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ABSTRACT

Observations show substantial variations of the intergfityopical and/or summertime deep convection on
land that are not explained by standard measures of comgenstability. One feature that distinguishes land
surfaces is their heterogeneity. The possible importahtiei®is investigated here by calculating the response
of a nonrotating atmosphere to localized, transient serfaating using both the linearized equations of motion
and a cloud-resolving configuration of the WRF (Weather Reteand Forecasting) numerical model with moist
physics, each in 2D.

Both models predict that the depth of the resulting surfeea fow near storm center will be greatest for a
particular horizontal scale of heating. The linear modekgds that this is a resonant scale determined by the
product of the environmental buoyancy frequency, charetieheating time scale, and thickness of the thermal
boundary layer, the resonance occurring when the aspéxbfahe applied heating matches the ratio of vertical
and horizontal wavenumbers demanded by the dispersiotiorel@r buoyancy (gravity) waves. For realistic
conditions the resonant horizontal scale is roughly 50 kire fiumerical model indicates that other measures of
convective intensity, such as updraft speed and storm feighlargely controlled by the depth of the heat low,
despite the presence of conditional instability and th@rigs growth of moist convective plumes. Predictions
here agree with reported observations of storm severity islands of different sizes. These findings may help
explain why observed geographical variations in stornmisity defy parcel theory, and indicate that phenomena
often attributed to parcel entrainment may instead be dgellato storm-scale dynamical constraints.

1. Introduction typical land-ocean CAPE differences are unimpressive,(e.g
Peak . loud heiah d oth Jorgensen and Lemone 1989; Zipser and Lutz 1994). A re-
ca cgnvgctlve_c oud top heights, an Ot. Er Measuresyny study by Sherwood et al. (2004) found that Florida area
of conv_ectlve Intensity, vary markedly fr_om region to_r_enylo cumulus heights responded roughly as expected to day-to-
(e.g., Zipser et al. 2006). Such variations are traditignal day changes in CAPE but that diurnal and regional varia-

gscrfeqlt(z)lvagatlons_, lrgeep moclsiénétabllr:t.yél.g., (Bem tions, which were at least as large, had nothing to do with
tive Available Potential Energy, ), whic etermines - \pg (due in part to well-known mesoscale dynamical ef-

the amount gf potential energy available for conversion tofects). Thus, while CAPE or other indices of moist instabil-
updraft kinetic energy. While CAPE undoubtedly favors ity may be useful predictors for regional forecasters, othe

stronger convection, all other things being equal, it iRCle ., o nt and regionally variable factors are clearly atkwo

from previous work that much of the observed variation, es- S | ibilities h iouslvb ted: Mid
pecially in the Tropics, cannot be explained by CAPE. For everal possibilities have previously been suggested: Wi
evel moisture has been shown by many studies to affect

example, updrafts in continental storms are sometimes-an oP iive devel ¢ and tound by Sh detal
der of magnitude faster than those in maritime storms, whil¢"OnVective development, and was found by Sherwood €t al.
(2004) to have a strong influence on convective penetration
that could not be explained by parcel theory for any entrain-
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trainment (McCaul and Cohen 2002; Zipser 2003). Surfacescribe a linear model of a dry fluid with constant stratifi-
roughness, elevated terrain, and aerosol indirect effeats  cation, and calculate its response to a localized heat sourc
also enhance the strength of continental convection (EkmaNext we present fully nonlinear numerical cloud simulation
et al. 2004; Souza et al. 2000). with moist physics, isolating similarities in the responge
Interest in this problem has been further aroused by théhe localized heating. Finally there is a discussion andha co
dramatic confirmation by recent satellite observationsigch ~ clusion.
tian et al. 2003) of early findings that lightning is an order
of magnitude more likely to occur over land than it is over 2. Linear model of a dry atmosphere
ocean (Orville and Henderson 1986). As lightning produc-
tion is thought to be controlled mainly by the strength ofver
tical updrafts, resolving why the latter are so much stronge ; o :
over land may largely explain the land-sea lightning casitra flow an_d no rotation. This will enable_ us to explore th_e qu_ld-
Williams et al. (2004) documented a transition size range fo dynamical aspects of the problem without the complications
islands over which there was a significant increase in storn?f moist physics and turbulence. It also permits an analytic
electrification. The transition from maritime to contineht SOlution not dependent on a large number of model details,
lightning characteristics occurred for islands with areas [0 US€ as a starting point for understanding numerical simu-
tween about 10@m? and 100&m?. The explanation given 12tions.
for this transition was based on a kinematic argument involv
ing the amount of heated air available for driving the storm.a. Model equations
Our study provides an alternative explanation for theirfind
ings, and identifies a new factor contributing to the observe
vigor of land-based storms.
It is well known that surface temperature and moisture

heterogeneity (induced for example by water bodies having
high heat capacities surrounded by land) can significafitly a

We begin our analysis by investigating the linear Boussi-
nesq equations under the idealized conditions of no mean

The 2D linearized Boussinesq equations (Smith 1988;
Walsh 1974), in the absence of mean flow and with no Cori-
olis force, are

!
fect the organization and height of shallow convectivetaye H _, Pz =0 )
(e.g., Avissar and Liu 1996; Roy and Avissar 2000; Roy et al. wy=—p; +b—ow @
2003). Based on numerical simulations with sinusoidally b+ N*w = B — ab 3)
forced surface temperature variations, these authorstegpo Uy +w, =0 4)

that for forcing wavelengths of 5-10km, circulations of a

similar size form in the boundary layer. If the heating width whereu andw are the velocities in the horizontal (x) and
was higher, say 20 km, two types of rolls formed: (|) cir- vertical (Z) directions. The adiabatic part ofthe presﬁetd
culations of similar size to the heating width, and (i) b has been subtracted so that

lent eddies a few km in width. They suggested that these , -~

are the result respectively of the horizontal pressureignad p = =p(2))/ro ®)

an_d buoyancy quctuatio.ns._ However, they did not di,Stin'and buoyancy is defined (Ogura and Phillips 1962) as
guish between the contributions of waves and convection to

the flow. b=g(T —To+ gz/cy)/To (6)

It is not clear from previous studies whether any anal-
ogous effects might occur for deep convection, althoughvhereTo, po, ¢p and g, are the constant temperature and
Weaver (2004) found that deep convection could be trig-density of the background state, the specific heat capacity a
gered by forced shallow mesoscale circulations. It is everfonstant pressure and the acceleration due to gravity.
less clear whether such effects could modulate storm height  As a localized heat source, we chose the simple case of
as opposed to location or organization. We show here thaapplied heating that is Gaussian in the horizontal dimensio
surface heating heterogeneities can indeed control tee-int sinusoidal in time, and exponential in the vertical:
sity of deep convective storms. Further, we propose that thi )
behavior can be simply understood as a linear resonant re- p(; - ¢) = By exp <_x_2 —z/H +i(ot — E)) (7)
sponse of the atmospheric fluid according to dry fluid dy- a 2
namics, despite the nonlinearity and latent heating occur-
o . where the constant
ring in the real system. Our mechanism may apply to the
aforementioned studies, and predicts enhancement of storm B — 9@
severity generally by heterogeneity in the lower boundary. 0= pocpTo

The rest of this paper is set out as follows. First we de-

(8)

andQ is the constant heating strength in unit96fm?.
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This heating source is defined by three parameters: the

heating frequency, the horizontal half-widthzy, and the —100f

vertical scale height/. The dynamics are governed by two =

parameters, the buoyancy freque¢yand the damping co- a4 —200

efficienta. The latter is set to a very small valugo(® 2 300"

sec!) so that the damping time scale is much longer than £

the time period of the applied heating (a few hours). The  —400¢

model domain is infinite in the and semi-infinite in the o ook

directions, and has a constant static stability (consignt = ]
—600 F E

b. Analysis O 10 20 30 40 50

. . . . Heating half—width (k
By doing a Fourier transform in and¢ (dropping the eating half-width (km)

prime on the pressure from now on) and solving Eq.s 1-4

(see Appendix for further details) we obtain: Fig. 1. Minimum surface pressure perturbation in the linear
model solution (12), for two buoyancy frequency valu¥s =

N

. B(k,t) i . 0.006 (dashed) andv = 0.012 sec’* (solid), plotted vs. heating
Pk, z,t) = F(1/H? ++2) \H exp(—z/H) —vexp(i72) | source half width.

€)
where in Section 3. The two values of correspond roughly to

an observed tropical value and that of an atmosphere with
half the stratification. For eacN there is a corresponding
ands = o — ia, with a similar expression for vertical ve- Minimum, though that of the less stratified case occurs at a

locity. The characteristic vertical wavenumbeis defined ~ Smaller value ofi.

B(k,t) = exp(—k®ao®/4) - exp(i(at — ©/2))  (10)

as To locate this minimum analytically, we fil, N and
, Kk}(N?-3?) NE\? o and find the minimum surface pressure perturbation by
T= 72 “\F 1D solin
o] g

and the heating frequeney< < N refersto a heating period 8{;‘(5) = 8{)(5) (;9—5 = (16)
of a few hours. Performing the inverse Fourier transform, a0 5 Oto
evaluating at: = 0 andz = 0, excluding terms multiplied ~which can be rewritten as
by a (which are all very small and do not affect the final re- Of(s)  VIH
sult) and noting that the heating strength reaches a maximurd/\%. — V21 [(1 +25%) exp(s?)E;(1, s%) — 2]. 7 __p
att = H aao g ZHN

= /20 gives (17)

plz=0,2=0,t=7/20) = —Bof(N,o,a0, H) (12) the numerical solut_ion of whichis= 0.5 implying.that the
pressure perturbation at the center reaches a minimum when

where the critical source half-width,. satisfies the relationship,

f(s) = “fH sexp(s?) Ei(1, %) (13) a. N 8

s = (ago)/(2HN) (14) L
and the “exponential integral” is defined by C. Interpretation
, % oxp(—st) The physical basis of this result can be understood by re-

Ei(1,5%) = /1 fdt (15) turning to the dispersion relation for internal gravity \gay
Figure 1 shows the strength of the heat low in the model so- v = N% (19)
lution p(z = 0,z = 0,¢t = 45min) as a function of source (Lp” + L.°)'/?

half-width, for two values of the stratification. In each €as . .
wherev is the gravity wave frequency and, and L., are

H equals 1 km- and the heating period is 3 hours (Que tc}he horizontal and vertical wavelengths (Holton 1992). As
the sinusoidal time dependence of the heating function th >> L. and . . .

o : x z gravity waves preferentially oscillate at the
minimum pressure perturbation occurs at around one quari?nposed heating frequeney this relation can be written as
ter of the heating period i.e. 45 minutes, just after the tem-
perature reaches a maximum). These choiceH aind¢

are motivated by the numerical model solutions presented

L

- (20)

=]
o
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When the ratio of the imposed vertical length scale (bound250m and 500m produce very similar results and that it is
ary layer depthH) to the horizontal length scale (heating the vertical resolution that is most important. The vettica
width, a.) is equal tos /N, gravity waves will propagate grid spacing varied from about 100m at the ground to about
most efficiently. 50m in the tropical tropopause layer (TTL) and increased
In the linear model, the depth of the pressure low andsmoothly up to the top. It was designed to resolve gravity
the strength of the thermally direct time-dependent circu-waves in all layers (the grid was similar to that shown in
lation are maximized for resonant combinations of vertical ROBO6 with twice finer resolution near the ground). The
and horizontal forcing scales. To achieve this resonancechoice of grid was justified by our previous sensitivity stud
the ratio of these length scales must match that of verticagnd is in line with findings from Lane and Knievel (2005).
and horizontal Wa\/e|engths of buoyancy waves Supported bg}—he difference between our findings and those of Bryan et al.
the fluid medium at the forcing frequency. The strength of(2003) may be due to the higher order numerics used in the
the response diminishes rapidly when the model is forcedVRF model (Lane and Knievel 2005). As the top was im-
at horizontal scales that are “too short” because the profil@enetrable, the uppermost 6 km was a viscous damping re-
of the applied vertical heating contains little energy a th gion designed to reduce reflections of gravity waves at the
correspondingly short vertical wavelengths demandedéy thtop.
wave dispersion relation. To the extent that this model de-
scribes the behavior of the atmosphere, we may then expegt Model initialization
certain length scales of heating to generate a stronger dy-
namical response. We simulated the growth of convective storms in a con-
A deep moist convective system is clearly much moreditionally unstabl_e subsaturated er_1vir0nment specifieohfr
complex: there is latent heating, moisture, microphysics? mean JJA tropical sounding having a CAPE of about 500
and the flow is turbulent and characterized by advection and/k9- This sounding was identical to that used by ROBOG,
other nonlinear processes not included above. Thus whilEXCept that tropospherlc r(_alatlve hum|d|t|es_ were cgpped
the above calculation may apply in a relatively straightfor at 99% to eliminate the S"th supersaturgtlon pre_wously
ward way to shallow atmospheric flows of modest ampli-Present at the top of the mixed layer. This s?undmg had
tudes that do not involve precipitation, it remains to bensee @ tropospheric static stability of roughly 0.0227, hence
whether this calculation has any relevance to the behatior g°Ur choice of this in the linear model. Latent heat of fusion
deep moist convection. We now present tests of this. was excludpd from the computation of QAREJte: ,ROBOG
mistakenly included the latent heat of fusion in their com-
putation of CAPE, even though the simulations themselves
did not include freezing of condensate; the actual CAPEs
attained were about 1000 J/Kg less than reported.

The cloud resolving simulations were computed using the To test the predictions of the linear model we wanted
Weather Research and Forecasting (WRF) Version 2 modetp concoct an initial sounding with a substantially differ-
which solves the fully compressible hydrodynamic (Navier-ent buoyancy frequency. Deep convection would only de-
Stokes) equations (Wicker and Skamarock 2002). It uses gelop in a comparable way if the moist stability (CAPE)
third order-accurate Runga-Kutta scheme for the time inteand relative humidity were similar to before. To satisfy all
gration, and second to sixth order accurate spatial digaret requirements, we reduced the surface temperature by 20 K
tion is available for the advection terms. Our setup is veryand adjusted the sounding temperature at each model level
similar to that in (Robinson and Sherwood 2006) (hereafteiso that the buoyancy of a parcel lofted pseudoadiabatically
referred to as ROBO06); the only difference is that we keep thérom near the surface was the same as before. This preserves
model physics the same while varying the thermal forcing.not only the CAPE but also the “shape of the CAPE.” The
To avoid unnecessary model complexity we used the simwater vapor mixing ratios were then specified to yield the
plest physics options: warm rain Kessler microphysics (nosame relative humidity as before on each model level. Since
ice), TKE turbulence model and no radiation scheme. Thighe resulting sounding had a lot less moisture in it, but the
retains the nonlinearity and latent heating charactagimdal  same CAPE, the new lapse rate was much closer to dry adi-
storms while avoiding variations among the simulations dueabatic andV decreased to approximately 0.096' above
to differences in cloud glaciation. the boundary layer. Figure 2 shows the run of the poten-

All simulations used a 2-D version of the model running tial temperature of the two soundings. The cold point in the
on local machines. The model domain was 600 Km (120ccolder sounding was at nearly the same pressure as before,
grid points with a grid spacing of 500m) in the across-line butthe corresponding altitude dropped to 14 km compared to
direction with open side walls and 30 Km (200 grid points) the original 16.5 km due to thermal contraction. The strato-
in the vertical direction with stress free impenetrableaod ~ Spheric stability was the same as in the warmer sounding.
bottom. In ROB06 we showed that horizontal resolutions of Note because in the WRF model the phase speed at the

3. Cloud resolving model
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Fic. 2. Original (N, solid line) and cold (N/2, dashed line) FiG. 3. Time evolution of local CAPE (dashed line) aver-
soundings aged over the full heating width and maximum vertical velpci
(triple-dot dashed line) in the control simulatiom (= 25km and
Lo . N = 0.012s7 1) for a typical convective event. Both are scaled
open boundary is fixed at 25 m/s, and because the horizofky thejr maximum values which are 2560 J/kg and 40 mis, respec
tal phase speed of gravity waves is linearNn when we tjvely. The dotted vertical line marks the timeat which the pres-
halved the stability we also halved the phase speed at theure minimum and depth of thermal boundary layer are cordpute
open boundary (parameterin the WRF model). Sensitiv-  while the solid vertical line marks the start of the 1 hourdim-
ity tests indicated that this only had a minimal effect on thetegration for the computation of turbulent statistics lefe heat
results of interest. flux, updraft speed and cloud top height).

b. Thermal forcing

To obtain a smoothly developing convective system, Wein the temperature distribution just prior to the rapid gtiow

added a surface perturbatid to the temperatur@ at the of deep convection (defined as the time at which the CAPE

lowest model levelT"/2 to the temperature at the second reachgsamaximum as shown ip Fig. 3), vs. thatin th_e initial
lowest level, and™ /4 at the third lowest level, where sounding. Unsurprisingly the diagnosegiwas essentially
the same as that of the applied heating. We found, however,

T' = Ageap(—(z —1/2)%) x t x T, (21) that no matter how we put heat into the numerical model

) ) ) . (provided it was confined near the surface as would happen
and the horizontal distanceis scaled by the total width of 4 o {4 daytime solar absorption), we ended up it 1

the heating source and positioned in the center of the domaip,, (see Fig. 4) due to the action of small-scale turbulent
(zis bletween 0 and 1). When timexceeds a certain valué ansnort. This scale height remained indifferent everuto o
thenT” = 0. This cut off time andd, are chosen so that y.amatic change of initial sounding. Thus, we were unable

the maximum temperature perturbation is up to about 10K, gt the response of the numerically simulated storms to
spread over 1-2 hours. To minimize convective effects at thechanges in this linear model parameter.

n side walls th rturbation i zer ide of th . . L
ope . side _a s the perturbation is set to zero outside of the A similar problem exists for the heating time scale. In the
heating region. . : .
o . . linear model the heating strength reaches a maximum at the
F_or each of pur two initial states, we ran _a series of SiM-time + defined by
ulations spanning a range of source half-widths from 2 km
to 50km. Each run was only a few hours duration, since the
main goal is to observe the strength of the strongest updraft T=m/20. (22)
which occur early during the life of the simulated storm.

To be consistent with the measurementfin the WRF
model we define- as the time at which the CAPE reaches

While we are free in the linear model to arbitrarily vary a maximum. While the thermal forcing can be applied ei-
the parameterd’, o, H andag, not all of these can be set by ther slowly or rapidly, the convection tended to develop at
fiat in the more realistic WRF model. We described abovea relatively similar time into the simulatiorr (was always
our method for varyingV anday, the latter being the more about 40-50 minutes); this timing was probably determined
straightforward. We diagnosed the scale heifréind half- by details of the initial profile as well as growth rate of iait
width ay for each simulation by examining the difference fluctuations in the model state.

¢. Comparing WRF model with the linear model
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Comparing Figures 5 and 1 shows that the pressure per-

turbation field in the WRF model shares a number of features

n common with that of the linear model. Though there is

significant noise, particularly in the warmer soundingré¢he

s a clear shift in the location of the minimum when the sta-

bility is halved. For the original{’) sounding the minimum

s at about 25 km while for the coldeN{/2) sounding it is

at about 18 km. The curvature is similar to the linear case,

n that there is a sharp drop towards zero in the magnitude of

the surface pressure perturbation for sub-resonant vafues
ag but only a gradual decline for forcings broader than the
resonant value. This agreement is remarkable given that in

the WRF simulation the pressure perturbation is measured
. N at a time when the flow is significantly nonlinear with maxi-
FiG. 4. Change in the background temperature (divided by themum point velocities of a 1-1is~". A series of runs were

maximum change)AT/(AT)max between the start of a typical
simulation and the time of maximum CAPE for the original (N
ATmax = 8.5K andap= 25 km - solid line) and cold (N/2,
AT max = 6K andao = 18.5km - dashed line) sounding. In each
case the temperatufE has been averaged over the heated area.
Even though we have specified, the actual value has little ef-
fect on the shape of the temperature profile that developsesith
sounding.

d. Pre-convective surface pressure

also performed for a dry atmosphere by setting the mixing
* ratio to zero in the initial sounding. In that case the optimu
heating widtha,. and scale height/ were almost the same
as those in the moist simulations.

e. Convective vigor

1) SENSIBLE HEAT FLUX

One measure of convective vigor is the upward turbulent

sensible heat flux, which can be definedpagé’ wherep,

To be consistent with the diagnosis Bf, we compared
the WRF behavior to that of the simple model by noting the
surface pressure perturbation at time

w and# are the density, vertical velocity and potential tem-
perature, respectively. The fluctuating parts were contpute
asw' = w— w and§’ = 6 — 6, so that the mean flow

Both the minimum surface pressure perturbation and théxas been subtracted and the flux represents the net effect of
horizontally averaged surface pressure perturbation wergesolved turbulent eddies. The overbar represents an aver-
computed for each simulation, with the results for the mini- age over all the points for one hour of turbulent developed
mum pressure perturbation for the two soundings plotted inconvection for which the cloud water content is greater than
Figure 5. The horizontally averaged and minimum valueszero. The start time for this averaging was the first time the

behave in the same way over time.

plumes had enough momentum to squash the stratospheric
isentropes together so the the maxim@én 9z occurred in

the TTL.
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Figure 6 is a plot of the maximum sensible heat flux ver-

sus heating half-width for the two different input sounding
The peak response lies somewhere between about 20 and 30

km for the warm sounding and between 10 and 20 km for the

cold sounding. This is a very similar range to that for suefac

pressure perturbation, suggesting that the pressure low ma

control the vigor of the moist convective response.

2) CLOUD TOPS AND UPDRAFT SPEEDS

A more observable measure of convective strength is
cloud top height. By examining all the grid points between
14km and 17km altitude and for which the integrated cloud

Fic. 5. Minimum surface pressure perturbation at the time ofwater content was at least 0.8gm 2 (approximately level

maximum CAPE for WRF simulations initiated with originaW(
solid line) and cold /2, dashed line) soundings , plotted vs. heat-
ing source half-width.

of unit optical depth), over one hour of the convective life
cycle, we computed two measures of peak cloud height. Fig-
ures 7 and 8 shows plotted againgt the 95 percentile
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FIG. 6. Peak convective heat flux (kgths ! K) simulated by FIG. 8. Asin 7 except for the cold\(/2) sounding.

WRF vs. heating source half-width, with originaVv( solid line)
and cold (V/2, dashed line) soundings.

sults for the standard+ case are plotted in Fig. 9 and for the

A —1/3

and 50th percentile cloud top heights, for our standard- ﬁ/f QSoundmg in Fig. 10. In both plots Wi’ " wa =
and N/2 cases. The results are somewhat sensitive to the? = and W3 = 95th percentile of w (divided by 8 to fit on
measure chosen, and due to the complexity of the simulatethe same axes as the other velocities). The results are more
fields, the position of the peak response could not be as easebust than those of cloud height, and are consistent with th
ily seen as in the dynamical fields. Nonetheless the generaither fields with peak responses occurring for half-widths
picture is similar to that of the dynamical fields, with a kloa from about 15 to 35 km for the standard sounding and from
maximum of cloud height obtained for half-widths betweenabout 5 to 25 km for théV/2 sounding. The sharper peak
about 15-35 km and 5-20 km for th¥ and N/2 cases re- in w® compared tav? is probably a result of strong thin up-
spectively. drafts which come from the thin horizontal range over which

The vertical velocities of the strongest updrafts is anothe the surface pressure perturbation peaks for the coldedsoun
measure that is of prime importance for cloud microphysicdn9-
and electrification. Due to the complicated velocity struc- As lightning production is thought to depend on verti-
ture, the highest ascent rate attained at one time step @hd grcal updraft speed, these results suggest the predominance
pointwas not a suitable measure. We instead computed thre¥ lightning over and above a certain range of island areas,
integral measures of vertical velocity extremes; w? and  could be explained by the propagation of internal gravity
95th percentile ofv. The overbars denote averaging over waves and the height of the thermal boundary layer estab-
time (1 hour) and space (all the points lying below 18 km atlished prior to convective onset. Note that the pressuré-min
which the cloud water content is greater than zero). The re-
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FiGc. 9. Three metrics (see text for explanation) for WFR-
FiGc. 7. WRF-simulated 50th and 95th-percentile high cloud top simulated vertical velocity versus heating source hatfttjifor the
heights vs. heating source half-width for the origingl)(sounding.  original (V) sounding.
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width in the WRF simulation with original’{) sounding.

mum in the more stable sounding has a much broader trough _ _
than the curve for the sounding with lowar. This may ex-  draft strength and fatter drafts as entirely causative jwthe
plain why the updraft skewneas and 95th percentile cloud two aspects could to a large extent have been mutual effects

top height have much better defined peaks for the aB|} of dynamical changes. A similar analysis of the simulation
sounding. initiated with the cold sounding (not shown) reveals eddies

about 30 % bigger and updrafts about 30 % stronger than in
the original sounding.

Interestingly, the thermal boundary layer height (see#ig.

Previous studies have often invoked the idea that thickefid Not change in any of the experiments. Thus, previ-
boundary layers (prevalent over continents) will prodate f  OUS Suggestions that updraft width might be controlled by
ter updrafts that will be slowed down less by entrainment?oundary layer thickness do not tell the whole story. The flip
(e.g., McCaul and Cohen 2002; Zipser 2003). This moti-Side of this is that changes.m bom_mdary layer thickness may
vated us to look at characteristic eddy sizes in our simula@/tér storm strength dynamically, independent of any uipdra
tions. We estimated these by computing the spatial autocodilution effect, by changing the resonant scale. Also, nume
relation of thew’ field as a function of vertical and horizon- i@l experiments in which heating is initialized by a warm
tal distance in the domain, defining the “eddy size” as thebL.Jbeelntroduce an addlthnal vertlcgl length scale tbat¢
distance at which field autocorrelation falls to 0.5. The cal Plicates matters and may interact with the other two scales.
culation included only data from model time steps for one'Vhile we have not performed a more detailed analysis to
hour of turbulent developed convection, wittin, of the explain what controls ed_dy size, mesoscale forC|_ng clearly
center of heating in either horizontal direction, and astda  MUSt Play a role alongside any played by the thickness of
km above the surface and 4 km below the tropopause. Thid1€ boundary layer.
emphasizes deep convective up- and down-drafts while min-
imizing the impact of lateral boundary effects, stratosthe 4 piscussion and Conclusion
waves, and boundary layer turbulence.

Fig. 11 shows the estimated eddy size versus source half- Previous studies have shown that boundary-layer convec-
width for the original (V) sounding. Eddies became larger tion prefers certain scales that are not simply those of the
as the convection was forced at larger scales, but plateaud¥pundary layer thickness itself (Avissar and Liu 1996; Roy
as the forcing half-width approached 50 km. The verticaland Avissar 2000; Roy et al. 2003). Others have shown that
and horizontal sizes scaled together at a ratio of abous8:2, deep convection can be organized by waves, including self-
might be expected for quasi-spherical thermals. The iserea 9enerated ones (e.g., Mapes 1993; Thompson et al. 1979).
ing size of the eddies suggests that entrainment effects maur results indicate wave modulation not only of the hori-
also have played a role in governing the intensity of the rezontal organization of convection, but also its strengtiepe
sponse ofv to the different forcings. This entrainment effect for deep convection in a conditionally unstable environtmen
is probably secondary to that of the wave dynamics, how-
ever, since the linear model has no plumes or entrainment Our results have several implications. Nontrivial varia-
yet produced essentially the same result. Previous studidfons in convective intensity can result from mesoscale-the
may have erroneously interpreted a correlation between upmal forcing without changing the thermodynamic sound-

f. \ertical scale of convective eddies
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The linear dispersion relation (11) for short-period waves
implies a particular horizontal scale, given a heating time
scale2r /o and a vertical scalél. The latter two scales ap-
pear to be set by the rate of deep convective development
and the thickness of the shallow thermal boundary layer, re-
spectively, in ways that are robust to the forcing and to some
aspects of the initial sounding. Because the thermal pertur

Fic. 12. Main Components of the resonant response mechabation is eXponential im rather than hal’monic, it contains a
nism. The applied heating at the base (solid horizonta) taeses ~ Spread of vertical wavenumbers. The resonant response oc-
thermal expansion, creating a high aloft and evacuatingsfrlasn ~ curs in a peak that is correspondingly broad with respect to
above the boundary layer, in turn causing a "heat low” orques  the horizontal forcing scale.
minimum (L) at the surface. Air is drawn toward this heat lowt Realistic parameter and static stability values for thp-tro
continuity de_mar_lds an equu_valer_lt nearby subsidence. ‘Eims € jcal atmosphere determine a resonant horizontal scale of or
plete circulation is most easily driven (reslonant) whenrdi® of der 50 km. Because the boundarv-laver thermal perturbation
the thermal boundary layer dep#h to the width of the heated sur- er . . . y-lay . P

decays smoothly with height, it lacks vertical wavenumbers

facea. is equal to ratio of the vertical to horizontal wavelength of ; ?
internal gravity waves supported by the atmospheres{/N ac-  Much higher than the peak on¢H, but projects onto all

cording to the standard short-period dispersion relatimn,11). of those lower thai/H. As a result, the response weakens
rapidly for forcing scales below optimum but only slowly for

scales broader than the optimum. This behavior is confirmed

by the observation of Williams et al. (2004) that electrifica
ing (thus the CAPE or boundary layer thickness). Thistion is significantly reduced in storms forming over islands
highlights the limitations of parcel theory in fully expfei  |ess than a few hundred Knin size. The mechanism is also
ing updraft strengths and convective severity. The intgnsi 3 likely factor in explaining the intensity of the well-knaw
changes are reflected in peak updraft and downdraft speeds4ector” storm, which forms north of Australia over a pair
heat flux, and cloud top height. They would presumablyof closely spaced islands of approximate combined size 50
affect electrification and microphysical processes toe, alx 100 km and routinely exceeds 19 km in height. We antici-
though we did not investigate this directly. pate that the ability of volcanic eruptions and nucleartslas

While the weakness of maritime updrafts has long indi-to reach into the stratosphere will also be significantly af-

cated the limited relevance of non-entraining parcel theor fected by the horizontal extent of heating, although the im-
it is popular (e.g., McCaul and Cohen 2002; Zipser 2003)pulsive nature of the heat source may require a full spectral
to rescue parcel theory by invoking strong updraft dilutionsolution of the linearized equations. This is straightfardv
through entrainment to explain the vastly reduced updrafbut would require a numerical treatment.

speeds often seen. While this is no doubt important, we One cautionary note is that due to the large number of
question whether this is the only or even the primary ex-simulations required, we have not yet tested this mechanism
planation for geographic variations in intensity. We findt(n  in three-dimensional simulations. While the same dynamics
shown) that local vertical accelerations in WRF often dif- surely applies in three dimensions, its importance reativ
fer dramatically from those anticipated from hydrostaicp  to other factors such as draft entrainment could be altered.
cel buoyancy due to dynamical pressure perturbations. Th@|so, we have compared a linear model with periodic time
similarity reported here between the responses of therlinegorcing with a numerical calculation of a single event; pos-
Boussinesq model and the WRF numerical model to differsible problems with this have not been studied carefully, bu
ent forcings indicates that this behavior was controlléd pr may not be too important in light of the consistent behavior
marily by wave dynamics, even though stronger updrafts inphetween the two calculations.

deed tended to be wider. Parcel theory is irrelevant to the  Anqiher interesting result worth mentioning is that the

linear model. WRF updraft speeds and parcel sizes were about 30% higher
The role of wave dynamics may be understood as gor a colder (by~20C) sounding even though the atmo-
resonant interaction between the heating and the mediungpheric soundings had the same profiles of buoyancy (thus
Convection is well known to produce “gravity” (buoyancy) CAPE) and relative humidity. If this result is robust, it im-
waves, and indeed cannot proceed without doing so: largeplies that in different climates, the differing dry stattalsil-
scale motions (including upper level divergence and surity may lead to different convective strength for dynamical
rounding subsidence) must accompany convective growtfeasons in addition to whatever microphysical effects the d
and latent heat release, initiating waves. The key compofering water vapor mixing ratios might have. It is possible
nents of the “resonance” are shown in Figure 12. Convecthat this temperature sensitivity is due to differenceshia t

tion that is forced in a way that optimizes the ability of the rgle of latent heating and cooling at the edges of the convec-
atmosphere to accommodate this process, will be stronger.
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tive drafts, but we have left this topic for further research ~ Smith, R. B., 1988: Linear-theory of stratified flow past aslased
mountain in isosteric coordinates). Atmos. Sci., 45, 3889—
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tions produces

k2B(k, t)

" g

[exp(—2/H) — exp(iy2)]
(28)

where
B(k, t) = exp(—k2a02/4) ~exp(i(ot —/2)) (29)
Using the relationship

. o
which can be found by combining Eq.s 23 and 26, and then
inserting in Eq. 28 into Eq. 30 gives

B(k, 1) i .
ST (o) e

ﬁ(kizit) = H
(31)
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