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 Dr. Droegemeier 

 

METR 4433 – Mesoscale Meteorology 

Spring 2016 

 

Study Guide for Comprehensive Final Examination 
 
Below are listed the principal topics, concepts, and capabilities for which you will be 
responsible on the first exam.  The absence of a topic from this sheet does NOT imply 
that it will be absent from the exam!  EQUATIONS WILL BE PROVIDED AS 
NECESSARY. 
 
 
Definitions of Mesoscale 
 

1. Be able to explain various approaches (e.g., dynamical, phenomenological) for 

defining atmospheric “scales” (e.g., synoptic, meso, storm). 

2. Understand the atmospheric energy spectrum and its role in helping define the 

mesoscale. 

3. Be able to explain the concept of energy cascade and its role in the atmosphere. 

4. Be able to explain how the mesoscale differs dynamically from other scales in the 

atmosphere. 

5. Be able to perform a scale analysis of the equations of motion and know the 

principal time and space scales for planetary, synoptic, meso- and storm-scale 

motions. 

  
Linear Perturbation Theory and Gravity Waves 
 

1. Understand the physical and mathematical differences between a linear and 

nonlinear operator, like advection, or a physical system, like a cloud growing in a 

conditionally stable atmosphere. 

2. Understand the term “nonlinear steepening” and its origin in nonlinear advection. 

3. Understand and be able to explain the concept of an eigenvalue. 

4. Understand how nonlinear processes involve feedback or, in the case of waves, 

involve creating multiple waves from a single one. 

5. Know and be able to explain the difference(s) between transverse and longitudinal 

waves. 

6. Be able to list and explain the physical relevance of all steps and assumptions 

associated with linear perturbation theory as applied to wave motion. 

7. Be able to work with complex exponential functions and know their relationship, 

in the context of waves, to the more standard sine and cosine formulations (see 

handout). 

8. Be able to define basic states, and perturbations from them, as directed, and then 

use them to linearize a set of nonlinear equations.  You will NOT be expected to 

come up with a list of equations that describe a particular type of wave, though 

you may be asked to explain why a given set of equations is appropriate for 

representing various pure wave types. 

9. Be able to derive the frequency equation, or dispersion relationship, for all of the 

pure wave types discussed in class. 
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10. Understand the difference between internal and external gravity waves. 

11. Understand the buoyancy frequency and its relevance in gravity waves. 

12. Understand how the orientation of internal gravity waves affects their frequency 

relative to the intrinsic buoyancy frequency. 

13. Understand the conditions of vertical stratification in which internal 

gravity/buoyancy waves occur. 

14. Know and be able to explain the Boussinesq approximation. 

15. Understand the concept of a wavenumber vector and how it relates to wave 

propagation and wave structure. 

16. Be able to compute numerical values of phase speed for all wave types using 

order of magnitude estimates for relevant physical quantities. 

 
Mountain Wave Dynamics and Downslope Wind Storms 
 

1. Know the general characteristics of mountain waves and the conditions necessary 

for their formation. 

2. Be able to explain the Froude number both physically (i.e., its role in mountain 

wave dynamics) and mathematically. 

3. Understand the physical difference between supercritical and subcritical flow in 

the context of mountain waves. 

4. Understand the concept of linear perturbation theory and how it is applied to 

mountain waves. 

5. Be able to define mathematically and explain the buoyancy frequency. 

6. Be able to Linearize the equations governing mountain waves and derive the 

dispersion relation. 

7. Given the dispersion relation for mountain waves, be able to explain wave 

characteristics (e.g., vertically propagating, trapped, evanescent).   

8. Know the physical characteristics and presumed mechanisms associated with the 

formation of downslope wind storms. 

9. Understand the application of shallow water wave theory to downslope 

windstorms and the assumptions made. 

10. Understand the physical difference between supercritical and subcritical flow in 

the context of downslope wind storms. 

11. Understand and be able to explain and apply the two flow constraints for 

nonlinear theory applied to downslope wind storms for cases in which the Froude 

number is less than, greater than and equal to unity. 

 
Atmospheric Instability Theory 
 

1. Understand the concept of instability and be able to give meteorological and non-

meteorological examples of it. 

2. Be able to explain the physical characteristics of:  static/gravitational instability, 

centrifugal instability, inertial instability, and symmetric instability. 

3. Understand the importance of conserved variables in instability theory. 

4. Be able to utilize equations for the above types of instability to diagnose whether 

a given atmosphere (e.g., on a map or diagram) is stable, neutral, or unstable.   

5. Be able to provide examples of where the instabilities listed above most 

commonly occur in the atmosphere.   
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6. Understand the concepts of absolute momentum and absolute geostrophic 

momentum. 

7. Understand the assumptions used in deriving the basic theory of symmetric 

instability. 

8. Be able to relate symmetric instability to static instability (parcel theory), 

particularly the analogous roles of gravitational and centrifugal acceleration. 

 
Single Cell Storms 
 

1. Know the definition of a thunderstorm! 

2. Understand the classification system of thunderstorms, the characteristics of 

single cells, multicells, lines and supercells, and the principal differences in 

environmental conditions among them. 

3. Understand the concept of buoyancy and how thermal and vapor buoyancy differ 

from one another. 

4. Understand the concept of water loading and how it contributes to updraft 

acceleration/deceleration. 

5. Understand the concept of CAPE and how it relates to updraft acceleration.  Be 

sure you understand the approximations associated with relating the two. 

6. Be able to compute the CAPE and Wmax (via integration) if given an appropriate 

expression for buoyancy. 

7. Understand how CAPE is represented on a thermodynamic diagram. 

8. Understand and be able to explain convective inhibition (CIN) and its role in 

promoting or inhibiting moist convection. 

9. Be able to explain mechanisms by which CAPE and CIN can increase or 

decrease. 

10. Know the principal ingredients needed for thunderstorms to form and the role of 

environmental wind shear. 

11. Be able to define and apply the bulk Richardson number to determine storm 

classification. 

12. Understand and be able to explain the characteristics and life cycle of single-cell 

storms, including the built-in self-destruct mechanism. 

13. Understand the origin and forcing mechanisms (entrainment, water loading, 

evaporation) for storm downdrafts. 

14. Be able to explain the cold-air outflow and the importance of the gust front. 

15. Know the difference between hydrostatic and dynamic pressure and their role in 

single-cell storms. 

16. Be able to define microbursts and explain their origin and structure. 

17. Be able to explain the differences between wet and dry microbursts. 

18. Be able to explain why microbursts pose a hazard to aviation, using graphics to 

back up your arguments for an airplane on takeoff or landing. 

19. Be able to describe, in general, the systems now in place to detect and predict 

microbursts. 

 
Multicell Storms 
 

1. Understand the characteristics of multicellular storms and how they differ from 

isolated, single cell storms. 
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2. Be able to explain the environmental conditions that are conducive to the 

formation of multicell storms. 

3. Know the types of weather typically associated with multicell storms. 

4. Be able to explain the life cycle of a classic multicellular storm. 

5. Understand the mechanisms of multicell propagation/movement and how cell 

motion influences storm system motion. 

6. Understand the vorticity dynamics of cold-air outflows and be able to explain the 

flow pattern behind the gust front (e.g., the elevated head) 

7. Understand how an integral of the equations of motion can be used to estimate 

gust front propagation speed and be able to explain the physical mechanism by 

which gust fronts/cold outflows propagate.   

8. Be able to explain the presence of turbulence atop a cold outflow including the 

association pressure perturbations and their possible influence on gust front 

propagation speed. 

9. Understand why a pressure jump occurs in the environment ahead of a 

propagating gust front. 

10. Be able to draw a schematic of a cold outflow/gust front system and explain the 

importance of the flow. 

11. Understand how surface friction impacts the horizontal flow behind the gust front 

and produces a protruding “nose” along the front. 

12. Be able to describe the life cycle of cells triggered along the gust front in a 

multicell storm system and the manner in which updrafts and downdrafts either 

work together or in competition. 

 
Lines and Mesoscale Convective Systems 
 

1. Be able to explain the characteristics of squall lines and the environmental wind 

profiles that are conducive to their formation. 

2. Know the definition and characteristics of mesoscale convective systems (MCSs). 

3. Know the basic differences between 2D and 3D lines. 

4. Be able to explain the four different classifications of squall line development 

(broken line, back building, broken areal, and embedded areal) 

5. Be able to explain the characteristics of quasi-linear convective systems and how 

tornado occurrence differs between them and cellular storms (e.g., supercells). 

6. Understand the physical characteristics and formation mechanisms of the trailing 

stratiform precipitation region and how it differs from the leading edge deep 

convection. 

7. Be able to draw a vertical cross section of a classic mid-latitude squall line, 

labeling and explaining all key features (e.g., mesohigh, mesolow, rear inflow jet, 

gust front). 

8. Understand the importance and physical mechanisms behind the wake low and 

meso high. 

9. Be able to explain the life cycle of 2D squall lines in weak, moderate and strong 

shear, using simple diagrams to illustrate your arguments.  Also, be able to 

compare and contrast these life cycles. 

10. Be able to explain the physical mechanisms behind the front-to-rear flow and the 

rear inflow jet and its role in squall line dynamics. 

11. Understand and be able to explain the differences in origin and character between 

an elevated and descending rear inflow jet. 
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12. Understand physically and mathematically the conditions necessary for long-lived 

squall lines based upon the interaction between the low-level environmental shear 

and the vorticity within the advancing cold pool (i.e., RKW theory). 

13. Understand the limitations in RKW theory and be able to describe competing 

views. 

14. Know what is meant by “effective shear layer” and its significance in the context 

of squall lines. 

15. Understand the origin of the bright band and its importance in estimating surface 

precipitation rate using radar. 

16. Be able to define a bow echo, draw it schematically based upon Fujita’s 

conceptual model, and list its characteristics. 

17. Understand the importance of the rear inflow jet and the associated rear inflow 

notch in the context of bow echoes. 

18. Understand the dynamical characteristics of bookend vortices and the role of the 

cold pool in their generation. 

19. Know the general characteristics of mesoscale convective complexes as defined 

by Maddox, the associated weather and their features on satellite. 

 
Supercell Storms 

 

1. Understand and be able to list the characteristics of supercell storms and the 

environmental wind profiles that are conducive to their formation 

2. Know the relative frequency and severity of supercells relative to lines and 

airmass single cell storms 

3. Understand why the updraft and downdraft are physically separated in supercell 

storms 

4. Be able to identify and explain the key features of supercell storms if provided 

with a schematic outline for both horizontal cross sections and a ground-based 

visual perspective 

5. Be able to distinguish among and list the key features of the 3 principal types of 

supercell storms:  classic, low-precipitation and high-precipitation 

6. Be able to discuss the principal phases of supercell storm evolution, relating storm 

structure to features observed on radar 

7. Be able to describe, in general, how storms split 

8. Know the characteristics of supercell updrafts and factors that affect their 

intensity 

9. Be able to relate the updraft/mesocyclone to the wall cloud and explain the 

structure of the wall cloud 

10. Know the definition and physical characteristics of the mesocyclone 

11. Be able to explain, in general terms, cyclic mesocyclogenesis 

12. Understand and be able to distinguish between the forward and rear flank 

downdrafts and various theories for the RFD 

13. Understand how the mid-level mesocyclone acquires rotation about a vertical 

axis.  You need not memorize the vorticity equation but may be asked to explain 

terms and processes. 

14. Understand the importance of storm-relative winds in updraft rotation, especially 

in the context of horizontal vorticity 

15. Understand how the low-level mesocyclone acquires rotation about a vertical axis 
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Wind Hodographs and Theories of Storm Rotation and Deviate Motion 

 

1. Understand and be able to work with a wind hodograph.  If given a set of data, 

you should be able to plot the hodograph, identify the shear at a given level, the 

shear at multiple levels, horizontal vorticity vectors, and storm-relative winds if 

given storm motion. 

2. Be able to identify hodographs and associated storm motions that are most 

conducive to updraft rotation. 

3. Be able to define storm-relative environmental helicity (SREH) using equations 

and know how it is determined from a wind hodograph 

4. Know how to modify a hodograph to make the environment more or less 

conducive to various types of storms 

5. Know the values of SREH that typically are associated with weak, strong and 

violent tornadoes 

6. Know the definition of the bulk Richardson number and the critical values for 

supercell and multicell storms 

7. Understand why supercells often exhibit deviate behavior by moving more slowly 

than, and to the right of, the mean wind in the troposphere – and the role of 

curvature in the hodograph.  You will not be asked to derive the equations but you 

should know the theories (e.g., of how an updraft interacts with the environmental 

shear vector to produce perturbation pressure regions around the updraft).   

8. Understand the difference between a turning wind vector with height and a 

turning shear vector with height 

9. Understand the concept of streamwise and crosswise vorticity and how they 

provide insight into updraft rotation 

10. Be able to determine, using a hodograph, the degree to which the vorticity is 

streamwise or crosswise 

11. Know the difference between helicity and helicity density 

12. Be able to define and explain the characteristics of a Beltrami flow 

13. Know the definition of relative helicity and the limitations of its application in 

understanding and predicting storms 

14. Understand how the cancellation of nonlinear terms in the vorticity equation in 

helical environments is believed responsible for the stability and relatively long 

duration of supercell storms 

15. Understand the importance of using a storm-relative framework for applying 

helicity concepts to supercell storms 

 

Hurricanes  

 

1. Be able to define and list the characteristics of hurricanes and typhoons including 

relevant forces, temporal and spatial scales, etc 

2. Be able to list the characteristics of environments in which hurricanes form 

3. Know the general structure of hurricanes and be able to show it schematically in 

both horizontal and vertical cross sections 

4. Know the regions within hurricanes where tornadoes tend to occur most 

frequently and be able to explain this behavior in light of the environmental wind 

field. 

5. Be able to draw and explain physically the structure of wind hodographs in each 

of the four hurricane quadrants 
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6. Understand the regions within hurricanes of greatest societal threat (wind, 

tornadoes, surge) 

7. Know why the surface pressure within the eye is low. 

8. Be able to explain the basic concepts of conditional instability of the second kind 

(CISK) in the context of hurricanes 

9. Be able to explain why the eyewall of a hurricane grows larger in diameter with 

increasing altitude. 

10. Know and be able to apply the equations for conservation of angular momentum 

in hurricanes.   You will not have to memorize the equations 

11. Be familiar with possible trends linking climate change with hurricane frequency 

and intensity 

 

Drylines 

 

1. Know the physical characteristics of drylines (e.g., location, duration, horizontal 

variations of atmospheric properties across, vertical structure). 

2. Know the conditions necessary for the formation of drylines. 

3. Be able to explain the mechanism by which drylines move and the reasons for the 

strongly diurnal cycle. 

4. Understand why convection tends to be triggered near drylines and be able to 

explain why storms often are triggered well out ahead. 

 
Sea and Land Breezes 
 

1. Be able to explain the physical characteristics of sea and land breezes. 

2. Know the vertical and horizontal structure of the temperature, wind and pressure 

fields in sea and land breezes. 

3. Be able to explain the life cycle of the sea and land breezes and the associated 

meteorological structures in wind, pressure, and temperature. 

4. Know the typical cloud distribution of sea and land breezes and the factors that 

give rise to them. 

5. Understand how sea and land breezes are similar to density currents.Be able to 

explain how pressure-density solenoids are responsible for the local circulation of 

sea and land breezes.  You should be able to do this using equations as well as 

diagrams. 

6. Understand and be able to explain the significance of land and sea breezes from 

societal points of view, i.e., what is their significance in the context of convective 

initiation, air pollution, etc? 

 
Horizontal Convective Rolls 
 

1. Be able to describe the physical characteristics (including horizontal and vertical 

structure) of HCRs and the environmental conditions favorable for their 

development. 

2. Know the significance of HCRs in creating fine-scale temperature and moisture 

variations in the planetary boundary-layer and the reasons behind them. 

3. Be able to explain the significance of HCRs in convective initiation. 

4. Know and be able to explain how HCRs interact with the seabreeze to initiate 

moist convection. 
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Lake Effect Snow Storms 

 

1. Be able to define lake effect snow storms and know the general conditions 

favorable for their development. 

2. Know which regions within the US are most susceptible to lake effect snow 

storms and explain the reasons why. 

3. Understand the roles of fetch and other important physical mechanisms in lake 

effect snow storms. 

 

Tornadoes 

 

1. Be able to define a tornado 

2. Be familiar with key tornado statistics (geographic distribution, temporal 

frequency, mortality trends) 

3. Understand the relationship between shear and CAPE for tornadic environments 

4. Know the general characteristics of tornadoes (azimuthal wind speeds, core 

diameters, path width, duration) 

5. Know the differences between and be able to explain the characteristics 

associated with Type I and Type II tornadoes 

6. Know the mathematical and physical definition of a Rankine vortex 

7. Be able to explain the general processes of tornadogenesis in Type I and Type II 

cases.   

8. Know the life cycle of classic tornadoes. 

9. Be able to explain the “downward” or so-called dynamic pipe effect theory of 

tornado formation 

10. Be able to explain the “ground upward” theory of tornado formation 

11. Given a diagram of idealized tornado structure, be able to explain the flow in each 

of the four key regions 

12. Have a general understanding of cyclic tornadogenesis 

13. Know the definition and significance of the swirl ratio and its role in our 

understanding of multiple vortex flows 

14. Understand the role of the downdraft and hook echo in tornado formation 

15. Know the characteristics and mechanisms of formation for non-supercell 

tornadoes 

16. Be able to explain the general notion of “thermodynamic speed limit” in the 

context of tornado dynamics. 


