. Upper-level Convergence and Divergence



1. Convergence and divergence results from a change in 1) wind 
    direction or 2) wind speed

a. Wind can be funneled closer together (convergence) or can flow 
    further apart (divergence)

1. For example, the cars “pile up” as a road goes from 3 to 
2 lanes (convergence) and then spread apart as the road goes back to 3

b. Wind can slow down (convergence) or speed up (divergence) as 
    it moves along

1. For example, when traffic slows up ahead, the cars are 
forced to crown together (convergence) and when traffic then speeds up, the cars separate (divergence)



2. As the surface cyclone forms, convergence develops at the surface as 
    winds circulate counterclockwise and in towards the center of the low
a. In order for the cyclone to intensify, the upper-level divergence 
    must outpace the surface convergence
b. This is typically the case since winds blow much stronger at 
    upper-levels than at the surface
3. For a surface anticyclone to intensify the upper-level convergence 
must outpace the surface divergence (winds flowing clockwise and out from the surface high)

C. Upper-level Troughs and Ridges

1. Where the wavy jet stream dips to the south it is called an upper-level   

    trough (cold air – low pressure aloft)

2. Where the jet stream lifts to the north it is called an upper-level ridge 
    (warm air – high pressure aloft)
3. A region of upper-level divergence tends to develop to the east of the 
    trough and convergence to the west of the trough
4. Therefore, surface low pressure (cyclones) tend to develop to the east 
of the trough and high pressure (anticyclones) to the west of the trough

D. Divergence, Convergence and the Jet Stream



1. There are two reasons that the regions of upper-level divergence and 
    convergence develop in these locations

a. Change in wind speed
1. Gradient (curved) wind blows faster around high 
pressure (ridge)[supergeostrophic] than low pressure (trough) [subgeostrophic] for any given pressure gradient

2. Therefore, wind tends to “decelerate” when moving out 
of a ridge and into a trough (convergence) and “accelerate” when moving out of a trough and into a ridge (divergence)



b. Change in wind direction
1. As cold air dives south it sometimes creates a strong 
meridonal temperature contrast (and pressure gradient) at the base of the trough (and a focal area of strong winds at the core of the jet stream [called a “jetstreak”])

2. This creates directional convergence (confluence) 
coming into the trough and divergence (difluence) leaving the trough

E. Cyclone Movement and Dissipation



1. The winds aloft steer the surface systems so that surface cyclones tend 
    to move to the northeast and anticyclones to the southeast
2. As the surface cyclone moves northeast, it eventually occludes, causing 
it to move away from the polar front and its area of upper-level divergence (upper-level “support)

3. Losing its upper-level divergence, the continuing surface convergence 
results in a “filling” of the column (increase in weight – higher surface pressure) causing the cyclone to weaken and, eventually, dissipate

F. Cyclone Strength



1. The stronger the jet stream winds and the wavier the jet stream, the 
greater the changes in wind direction and speed, and the greater the upper-level convergence and divergence
2. This tends to occur in winter as the meridional (north-south) 
    temperature gradient (jet stream) increases and shifts to the south
3. Therefore, the strongest cyclones tend to occur over the U.S. in 
    winter with weaker storms occurring over Canada in summer

G. Northeasters (Nor’easters)



1. The largest temperature contrast in winter occurs along the East 
    Coast of the U.S.
2. Therefore, this is where the most intense midlatitude cyclones tend to 
    develop

3. They can develop very low central pressures, with strong pressure 
    gradients and gale force winds

4. These storms are called northeasters because the strong winds blow 
out of the northeast along the coast and inland due to the counterclockwise flow around the surface low as it moves to the northeast, off the New England coast



5. Nor’easters can be devastating storms with very heavy snow and ice 
combining with the strong winds to create blizzard conditions that disrupt travel and widespread power outages

6. The strong winds also generate storm surges that can cause extensive 
    coastal flooding
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