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ABSTRACT
Numerical simulations of supercell thunderstorms that include parameterized radiative transfer and surface
fluxes are performed using the Advanced Regional Prediction System (ARPS) to investigate the effects of
anvil shadows on the near-storm environment. If the simulated storm is nearly stationary, the maximum lowlevel air temperature deficits within the shadows are about 2 K, which is roughly half the cooling found in
some previous observations. It is shown that the extinction of downwelling shortwave radiation by the anvil
cloud creates a differential in the flux of downwelling shortwave radiation between the sun and the shade that
is at least an order of magnitude greater than the differential of any other term in either the surface radiation
or the surface energy budgets. The loss of strong solar heating of the model surface within the shaded regions
leads to a reduction of surface temperatures and stabilization of the model surface layer beneath the anvil.
The reduction in vertical mixing results in a shallow, strongly vertically sheared layer near the surface and
calmer near-surface winds, which are limited to regions in the anvil shadow. This difference in radiative
heating is shown not to affect the vertical thermodynamic or wind profiles above the near-surface layer
(approximately the lowest 500 m). It is also found that these results are highly sensitive to the magnitude of
the near-surface winds. If the initial hodograph is shifted such that the simulated storm acquires a substantial
eastward propagation speed, the temperature deficit within the shadow is greatly diminished. This is due to
both a weaker surface sensible heat flux and less time during which surface cooling and boundary layer
stabilization can occur beneath the anvil.

1. Introduction
Observations have established that the extinction of
the direct solar beam by the anvil clouds of supercell
thunderstorms can cause significant reductions in the net
radiative flux at the surface, creating low-level air temperature deficits of up to 4 K beneath the anvils of the
storms (Markowski et al. 1998). Dowell and Bluestein
(1997) also observed a gradual 5-K temperature decrease
between full sun and the onset of light precipitation in
instrumented tower measurements of another supercell
thunderstorm. Since this temperature drop was gradual,
it was not likely that the full temperature decrease was
caused by the passage of a gust front or other atmospheric boundary over the instrumented tower. These
cases strongly suggest that these particular supercell
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thunderstorms modified their environments via the extinction of shortwave radiation by their anvil clouds. Other
observations (e.g., Markowski et al. 2002; Shabbott and
Markowski 2006; Beck et al. 2006; Frame et al. 2009a)
have indicated that low-level buoyancy gradients associated with precipitation and outflow may not be as sharp as
suggested by some of the earlier simulations of supercells
(e.g., Rotunno and Klemp 1982; Klemp and Rotunno
1983), quite likely, at least in part, as a result of shading
and cooling of the inflow. Furthermore, most supercell
thunderstorms occur during the late afternoon and early
evening hours (e.g., Kelly et al. 1978), which, when combined with the typical westerly orientation of the shear
vector in midlatitudes, results in a nearly parallel orientation of the incident solar radiation and the thunderstorm anvil, meaning that the anvil shadow often
covers much of a supercell’s inflow. Any shading effects
would likely be minimized, however, for cases in which
inflow to the updraft does not originate, and hence
cannot be modified, within the shadowed region beneath the anvil.
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Markowski and Harrington (2005) included a cloud
shading parameterization in an idealized supercell simulation and obtained near-surface air temperature deficits
as large as 5 K beneath the anvil. The surface radiative
cooling was admittedly crude, with a constant prescribed
cooling rate of 6 K h21 applied to any surface grid point
at which cloud was overhead. It was stressed in that study
that the size of the anvil was likely underdone because the
simulations only considered warm-rain (Kessler 1969)
processes and, thus, the anvil likely did not spread as far
downwind as it would have had ice microphysics been
used. Nevertheless, that study demonstrated that the
inclusion of radiative processes in supercell simulations
could create a large mass of radiatively cooled air beneath
the anvil. The presence of this cooler air could lead to a
weaker forward-flank baroclinic zone and the development of a radiatively driven baroclinic zone near the
edge of the cloud shadow.
The overwhelming majority of previous convective
storm simulations, particularly parameter space studies,
have generally been initialized with a single thermodynamic sounding and wind profile over a horizontally homogeneous domain (e.g., Wilhelmson and Klemp 1978;
Klemp and Wilhelmson 1978; Klemp and Rotunno 1983;
Rotunno and Klemp 1985; Droegemeier et al. 1993;
Brooks et al. 1994; Gilmore and Wicker 1998; McCaul
and Cohen 2002; Kirkpatrick et al. 2007). Other factors,
such as surface friction, surface heat and moisture fluxes,
and the Coriolis force have been routinely neglected so
that the base state does not evolve in time, which makes
the interpretation of the results easier. To properly model
the effects of radiation on the atmospheric boundary
layer, surface fluxes must be included in the simulations.
Likewise, radiation also has been neglected in most previous supercell simulations. Various reasons have been
given, including computational expediency, that radiative
processes are not as important as other convective-scale
processes (Trier et al. 1997, 1998), and that convective
storms are ‘‘largely dynamically (not radiatively) driven’’
(Finley et al. 2001). It is possible that the shading of a
large portion of a storm’s inflow from solar radiation
could lead to potentially large changes in the near-storm
environment. It is the purpose of this paper to identify,
through a series of idealized simulations, how radiation
alters the near-storm environment of supercell thunderstorms. Forthcoming papers will examine what, if any,
dynamical consequences on simulated storm intensity and
evolution result.
Supercell thunderstorms were chosen for this study
because they have been extensively studied and are relatively isolated, long-lived, and more steady compared to
other forms of deep moist convection. Ordinary convection and multicellular convection, for example, exhibit

updrafts and rotational characteristics that are much
more transient when compared to those of supercells.
Additionally, interactions between convective cells are
far more common for ordinary and multicellular storms,
which limits the reproducibility of simulations of those
convective modes when compared to supercells. Supercells also generally possess stronger updrafts than other
convective modes, meaning that the anvils of supercells
are usually more optically thick than anvils associated
with other forms of convection.
Section 2 describes the model setup, methodology, and
the radiative transfer model. A description of the radiative modifications to the near-storm environment is found
in section 3. A discussion of the surface energy budget
and anvil shadow formation is found in section 4. A summary of the results is presented in section 5.

2. Model description
a. Model parameters
The Advanced Regional Prediction System (ARPS)
model, version 5.1.5 (Xue et al. 2000, 2001) was employed
for all simulations. ARPS is a nonhydrostatic, fully compressible model, capable of numerical weather prediction
within both synoptic-scale and mesoscale domains. Most
simulations were run on a grid that is 160 km in the east–
west direction x, 150 km in the north–south direction y,
and 18 km in the vertical direction z. All simulations were
integrated for 5 h.
Open radiation boundary conditions were imposed
at all lateral boundaries of the domain as described by
Orlanski (1976). The relaxation coefficient was set to zero
in all simulations because the use of a nonzero relaxation
coefficient introduced artificial gradients of momentum,
heat, and moisture near the domain boundaries. A zerogradient lateral boundary condition was also tested, but
was not used owing to undesirable wave reflections at the
lateral boundaries (e.g., Durran 1999, p. 419). A rigid lid
exists at the top of the domain, and a Rayleigh sponge
layer was imposed within the top 5 km of the model domain to damp any vertically propagating gravity waves
(Klemp and Durran 1983).
The simulations employ a horizontal grid spacing of
1 km. This spacing is sufficient to capture the basic circulation of a supercell thunderstorm (e.g., Rotunno and
Klemp 1982). The vertical grid is a stretched terrainfollowing grid with an average spacing of 500 m and a
minimum spacing of 50 m near the surface. The large
time step used is 1.5 s, which is necessitated by the relatively fine grid resolution near the surface. The terrain
is flat in all simulations. Fourth-order numerical diffusion was employed to remove the spurious 2D x and 4D x
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FIG. 1. (a) Skew T–logp diagram depicting the initial vertical profiles of temperature and moisture. The CAPE, CIN, 0–3-km stormrelative helicity (SRH), and the bulk Richardson number (BRN) are indicated on the sounding. (b) Hodograph depicting the initial
vertical wind profile. Winds are shown in m s21. Speed rings are shown at 5, 15, and 25 m s21. Elevations are shown at selected points
on the hodograph in km.

waves that develop as a result of the leapfrog advection
schemes within ARPS. Both the horizontal and vertical
numerical damping coefficients were chosen to be 1023,
which was large enough to remove many of the spurious
disturbances that initiated secondary convection within
the model, but small enough such that the supercell storm
structures remained relatively unaffected.
A six-species cloud microphysics package was used,
which includes water vapor qv, rainwater qr, cloud water
qc, cloud ice qi, snow qs, and hail/graupel qh (Lin et al.
1983) with adjustments made by Tao et al. (1989) and Tao
TABLE 1. List of simulations and their descriptions.
Simulation

Description

TICA0
NoCDM0
NoCDH0

Baseline radiation simulation
Surface momentum flux excluded
Surface heat and moisture
fluxes excluded
Longwave radiation excluded
Shortwave radiation excluded
ICA used instead of TICA
Radiation prohibited from
interacting directly with cloud
TICA0 with hodograph translated
eastward 25 m s21
IC0 with hodograph translated
eastward 25 m s21

NoLW0
NoSW0
ICA0
IC0
TICA5W
IC5W

and Simpson (1993). The turbulence routine contains a
1.5-order turbulent kinetic energy (TKE) closure of the
Deardorff (1980) subgrid mixing scheme and is anisotropic, owing to the relatively fine vertical resolution near
the surface when compared with the horizontal resolution.
There was no planetary boundary layer parameterization
included in the present simulations. Additional details on

TABLE 2. Model physical and computational parameters.
Parameter

Symbol

Value

Grid center
Domain size
Horizontal resolution
Average vertical resolution
Min vertical resolution
Large time step
Small time step
Coriolis parameter
Numerical damping
coefficient
Surface roughness
Initialization time

f0, l0
x, y, z
Dx, Dy
Dz
Dzmin
Dt
Dt
f
C

368N, 1008W
160 3 150 3 18 km
1 km
500 m
50 m
1.5 s
0.5 s
0.0 s21
1023

zro
t0

Horizontal radius of thermal
Vertical radius of thermal
Center of thermal
Magnitude of thermal

xrt, yrt
zrt
xct, yct, zct
u0

0.15 m
1800 UTC
(1200 LST), 20 May
10 km
1.5 km
40 km, 45 km, 1.5 km
4.0 K
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FIG. 2. Domain-averaged vertical profiles of zonal u velocity (m s21) after 3 h of simulation time. (a)–(f) The
dashed curves indicate the profile for the TICA0 simulation and the solid curves indicate profiles from the
(a) NoCDH0, (b) NoCDM0, (c) NoLW0, (d) NoSW0, (e) ICA0, and (f) IC0 simulations. See text for explanation of
simulation names.
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FIG. 3. As in Fig. 2, but for the meridional y velocity.
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FIG. 4. Domain-averaged hodographs (m s21) after 3 h of simulation time. (a)–(f) The dashed curves
indicate the hodograph for the TICA0 simulation and the solid curves indicate hodographs from the
(a) NoCDH0, (b) NoCDM0, (c) NoLW0, (d) NoSW0, (e) ICA0, and (f) IC0 simulations. Speed rings
are at 5, 15, and 25 (m s21) and the black dots reflect the origin of each hodograph.
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FIG. 5. As in Fig. 2, but for vertical profiles of radiative heating rate (K h21).
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FIG. 6. Skew T–logp diagrams depicting the domain-averaged vertical profiles of temperature and moisture after
3 h of simulation time over the lowest 300 mb of the domain for the (a) NoCDH0, (b) NoCDM0, (c) NoLW0,
(d) NoSW0, (e) ICA0, and (f) IC0 simulations. The gray curves indicate the corresponding profiles for the TICA0
simulation. Note that the respective profiles are sometimes so close to the TICA0 profile that they are indistinguishable from each other. (left to right) Mixing ratio lines for 3, 5, 8, 12, and 20 g kg21.

the subgrid-scale closure and boundary turbulence schemes
can be found in Xue et al. (1996).
The fluxes of momentum, heat, and moisture from the
surface are determined according to bulk aerodynamic
drag laws. The equations for the surface drag are
t x,z 5 rCdm juju,

(1)

t y,z 5 rCdm jujy,

(2)

where r is the air density, Cdm is the dimensionless drag
coefficient, u is the total wind speed at the lowest model
level, and u and y are the zonal and meridional components of the surface wind vector, respectively. The surface
drag is incorporated into the model equations through the
stress tensor, t, in the subgrid turbulent mixing routines.
The surface heat flux, H, is given by
H 5 rcpCdh juj(T s  T a ),

(3)

in which cp is the specific heat of air at constant pressure
(taken to be a constant 1004 J kg21 K21), Cdh is the

dimensionless heat transfer coefficient, Ts is the temperature of the soil surface, and Ta is the air temperature
at the lowest model level. The surface moisture flux has
a similar formulation and can be found in Noilhan and
Planton (1989).
The exchange coefficients are forecasted according
to stability criteria as defined by the bulk Richardson
number, Rib. The surface roughness length used was
15 cm, which is slightly larger than that found in lookup
tables for open grasslands characteristic of the Great
Plains of the United States (e.g., Stull 1988, p. 380). Other
investigators (e.g., Chamecki et al. 2009) have also used
similar roughness lengths in their work, such as the investigation of turbulent fluxes and pollen dispersion
near a ragweed field. Much uncertainty exists over the
proportion of the thermal roughness length to the momentum roughness length, so they were set equal in this
study (Xue et al. 2001). Under unstable or neutral conditions, which are characterized by a Rib that is negative
or zero, respectively, the surface drag coefficients are
calculated according to the method outlined by Byun
(1990). For stable conditions, the drag coefficients are
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FIG. 7. Downwelling shortwave radiation flux at the surface (W m22, contoured) and rainwater mixing ratio (g kg21, shaded) after 3 h of simulation time for the (a) TICA0 simulation
and (b) IC0 simulation. Wind vectors at 25 m (m s21) are also plotted and scaled as indicated.
Contour interval is 100 W m22 in (a) and 10 W m22 in (b).

prognosed according to the empirical method outlined in
Louis et al. (1982). In the full sun away from the storm, the
momentum drag coefficient is about 0.006 and the heat
transfer coefficient is about 0.004, which agree with
those given by Arya (1988, p. 168).
The soil model is the two-layer force-restore scheme
described by Noilhan and Planton (1989). In this model,
the soil is composed of two layers. The upper layer is the
topmost centimeter or less of the soil (i.e., the skin), while
the bottom layer acts as the deep soil. Clay soils are used
for all simulations herein. The initial skin temperature is
303 K (which matches the initial air temperature at the
lowest model level), the initial deep soil temperature is
293 K (which changes less than 1.0 K during a simulation), both layers have an initial dimensionless moisture
content of 0.35, and the time step for the soil model
is 1.5 s.

b. Radiative transfer model
The National Aeronautics and Space Administration
(NASA) Goddard Cumulus Ensemble radiative transfer
model was used for both shortwave (Chou 1990, 1992;
Chou et al. 1998) and longwave (Tao et al. 1996; Chou
et al. 1999) radiation. This model allows for the absorption, scattering, and emission of radiation by atmospheric
constituents, including clouds and gases. The surface radiation budget can be expressed as
Rn 5 SWY SW[1 LWY  LW[.

(4)

The downwelling shortwave radiation, SWY, consists of
both the direct solar beam and the diffuse shortwave radiation that has been scattered downward by atmospheric
constituents. The upwelling shortwave radiation, SW[,
has been reflected by the model surface. The downwelling
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FIG. 8. As in Fig. 7, but for upwelling shortwave radiation flux from the surface. Contour
interval is 10 W m22 in (a) and 3 W m22 in (b).

longwave radiation, LWY, has been emitted by atmospheric
gases and clouds, and the upwelling longwave radiation,
LW[, is radiation that has been emitted by the surface.
Most mesoscale models compute solar radiative transfer with the independent column approximation (ICA),
which only allows for the vertical propagation of radiation (Meador and Weaver 1980). In the ICA, all vertical
model columns are assumed to be plane parallel with
infinite horizontal extent. Thus, the transfer of radiation
is not permitted between columns (Cahalan et al. 2005),
which limits any shadowing effects to surface regions
directly beneath clouds. Although the ICA does not
capture the correct solar geometry, it accounts for the
extended pathlength taken by the slanted beam.
The tilted independent pixel approximation, or tilted
independent column approximation (TICA), as described
by Varnai and Davies (1999), is similar to the ICA, except
that the model columns make an angle with the horizontal
plane that is equal to the angle of incidence of the direct

solar beam. This method is generally more accurate than
the ICA in complex cloud fields (Varnai and Davies 1999;
Frame et al. 2009b). One important caveat is that the
TICA does not allow the transfer of radiation between
slanted columns by multiple scattering, meaning that it
does not capture the fully three-dimensional nature of
atmospheric radiative transfer.
The TICA can be implemented through a simple coordinate transformation within the radiative transfer subroutine which was validated for use within ARPS and
described in detail in Frame et al. (2009b), and is similar
to the approach used by Wapler and Meyer (2008). In the
Frame et al. study, the net surface shortwave radiation
fluxes from simulations using both the ICA and the TICA
were compared to those from a Monte Carlo model that
was run on static cumulonimbus cloud fields. It was found
that the TICA shortwave flux fields matched those from
the Monte Carlo model much more closely than did those
from the ICA.
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FIG. 9. As in Fig. 7, but for downwelling longwave radiation. Contour interval is 10 W m22.

Three-dimensional (3D) radiative transfer in complex
cloud fields has been computed stochastically via Monte
Carlo techniques (e.g., O’Hirok and Gautier 2005) and
explicitly with spherical harmonics-discrete ordinates
methods (e.g., Evans 1998; Di Giuseppe and Tompkins
2003). A brief review of these methods can be found in
Cahalan et al. (2005). Both of these methods are far too
computationally expensive to be considered in the present study. Previous investigators have generally only
performed such analyses on static cloud fields; that is, the
radiative transfer calculations are generally performed after the model output has been produced, thus precluding
the radiative fluxes from influencing the mesoscale model
output (e.g., O’Hirok and Gautier 2005).

c. Model initialization and simulations
The ARPS model is initialized from a horizontally homogeneous base state, which is subsequently modified
by convection, surface physics, and radiation. The thermodynamic profile is shown in Fig. 1a and is used to

initialize all simulations. This sounding includes a small
capping layer of increased static stability to preclude both
the widespread development of secondary convection
and the rapid depletion of low-level moisture after a few
hours of simulated radiative heating. The initial boundary
layer lapse rate is 9.0 K km21 and was chosen to approximate a daytime convective boundary layer. The initial
boundary layer lapse rate was not set to dry neutral in an
attempt to reduce the strength of the cap used at model
initialization. This sounding contains 2465 J kg21 convective available potential energy (CAPE), 47 J kg21
convective inhibition (CIN), 0–3-km storm-relative helicity
(assuming stationary storm motion) of 470 m2 s22 and
has a bulk Richardson number (Weisman and Klemp
1982) of 11.1

1

CAPE and CIN were calculated for surface parcels, assumed
pseudoadiabatic ascent, and included the effects of water vapor on
buoyancy.
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FIG. 10. As in Fig. 7, but for upwelling longwave radiation. Contour interval is 10 m s21.

The initial vertical wind profile consists of a semicircular
hodograph shifted relative to the origin such that the resultant storm motion was approximately stationary. Thus,
the domain was stationary for all simulations. In this wind
profile, vertical wind shear is confined to the lowest 6 km
and the 0–6-km wind differential is 40 m s21. A stationary
storm motion was chosen to create the largest temperature
deficit possible because the same areas of the model surface
would exhibit cooling for a longer period of time. Two
additional simulations were performed in which the initial
hodograph was translated eastward by 25 m s21, resulting
in an eastward storm motion that approached 25 m s21 and
initial surface winds of approximately 5 m s21. These simulations utilized a domain that extended 400 km in the
east–west direction, necessitated by the rapid eastward
storm motion. A complete list of the simulations described
herein can be found in Table 1. All simulations are initialized at 1800 UTC (1300 CDT) on 20 May. The model grid
was centered at 368N, 1008W, which roughly corresponds to
western Oklahoma and the eastern Texas Panhandle.

Convection is initiated with an ellipsoidal warm bubble that has a radius of 10 km in each horizontal direction
and 1.5 km in the vertical direction. The warm bubble
had a maximum amplitude of 4 K, necessary to overcome
the capping inversion prescribed in the initial sounding.
The warm bubble is placed 40 km (depending on the
simulation) from the western border of the domain and
45 km from the southern border of the domain such that
the resultant anvil is able to spread downstream from the
parent updraft without encountering any edges of the
domain. The thermal is centered at 1.5 km above ground
level for all simulations. Table 2 contains a brief overview
of the various computational, physical, and initial parameters used in these simulations.
Simulations were performed that include a radiative
transfer parameterization that uses either the TICA (e.g.,
simulation TICA0) or the ICA (e.g., ICA0) in order to
gauge the effect of the correct solar geometry on the
storm environment. The simulations in which the hodograph was shifted eastward are TICA5W and IC5W,
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FIG. 11. As in Fig. 7, but for total radiative flux at the surface. Contour interval is 50 W m22.

respectively. Other simulations were run with shortwave radiation only (e.g., NoLW0), longwave radiation
only (e.g., NoSW0), without various surface fluxes (e.g.,
NoCDM0, NoCDH0), and with an invisible cloud (e.g.,
IC0). In the IC simulations, all radiation was prohibited
from interacting with the cloud or any precipitation
particles.

3. Domain-averaged fields
Both radiation and surface fluxes may significantly alter
the domain-averaged fields of thermodynamic variables
such as water vapor and potential temperature, and the
horizontal and vertical momentum fields. Previous research (Kost 2004) has shown that varying the deep-layer
vertical wind shear profile with time can impact simulated
convection. That study demonstrated that if the deeplayer vertical shear decreased, for example, storms that
were initially supercellular trended more multicellular,
which is expected from the parameter space results of
Weisman and Klemp (1982, 1984).

The variation in the domain-averaged zonal and meridional wind fields with height after 3 h of simulation
time in simulation TICA0 (which considers surface fluxes
of heat, moisture, and momentum; shortwave and longwave radiation; and correct solar geometry) are plotted
in Figs. 2 and 3, respectively (dashed lines, all panels). It
is clear that the surface retards both components of the
near-surface (z & 500 m) wind by over 10 m s21 in the
zonal direction, and by over 5 m s21 in the meridional
direction from the base-state values (Fig. 1b). The larger
deceleration in the east–west direction occurs because
the initial zonal wind component was significantly larger
than was the initial meridional wind component. Surface
friction also changes the sign of ›u/›z within the model
boundary layer (Fig. 2). Vertical wind shear remains
confined to the lowest 6 km of the model atmosphere,
although there is slight variation in the winds with height
above this level owing to the thunderstorm outflow in the
anvil-bearing layer. As expected, the low-level hodograph lengthens and acquires more curvature as the
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FIG. 12. As in Fig. 7, but for surface sensible heat flux. Contour interval is 50 W m22. The
sensible heat flux is positive when sensible heat is being transferred from the ground to the
atmosphere.

surface wind speed diminishes in the presence of friction
(cf. Figs. 1b and the dashed curve in Fig. 4a).
In the simulation without the surface sensible heat or
moisture fluxes (NoCDH0; Figs. 2a and 3a), the loss of
momentum to friction is confined to a shallower layer
near the surface. This reduction in the mixed layer depth
is consistent with the loss of sensible heating at the bottom of the model boundary layer. The near-surface hodograph displays increased curvature in this case because
the low-level easterly wind maximum is stronger owing
to the reduced vertical mixing (Fig. 4a). If the momentum drag coefficient is set to zero (NoCDM0; Figs. 2b
and 3b), both the zonal and meridional wind components are nearly identical to their initial values (Figs. 1b
and 4b). This simulation also proves that surface friction
leads to the development of an easterly jet at low levels
if the storm motion is subtracted from the initial wind
profile, as is nearly ubiquitous in idealized simulations of

severe storms. A simulation run without longwave radiation
(NoLW0; Figs. 2c, 3c, and 4c) produces domain-averaged
wind fields that are nearly identical to those in the TICA0
simulation. If shortwave radiation is neglected (NoSW0;
Figs. 2d and 3d), an even shallower friction layer (and hence
a more intense easterly jet, as well as a more curved lowlevel hodograph; Fig. 4d) results than in the NoCDH0
simulation (Figs. 2a and 3a). This suggests that either
a very shallow surface-based mixed layer or none at all
exists after 3 h in the NoSW0 simulation. The domainaveraged momentum fields from the simulation that used
the ICA instead of the TICA (ICA0; Figs. 2e, 3e, and 4e)
and from another simulation that precluded the interaction of radiation with the cloud (IC0; Figs. 2f, 3f,
and 4f), do not show any significant deviations from the
TICA0 simulation. Thus, only surface friction affects the
large-scale momentum and vertical wind shear fields,
and this influence is limited to the near-surface layer.
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FIG. 13. As in Fig. 7, but for surface latent heat flux. Contour interval is 100 W m22. The latent
heat flux is positive when there is net evaporation from the soil surface.

A simulation run without any radiative processes (not
shown) produced domain-averaged wind fields within
1 m s21 of those in the TICA0 simulation in the nearsurface layer. This strongly suggests that the retardation of
the low-level winds is driven by surface friction. The relatively steep initial boundary layer lapse rate (9.0 K km21,
which is largely preserved in the absence of a strong surface heat flux) allows for some subgrid vertical mixing of
the near-surface layer in that simulation, which is in
contrast to the near lack of vertical mixing seen in the
NoSW0 simulation. In the TICA5W and IC5W simulations, the initial surface wind speed was reduced owing
to the hodograph translation, meaning that the integrated
magnitude of the surface drag is also reduced since the
zonal and meridional components of the surface drag
depend not only on the vector wind speed u, but also on
the individual wind components u and y as seen from (1).
The mean net radiative heating rates are depicted in
Fig. 5. In the TICA0 simulation (dashed curve, all panels),

small radiative cooling rates exist on average below
3000 m and above 13 000 m, while radiative heating is
found throughout the rest of the mean column. The
magnitudes of these radiative heating and cooling rates
are generally less than 0.1 K h21. The exclusion of either
the sensible heat or momentum fluxes from the surface
has little effect on the mean radiative properties of the
domain as expected (Figs. 5a,b). If longwave radiation is
excluded (Fig. 5c), heating from shortwave radiation is
present at all levels. The curious spikes in the net radiative heating rate near 1000 m in elevation are absent in
the NoLW0 simulation only, which, when combined with
the vertical position of these features, suggests that they
are caused by the absorption and emission of longwave
radiation by the inversion at the top of the boundary
layer. Conversely, radiative cooling is found at all levels
if shortwave radiation is excluded (Fig. 5d). When the
ICA is used instead of the TICA (Fig. 5e), the radiative
heating rates over the entire depth of the mean model
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FIG. 14. As in Fig. 7, but for skin temperature (K, contoured). Contour interval is 1 K.

atmosphere are nearly identical. Although the nonvertical
propagation of shortwave radiation can result in the illumination of the sides of clouds, the clouds are optically
thick and their sides are small when compared to the entire domain, meaning that the heating resulting from this
illumination is negligible when averaged over the entire
domain. If radiation is not permitted to interact with the
clouds (Fig. 5f), then the midtropospheric mean radiative
heating rates approach zero, suggesting that the deep layer
of radiative heating seen in the other simulations is due
to absorption of radiation by the clouds. Also, the presence of the spikes near the top of the inversion in this
profile confirms that these features are not caused by any
clouds in that layer.
The average potential temperature and moisture fields
over the lowest 300 mb are plotted on skew T–log p
diagrams for convenience (Fig. 6). Previous figures have
indicated that any modifications are insignificant away
from the surface, so only the lower levels of these

soundings are shown for clarity. A comparison between
the initial sounding and that averaged after 3 h for simulation TICA0 (dashed line, all panels of Fig. 6) reveals that
the boundary layer lapse rate becomes dry adiabatic owing to the sensible heat flux from the model surface. The
boundary layer mixing ratio also increases by about
2 g kg21 because of the surface moisture flux. If the
surface heat and moisture fluxes are excluded (Fig. 6a),
then the boundary layer lapse rate does not approach
dry adiabatic (nor does it change significantly from the
initial state), and the moisture profile in the boundary
layer also remains approximately constant. Longwave
radiation has no significant effect on either the domainaveraged temperature or moisture profiles (Fig. 6c), which
is expected given the mean radiative heating and cooling
rates above. If shortwave radiation is excluded from the
simulation (Fig. 6d), the near-surface layer cools by approximately 7 K over 3 h, creating a strong surface-based
inversion. Neither the use of the ICA nor prohibiting
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FIG. 15. As in Fig. 7, but for air temperature at 25 m (K, contoured). Contour interval is 0.5 K.

cloud–radiation interactions has any significant impact
on the mean temperature or moisture profiles at any level
of the atmosphere (Figs. 6e,f).
Most of the domain-average changes as outlined above
occurred within the first 60 min of model initialization, just
as the largest changes in surface temperatures and vertical
mixing occur right around sunset on a clear day. By 3 h of
simulation time, the effects of the surface drag are largely
balanced by vertical mixing, leading to quasi-steady domain averages. This quasi-steady state is not present within
the shadow owing to the suppression of surface heating
beneath the anvil, which is detailed in the next section.

4. Simulations of the anvil shadow
Markowski et al. (1998) demonstrated that the temperature deficits observed beneath optically thick anvil
clouds in two cases were likely caused by a reduction in
the net radiative flux at the surface, which was largely

owing to the extinction of the direct solar beam by the
anvil cloud. Output from two simulations, TICA0 and
IC0, is compared to determine if a shaded area exists
beneath the anvil cloud, what processes create it, and
what its characteristics are. Recall that the IC0 simulation allows one to investigate the radiative flux fields at
the surface as if the thunderstorm was not present. The
only properties of the storm that affect the radiation
fields in the IC0 simulation are the higher concentrations
of water vapor and any temperature perturbations owing to water phase changes within the cloud.
The downwelling shortwave radiation fields from the
TICA0 and IC0 simulations are quite different after 3 h
of simulation time (Fig. 7). In the TICA0 simulation
(Fig. 7a), there is a large area, stretching nearly 100 km
downwind from the main precipitation core, which receives over 600 W m22 less downwelling shortwave radiation than the rest of the domain. This results in a
significant shortwave radiative flux differential between
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FIG. 16. Vertical cross section of potential temperature (K, contoured) and rainwater-mixing ratio (g kg21,
shaded) after 3 h of simulation time for the (a) TICA0 simulation and (b) IC0 simulation at x 5 65 km. Contour
interval is 1 K.

the full sun and some portions of the shaded region. In
the IC0 simulation, the entire domain receives over
750 W m22 of downwelling shortwave radiation (Fig.
7b), meaning that the anvil cloud is responsible for a reduction in the downwelling shortwave flux of up to
650 W m22. The shortwave radiation flux differentials
reported by Markowski et al. (1998) ranged between
500 and 700 W m22 and agree well with these results.
Fluxes of upwelling shortwave radiation in the TICA0
simulation range from approximately 30 W m22 in the
darkest part of the shadow to approximately 110 W m22
in the full sun (Fig. 8a). Given that the reflectivity of the
surface is constant, one would expect to see more reflected
solar radiation anywhere that receives more incoming
solar radiation. This flux differential has the opposite effect of that from the downwelling solar flux; it lessens
the radiative heating in sunlit areas more than in shaded
ones. The magnitude of the flux differential, however, is
about an order of magnitude less than that from the
downwelling shortwave flux field, so it is far less important
to the development of the anvil shadow. In the IC0 simulation (Fig. 8b), there is no variation in the reflected
shortwave radiation field beneath the cloud, as expected.
The downwelling longwave radiation flux (Fig. 9) is a
function of both cloud cover and air temperature. Clouds
are a better emitter of longwave radiation than air, so one
would expect to see enhanced downwelling longwave
radiative fluxes beneath the anvil in the TICA0 simulation. This is true, but there is only 10–20 W m22 of additional flux in the shaded region than there is in the full
sun (Fig. 9a). The presence of cold outflow at low levels
has a greater effect on the flux of downward-directed

longwave radiation than does cloud cover, as indicated
by the reduction in the downwelling longwave flux by up
to 70 W m22 in regions of the domain where outflow is
present.
The upwelling longwave radiative flux is given by the
Stefan–Boltzmann Law, F 5 asT 4, in which F is the net
radiative flux at all wavelengths emitted by any object, a
is the albedo of the emitting object, s 5 5.67 3 1028
W m22 K24 is the Stefan–Boltzmann constant, and T is
the temperature of the object. In the TICA0 simulation
(Fig. 10a), there is an area of reduced longwave emissions
beneath the anvil, which, given the horizontal homogeneity of albedos across the domain, must be caused by an area
of reduced surface temperatures beneath the anvil. The net
flux differential between the full sun and the shaded area is
only 20 W m22, which is over an order of magnitude less
than the downwelling shortwave radiative flux differential.
This area of reduced upwelling longwave flux is absent
from the IC0 simulation (Fig. 10b). Present in both simulations is a deficit in upwelling longwave radiation that
coincides with the cold outflow from the thunderstorm.
If the upwelling fluxes of both shortwave and longwave radiation are subtracted from the total downwelling fluxes of the same, the total surface radiation budget
can be calculated according to (4). In the TICA0 simulation, it is apparent that the extinction of the direct solar
beam by the anvil cloud dominates the total radiative
forcing field (Fig. 11a) and the resultant net radiative flux
differential is at least an order of magnitude greater than
any of the three other radiative flux differentials considered. No such net radiative flux deficit is present in the
IC0 simulation (Fig. 11b), which firmly establishes that
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the large deficit in net radiative flux in the TICA0 simulation is attributable to the extinction of downwelling
shortwave radiation by the anvil cloud. The deficits in
both the upwelling and downwelling longwave fluxes due
to the cold outflow largely cancel each other because the
resultant flux is unidentifiable in Fig. 11.
The sign of the surface sensible heat flux changes near
the edge of the anvil shadow in the TICA0 simulation (a
positive heat flux is upward directed; Fig. 12a), implying
that the reduction in downwelling solar radiation due to
the anvil cloud has cooled the surface below the ambient
air temperature. Again, this does not occur in the IC0
simulation (Fig. 12b). The ground is also cooling the air
in regions where precipitation has fallen in both simulations. Areas just behind the rear-flank gust front (as
evidenced by the low-level wind shift and convergence
line extending southward and southwestward from the
precipitation core in both simulations) experience a large
positive sensible heat flux, owing to the relatively cold
outflow air overlying a relatively warm surface.
The latent heat flux is positive everywhere at this time
in these simulations, although there is a relative minimum seen in the latent heat flux beneath the anvil in the
TICA0 simulation (Fig. 13a). The cooler surface acts to
decrease the surface saturation mixing ratio, which reduces the evaporation rate and hence the latent heat
flux. Again, there is no such reduction in the latent heat
flux beneath the anvil in the IC0 simulation (Fig. 13b).
The skin temperature field reveals that the temperatures of the top layer of soil are about 4–5 K lower than
those in the ambient environment beneath the anvil in
the TICA0 simulation (Fig. 14a). This feature is not
present in the IC0 simulation (Fig. 14b). The largest skin
temperature deficits in both simulations are near the
heavy precipitation cores, where a combination of rainfall
and cold outflow has chilled the surface. Not surprisingly,
the air temperature at the lowest model level is also reduced in the area of radiative cooling beneath the anvil.
Air temperature deficits of up to 2 K exist in the inflow air
immediately ahead of the gust front in the TICA0 simulation (Fig. 15a). (Air temperature deficits are defined
relative to the far-field temperature at the current model
time, not to the temperatures at model initialization.)
This temperature deficit is only about half as large as has
been observed (e.g., Markowski et al. 1998). There are
many possible reasons for the differences. The downwelling shortwave radiative fluxes beneath the anvil might
be too high as a result of imperfections in the radiative
transfer parameterization and/or microphysics parameterization. The soil model and surface flux parameterization may be additional error sources. Moreover, the
temperature observations reported in prior studies were
obtained at 2 m, whereas the lowest model level in the
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FIG. 17. Vertical cross section of vertical velocity (m s21, contoured) and radiative heating rate (K h21, shaded) after 3 h of
simulation time for the TICA0 simulation at x 5 70 km. Contour
interval is 0.1 m s21.

present study is at 25 m (although a simulation was performed with the lowest grid level reduced to 10 m and the
results were largely unchanged). A stationary storm was
simulated to maximize the temperature deficit beneath
the anvil, but since the actual cooling was still smaller
than what has been sometimes observed, the temperature
deficits documented herein might actually be conservative estimates of the cooling that occurs beneath the anvil
in some cases. The simulated temperature deficit was
found to have little sensitivity to changing the thermodynamic environment, microphysics parameterization,
subgrid turbulence scheme, soil model, initial soil parameters, numerical damping coefficient, along with other
model parameters that were tuned during model testing.
There is a small temperature deficit just east of the
gust front in the IC0 simulation as well (see the 304-K
contour in Fig. 15b). Given that the radiation cannot be
scattered or absorbed by hydrometeors in this simulation,
it cannot be radiatively driven. A vertical cross section
taken along x 5 65 km (Fig. 16b) illustrates that very light
precipitation (rainwater-mixing ratios are on the order of
0.1 g kg21) is reaching the surface in this region. These
rainwater-mixing ratios increase with height, meaning that
most of this rain is evaporating as it falls, thereby cooling
the air in this region. The magnitude of this evaporative
cooling is only around 0.5 K, however, and is small when
compared with the radiative cooling beneath the anvil.
It appears that there is less rain falling out of the anvil
in the TICA0 simulation (Fig. 16a), but this cross section
(taken ahead of the rear-flank gust front) is slightly farther from the precipitation core in the TICA0 simulation
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FIG. 18. Photograph taken on 31 May 2005 in west Texas beneath
an optically thick cirrus anvil. Note the suppression of boundary
layer cumulus convection beneath the anvil and the enhanced cumulus development along the border between the anvil shadow
and the areas that are exposed to full sun. (Ó 2005 C. Doswell, used
with permission.)

(e.g., Fig. 15) because of the different relative positions
of the precipitation core and the rear-flank gust front in
the two simulations, which results in less precipitation in
Fig. 16a than in Fig. 16b. It has been shown that the
evaporation of light precipitation into the inflow of squall
lines can destabilize inflow layers (Parker and Johnson
2004), especially if the evaporation rate (and hence the
cooling rate) increases with height, as can be seen in
Fig. 16a. The perturbation pressure field was also examined to see if adiabatic expansion of the air as it approached a mesolow was responsible for some of this
cooling. However, any perturbation surface pressures with
a magnitude greater than 0.6 mb are contained within the
precipitation region, making adiabatic cooling of the inflow unlikely.
In the TICA0 simulation, the temperature deficit beneath the anvil results in the development of a transverse circulation, as seen in a vertical cross section taken
along x 5 70 km (Fig. 17). Weak rising motion is found
on the southern side of the shadowed region, while
subsidence is present on the northern side. There is also
photographic evidence of enhanced boundary layer cumulus cloud formation along the edge of an anvil
shadow (Fig. 18). Whereas 1-km horizontal resolution
cannot capture the rising plumes of warm air that develop into cumulus clouds, the broader area of rising
motion depicted in the simulations near the anvil edge is
consistent with an environment that is supportive of
more vigorous boundary layer convection.
Another striking dissimilarity between the shaded
and the sunlit regions in Fig. 18 is the lack of boundary
layer cumulus clouds beneath the anvil, suggesting that
there is a reduction in the turbulent vertical mixing
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beneath the anvil. An inspection of the turbulent kinetic
energy (TKE) field from the TICA0 simulation (Fig. 19a)
at 300 m (near the top of the boundary layer) reveals
that the TKE approaches zero beneath the cirrus anvil.
This reduction can be explained physically through the
elimination of the positive sensible heat flux from the
surface. In locations where the sensible heat flux is negative, the boundary layer cools from below and both the
frequency and intensity of buoyant turbulent eddies are
reduced. This is visually manifested by the lack of cumulus clouds beneath the anvil in Fig. 18. The stabilization of the boundary layer does more than just suppress
cumulus convection near the storm; it also modifies the
low-level vertical wind shear profile through the suppression of vertical mixing. Beneath the anvil, higher
momentum air from aloft is prevented from mixing with
air near the surface that has been slowed by friction, resulting in a region of slower near-surface winds beneath
the anvil (cf. the surface winds within the shaded region
in Figs. 15a,b). The vertical mixing is far more limited in
the NoSW0 simulation than beneath the anvil, resulting
in the nearly calm domain-average surface winds in that
simulation. A forthcoming paper will explain that it is
this modification of the low-level shear within the anvil
shadow, not direct thermodynamic factors owing to reduced surface heating, that have the largest influence on
the behavior of the simulated supercells.
In simulations initialized with weaker near-surface winds
(TICA5W and IC5W), faster storms result as discussed
in section 2. More rapid storm motions mean that there
is less time over which the surface beneath the anvil can
cool, making the shaded region less stable, and hence
increasing vertical mixing in the boundary layer there.
Thus, little additional cooling occurs beneath the anvil
in these simulations (cf. Figs. 20a,b) when compared to
the TICA0 simulation (Fig. 15a). The magnitude of the
sensible heat flux is also reduced because it depends on
the surface wind speed as given by (3). Additionally,
there is little change in wind speed beneath the anvil in
the TICA5W simulation because not only has the boundary layer not had sufficient time to stabilize, but the weak
initial surface winds result in much less frictional drag
on the winds as given by (1). Various thermodynamic
profiles were also tested and were shown not to have
a significant impact on either the thermodynamic or the
momentum fields beneath the anvil.
It is important to note that 3 h was chosen as a representative time in the simulations. At earlier times, the anvil
is not nearly as extensive (and has hardly even developed
before 90 min), precluding an in-depth examination of the
shaded region, such as that presented above. Later times
were not chosen because the flux differentials across the
shadow edge diminish toward sunset. Additionally, some
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FIG. 19. As in Fig. 7, but for turbulent kinetic energy at 300 m (J kg21, contoured). Contour
interval is 0.5 J kg21.

of the storms began to dissipate toward the end of the
integration period, which does not allow for a proper
comparison of the shadows since a robust updraft would
exhaust a far thicker anvil than an updraft that had
nearly dissipated.

5. Summary
Domain-averaged fields of temperature, moisture, and
momentum were examined in 5-h idealized simulations of
supercells and it was determined that both shortwave and
longwave radiation did not have an appreciable effect on
any of the domain-averaged thermodynamic or dynamic
variables over most of the depth of the atmosphere on the
scales of supercell thunderstorms. The exception was near
the surface, where the shortwave heating of the model
surface was transferred to the lowest layers of the model
atmosphere by the surface sensible heat flux. In the absence of shortwave heating within the cloud shadow,
strong longwave cooling of the model surface led to

a corresponding cooling of the low levels of the model
atmosphere. The largest perturbations of the domain-averaged fields resulted from surface drag, which retarded
the low-level flow by up to 50%. The depth over which
surface friction significantly slowed the flow depended on
the static stability of the model boundary layer.
Radiation, when coupled with surface fluxes, led to
important modifications to the near-storm environment,
especially within the anvil shadow in environments characterized by slow storm motions and stronger near-surface
winds. It was shown that a large differential in the
downwelling shortwave flux developed between clear-sky
and shaded regions. Flux fields of longwave and upwelling shortwave radiation were examined and were not
found to be significant in influencing the structure of the
anvil shadow. Within the shadow, skin temperatures were
reduced owing to the lessened solar heating, which resulted in air temperature deficits of up to 2 K through
the surface sensible heat flux. This cooling stabilized the
boundary layer and suppressed vertical mixing, which
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FIG. 20. As in Fig. 7, but for air temperature at 25 m (K, contoured). Contour interval is 0.5 K.

prevented air from near the surface that had lost momentum to friction from mixing with higher momentum
air from aloft. These effects are maximized when the nearsurface winds are strong and when storm motion is relatively slow, which allow for increased frictional drag on
the low-level flow and for more time in which cooling
can occur beneath the anvil, respectively. Simulations that
employed rapid storm motions and weak near-surface
winds did not develop an anvil shadow with slower nearsurface winds or temperature deficits approaching 2 K. A
forthcoming paper will examine how the radiative modifications to the near-storm environment examined herein
can result in important dynamical differences between
storms modeled with and without radiative transfer.

wish to thank Drs. Robert Carver, Jim Marquis, and
Jon Petters for their assistance, and Dr. Chuck Pavloski
and Chad Bahrmann for valuable computing help. Some
thermodynamic variables were calculated using code
made available by Dr. Kerry Emanuel. Many of the
plots have been created using the Grid Analysis and
Display System (GrADS), developed by the Center
for Ocean–Land–Atmosphere Studies. ARPS was developed by the Center for Analysis and Prediction of
Storms at the University of Oklahoma. This work has
been supported by National Science Foundation Grant
ATM-0644533.

Acknowledgments. We are grateful to Drs. Yvette
Richardson, Jerry Harrington, Bill Frank, Andrew
Carleton, and to two anonymous reviewers whose
constructive comments improved this work. We also

Arya, S. P., 1988: Introduction to Micrometeorology. Academic Press,
307 pp.
Beck, J. R., J. L. Schroeder, and J. M. Wurman, 2006: High-resolution,
dual-Doppler analyses of the 29 May 2001 Kress, Texas, cyclic
supercell. Mon. Wea. Rev., 134, 3125–3148.

REFERENCES

Unauthenticated | Downloaded 01/09/23 06:57 PM UTC

3046

MONTHLY WEATHER REVIEW

Brooks, H. E., C. A. Doswell III, and R. B. Wilhelmson, 1994:
The role of midtropospheric winds in the evolution and
maintenance of low-level mesocyclones. Mon. Wea. Rev., 122,
126–136.
Byun, D. W., 1990: On the analytical solutions of flux-profile relationships for the atmospheric surface layer. J. Appl. Meteor.,
29, 652–657.
Cahalan, R. F., and Coauthors, 2005: The I3RC: Bringing together
the most advanced radiative transfer tools for cloudy atmospheres. Bull. Amer. Meteor. Soc., 86, 1275–1293.
Chamecki, M., C. Meneveau, and M. B. Parlange, 2009: Large-eddy
simulation of pollen transport in the atmospheric boundary
layer. J. Aerosol Sci., 40, 241–255.
Chou, M.-D., 1990: Parameterizations for the absorption of solar
radiation by O2 and CO2 with application to climate studies.
J. Climate, 3, 209–217.
——, 1992: A solar radiation model for use in climate studies.
J. Atmos. Sci., 49, 762–772.
——, M. J. Suarez, C.-H. Ho, M. M.-H. Yan, and K.-T. Lee, 1998:
Parameterizations for cloud overlapping and shortwave singlescattering properties for use in general circulation and cloud
ensemble models. J. Climate, 11, 202–214.
——, K.-T. Lee, S.-C. Tsay, and Q. Fu, 1999: Parameterization for
cloud longwave scattering for use in atmospheric models.
J. Climate, 12, 159–169.
Deardorff, J. W., 1980: Stratocumulus-capped mixed layers derived
from a three-dimensional model. Bound.-Layer Meteor., 18,
495–527.
Di Giuseppe, F., and A. M. Tompkins, 2003: Three-dimensional
radiative transfer in tropical deep convective clouds. J. Geophys. Res., 108, 4741, doi:10.1029/2003JD003392.
Dowell, D. C., and H. B. Bluestein, 1997: The Arcadia, Oklahoma,
storm on 17 May 1981: Analysis of a supercell during tornadogenesis. Mon. Wea. Rev., 125, 2562–2582.
Droegemeier, K. K., S. M. Lazarus, and R. P. Davies-Jones, 1993:
On the rotation and propagation of simulated supercell thunderstorms. Mon. Wea. Rev., 121, 2005–2029.
Durran, D. R., 1999: Numerical Methods for Wave Equations in
Geophysical Fluid Dynamics. Springer, 465 pp.
Evans, K. F., 1998: The spherical harmonics discrete ordinate method
for three-dimensional atmospheric radiative transfer. J. Atmos.
Sci., 55, 429–446.
Finley, C. A., W. R. Cotton, and R. A. Pielke Sr., 2001: Numerical
simulation of tornadogenesis in a high-precipitation supercell.
Part I: Storm evolution and transition into a bow echo. J. Atmos. Sci., 58, 1597–1629.
Frame, J. W., P. M. Markowski, Y. P. Richardson, J. M. Straka,
and J. M. Wurman, 2009a: Polarimetric and dual-Doppler
radar observations of the Lipscomb County, Texas, supercell thunderstorm on 23 May 2002. Mon. Wea. Rev., 137,
544–561.
——, J. L. Petters, P. M. Markowski, and J. Y. Harrington, 2009b:
An application of the tilted independent pixel approximation
to cumulonimbus environments. Atmos. Res., 91, 127–136.
Gilmore, M. S., and L. J. Wicker, 1998: The influence of midtropospheric dryness on supercell morphology and evolution. Mon.
Wea. Rev., 126, 943–958.
Kelly, J. L., J. T. Schaefer, R. P. McNulty, C. A. Doswell III, and
J. R. F. Abbey, 1978: An augmented tornado climatology.
Mon. Wea. Rev., 106, 1172–1183.
Kessler, E., 1969: On the Distribution and Continuity of Water
Substance in Atmospheric Circulations. Meteor. Monogr.,
No. 10, Amer. Meteor. Soc., 84 pp.

VOLUME 138

Kirkpatrick, J. C., E. W. McCaul Jr., and C. Cohen, 2007: The
motion of simulated convective storms as a function of
basic environmental parameters. Mon. Wea. Rev., 135,
3033–3051.
Klemp, J. B., and R. B. Wilhelmson, 1978: Simulations of right- and
left-moving storms produced through storm splitting. J. Atmos. Sci., 35, 1097–1110.
——, and D. R. Durran, 1983: An upper boundary condition permitting internal gravity wave radiation in numerical mesoscale
models. Mon. Wea. Rev., 111, 430–444.
——, and R. Rotunno, 1983: A study of the tornadic region within
a supercell thunderstorm. J. Atmos. Sci., 40, 357–377.
Kost, J. K., 2004: Impacts of temporally variable environmental
vertical wind shear upon numerically simulated convective
storms. M.S. thesis, Dept. of Meteorology, The Pennsylvania
State University, 106 pp.
Lin, Y.-L., R. D. Farley, and H. D. Orville, 1983: Bulk parameterization of the snow field in a cloud model. J. Climate Appl.
Meteor., 22, 1065–1092.
Louis, J. F., M. Tiedtke, and J. F. Geleyn, 1982: A short history of
the operational PBL parameterization at ECMWF. Proc.
ECMWF Workshop on Planetary Boundary Layer Parameterizations, Reading, Berkshire, United Kingdom, ECMWF,
59–79.
Markowski, P. M., and J. Y. Harrington, 2005: A simulation of a
supercell thunderstorm with emulated radiative cooling beneath the anvil. J. Atmos. Sci., 62, 2607–2617.
——, E. N. Rasmussen, J. M. Straka, and D. C. Dowell, 1998:
Observations of low-level baroclinity generated by anvil
shadows. Mon. Wea. Rev., 126, 2942–2958.
——, ——, and ——, 2002: Direct surface thermodynamic observations within the rear-flank downdrafts of nontornadic and
tornadic supercells. Mon. Wea. Rev., 130, 1692–1721.
McCaul, E. W., Jr., and C. Cohen, 2002: The impact on simulated
storm structure and intensity of variations in the mixed layer
and moist layer depths. Mon. Wea. Rev., 130, 1722–1748.
Meador, W. E., and W. R. Weaver, 1980: Two-stream approximations to radiative transfer in planetary atmospheres: A valid
description of existing relations and a new improvement.
J. Atmos. Sci., 37, 630–643.
Noilhan, J., and S. Planton, 1989: A simple parameterization of
land surface processes for meteorological models. Mon. Wea.
Rev., 117, 536–549.
O’Hirok, W., and C. Gautier, 2005: The impact of model resolution on differences between independent column approximation and Monte Carlo estimates of shortwave surface
irradiance and atmospheric heating rate. J. Atmos. Sci., 62,
2939–2951.
Orlanski, I., 1976: A simple boundary condition for unbounded
hyperbolic flows. J. Comput. Phys., 21, 251–269.
Parker, M. D., and R. H. Johnson, 2004: Simulated convective lines
with leading precipitation. Part II: Evolution and maintenance. J. Atmos. Sci., 61, 1656–1673.
Rotunno, R., and J. B. Klemp, 1982: The influence of the shearinduced pressure gradient on thunderstorm motion. Mon.
Wea. Rev., 110, 136–151.
——, and ——, 1985: On the rotation and propagation of simulated
supercell thunderstorms. J. Atmos. Sci., 42, 271–292.
Shabbott, C. J., and P. M. Markowski, 2006: Surface in situ observations within the outflow of forward-flank downdrafts of
supercell thunderstorms. Mon. Wea. Rev., 134, 1422–1441.
Stull, R. B., 1988: An Introduction to Boundary Layer Meteorology.
Springer, 680 pp.

Unauthenticated | Downloaded 01/09/23 06:57 PM UTC

AUGUST 2010

FRAME AND MARKOWSKI

Tao, W.-K., and J. Simpson, 1993: The Goddard Cumulus Ensemble model. Part I: Model description. Terr. Atmos. Oceanic
Sci., 4, 35–72.
——, ——, and M. McCumber, 1989: An ice-water saturation adjustment. Mon. Wea. Rev., 117, 231–235.
——, S. Lang, J. Simpson, C.-H. Sui, B. Ferrier, and M.-D. Chou,
1996: Mechanisms of cloud–radiation interaction in the tropics
and midlatitudes. J. Atmos. Sci., 53, 2624–2651.
Trier, S. B., W. C. Skamarock, and M. A. LeMone, 1997: Structure
and evolution of the 22 February 1993 TOGA COARE squall
line: Organization mechanisms inferred from numerical simulation. J. Atmos. Sci., 54, 386–407.
——, M. A. LeMone, and W. C. Skamarock, 1998: Effect of threedimensional structure on the stormwide horizontal accelerations and momentum budget of a simulated squall line. Mon.
Wea. Rev., 126, 2580–2598.
Varnai, T., and R. Davies, 1999: Effects of cloud heterogeneities on
shortwave radiation: Comparison of cloud-top variability and
internal heterogeneity. J. Atmos. Sci., 56, 4206–4224.
Wapler, K., and B. Meyer, 2008: A fast three-dimensional approximation for the calculation of surface irradiance in large-eddy
simulation models. J. Appl. Meteor. Climatol., 47, 3061–3071.

3047

Weisman, M. L., and J. B. Klemp, 1982: The dependence of numerically simulated convective storms on vertical wind shear
and buoyancy. Mon. Wea. Rev., 110, 504–520.
——, and ——, 1984: The structure and classification of numerically simulated convective storms in directionally varying
wind shears. Mon. Wea. Rev., 112, 2479–2498.
Wilhelmson, R. B., and J. B. Klemp, 1978: A numerical study of
storm splitting that leads to long-lived storms. J. Atmos. Sci.,
35, 1974–1986.
Xue, M., J. Zong, and K. K. Droegemeier, 1996: Parameterization
of pbl turbulence in a multi-scale nonhydrostatic model. Preprints, 11th Conf. on Numerical Weather Prediction, Norfolk,
VA, Amer. Meteor. Soc., 363–365.
——, K. K. Droegemeier, and V. Wong, 2000: The Advanced
Regional Prediction System (ARPS): A multiscale nonhydrostatic atmospheric simulation and prediction tool. Part
I: Model dynamics and verification. Meteor. Atmos. Phys., 75,
161–193.
——, and Coauthors, 2001: The Advanced Regional Prediction
System (ARPS): A multiscale nonhydrostatic atmospheric
simulation and prediction tool. Part II: Model physics and
applications. Meteor. Atmos. Phys., 76, 143–165.

Unauthenticated | Downloaded 01/09/23 06:57 PM UTC

