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1. Introduction sensible heat flux led to large changes in simulated mesocy-
clone strength. The emulated radiative cooling was admittedly
Supercell thunderstorms have been among the most simulateztude; a constant prescribed cooling rate of 6 K lwas ap-
atmospheric phenomena of the past three decades, owing fgied to any surface grid point at which cloud was overhead. It
their societal impact (e.g., Brooks et al. 1994) and their oftenwas stressed in that paper that the size of the anvil was likely
observed relatively steady behavior. Since three-dimensionalinderdone because the simulations only considered warm-rain
numerical modeling of deep moist convection became com<{Kessler 1969) processes and, thus, the anvil likely did not
putationally tractable in the late 1970s, scores of studies havepread as far downwind as it would have had ice microphysics
aimed to further the understanding of the dynamics of superbeen used. Nevertheless, that study demonstrated that the in-
cell thunderstorms. To the authors’ knowledge, no previousclusion of radiative processes in supercell simulations could
modeling study has sought to identify the potential dynam-significantly modify the near-storm environment through the
ical effects of radiative transfer on supercell thunderstormscreation of a mass of radiatively cooled air beneath the anvil.
Various reasons have been given for this, including computa- Supercell thunderstorms were chosen for this study because
tional expediency, the assumption that radiative processes artey have been extensively studied and are relatively isolated,
not as important as other convective-scale processes (Trier ¢dng-lived, and steady-state compared to other forms of deep
al. 1997, 1998), and that convective storms are “largely dynammoist convection. Ordinary convection and multicellular con-
ically, (not radiatively) driven” (Finley et al. 2001). Of the prior vection, for example, exhibit updrafts and rotational character-
investigations that included radiative processes, most wergstics that are much more transient than those of supercells. Ad-
two-dimensional simulations of mesoscale convective systemslitionally, observations have shown that interactions between
(MCSs) that focused on longwave radiation only (e.g., Miller convective cells are far more common for ordinary and multi-
and Frank 1993; Chin 1994, Xu and Randall 1995). Radiationcellular storms, which limits the reproducibility of simulations
has also been included in some simulations of cumulus conef those convective modes when compared to supercells. Sec-
vection (e.g., Khairoutdinov and Randall 2002, 2003), but itstion 2 describes the model setup and methodology, section 3
dynamical effects have not been systematically examined, essontains a summary of the results, and section 4 presents the
pecially on supercells. conclusions and suggestions for future work.
Observations have confirmed that the extinction of the direct
solar beam by the anvil clouds of supercell thunderstorms can L
cause a dramatic reduction in the net radiative flux at the surfacé-  Model description and methodology

in as little as 15 minutes (Markowski et al. 1998), leading to air . . L
temperature deficits of approximately 3 K beneath the anvils.Tn€ Atmospheric Regional Prediction System (ARPS) model,
Dowell and Bluestein (1997) observed a gradual 5 K temperaYersion 5.1.5 (Xue et al. 2000, 2001) was employed for all sim-
ture decrease between full sun and the onset of light precipitallations. Simulations were run on a grid that is 160 km in the
tion in instrumented tower measurements of another superceffast-west directions{), 150 km in the north-south directiop)
thunderstorm. Since this temperature drop was gradual, it wa@nd 18 km in the vertical directior). Care was taken so that
likely that the total temperature decrease was not caused bege leading edge of the anvil would not move out of the domain.
the passage of a gust front or other atmospheric boundary ovépPen radiation boundary conditions are imposed at all lateral
the instrumented tower. These cases at least suggest that thd¥ndaries as described by Orlanski (1976). A rigid lid exists
particular supercell thunderstorms modified their environmentgt the top of the domain with a Rayleigh sponge layer beneath
via the extinction of shortwave radiation. Given that most su-it {0 absorb vertically-propagating gravity waves. The simula-
percell thunderstorms occur during the late afternoon and ear{ons employ a horizontal grid spacing of 1 km. The vertical
evening hours (e.g., Kelly et al. 1978), it is suspected that ra9rid is @ stretched grid with an average spacing of 500 m and
diation may similarly modify the near-storm environments of & Minimum spacing of 50 m near the surface. Fourth-order nu-
other supercells. merical diffusion was employed to remove the spuri@use

A pair of numerical simulations of supercell thunderstorms and4Ax waves that develop as a result of the leapfrog advec-

performed by Markowski and Harrington (2005) revealed that!iO" Schemes within ARPS. A six-species cloud microphysics

parameterized surface radiative cooling coupled with a surfacé")"’mkage was used (Lin et al. 1953) with adjustments made by
Tao et al. (1989) and Tao and Simpson (1993). The fluxes of
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tions and Byun (1990) for unstable conditions. The turbulence -a;.’_,__
scheme uses a 1.5 order turbulent kinetic energy (TKE) closur |
and is anisotropic, owing to the relatively fine vertical resolu-
tion near the surface when compared with the horizontal reso..”
lution. The soil model is based on the two-layer force-restore ..
scheme described by Noilhan and Planton (1989). The NASA-
Goddard Cumulus Ensemble radiative transfer model was use. |
for both shortwave (Chou 1990, 1992; Chou et al. 1998) anc,.”
longwave (Tao et al. 1996; Chou et al. 1999) radiation. This .=
model allows for the absorption, scattering, and emission o™,
radiation by atmospheric constituents, including clouds anc=
gases.

L FIG. 1. (a) Skew T-log p diagram depicting the initial temperature (red)
Most mesoscale models compute solar radiative tranSfeEmd moisture (green) profile. (b) Hodograph depicting the initial wind

with the independent column approximation (ICA), which al- profile. Winds are shown in ms'. Speed rings are shown at 5, 15,
lows for only the vertical propagation of radiation (Meador and and 25 m s'1. Elevations are shown at selected points in km.

Weaver 1980). In the ICA, all vertical model columns are as-
sumed to be plane-parallel with infinite horizontal extent. Thus, Upward Water Flux at 5 km

the transfer of radiation is not permitted between columns (Ca:

halan et al. 2005). These constraints limit any shadowing ef-

fects to surface regions directly beneath clouds. Thus, this 5

method cannot capture the extensions of shaded regions th

occur when the local solar zenith angle is much different from ¢ 4

zero. The ICA also does not allow for an increase in the nei“u’:sn . —Ticho
solar flux beneath clouds due to both angular influences on th ¥ —ico
direct beam and the propagation of diffuse radiation into shadet z |

regions from the sides. O’Hirok and Gautier (2005) found that

shortwave surface irradiance errors due to the ICA can reacl ]

500 W m 2 near the edges of shaded regions.
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The tilted independent pixel approximation, also known as Time (s)

the tilted independent column approximation (TICA), is de-

scribed by Varnai and Davies (1999). It is similar to the ICA, Fic. 2. Total upward water flux at 5 km (g n#s— 1) averaged over a
except that the model columns make an angle with the hori-14 x 14 km box centered on the maximum upward water flux for the
zontal plane that is equal to the angle of incidence of the direcfl ICA0 and ICO simulations.

solar beam. This method is generally more accurate than thg_ Results

ICA in complex cloud fields (Varnai and Davies 1999). One

important caveat is that the TICA does not allow the transfer of

radiation between slanted columns by multiple scattering, an(il-he time series of the total upward water flux from the TICAQ

thus it does not capture the full three-dimensional nature of at-and ICO simulations (Fig. 2) reveal that the storm within the

mospheric radiative transfer. Output from both the ICA and thelz((t)oszlgpulatlotn hta;f ar;hu;t)vaard \'[Arllate'lrl(f“li);) th'at Ils ;:_onsnilt\;ahntly
TICA were compared to the results of a Monte Carlo calcula-=> >°"° greater than that from the simutation. en

tion by Frame et al. (2008). It was found that the TICA output compared to other simulations (_not shown), it is evide_nt tha_t
matched the Monte Carlo output much more closely than didthe sur_face shadow has a_Ia_rger influence on supercell _|nten5|ty
that from the ICA. than either longwave radiation or the use of the ICA instead

of the TICA. The behavior of the time series of upward water

The thermodynamic profile is shown in Fig. 1a and is used toflux is matched by similar time series of maximum updraft in-
initialize all simulations. This sounding includes a small cap- tensity (not shown). The water flux metric was chosen in lieu
ping inversion to preclude both the widespread developmen@f maximum updraft speed because the water flux accounts for
of secondary convection and the rapid mixing out of the low- both the intensity and size of the updraft, while the maximum
level moisture after a few hours of simulated radiative heating.updraft speed only accounts for the former.
The initial wind profile consists of a semi-circular hodograph  The time series of maximum low-level vertical vorticity
shifted relative to the origin such that the simulated storm is ap{Fig. 3) indicates that the storm within the ICO simulation pro-
proximately stationary. In this wind profile, vertical wind shear duces a stronger low-level mesocyclone than does that in the
is confined to the lowest 6 km and the 0-6 km wind differential TICAO simulation. The two vorticity time series exhibit a de-
is 40 m s'!. The TICAO simulation contains both shortwave gree of correlation, especially for about the first three hours of
and longwave radiation. In simulation ICO, all forms of radia- the simulations. For example, there is a maximum in both time
tion are prohibited from interacting with any cloud or precipi- series around 6000 s, followed by a minimum around 8000 s.
tation particles. Thus, the cloud does not cast a shadow in thathese local maxima and minima become more out of phase as
simulation. simulation time increases, as one would expect from the chaotic
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Time (s) perturbation (light contour; K), wind vectors (vectors) at 25 m, vertical
vorticity at 125 m (thick black contours), and vertical velocity at 2000
m (thick red contours) after 3 h of simulation time for the (a) TICAO
simulation and (b) ICO simulation. Potential temperature perturbation
is taken from an area far from the storm and is as indicated. Irregular
potential temperature perturbation contours are 0.0, -0.5, -1.0, -1.5, -
nature of the atmosphere. 2.0, -3.0, -4.0, -6.0, and -8.0 K. Vertical vorticity contour interval is
The low-level rainwater, potential temperature, wind, and0.0025 s !. Vertical velocity contour interval is 5 nTs', beginning at
vertical vorticity fields, along with the midlevel vertical veloc- 5m s™*. Wind vectors are scaled as indicated.
ity field for the TICAO and ICO simulations (Fig. 4) illustrate
that the storm in the ICO simulation evolves much more d|f-Turbu\ent Kinetic Energy (J/kg), Sim = TICAD, t 3 h
ferently than does the storm in the TICAO simulation. A large 2) \
mass of cooler air exists beneath the anvil in the TICAO simula-
tion. Also, the rear-flank gust front has undercut the updraft anc
low-level mesocyclone in that simulation, depriving the storm
of warm and moist inflow. This weakens the updraft and ulti-
mately leads to a weaker mesocyclone because of reduced vc
tex stretching beneath the updraft. The storm in the TICAO sim-
ulation exhibits this quasi-steady behavior after about the firs
1.5 h of simulation time. It is unknown as to why a secondary
updraft does not develop along the rear-flank gust front at ¢
later time; why some individual simulated and observed stormsTurbulent Kmetm Energy (J/kg), S
cycle while others do not remains poorly understood. The pre-b)
cipitation core of the ICO storm, along with the mesocyclone
and updraft, are much closer to the warm and moist inflow air .
in the ICO simulation than in the TICAO simulation. This is __ «]_
consistent with a stronger and more intense thunderstorm. Th é o
precipitation core in the ICO simulation is more intense than > n
is that in the TICAO simulation, which agrees with the greater &
upward water flux from the ICO simulation as seen in the time ~ *
series (Fig. 2). The low-level mesocyclone and the midlevel
updraft are also broader in the ICO simulation, and this is alsc
consistent with the time series discussed above. Additionally,
the temperature deficit beneath the anvil is absent after 3 h of

simulation time in the ICO simulation, which is expected given F'C- 5. Turbulent kinetic energy (J kg') at 300 m, (contoured) and
the design of that simulation. rainwater mixing ratio (g kg', shaded) after 3 h of simulation time

) ) ] for the (a) TICAO simulation and (b) ICO simulation. Wind vectors at
Also notable is a decrease in the surface wind speeds benea#s m are also plotted and scaled as indicated. Contour interval is 0.5 J

the anvil in the TICAO simulation. These lessened near-surfacé&g—.

wind speeds owe their existence to the radiative cooling of the

model surface beneath the anvil. This cooling changes the sigfrating the flow higher in the model atmosphere.

of the surface sensible heat flux beneath the anvil, meaning that The different vertical mixing profiles between the full sun
the surface cools the boundary layer from below. The coolingand the anvil shadow in the TICAO simulation result in differ-
of the bottom of a layer of air is a stabilizing effect; it sup- ent vertical shear profiles beneath the anvil in the TICAO and
presses vertical turbulent mixing as seen through the moddICO simulations. This is readily apparent in east-west verti-
turbulent kinetic energy (TKE) field (Fig. 5). This suppres- cal cross-sections taken 5 km south of the maximum updraft
sion of vertical mixing prevents both the higher momentum air (Fig. 6). The surface winds beneath the anvil in the TICAO
aloft from mixing down to the near-surface layer, and the lowersimulation (east oft = 65 km in Fig. 6a) are much less than
momentum air near the surface from mixing upward and decelthose in the ICO simulation in this same region (Fig. 6b). As

Fic. 3. Maximum vertical vorticity (') in the lowest 500 m for the
TICAO and ICO simulations.

y (km)

20

x (km) —_



PT (K). U (m/s), Sim = TICAO, t = 3 h o PT (K U (m/s), Sim = ICO, t = 3 h

PT (K), W (m//s), Sim = TICAO, t = 3 h PT (K), W(m/s), Sim = ICO, t = 3 h

z (m)

el T s  (km)

FIG. 6. Vertical east-west cross-section of potential temperatureFIG. 7. Vertical east-west cross-section of potential temperature
(shaded; K) and zonal wind speed (contoured; ™)safter 3 h of (shaded; K) and vertical velocity (contoured; m'§ after 3 h of sim-
simulation time for the (a) TICAO and (b) ICO simulations. Cross sec- ulation time for the (a) TICAO and (b) ICO simulations. Cross section
tion is taken 5 km south of the maximum updraft at 2000 m in both is taken 5 km south of the maximum updraft at 2000 m in both simula-
simulations. Contour interval is 3 nT3. tions. Contour interval is 0.5 nTs .

a result of the reduced vertical mixing beneath the anvil in thenetic energy fields. The loss of boundary layer vertical mix-
TICAOQ simulation, there is greater vertical wind shear beneathing prevented air from near the surface, which had lost mo-
the anvil in that simulation, especially in the lowest 200-300 mmentum to friction, from mixing with higher momentum air
of the domain. from aloft. This process increased the magnitude of the near-
Previous simulations of idealized density currents (e.g., Xusurface vertical wind shear beneath the anvil, and allowed the
et al. 1996) have shown that a density current which moves uprear-flank gust front to become shallower and accelerate in the
shear into a strongly vertically-sheared flow develops a shallovanvil-shaded region. In the case of the approximately station-
head, which generates much less lift than does a deep densigty thunderstorm examined herein, the cold outflow was able to
current head (e.g., Xue 2000). A vertical cross-section of verwrap around the mesocyclone and undercut the updraft. Both
tical velocity (Fig. 7), taken along the same plane as Fig. 6,0f these processes deprived the supercell of warm, potentially
depicts reduced lift at the cold pool head in the TICAO simu- buoyant air and weakened it as seen in simulation TICAQ. This
lation. The cold pool also has a shallower head in that simuprocess is shown schematically in Fig. 8a. If the anvil shad-
lation, resulting in a weaker updraft that slopes back over theing was not considered in the numerical model as in simulation
cold pool. Numerical simulations of squall lines (e.g., Weisman|CO0 (Fig. 8b), these processes did not occur and the stationary
et al. 1988) have indicated that updrafts which slope rearwargtorm was more intense.
over a cold pool are not as intense as erect updrafts because These results cannot be generalized to all simulations of su-
of increased entrainment of cold air and less proximity to thepercells. Subsequent simulations have recorded that changing
potentially warm and moist inflow. Although density current the ground-relative wind profile yields different storm motions
dynamics have not been a major focus of previous supercell rere|ative to the orientation of anvil in the presence of surface
search, there are numerous anecdotal observations that sup@fiction. These simulations demonstrated that the above pro-
cells must possess a balance between cold pool intensity (i.egesses is only active if the rear-flank gust front propagates into
the amount of precipitation and the location of the precipita-the shadowed region. It is likely that changing environmental
tion relative to the updraft) and low-level wind shear in order conditions, especially the storm-relative wind profile, may im-
to remain long lived. If too much cold air builds up beneath pact the results described herein. Low-precipitation supercells,
the storm, the gust front surges outward, possibly undercuttingor example, may be less sensitive to the interaction between
the updraft and low-level mesocyclone. This is likely similar the gust front and the ambient vertical wind shear. Additionally,
to the inflow-outflow balance hypothesized in recent observait is possible that different microphysical parameterizations,
tional studies (e.qg., Trapp 1999; Wakimoto and Cai 2000; Dow-which affect outflow temperatures, can influence these results.
ell and Bluestein 2002b; French et al. 2008) of cyclic mesocy-The influences radiation on other convective modes, such as
clogenesis. Thus, for the environmental wind profile given in squall lines and ordinary thunderstorms should be investigated
Fig. 1, radiation acts to create a weaker storm because the regrs well. It is possible that similar modifications of the low-level
duced vertical mixing beneath the anvil allows the rear-flankshear beneath the anvil of a squall line could help rectify the dif-
gust front to surge eastward and undercut the low-level updraferences in optimal shear values between observed (e.g., Evans

and mesocyclone. and Doswell 2001) and simulated (e.g., Weisman and Rotunno
2004) squall lines. Future simulations and observations should
4. Conclusions also investigate the hypothetical balance between a supercell’'s

inflow and its outflow, which is believed to differentiate be-
The inclusion of radiation led to important modifications to the tween a storm possessing a single long-lived mesocyclone and
near-storm environment via the anvil shadow. The reduced soene which undergoes cyclic mesocyclogenesis.
lar flux within the shaded region cooled surface temperatures AcknowledgmentsWe wish to thank Drs. Yvette Richard-
and this cooling was transferred to the air by the surface senson, Jerry Harrington, Bill Frank, and Andrew Carleton for
sible heat flux. This cooling stabilized the boundary layer andtheir constructive comments. Conversations with Drs. Eugene
suppressed vertical mixing, as seen through the turbulent kiClothiaux and Tamas Varnai improved the adoption of TICA
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