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Chapter 14 Dynamics of Mountain-Solenoidal

Circulations
[Based on Ch. 6 of Mesoscale Dynamics (Lin 2007)]

6.6 Dynamics of mountain-plains solenoidal circulations

» The dynamics of mountain-plains solenoidal (MPS) circulations is a
little explored area of orographically influenced flow and weather
phenomena. This is mainly due to the complicated interactions
between orographic and thermal forcings.

» Taking into consideration sensible heating or cooling over elevated
terrain results in a considerably more complex flow than has been
considered until now. The classical view of orographically and
thermally forced winds in mountains includes the slope and
mountain-valley winds.

e During the day, the mountain serves as an elevated heat source due
to the sensible heat released by the mountain surface.

In a quiescent atmosphere, this can induce mountain upslope flow
or upslope wind, which in turn may initiate cumuli or
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thunderstorms over the mountain peak and produce orographic
precipitation.

e At night, the opposite occurs: surface cooling produces downslope
drainage flow.

» Based on observations, four stages in the development of a thermally forced

circulation generated by solar heating in a mountain valley have been identified
(e.g., Banta 1990):

I.  Before sunrise, the nocturnal inversion layer contains drainage flow,
which generally blows in a different direction from the winds above the
inversion. Just prior to sunrise, this very stable layer remains adjacent to
the surface;

II.  After sunrise, surface sensible heating erodes the inversion layer and
produces a shallow convective boundary layer (CBL) below the inversion
layer and the upslope flow;

III. The shallow CBL or upslope layer deepens as the surface heating
continues; and

IV. After the nocturnal inversion layer disappears during the afternoon, a
deep, well-mixed CBL is created.

Linear theories described in Sections 6.1 and 6.2 have been applied to study the combined
effects of orographic and thermal forcing for mesoscale mountain flow (e.g., Raymond 1972;
Smith and Lin 1982). Numerical modeling studies of the combined orographical and thermal
forcing have been explored as early as the 1960’s (e.g., Orville 1964, 1968). More
sophisticated numerical models with a variety of initial conditions have been adopted in the
more recent studies of mountain-plains solenoidal circulations. The results given by these
models have been verified by conventional observations as well as field experiments (e.g.
Tripoli and Cotton 1989; Wolyn and McKee 1994).

» Figure 6.26 shows a conceptual model for the daytime evolution of the
MPS circulation.
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Fig. 6.26: Conceptual model of the daytime evolution of the mountain-plains solenoidal
(MPS) circulation east of a mesoscale mountain under conditions of clear skies, steady-

state synoptic-scale situation, and light basic westerly wind (e.g., 5 ms™). Three primary
stages may be identified: (a) transition stage, (b) developing MPS stage, and (c)
migrating MPS stage. Symbols DIV, CONV, JET, C, H, CBL, and LCZ denote
divergence, convergence, katabatic jetlike flow, cold core, higher pressure, convective
boundaru layer, and leeside convergence zone, respectively. Regions of wind maximum
are shaded. Solid lines are the isentropes. (Adpated after Wolyn and McKee 1994)

The circulation primarily includes:
o Transitional stage
o Developing mountain-plain solenoidal (MPS) stage
o Migrating MPS stage.



The transitional stage occurs when the sun rises. The most pronounced
feature of the transition stage is the katabatic jetlike flow down the east
side of the mountain (Fig. 6.26a).

The slowing of the nocturnal jet on the eastern plains produces a
convergence that lifts the cold air, thus creating a stable core that is
shallower farther east of the barrier. This nocturnal katabatic flow
weakens as it is affected by the surface heating, and is replaced by a
mesoscale solenoidal circulation 3-4 h after sunrise (Fig. 6.26b).

A shallow convective boundary layer (CBL) is produced below the
inversion layer and an upslope flow is produced by the horizontal
pressure gradient force toward the slope in response to the buoyancy
associated with the surface sensible heating. The main upward motion
of the solenoidal circulation occurs in a narrow zone over the eastern
slope of the mountain, and is called the /eeside convergence zone
(LCZ). The LCZ lifts the air into the ambient air above, creating the
cold core (denoted by “C” in Fig. 6.26Db).

A strong sinking motion occurs to the east of the cold core, creating a
pressure trough in which the center of the solenoid is located. The
horizontal pressure gradient associated with the cold core and the
trough to the east produces a horizontal wind speed maximum. A broad
region of sinking motion is located to the east of the solenoid center.

At the later time of this stage, the sinking and horizontal warm-air
advection immediately east of the solenoid center is able to warm the
air enough to create a negative pressure gradient in the stable core

above the CBL.



The final stage of the mountain-plains solenoidal circulation is
characterized by the eastward migration (Fig. 6.26¢). Convergence
(divergence) near the height of the wind maximum region and
divergence (convergence) near the surface tend to produce sinking
motion ahead (behind) the horizontal wind maximum located beneath
the leading edge of the cold core.

The solenoid center is located in a pressure trough beneath the
eastward-moving leading edge of the cold core, while the LCZ remains
anchored over the lee slopes. Only the migrating MPS may be defined
as a disturbance, and as thus can significantly affect the atmosphere on
the plains located east of the system during the daytime circulations.
The CBL grows explosively and the depth of the upslope flow
increases when the solenoid passes a location.

The MPS has been shown to be responsible for producing a strong updraft, which in turn
generated the dominant wave of the second episode of gravity waves observed on 11-12 July
1981 during the Cooperative Convective Precipitation Experiment (Koch et al. 2001). A
gravity wave was generated as the updraft impinged upon a stratified shear layer above the
deep, well-mixed boundary layer developed by strong sensible heating over the Absaroka
Mountains. Explosive convection developed directly over the remnant gravity wave as an
eastward-propagating density current, produced by a rainband generated within the MPS
leeside convergence zone, merged with a westward-propagating density current in eastern
Montana. The complicated interactions of differing sensible heat contributions from complex
terrain, gravity waves, and convection indicate the need for increasingly detailed observations
and theories to verify existing MPS hypotheses and gravity wave generation.



Appendix 6.1: Laplace transform
If a function £{¢) is defined in the interval 0 <7< oo, where t and f(t) are real, then the function

f(s), defined by the Laplace integral
f&)=Lf )= fedt, (A6.1.1)

where s 1s a complex number. The transformation of f{#) into f (s) 1s called the Laplace transform,

which is often used to solve differential equations involving time. The first step is to apply
(A6.1.1) to transform the differential equation into the Laplace space. The second is to find the

solution for the unknown function f (s) in the Laplace space. The third step is to invert f (s)

back to the physical space f{(¢), i.e., to take the inverse Laplace transform. The actual inverse
Laplace transform involves the contour integration in the complex plane, but in practice it is often
performed by applying some known properties of Laplace transform, such as the linear property,

L(af (1) + bg (1)) = af (s) + b&(s) . (A6.1.2)

Some basic properties of Laplace transform and inverse Laplace transform can be found in
Hildebrand (1976), among other mathematical textbooks.

References

Adler, R. F., and R. A. Mack, 1986: Thunderstorm cloud top dynamics inferred from satellite
observations and a cloud top parcel model. J. Atmos. Sci., 43, 1945-1960.

Asai, T., 1972: Thermal instability of a shear flow turning the direction with height. J. Meteor.
Soc. Japan, 50, 525-532.

Baik, J.-J., and H.-Y. Chun, 1997: A dynamical model for urban heat islands. Bound.-Layer
Meteor., 83, 463-477.

Baik, J.-J., H.-S. Hwang, and H.-Y. Chun, 1999: Transient, linear dynamics of a stably stratified
shear flow with thermall forcing and a critical level. J. Atmos. Sci., 56, 483-499.

Banta, R. M., 1990: The role of mountain flows in making clouds. Atmospheric Processes over
Complex Terrain, Meteor. Monogr., 45, Amer. Meteor. Soc., 229-283.

Bretherton, C., 1988: Group velocity and the linear response of stratified fluids to internal heat or
mass sources. J. Atmos. Sci., 45, 81-93.

Bretherton, C., 1993: The nature of adjustment in cumulus cloud fields. The Representation of
Cumulus Convection in Numerical Models, Meteor. Monogr., 46, Amer. Meteor. Soc., 63-74.

Chun, H.-Y., and J.-J. Baik, 1994: Weakly nonlinear response of a stably stratified atmosphere to
diabatic focing in a uniform flow. J. Atmos. Sci., 51, 3109-3121.

Chun, H.-Y., and Y.-L. Lin, 1995: Enhanced response of an atmospheric flow to a line type heat
sink in the presence of a critical level. Meteor. Atmos. Phys., 55, 33-45.

Crook, N. A., and M. W. Moncrieff, 1988: The effect of large-scale convergence on the generation
and maintenance of deep moist convection. J. Atmos. Sci., 45, 3606-3624.



Dailey, P. S., and R. G. Fovell, 1999: Numerical simulation of the interaction between the sea-
breeze front and horizontal convective rolls. Part I: Offshore ambient flow. Mon. Wea. Rev.,
127, 858-878.

Dalu, G. A., and R. A. Pielke, 1989: An analytical study of the sea breeze. J. Atmos. Sci., 46, 1815-
1825.

Doyle, J. D., and T. T. Warner, 1993: Nonhydrostatic simulations of coastal mesoscale vortices
and frontogenesis. Mon. Wea. Rev., 121, 3371-3392.

Fovell, R. G. 2005: Convective initiation ahead of the sea-breeze front. Mon. Wea. Rev., 133, 264-
278.

Garstang, M., P. D. Tyson, and G. D. Emmitt, 1975: The structure of heat islands. Rev. Geophys.
Space Phys., 13, 139-165.

Heymsfield, G. M., and R. H. Blackmer, Jr., 1988: Satellite-observed characteristics of Midwest
severe thunderstorm anvils. Mon. Wea. Rev., 116, 2200-2224.

Hildebrand, F. B., 1976: Advanced Calculus for Applications. 2nd Ed., Prentice-Hall Inc., USA,
733pp.

Hjelmfelt, M. R., 1982: Numerical simulations of the effects of St. Louis on mesoscale boundary
layer airflow and vertical air motion: Simulations of urban vs non-urban effects. J. 4Appl.
Meteor., 31, 1239-1257.

Hsu, H.-M., 1987: Mesoscale lake-effect snowstorms in the vicinity of Lake Michigan: Linear
theory and numerical simulations. J. Atmos. Sci., 44, 1019-1040.

Kimura, R., and T. Eguchi, 1978: On dynamical processes of sea- and land-breeze circulation. J.
Meteor. Soc. Japan, 56, 67-85.

Koch, S. E., F. Zhang, M. L. Kaplan, Y.-L. Lin, R. P. Weglarz, and C. M. Trexler, 2001: Numerical
simulations of a gravity wave event over CCOPE. Part III: The role of a mountain-plains
solenoid in the generation of the second wave episode. Mon. Wea. Rev., 129, 909-933.

Lin, C. A., and R. E. Stewart, 1991: Diabatically forced mesoscale circulations in the atmosphere.
Adv. Geophys., 33, B. Saltzman (Ed.), Academic Press, NY, 267-305.

Lin, Y.-L., 1986: Calculation of airflow over an isolated heat source with application to the
dynamics of V-shaped clouds. J. Atmos. Sci., 43, 2736-2751.

Lin, Y.-L., 1987: Two-dimensional response of a stably stratified flow to diabatic heating. J.
Atmos. Sci., 44, 1375-1393.

Lin, Y.-L., 1989: Inertial and frictional effects on stratified hydrostatic airflow past an isolated
heat source. J. Atmos. Sci., 46, 921-936.

Lin, Y.-L., 1990: A theory of cyclogenesis forced by diabatic heating. Part II: A semi-geostrophic
approach. J. Atmos. Sci., 47, 1755-1777.

Lin, Y.-L., 1996: Structure of dynamically unstable shear flow and their implications for shallow
internal gravity waves. Part II: Nonlinear response. Meteor. Atmos. Phys., 59, 153-172.

Lin, Y.-L., and H.-Y. Chun, 1991: Effects of diabatic cooling in a shear flow with a critical
level. J. Atmos. Sci., 48, 2476-2491.



Lin, Y.-L., and S. Li, 1988: Three-dimensional response of a shear flow to elevated heating. J.
Atmos. Sci., 45, 2987-3002.

Lin, Y.-L., and R. B. Smith, 1986: Transient dynamics of airflow near a local heat source. J.
Atmos. Sci., 43, 40-49.

Lin, Y.-L., T.-A. Wang, and R. P. Weglarz, 1993: Interaction between gravity waves and cold air
outflows in a stably stratified uniform flow. J. Atmos. Sci., 50, 3790-3816.

Lyons, W. A., and L. E. Olsson, 1972: The climatology and prediction of the Chicago lake breeze.
J. Appl. Meteor., 11, 1254-1272.

Nicholls, M. E., R. A. Pielke, and W. R. Cotton, 1991: Thermally forced gravity waves in an
atmosphere at rest. J. Atmos. Sci., 48, 1869-1884.

Niino, H., 1987: The linear theory of land and sea breeze circulation. J. Meteor. Soc. Japan, 65,
901-921.

Ogura, Y., and M.-T. Liou, 1980: The structure of a midlatitude squall line: A case study. J. Atmos.
Sci., 37, 553-567.

Olfe, D. B., and R. L. Lee, 1971: Linearized calculation of urban heat island convection effects.
J. Atmos. Sci., 28, 1374-1388.

Orville, H. D., 1964: On mountain upslope winds. J. Atmos. Sci., 21, 622-633.

Orville, H. D., 1968: Ambient wind effects on the initiation and development of cumulus clouds
over mountains. J. Atmos. Sci., 25, 385-403.

Raymond, D. J., 1972: Calculation of airflow over an arbitrary ridge including diabatic heating
and cooling. J. Atmos. Sci., 29, 837-843.

Raymond, D. J., and R. Rotunno, 1989: Response of a stably stratified flow to cooling. J. Atmos.
Sci., 46, 2830-2837.

Reuter, G. W., and O. Jacobsen, 1993: Effects of variable wind shear on the mesoscale circulation
forced by slab-symmetric diabatic heating. Atmosphere-Ocean, 31, 451-469.

Riordan, A. J., 1990: Examination of the mesoscale features of the GALE coastal front of 24-25
January 1986. Mon. Wea. Rev., 118, 258-282.

Riordan, A. J., and Y.-L. Lin, 1992: Mesoscale wind signatures along the Carolina coast. Mon.
Wea. Rev., 120, 2786-2797.

Robichaud, A., and C. A. Lin, 1989: Simple models of diabatically forced mesoscale circulations
and a mechanism for amplification. J. Geophys. Res., 94, D3, 3413-3426.

Rotunno, R., 1983: On the linear theory of the land and sea breeze. J. Atmos. Sci., 40, 1999-2009.

Schmidt, J. M., and W. R. Cotton, 1990: Interactions between upper and lowetr atmospheric
gravity waves on squall line structure and maintenance. J. Atmos. Sci., 47, 1205-1222.

Simpson, J. E., 1994: Sea Breeze and Local Winds. Cambridge University Press, 234pp.

Smith, R. B., 1980: Linear theory of stratified hydrostatic flow past an isolated mountain. Tellus,
32, 348-364.

Smith, R. B., and Y.-L. Lin, 1982: The addition of heat to a stratified airstream with application
to the dynamics of orographic rain. Quart. J. Roy. Meteor. Soc., 108, 353-378.



Song, 1.-S., and H.-Y. Chun, 2005: Momentum flux spectrum of convectively forced internal
gravity waves and its application to gravity wave drag parameterization. Part I: Theory. J.
Atmos. Sci., 62, 107-124.

Sousounis, P. J., and H. N. Shirer, 1992: Lake aggregate mesoscale disturbances. Part I: Linear
analysis. J. Atmos. Sci., 49, 80-96.

Sun, W.-Y., 1978: Stability analysis of cloud streets. J. Atmos. Sci., 35, 466-483.

Sun, W.-Y., and I. Orlanski, 1981a: Large mesoscale convection and sea breeze circulation. Part
I: Linear stability analysis. J. Atmos. Sci., 38, 1675-1693.

Sun, W.-Y., and I. Orlanski, 1981b: Large mesoscale convection and sea breeze circulation. Part
2: Non-Linear numerical model. J. Atmos. Sci., 38, 1694-1706.

Szeto, K. K., C. A. Lin, and R. E. Steward, 1988: Mesoscale circulations forced by melting snow.
II: Application to meteorological features. J. Atmos. Sci., 45, 1642-1650.

Thorpe, A. J., M. J. Miller, and M. W. Moncrieff, 1980: Dynamical models of two-dimensional
downdraughts. Quart. J. Roy. Meteor. Soc., 106, 463-484.

Tripoli, G. J., and W. R. Cotton, 1989: Numerical study of an observed mesoscale convective
system. Part I: Simulated genesis and comparison with observations. Mon. Wea. Rev., 117,
273-304.

Wang, P. K., 2003: Moisture plumes above thunderstorm anvils and their contributions to cross-
tropopause transport of water vapor in midlatitudes. J. Geophys. Res., 108, D6, 4194-4208.
Wolyn, P. G., and T. B. McKee, 1994: The mountain-plains circulation east of a 2-km-high north-

south barrier. Mon. Wea. Rev., 122, 1490-1508.

Xie, L., and Y.-L. Lin, 1996: Responses of low-level flow to an elongated surface heat source

with application to coastal frontogenesis. Mon. Wea. Rev., 124, 2807-2827.



	Bretherton, C., 1988: Group velocity and the linear response of stratified fluids to internal heat or mass sources. J. Atmos. Sci., 45, 81-93.
	Chun, H.-Y., and J.-J. Baik, 1994: Weakly nonlinear response of a stably stratified atmosphere to diabatic focing in a uniform flow. J. Atmos. Sci., 51, 3109-3121.
	Chun, H.-Y., and Y.-L. Lin, 1995:  Enhanced response of an atmospheric flow to a line type heat sink in the presence of a critical level.  Meteor. Atmos. Phys., 55, 33-45.
	Crook, N. A., and M. W. Moncrieff, 1988: The effect of large-scale convergence on the generation and maintenance of deep moist convection. J. Atmos. Sci., 45, 3606-3624.
	Dailey, P. S., and R. G. Fovell, 1999: Numerical simulation of the interaction between the sea-breeze front and horizontal convective rolls. Part I: Offshore ambient flow. Mon. Wea. Rev., 127, 858-878.
	Dalu, G. A., and R. A. Pielke, 1989: An analytical study of the sea breeze. J. Atmos. Sci., 46, 1815-1825.
	Doyle, J. D., and T. T. Warner, 1993: Nonhydrostatic simulations of coastal mesoscale vortices and frontogenesis. Mon. Wea. Rev., 121, 3371-3392.
	Garstang, M., P. D. Tyson, and G. D. Emmitt, 1975: The structure of heat islands. Rev. Geophys. Space Phys., 13, 139-165.
	Heymsfield, G. M., and R. H. Blackmer, Jr., 1988: Satellite-observed characteristics of Midwest severe thunderstorm anvils. Mon. Wea. Rev., 116, 2200-2224.
	Nicholls, M. E., R. A. Pielke, and W. R. Cotton, 1991: Thermally forced gravity waves in an atmosphere at rest. J. Atmos. Sci., 48, 1869-1884.
	Niino, H., 1987: The linear theory of land and sea breeze circulation. J. Meteor. Soc. Japan, 65, 901-921.
	Ogura, Y., and M.-T. Liou, 1980: The structure of a midlatitude squall line: A case study. J. Atmos. Sci., 37, 553-567.
	Olfe, D. B., and R. L. Lee, 1971: Linearized calculation of urban heat island convection effects.  J. Atmos. Sci., 28, 1374-1388.
	Orville, H. D., 1964: On mountain upslope winds. J. Atmos. Sci., 21, 622-633.
	Orville, H. D., 1968: Ambient wind effects on the initiation and development of cumulus clouds over mountains. J. Atmos. Sci., 25, 385-403.
	Raymond, D. J., 1972: Calculation of airflow over an arbitrary ridge including diabatic heating and cooling. J. Atmos. Sci., 29, 837-843.
	Raymond, D. J., and R. Rotunno, 1989: Response of a stably stratified flow to cooling. J. Atmos. Sci., 46, 2830-2837.
	Reuter, G. W., and O. Jacobsen, 1993: Effects of variable wind shear on the mesoscale circulation forced by slab-symmetric diabatic heating. Atmosphere-Ocean, 31, 451-469.
	Riordan, A. J., 1990: Examination of the mesoscale features of the GALE coastal front of 24-25 January 1986. Mon. Wea. Rev., 118, 258-282.
	Riordan, A. J., and Y.-L. Lin, 1992:  Mesoscale wind signatures along the Carolina coast.  Mon. Wea. Rev., 120, 2786-2797.
	Robichaud, A., and C. A. Lin, 1989: Simple models of diabatically forced mesoscale circulations and a mechanism for amplification. J. Geophys. Res., 94, D3, 3413-3426.
	Rotunno, R., 1983: On the linear theory of the land and sea breeze. J. Atmos. Sci., 40, 1999-2009.
	Schmidt, J. M., and W. R. Cotton, 1990: Interactions between upper and lowetr atmospheric gravity waves on squall line structure and maintenance. J. Atmos. Sci., 47, 1205-1222.
	Simpson, J. E., 1994:  Sea Breeze and Local Winds.  Cambridge University Press, 234pp.
	Smith, R. B., 1980: Linear theory of stratified hydrostatic flow past an isolated mountain. Tellus, 32, 348-364.
	Szeto, K. K., C. A. Lin, and R. E. Steward, 1988: Mesoscale circulations forced by melting snow. II: Application to meteorological features. J. Atmos. Sci., 45, 1642-1650.
	Thorpe, A. J., M. J. Miller, and M. W. Moncrieff, 1980:  Dynamical models of two-dimensional downdraughts.  Quart. J. Roy. Meteor. Soc., 106, 463-484.
	Tripoli, G. J., and W. R. Cotton, 1989: Numerical study of an observed mesoscale convective system. Part I: Simulated genesis and comparison with observations. Mon. Wea. Rev., 117, 273-304.
	Wang, P. K., 2003: Moisture plumes above thunderstorm anvils and their contributions to cross-tropopause transport of water vapor in midlatitudes. J. Geophys. Res., 108, D6, 4194-4208.

