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Storm Systems from the Physics Perspective

(By Chris Edward Little del Superior)


The meteorologists on television are always talking about various weather words like: low pressure and high pressure, jet streams, warm and cold fronts, instability, and the list is endless. Do you ever wonder what those terms mean? Well I will shed light into the mysterious world called meteorology.  I will describe, what makes a storm system, how they develop, what weather storms can cause, the different type of storms, and the factors of a storm's intensity


Weather is caused by changes in temperature, energy, and pressure.  On earth, we have four different seasons. These are due to the tilt of the earth on its axis. This is so simple but really it affects everything. The tilt of the earth allows for the sun's rays to reach it at different angles. The higher angle, the higher the temperature; the lower the angle, the lower the temperature. Let's take a look why this is true. The sun sends radiation toward the earth. The earth absorbs the rays and the ray's energy and is warmed by it. The smaller area that the sun's rays are spread over, the higher amounts of energy the rays can generate. This property is a lot like solutions and concentrations. The less the amount of water a solute is mixed into, the greater the concentration of the solution. Holding a flashlight close to one's hand can create a demonstration of this property.  Now change the angle at which the light is hitting your hand. One can see the difference in the aerial coverage of the light. Also you can feel the temperature difference when you hold the flashlight at different angles relative to your hand.  The factor that affects the area of distribution of the rays is the angle at which it reaches the earth.  This creates unequal heating across the earth.  The tilt away from the sun allows the polar region to get very cold, due to the lower sun angle. The tilt toward the sun allows for the tropical regions to get hotter. In our winter months, the northern hemisphere gets the least sun; and in our summer months, the southern hemisphere gets the least amount of sun.  From this point, I will focus on the weather in the northern hemisphere, because this paper primarily concerns weather in the United States.  Also the type of material/surface the sun is shining on often determines temperature. When the sun shines on the white snow, its rays are reflected back in to space.  As the rays are reflected back into space, the energy associated with the rays are reflected away. On the other hand, when the sun hits barren ground, it absorbs the rays well. Along with the rays of the sun, it also absorbs the energy of the sun.  This is due to the specific heat of objects being different.   Specific heat is the amount of energy (Joules) required to warm a material/object by one degree Celsius


It is a good time to stop and discuss convection. Convection is simply hot air flowing into cold air.  Everybody has seen water boil and turn into vapor.  Then it quickly condenses back into liquid water. There is a common misconception that all hot air rises and that is a very bad assumption to make.  For example, let us look at parcel of air at the surface.  A parcel of air is just a block of air.  In this example, the parcel has a temperature of 33 degrees Celsius and a dewpoint of 21 degrees Celsius.  For a parcel to even begin to rise by itself, it must be hotter than the surrounding air. This is caused by heating differential on the surface, which allows some surfaces to get hotter than others. Remember that areas with surfaces of different materials with different specific heats create the temperature differential.  Initially, as the parcel begins to rise, it cools at about 10 degrees Celsius per km. This is called the dry adiabatic lapse rate.  It is dry because nothing is condensing and it is adiabatic because no heat is exchanged with the outside air.  The dewpoint also lowers by 2 degrees Celsius per km.  The dewpoint is the air temperature at which the air becomes saturated and condenses into cloud droplets. Therefore after rising 1.2 km most of the water vapor in the parcel has condensed and turned into cloud droplets.  The latent heat it gained by absorbing the sun's rays is now being release into the air in the form of heat. Therefore it cools at slightly slower rate of about 6 degrees Celsius per km.  This is called the wet adiabatic lapse rate.  Once the parcel has reached this stage, it will probably continue to rise.  It will continue to rise because the rate at which the parcel's air temperature decreases is smaller than the rate of cooling of the surrounding atmosphere.  All of this occurs if and only if the surrounding air is warmer than the parcel air. If the parcel's temperature falls below the temperature of the environment before condensation, it will start sinking. The sinking occurs because the density of the air is now greater than the surrounding air and must sink.  The degree to which a parcel can rise by itself is called instability.  The higher the instability of the atmosphere is, the higher the environmental lapse rate will be. The environmental lapse rate is the difference between the surface temps and temps at about 18,000 feet.  Absolutely unstable air is air that can rise and keep rising through the troposphere, because the environmental lapse rate is greater than the dry adiabatic lapse rate.  However on the earth these conditions can't exist, therefore an external force must act upon it, to allow it to at least get to the level of condensation. I will discuss these forces later.


Before we start talking about storms, we have to know how weather is formed.  As previously mentioned, weather basically is an exchange of temperature and energy. As temperature increases, the energy of the air molecules increases; and subsequently they move faster, and vice versa. Remember that Pressure=(force)/(area) 

and Force=(Mass)(Acceleration) and finally that Acceleration=(Velocity)/(time).  By method of substitution we get_________________________. Therefore if time, mass, and area are constant, as the energy or velocity of the particles increase the pressure increases. We measure pressure in inches in America, and hectopascals elsewhere.   NOTE: THE VELOCITY OF THE AIR PARTICLES DOES NOT REPRESENT THE WINDS ON EARTH'S SURFACE, BUT IT DOES REPRESENT THE SPEED DIRECTION OF THE PARTICLES.  Areas of higher pressure and lower pressure create pressure fields called systems. Air flows from high pressure to low pressure, just like water flowing down a hill. The higher the slope of the hill, the faster the water travels down hill and of course vice versa. An increase in the pressure gradient results in faster wind speeds. 


If the earth was not spinning and the ground was friction-less, air would flow in a straight line from north to south in America at the surface. In the upper levels, the atmosphere would move to from south to north. The air would flow like that because air at the equator is heated and then rises and spreads northward.  The cold air at the poles would descend and spread southward.  However in real life the behavior of the winds is not that simple.  The friction of the earth slows down the speed of the wind. The friction is simply caused by objects on the surface impeding the movement of air.  Another force acting on the air is Coriolis Force. It has been mathematically proven to be true but there isn't any real measure of the Coriolis Force. The Coriolis Force is the angular force created by the rotation of the earth.  Since the earth is spinning counterclockwise, it forces winds in the Northern Hemisphere to the right of their direction or pressure system.  Coriolis force and pressure gradient are two opposite forces that act in response to friction. The higher the friction, the greater the Coriolis force and the weaker the influence of the pressure gradient. The lower the friction the closer the other two forces are to being equal.  Since the atmosphere likes balance, the wind will re-curve back to its normal direction before it was influenced by the pressure system. This is an example of Newton's Third law of motion, there is an equal but opposite force to balance out the initial turn created by the Coriolis force.  This creates wind flow around and toward the pressure systems. But remember winds are heavily affected by the Coriolis effect can never go straight in to the storm, they must curve around the storm.  This is because even though the friction force could be minimal, the Coriolis Force still has a little bit of an affect. To recapitulate everything in this paragraph into one basic principal, winds flow counterclockwise around low pressure and clockwise around high pressure.


An important aspect of weather in the mid-latitudes is definitely the jet stream. It is created when there is a large temperature difference between the temperatures in upper levels, which leads to tight pressure gradients. This creates strong winds, upwards of 150 mph. These winds occur at altitudes of 30,000 feet and occasionally higher.  In the upper levels of the troposphere, the frictional force is close to zero.  Therefore the winds are strong and the Coriolis effect is balanced by pressure gradient. The result of the balance of the two major forces of wind leads to winds flowing generally from west to east, or variations of west to east. Within the jet stream, there are pockets and streams of faster air, called jet streaks. They can have a major role in our weather at the surface.

Usually there is only one jet stream in the summer, and it rides along the Canadian border. This is because there is only one temperature gradient strong enough to generate one jet stream.  During the winter two jet streams usually appear. This is due mostly because there are two major boundaries, the polar and the subtropical. The subtropical jet is the more active of the two. The subtropical jet lies along the boundary that separates tropical air from the mild air. Since tropical air has more latent heat to release, the subtropical jet stream is the strongest. Although it usually isn't in any one place, it commonly runs across northern Texas and into southern Virginia. The polar jet runs along the boundary between mild air and polar air. Polar air has less moisture and less latent heat, therefore it is strong but not as strong as the subtropical jet stream. The polar jet brings small potent storms, but since they are lacking moisture, nothing noteworthy ever really develops.  In the winter, when the polar jet and the subtropical jet merge, they create colossal low-pressure systems that deliver large amounts of snow and rain to the Midwest.


The stage is now set to talk about storm systems. There are upper level storms and lower level storms.  I will begin the discussion at the surface.  Two air masses, one warm and one cold, collide and create a surface boundary.  Two air masses are high-pressure systems. High-pressure systems are areas where the pressure is higher uniformly than most other places.  In the middle we have a trough or divot of lower pressure or convergence zone. Lower pressure allows for the air to start rising and creates semi-vacuum.  Rising air cools and forms clouds.  Winds start to move toward the convergence zone, due to pressure gradient, to fill the vacuum. The winds also bend around because of the Coriolis effect. The winds start the advection, which is a horizontal movement of the air masses across an area. These sets of events are not always the case, nevertheless this is how a large percentage of storms start.  The advection creates two distinct boundaries, a warm front and a cold front. One universal principal of meteorology is that cold fronts slope in the opposite direction as their movement with height and warm fronts slope in the same direction as their movement with height.  If one remembers that force=(mass)(acceleration), then one can understand that the slope of fronts occurs because cold air at the surface occupies a smaller volume which allows a greater mass per unit volume which creates a greater force than that which occurs at 20,000 feet. Therefore cold air easily displaces warm air at the surface, but not so well in the upper levels. Warm air displaces cold air better in the upper levels than at the surface.  The warm front is a boundary where the warm air is pushing the cold air northward or eastward.  The slope of the front is not steep, therefore forcing (a mechanism for causing rising motion) is weak and usually only showers or light rain develop.  Also warm fronts sometimes have the tendency to lumber and to be very slow.  The small slope of the front is due in part to the fact that warm air is less dense than cold air. Since warm air is less dense than cold air, rather than push the cold air out of the way, the warm air rides up on top of it first.  After warm air is entrenched at all levels, the surface front starts scouring out the cold air. Another factor of how much precipitation develops is the moisture content of the warm air mass.  If it contains a lot of moisture, then a lot moisture will fall from the clouds in advance of the front.  The pressure will most likely slight rise after the passage of the warm front

One other jet stream that is important to storms is called a low level jet. It occurs at about 1000 ft above the ground most of the time in conjunction with the warm front. A low-level jet is an area of strong winds in the lower levels that stream up from the south that forms at night. They are not nearly as fast as normal jet streams but they can play a big role in weather. Winds upward of 50 mph have been recorded by weather balloons. As an upper level low pressure system, accompanied by a surface low pressure eject out into the great and central plains of America; sometimes they generates strong southerly winds. After sunset, the cooler air created by all the heat radiating away from the surface settles to ground level. The warm and moist flow from the south rides right over the small layer of cooler air. This acts as a supply line for the livelihood of the storm system.  Low level jets bring with them warm and moist air. As thunderstorms erupt during the day, they can be sustained through the night by a low-level jet. The jet feeds the thunderstorms the moisture and energy it needs to maintain itself, even though the air around it is stabilizing.  In the winter, sometimes low-level jets will penetrate the warm front and send very moist air into the cold air. The moist air then rises and produces copious amounts of precipitation. Sometimes as much as 1-2 inches of freezing rain or over 8 inches of snow/sleet can fall from these low-level jets.

The cold front is where the cold air is pushing the warm air southward or westward.  The speed of the cold front is much quicker than the speed warm front.  Also, the slope of the front is quite steep, this allows for really nice forcing. Forcing is a mechanism that allows parcels to start rising without being warmer than its surroundings.  The excellent forcing acting upon warm buoyant air causes it to rise, sometimes violently. This generates some of the largest thunderstorms in the country's history.  Since the cold air is pushing the warm air, the warm air rises.   This is one source of lift that a parcel of air can use to at least get to the point where the parcel starts condensing.  As the warm air is drawn into the system, it condenses and adds more energy to the storm. Ahead of the cold, sometimes, individual storms can pop up. They eventually merge into lines of strong thunderstorms that are capable of producing prolific straight-line winds, hail, and occasionally tornadoes.  Prior to the passage of the front, the pressure will drop off.  The pressure following the passage of the storm will rise rapidly.

One more major boundary that can develop with a mature low-pressure system is the dryline. It is the division between warm moist air and warm dry air. When it exists, it is found in the warm sector of a storm.  The warm sector of the storm is just the area between the warm front and cold front.  Moisture, typically from the Gulf of Mexico, flows northward and rides under the dry air from the continental air mass.  The environmental lapse rates in dry air are significantly lower than that in moist air.   In the atmosphere, the greater the lapse rate, the higher the elevation at which atmospheric mixing can occur. Atmospheric mixing is when characteristics of the atmosphere at higher elevations are brought down to the surface. For example, the faster stronger winds seen at the higher elevations can be seen at the surface when mixing occurs. Therefore it enhances the shearing force of velocity.   Convergence is where air at any level comes together and creates vertical motion. The increased convergence at the surface of dry lines results in a higher likelihood of thunderstorms developing. Actually, the worst tornadoes have come from the storms that formed along the dryline.  Currently, there are not any plausible explanations for the increased occurrences of tornadoes along dry lines. Nevertheless scientists current believe that the frequency of thunderstorms increase near dry lines because of the strong shear and convergence that occurs along the dry line. 

In between the warm front and the cold front is the warm sector.  This region is very moist and unstable. It is an area of warm and unstable air.  As the storm continues to mature, sometimes, the cold front catches up to the warm front. The cold air lifts the warm air mass off the ground and above the air mass the warm front was push against. The warm air is lifted off of the ground because it doesn't have the force to move the cool denser air in front of it yet the cold really dense air behind it keeps pushing the warm air forward.  This is called a cold occlusion. If the warm front catches up to the cold front, then it is a warm occlusion.  After the storm occludes, the low pressure system starts to fill or the pressure begins to rise. This is because the moisture stream it once had is now cut off and can no longer contribute. The low-pressure center separates from the fronts and a new storm could develop at the convergence of the warm and cold front.  Process can keep repeating itself numerous times.

Thus far this paper has focused, but what cause some storms to be monsters and other minute? So far the bulk of this discussion has been focused on surface systems. Now I will shift my focus to upper level storm systems. The upper level storms have a large affect on the intensity of storms at the surface. In the jet stream there are troughs and ridges. Large upper level high-pressure systems cause the jet stream to flow over them in a clockwise fashion, which creates the ridges, short for ridges of high pressure. Inside the ridge of high pressure the weather is pretty calm. It is also warm or warm than outside of the trough.  Large upper level lows on the other hand cause the winds to flow under them in a counterclockwise fashion, which creates troughs.  Ridges and troughs are about 50 degrees of longitude wide. They can range in amplitude from 400 to 900 miles.

Since the jet stream is a large-scale boundary between hot and cold air masses, small pockets of hot or cold moving near the jet stream can cause bumps in the jet stream. These bumps are called short waves. Short wave troughs are where bumps of cold air run into the jet stream and creates an indentation. Short wave ridges are created when pockets of warm air bump into the jet stream. Short wave troughs are often associated with moderate to intense upward vertical motion. Although strong surface lows can sometimes generate enough rising motion to sustain clouds up to 30,000 feet, most of the time they need a little help from a friend, called the short wave trough.  Because of the positive vertical motion created by the short wave trough, as the air in the low pressure system rises, it is forced higher than what it would normally travel. This creates a larger vacuum at the surface resulting in a lower surface pressure.  If a surface low pressure system flows under a short wave ridge, then the low pressure system will dissipate, because of the negative vertical motion created by the ridge.

Other parameters which affect surface pressure are divergence and convergence. Divergence is where two parallel jet streams traveling together separate and the air in between the now divided jet streams is pulled apart and flows into either of the two jet streams.  When divergence occurs, a vacuum is created and must be filled. Since the jet stream flows at the top of our lower atmosphere, air is pulled up from the surface. This process creates an upward displacement of air and lowers the surface pressure. Another way divergence occurs is when two parallel jet streams flow at considerably different speeds. Convergence is created when two parallel jet streams that were previously separated come together and initiates downward displacement of the air between the jet streams creating higher pressure at the surface.  One source of divergence and convergence are jet streaks. A jet streak is comprised of four quadrants.  The quadrants are the left rear, right rear, left entrance, and right entrance. The only important thing about the quadrants is that the left rear quadrant is where convergence takes place and the right rear quadrant is where divergence occurs.

 Another factor which determines the potential strength of a storm is its geography and topography.  It is no secret that skiing resorts are in the mountains because they have abundant snowfall. But why do the mountains get so much more snow than the valleys? As previously stated during our discussion concerning air parcels, it was pointed out that the air of the parcel must be warmer than its surrounding air for the parcel to rise on its own accord.  This is true, but when the air is pushed up a mountain slope by the wind, it will rise also. When this happens, the air of the parcel cools down, eventually to the dewpoint and then it starts rising on its own. In the process of rising, it is constantly condensing and creating precipitation.  So not only is more precipitation falling, but also it is falling at a lower temperature.  Therefore snow is much more abundant in the mountains.  The fact that Superior is a little warmer than Duluth on days when there is a west wind is no fluke.  It is due to the Chinook effect, which is the warming of air as it descends down a mountain slope and is compressed.  Geography also plays a large part in the weather.  The south shore is often inundated with lake effect snow, because after the passage of storms systems, the northland is left in a northwesterly air flow over a relatively warm lake which transports moisture into the air and creates moderate instability.  The warmer moist air rises and creates clouds and subsequently produces lake effect snow.  These events bring large amounts of snow to communities like Ashland, Bayfield, and Ironwood. 

The last major determinant of weather to be discussed is vorticity. Vorticity is the angular velocity of a body air at a given point in the atmosphere.  It is measured in the classic non-dimensional rotational units called radians.  Positive vorticity indicates counterclockwise spin in the atmosphere, and negative vorticity indicates clockwise spin in the atmosphere.  Positive vorticity advection means that vorticity is getting progressively larger and negative vorticity advection means that vorticity is getting progressively smaller. Two things that cause vorticity are shear and curvature. Shear is change in the speed of two parallel air streams. Curvature is when the airflow bends around a temperature bubble or a pressure system.  Positive vorticity advection often denotes upward vertical displacement of air and negative vorticity advection often  denotes downward vertical displacement. Vorticity can occasionally take the shape of a trough. The troughs are linear but perpendicular to prevailing winds. This is a classic signature of a short wave trough.

We have discussed most of the factors that determine the strength of the storm.  Now one might ask, what types of storms are there? There are two categories of storms, barotropic lows and baroclinic lows. Barotropic lows have no temperature advection. Cold core barotropic low often take the form of cold occlusions. Since the cold air is completely circling the low pressure system, there is no temperature advection.  These low pressure system usually will fill or get absorbed into the semi-permanent polar low. The polar low is just a low pressure system centered near or around the north pole Another example of a cold core barotropic low would be the upper level cut off low pressure systems. The jet stream can meander and wind like a river. The jet stream can also meander to point where it cuts itself off and leaves an independent pocket of air circulating to the south of the jet stream. These cut off low pressure systems usually don't dissipate or get reabsorbed into the jet stream for weeks.  They cause considerable instability and high lapse rates in the atmosphere. During the summer, they can create floods from the numerous thunderstorms that develop. During the winter, these cutoff lows can bring snow showers for many days in the Great Plains. Warm core barotropic lows exist, but they play a very small role in weather of most of America. Generally they are heat lows that form in the desert southwest and hurricanes that form off of the African coast and then occasionally hit America.

Baroclinic lows on the other hand have moderate to intense temperature advection.  Baroclinc lows arise out of tight thermal gradients that occur between hot and cold air.  This is the common low pressure from which we get our weather. Here in the Northland, we are aquatinted with several names for these lows, which include the Alberta clipper and the Colorado low. The Alberta Clippers are the quick little storms systems that move through the northern part of America in the winter.  They start off as strong storms that come ashore on the shore of northwestern British Columbia.   As they come ashore, the low pressure and its moisture hit the mountains.  The Rocky Mountains wring the moisture out of the storm. The low pressure system emerges moisture starved on the other side of the mountains. Nevertheless it still has strong convergence. It follows the jet stream, which brings it south across the Great Lake states. As the storm heads south, it draws a little bit of moisture. Nevertheless it is moisture starved it drops very little snow. When the low heads over the Great Lakes, it picks up moisture. This moisture is re-deposited in New England and New York. The storm then heads out to sea and gathers strength over the Atlantic Ocean.  Because Duluth is west of the Great Lakes, it cannot draw from its moisture. Therefore Duluth usually is left dry. Occasionally a clipper will drop 4 inches of snow. This due to a temperature profile in some clippers that allow snow crystals to grow larger than the average size.

The Colorado low is another type of storm that brings large amounts of snow to Duluth.  The low pressure system comes ashore along the pacific coast guided by the jet stream. It loses most of its strength over the Rocky Mountains. Normally the low pressure ends up in southern Colorado. Just like the clipper, the storm emerges on the east side of the mountains still with its convergence.  It sits and spins until an upper level low pushes the storm out of Colorado. The winds around the low pressure start the northward advection of warm and moist air from the Gulf of Mexico. If the upper level conditions are right a low-level jet could form.  That would enhance the amount of precipitation/moisture that the storm could produce. Cold air starts draining north of the low.  This cold air advection creates a strong cold front. This sets up baroclinic instability and the low pressure system takes advantage of it.  The low pressure systems ejects out of Colorado and moves across the plains.  Cold air is usually entrenched over the northern tier of the U.S. and the moisture that is pulled up from the gulf rides over this cold air since it is warmer.  This process in meteorology is called overrunning. The amount of snow can range from 6-12 inches just from the overrunning moisture. Since the snow has a high water content, it is heavy and very wet. As low pressure continues to deepen or strengthen, some of the moisture from the warm sector is pulled all the way into the backside of the storm. An upper level low usually lags just a little bit behind the surface storm. The moisture laden air on the backside starts rising because of the instability created by upper level low.  A band of light to heavy snow develops and usually follows the surface storm. As the storm nears Central Wisconsin, the northern tier of the U.S. gets hit with the backside of the storm. This can dump anywhere from 3-12 inches depending on where the storm tracks.  The key is we must always stay out of the warm sector and north of the surface low to get a lot of snow. The track of storm determines where the snow will fall.

Weather is all about the exchanges that occur in our atmosphere due to fluctuation in temperature, pressure, and energy.  As shown in this paper, the changes in pressure energy and temperature lead to the development of storms that create havoc for Americans. Upper level dynamics also play a large part in the weather at the surface Through physics one can understand some of the processes in meteorology. 
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