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Sketeh of the tvpical sequence of events when examining (either ana-
[vtically or numericallvy atmospheric adjustment processes driven by
balance relations. An nitial condition thar does not satistv the balanee
rc-lutiun i spectfied This is followed by a transient solution (dominated
by the propagation of hish frequency waves s which eventuadly feads
to the final solntion that satisfv the balance relation. :
Conceptual comparison between a mnerical study of "t‘n\ll“phl( -
Justient using a shallow-water equation model SS\WEND and the studs
of dvnanmie adjustment processes ina convective storm Using i hofi-
hvdrostatic fullv compressible model (NHEFCM). Geostrophic ad-

Justment: an [C oot geostrophicaly balanced is imposed in the S\WENL

As soon as the model s started, high frequency mertta-gravity waves
are triggered due to the imtal inbalance, and aceeleration s present
As the waves propagate out of the domain and or are damped. a final
solution i steady-state s obrained. where the geostrophic balance s
satisfied. Dynamic adjustment in a convective system: an artiti-
cral 1C violaning the conservation equattions is imposed in the NHECA]

This IC contams incomplete information about the mner structure of

a stnudated comvectinve storme. s thie model s started, ~trony acvet-
erations tas well as time tendencies of scalar tieldsi are induced while
the conservation equations are satistied, and the simulated fields re-
spond to the artuficraliv-specitied [C. The objective is to study how the
withdrawal of imnformation about the convective svsrem affects its sin-

ulaton. and how distinet meteorological fields respond to each other in:

the early stages of the numerical experiment. Note that no steadv-state
solution s obtuined in this case.

Geostrophic adjustment of initial ¢eopotential perturbation tay So-
lutions at 1. 2. 3. and 6-hr are indicated by (b-e). Contoured field
iy geopotential. and arrows indicate speed and direction of wind tield.
(After Barwell and Bromlev, 198y adapted from Daley 1991

ldealized sketeh of the perturbation pressure tield induced by a buov-
ancy source. as described by Equation 2.7 Double-headed arrows
indicate lavers of stronger variation of buovancy with height.
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[dealized sketehes of the pressure perturbation field induced by a buov-
ancy source with tar high aspect ratio. and (h) low aspecto ratio (e
“infintte” horizontal laveri. In Gu the response of the pressure tield
15 non-hvdrostatie with respect to the buovanes source, while i by
pressure s o hydiostatic balance with the buovanoy spource. Arrows
idicate direction of pressure gradient accelerations VPG HPGY
vertieal thorizontaly pressure gradient aceeleration. @ Based on Figures
v Land 7.2 of Houze (1993)). : L .

Relation hetween intrinsic frequency (lndn arul by 1, — uk) and the
conal and squared vertical wavenumbers (ki) for an isothermal at-
tnosphere with buovaney frequency of 0.0180 s " Hindie arml by Vi ina
dot-dashed liner. acoustic cutoff frequency ut 0.0198 s Nindicated by

voin o dashed linev and o0 36 m s b Reaions of ;7 o0 pefer
to verticallv- and horizontallyv-propagating waves (e internal winess.
whereas e 0 refers to purely horizontallv-propagating waves e

external waves)  The dotted line indicate the dispersion relationstip
for Lamb waves. connecting the point 1A = 0.m- = 0) to the point

(k- s = 0 Cdpated from Jacobson 19991,

[)ld"! un of ihtlmt perturbation fields as a function of he wht for the
cne-dimensional hydrostatic adjustment problem with instantaneous
and horizontadlv-untform he dtm" sauree: i pressure (pf chy densing
() and vertical displacement (). tey temperature (17, and (d) poten-
tial temperature <0 Dashed lines indicare the inttial hvdrostanealby -
unbalieed state. Solid lines dq-pivl the tinal steadv-state ~olution
tAdapted from Bannon 1995 .

e cvolurion of the perturbation vertiead motion s lup FEE
bottom 2 -ai. and unddle (2 00 of the heated laver for the one-
diuncnsional hvdrostatie adjustient problem with instantaneous and
horizontally -umtorm heatng source. (Adapted trom Bannon 1995,
Dispersion relationship for three-dimensional mixed aconstic-gravity
waves 1noan sothermal atmosphere. Dashed rsolid) contours are 1so-
pleths of the scaled frequency of oscilliation for acoustic (internal grav-
ity) waves, where the scaling factor is the buovaney frequeney Vo The
ordinate (abscissa) refers to the scaled vertical thorizontal) wavenuw-
ber. where 1015 the scale height for an isothermal atmosphere. Tvpieal
horizontal and vertical wavelengths are indicated on the top and nghe
sides of the diagram. respectively. Arrows show direction of eroup
velocities. {Adapted from Bannon 1995 :

Vertical cross section of the steady-state pressure pvmn bation field for
the three-dimensional hvdrostatic adjustinent problem with instanta-
neous heating sources of distinet aspect ratios in an infinite isothermal
atmosphere. Response for a heating source with (a) high aspect ratio.
(b) low aspect rativ. Positive (negative} pressure perturbations indi-
cated by solid tdashed) lines. Each field is normalized by its maximum
amplitude. Vertical (horizontal) distance scaled by the scale height
of an sothermal atiwosphere H, (Rossby radius of deformation Ly
(Adapted from Chagnon and Bannon 200114
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2.9 Vertical structure (xz-plane) of perturbation energy fields 10 min af-
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ter a localized heating source of high aspeet ratio and lasting 20 min
15 positioned m the center of the domain in a fullv compressible two-
dimensional mesoscale model. (a) Perturbation internal energy 1con-
tour increment of 12.J m™*: (b perturbation total energy (contour in-
crement of 201 m ' Top and bottom boundaries are rigid.  Adapted
from Nicholls and Pl('“\v 199-fa 1.

Nutnerical solution iin a xz- planei at 1 bt for a two-dimensional simu-
lation of an idealized sea bre wze circulation i a ulllplt‘\\ll)lt‘ mesoscile
model The heating souree s preseribed at the central 20 erid-points.
i the st Tevel above surface, and lasts fnl I hr co Horzontal mess
Hux rcontonr icrement of 0ot ke wm -~ by perturbation pressure
veontour increment of 16 Payo Top boundars s mopen”™ for sound wives
{Adapted from Nicholls and Pietke 19944

Sketches of ideatized convective Hows contined within In[) and bottom
rigid boundarnes: tay tully developed cirentanon eell: thy inital speatie-
tation of an artificial wind field that does not satisfyv mass conservation

tinitial horizontal velocity being eliminated). and 1e) a weakened tar

“destroved™) convective cell. See text for detatls.
[dealized bounded vertical motion tupdrafis and downdrafts). with dis-
fnet aspect tattos tat hieh aspect ratios b low aspect ratio

Schemanie representation of tvpeal hook and bow echoes tsohd lines
and regions assoctated with strong strasght-line winds at the surtace
thatched areas) (From Fujita 197%)

Conceptual model for the life evele of atypical bow echo. Stage A tall
echo, Band C: bow echo. D and E: comma echo. (From Fujita 1979)
Tvpreal radar echo distributions observed in warin season bow echo-
tvpe MOSs s classified by PDSS: o tvpe T eonveetive svstem: th
tvpe [Lrey tvpe HE idy tvpe IV Contour lines are low level reflectiviy
contours i dBZ. The four diagrams shown are not in the same spatial
scale tsee text for detailsy c\dapted from PDS5)

Schematic depretion of surtace svnoptic-scale features assoctiate A4 with
the gooutetice of Ci) progressive derecho fwarim season patternn, atid
b senal derecho tdvnamic patterni. The hatched areas refer 1o the
sectors affected by strong straight-line winds at the surface t(derechosy.
Front and squall hne symbols are conventional. Adapted from JHNT.

Conceptual model of a linear MCS with trailing stratiform precipitation

viewed in a vertical cross section oriented perpendicular to the line of

convective cells. Medinm and dark shadings denote areas associated
with intermediate and strong radar reflectivity, respectively. Heavy
solid (Light scalloped) line represents the boundaries of the stormn as
indicated from radar reflectivity tdirect observation). Storm motion is
toward the rieht of the Boure. c\dapted from Honze et al 198y
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3.6

3.10

Schematic representation of the upshear-tilted convective low in an
idealized bow echo during its mature stage with a (a) developing RILI.
and (b) well defined elevated RL] Thick. double-lined vector represents
the updraft current: thick solid vector denotes the RL1: thin. circular
arrows indicate conveetive-seale circularions associated with horizontal
vortcity genetated either by the ambient vertical wind shear or by the

('Ull\t'(‘(i\'(' sVsteln: .\hzuliug (I(*nntq‘\' thv sllrl'.'u'c' ('uM punl; r<-uinn,~ n.f

lighter or heavier rainfall are indicated by the more sparsely or densely

packed vertical lines, respectivelyv: scalloped line denotes the outline of

the cloud. {Adapted from Weisman 1993).

Low-elevation. plan-position indicator reflectivity analvsis of the |
Julv 1983 central Minnesota derecho-producing how echo at 2112 U [(
from Minneapolis-St. Paul. MN (MSP) radar. Reflectivity contours
are 18300 1 and 46 dBZ. Shaded region represents reflectivity values
areater than J0 dBZ: vectors denote the rear infow noteh (e, the RL)
~sector s and dashed. circular line indicates Tocation of the mesoseale
crrculation. From Przvbylinkst 19950

Schematie of verteal vortieny generation rhlnu"h vortex Hltm" within
bow echoes  [norar, asc vmhng motion along the leading edoe of the
bow coho pushies the vortex hines upan the presence of conveerivelv
generated casterly vertical wind shear. resulting i anticlockwise cefock-
wised rotation on the north ssouthy end of the svstems Inoho ocalized
descent 1 an environment with westerly vertical wind shear produces
the same line-end vertical vorticity pattern. (From Weisman and Davis
IRLUSAY] .

Elealized sketches of mul l.mtmiv x\nnpm-w .1(** sltu.mnm favorable
b development of severe thunderstorms ineluding: (a0 tornadie su-
pereclls.ohi derecho-producing bow echoes tdvinamie patterny. Thin
ines denote sea level sobars around a low pressure center with cold
and warm fronts. Broad arrows represent fow-leveljet L apper-Loa]
polar jet (). and upper-level subtropical jet (SJ). (Panel (a) 1~ after
Barnes and Newron 1986: panel (h) is afrer Johns 1993: both pum-l:
are adapted from Johns 1993).

Tyvpical mid-latitude synoptic conditions favorable for the deve lnpuu nt
of progressive derecho-producing bow echoes (warin season pattern).
The thin arrow. with a WNW-ESE orientaton. indicates the main
“damave axis” of the progressive derecho assoctated with the long-lived
bow echo convective svstenn (point “B7 represents the beginning point
of the MOS)M" represents its mid-point and “E™ its end point: the
B-NM-E path can be as long as 1100km ). The broad arrows indicate the
posttivming of the low-level jet stream (L1 and the polar jet stream
(PJ) aloft. The thin solid lines represent the sea level isobars. with
the surface quasi-stationary thermal boundary and the mid-level ridae
also being indicated. (Adapted from Johns et al. 1990)
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L3

Diagram showing the methodology emploved to study the dvnamie
adjustment in an idealized bow echo. A 6-hr simulation of an idealized
bow echo (control rund is followed by a series of withdrawal experiments
in which selected variables in the control run are reset to llwir base state
values at Bhr Fach withdrawal expertment produce a 2-hre forecast”
The evolution of the sinulated bow echo from 1 ro G-hr s examimed
ts;l (P h Lot . .
Skew-T diagram of the idealized the rum(l\n.uuu mundm utilized at
the witial tine for CNTRL tenvironment sounding). Hmk solid lines
are temperature and dew point temperature profiles. Heavy dashed
line depiets the most adiabat along which a surface-based air parcel
ascends Vialues shown i the top uf the diagram indicate dry adiabats
tn Celstusy. Wind profile is imm s b S
Time evolution of CNTRL simulation at the tirst model level (2 200
mi: o bhre oby S-hre ted 6-hee Thick solid hine denotes the -2 K
potential temperature perturbation indicating the boundary of the cold
pool: pressure perturbation contours at cach 100 Pa are mdicated by
thin solid (positive values) and dashed (negative values) lines. Vectors
are gronnd-relative winds. A domain translation of 22 m s ' in the
X-divection s applied from 4 to S5-hee while anadditional domain speed
of 16T s D the vediveetion is applied from 5 to 6-hr

Time evolution of CNTRL simulation at z - 2600 m: (a) -hr. (b 5-
bro oo 6-he Contours of vertical veloeity perturbation indicated
caclt 2 m s b Solid tdashed) Hines are updrafts (downdrafts) Vectors
are storme-relative winds. A domain translation of 22 m s i the -
direction s u[)pliwi from 1 to S-hr. while an additional domain speed
of -167 m s Pan the v-direction s applied from 5 to 6-hr

A~ b FE bar for ramwater and haal mane ratios indicated at |
oo ke camtenvals reontours:

Bow vcho secment at © Bhr a2 2600 me cround-relative wined
(vectors): ramwater and hail mixing ratio in g kg ishadedr: zonal
component of the ground-relative wind (contour lines). Solid line en-
circles reqion with w30 m s by 20 200 m: ground-relative wind
(vectors) and its zonal component (contour lines). Solid contours indi-
cate values of u greater than 25 m s~ plotted at each 2 ms 1. Dotted
line indicates -2 K potential temperature perturbation representing the
boundary of the cold pool. Domain shown is: 104 ki < x < 192 km:
1TOKm ~ v~ 231 k.
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Vertical cross section at t khractoss v 205 ki oseement A8 i Fig-
ure L3a), from surface to z - 16 km. All panels contain storm-relative
wind vectors presented at every other vertical grid-point. Reference
horizontal wind vector of 10 m s~ ! is indicated on the lower-left corner
of each panel. ta) potential temperature perturbation in K: contours
plotted at each 1 K: (b) pressure perturbation in Pa: contours plotted
at vach 50 Pa: o) rainwater (shaded) and hail (solid contours) mixing
ratio plotted at cach 1 ¢ kg ' o) equivalent potential temperature
preseated at each 2 Kooonly values between £, 326 and 331 K are
showno with # 331K being the first contour in the top of the figure.
fn tar and (by positive cnegatives perturbations are idicated by solid
lti.l\hu!) contolrs . .

As i Figure Lob, but at t 6-hr.ina close- up view for the two main
bow echo seaments shown in Figures e, 4.5, .
As i Frgre B butat v b-hr for s pressure pe rturbation and (h;

cquivalent potential temperature. along segment CD (v 169 kmy in
Froure L3¢, Reference hortzontal wind vector (hottom of panels) is 20
s !

Time evolution of domain maximurm updmtt\ and downdrafts for the 6-
b stonlarion of anidealized bow echo, .\()”I( E: notee microphysies:
CNTRL. with ice microphvsies S
Earlv evolution of the bow ccho stmlativon wich aaed sithout ioe oo
phvsies Pertnrhbation vertical veloeire owoand storm-relative waneds ar
7 2600 . plotted at cach 2 mes b with solid (dashed) lines rep-
resenting, updrafts (downdraftsy Only contours within <10 m s ' <w
10 m o~ Uare plotred. tarthy: hes reradi: 2-hre e (6 3-hre First
cohinn. NOICE, second colutnn: CNTRL. n tao-tdy the doman size
shown s 128 5 125 ks inc et b is 128 x 161 kme.

Earlv evolution of the bow echo simulation with and withont p‘u‘un-
cterization of iee microphysies. Surface cold pool. perturbation pres-
~ure, and cround-relative winds vz 200 m). Thick solid line denotes
the -2 K potential temperature perturbation indicating the boundary
of the cold pool: pressure contours at each 100 Pa are indicated by thin
solid cpositive vidues) and dashed (negative valuesy lines. (a).(by: L-hr:
tertdis 2-hre tervatr: 3-hre First column: NO _ICE: second column:
CNTRL. In va)-tdy the domain size shown is 128 x 12X km“sin (e)f)
is 128 x 164 k.
NO _ICE simulation at 4-hr (hrxt ru\\) and 6- hr second row) ;1). (¢)
surface cold pool and outflow: vectors are ground -relative winds. thick
solid line represents -2 K potential temperature perturbation indicating
the boundary of the cold pool. thin sohd (dashed) contours indicate
posttive (negative) pressure perturbations plotted at each 100 Pa. (b)),
(d) storm-relative winds (vectors) and vertical velocity contoured at 2
s Cantervals, at bereht 20 2600 0 Sohd cdashiedy ines are updrates
(downdrafts).
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Bow echo simulation in WVEL. First row: 3-hr: second row: 6-hr.
{ar.fe)surface cold pool and outflow: vectors are ground-relative winds.
thick solid line represents -2 K potential temperature perturbation in-
dicating the boundary of the cold pool. thin solid (dashed) contours
indicate positive (negative) pressure perturbations plotted at each 100
Pa. (brd) storme-relative winds (vectors) and magnitude of vertical
veloctty feontoured at 2 m s~ b intervalsy at height 2 2600 m. Solid
tdashed) hines are updrafts (downdrafts). Domain translation 1s as
CNTRIL (Fies 130 8 by

Asn Frgure 51 but for experiment (RS \[ L.

Thime evolution. from f-hr to S-hr ¢at 10-min increments), of svstem-
averaged protiles of vertical momentam flux 07y inm? s 2 a) CN-
TRL. tb) WNEL. () UVVEL. The averaging is upp]iwi for the region
enclosed by a rectangle in Fig. Ltb.

As in Figure 5.3, but for vertical heat Hux (o '()’} in s -1 !\

Vertical cross-sections i the xz-plane along v 205 km (same v-
coordinate of segment AB e Figo F3a) for the storme-relative wind
tield across the 2ust front. The doman shown s 18 ko x IS ke Fiese
colnme v Poooeebr restaat time for withdvawal experimentsi sec.
owd column v bolobhr  thuad colimn o Plooo-he w0 ret
to CNTRE d-ot o WY EL and (2)-000 to UNVVEL. Vectors represent
the xz-component of the system-relative wind inm s ' and contours
idicate maguitude of the vertical velocity in m s 7! teontoured at 2 m
s Uinerements. with the zero line being suppressed). Solid (dashed)
lines indicate updrafts (downdrafts). 00 0 0

As in Fig. 5.5, but onlv for WVEL. at (a) t 1:00:08- hr (l)
FOu2 b-hrocei v BOOHO-hr.

Ervolution of the simulated gust front for tln- sectur m(lu .m-(l }n a
rectangle in Fig b co-ter ONTRL: and (h-06) UVVEL . First col-
. E20.00 hee second columne oo b thard cobunn 5 0000
hro Dashed hines (reternng to negative values) are contours of poten-
tal temperature perturbation. plotted at -2 K inerements. The first
contour from night ro leftis the -2 K line. indicating the leading edge
of the advancing cold pool. Vectors are ground-relarive winds inm s+
- with a reference vector of 10 m s~ indicated on the lower left corner
of each panel. Note that solution from UVVEL deviates significantly
from CNTRL. .

Solution at t-hr for CNTRL (\lnn«- safne vertical cross seetion shown
im Fig. 3.5, First three terms on “the right-hand-side of the pressure

cqition Fgo 000 v tenn T opges contoured at 1000 Py < b e
tervalsc beotepn IE V0 $p's contoured ar 0.2 Pacs o imtervals,
term HE = oYV contoured at 250 Pa s™ 1 intervals. Zero lines are
suppressed.

[dealized sketeh of Ih« lxp\\.lhl lmm( h uf a4 convective (t” .
Idealized sketeh of the pressure perturbation induced shortly after the
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ehimination of the updraft in Figure 5.9. (Proxy for experiment WVEL). 112
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Cross-sections in the xz-plane across the gust front (same domain as in
Fig. 5.5 for ta) perturbation pressure (Pa): CNTRL: (b) perturbation
pressure (Pa)ys WVEL both at 0 £00.08 hr: (¢) horizontal divergence
Lo st WVELD at v 100:00 hr. In ta) and (b) the fields are
contonred at 50 Pa intervals: in (¢) the contour interval is 2-10 s 7!
In all tisures, sohd tdashedy lines indicate positive (negative) \.ulm.\.
with zero lines being suppressed. All panels show storme-relative winds
inm s 'ivectors). with a reference vector of 10 m s~ ! indicated on the
lower left corner of each panel.

[dealized sketch of the pressure pe rturbation induced \lmrtl\ after the
eliination of the horizontal motion in Figure 5.9, (Proxy for experi-
ment UVVEL) L
Asin Figure 511, but with (b referring to UVVEL. and (¢) indicating
the initial vertical divergence ((duw dz1 - 10% 1) for CVVEL.

Vertical cross sections of pressure gradient acceleration (PGAY inom
s Catt Eooschr: ca)-ter CNTRL. od-ofy WVEL: (@)-11) UVVEL.
First column: zonal PGA (IXPGA) second colummn: meridional PGA
Y PGA S third column: vertical PGA (VPGA). For CNTRL the con-
tour interval is 0025 m s - while for WVEL and UVVEL it is 0.2 m
~ = Solid rdashed s Tines indicare positive rnegatives valines, with the
sero line bemne suppressed  Storme-relative wind vectors for CNTRL
ate also shown o with o reference vector of 10 m s U indicated
the lower-left corner of the panel  The xz-doman shown s the same
as in Fieso 51 and 513

Cross sections of vertical aceeler: ton due to huu\ ey \h(\t mlumnl
and due to vertical pressure gradient and buovaney isecond column) in
ms - att Eoo-os-hre: tarh) WVEL, and (M vy UVVEL. Buovaney
field is contoured at 005 m s < intervals: A, p field is contoured at
0.2 m >~ oantervals. Sohd cdashedy hines ln(h«.m' positive (negative
values, with the zero line being suppressed. The domain shown is the
same as i Figss 5010 and 513, ..

Asin Figs 5 [Da.ce. but for CNTRL. .
[ermis of the prognostic pressure equation (F (l .').’)! at t LU0:00-
hr (restart timme) for: (a)-(ey WVEL: and. (d)-t2) UVVEL. (a).d):
term [ (vertical advection of base-state pressure). contoured at 10.0
Pas Dintervals: (byters term 2 Gadvection of perturbation pressure).
at 0.2 Pa s P antervals: (o)) term T (divergence termy). at 100.0
Pa < !intervals. (¢): term | plus term T for UVVEL. at 1000 Pa
s Dintervals. Solid (dashed) lines represent positive (negative) values.
Zero lines are suppressed The xz-domain shown is the same as in Figs.
511 and 5.13.
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518 Terms of the prognostic pressure equation (Eq. 5.5 at t £:00:08-hr for

S19

5.20

o !

~

WVEL (first row) UVVEL (second row). First column: term [ ivertical
advection of base-state pressurer. contoured at 100 Pa s antervals:
sccond column: term 2 tadvection of perturbation pressure). at 0.2 Pa
~ Santervals: third column: term T cdivergenee termi, at 1000 Pa
< Pintervals. Solid rdashed) lines represent positive (negative) values.
Zero hines are suppressed. The xz-domain shown is the same as in Figs.
S0 and 5013, e
Vertical cross seetions of horizontal (X - Uy and vertical (e /a2y com-
ponents of velocity divergence (contours) in 107 % ' at t L00:08-hr
for: (a).(b) CNTRL: (e).ed) WVEL: (er.(fy UVVEL. Contour interval
is 1-107% 71 Solid (dashed) lines indicate positive (negative) values.
with zero hine bemg suppressed. Storme-realtive wind vectors are o
~ fowith a reference vector of 10 mes Hindicated on the lower-left cor-
ner of each panel. The xz-domain shown is the same as in Figs. 5.11
and 513,
Vertical eross sections of three-dimensional velocity divergence (con-
tours) at t - E00:00 hr (tiest column) and t E00:0% hr (second col-
umn: falaby WVEL: (a)ad) UVVEL. Contour intervalis 0.5-10 %1
Solid tdashed) hnes indicate positive tnegative) values, with zero lines
being suppressed. Storme-relative wind veetors are inom s 'owith a
reference vector of 10 m s U indicated on the lower-left corner of each
panel. The xz-domam shown is the same as in Figs 510 and 513
Stort-telative wineds cvectorse and magnitude o vertead veloony coon-
toursh at 72 2600 m and t 0 E00:00-hr for ONTRL. Vectors are inm
~ witha lom s P ms o reference vector mdicated on the lower-
left corner of v by and ¢ Vertcal motion s contoured at each 2
o~ owith solid cdashedy lines indicatine updrafts rdowndrafts Zero
Hnes are suppressed. cag s just hke Figo b L bur indicates (with rect-
anglest sectors where vertical cross sections are taken. thy and e are
close-up views for the northern and southern rectangle. respectively.
Numbers label cross sections. and line scgments indicate their zonal
extent tall eqnal to 1% kmy: ll‘r vioo209 kme x9N to 176 ke |2
162 to 180 ke Bl v 139 ke x 162 to 180 ke (A

v 197 k. x
vioo 30 ke xo 164 to 182 km: B v 129 ke xo 162 to 1830 km: {6
Vo2 kme oy D520 IT0 kme [T v O3 kme xo 184 to 202 ke (8]

v s ko xo 176 to 194 km. o

Vertical motion field (w) (contours: first column) and vertical compo-
nent of divergence (du/dz) (contours: second column) at t - 4:00:00-hr
for CNTRL for the vertical cross sections indicated in Figs. 5.21b.c.
Solid (dashed) hnes indicate positive (negative) values. with zero line
being suppressed. Vectors depict the storme-relative wind field in the
xz-plane, with a 10 m 57! reference vector indicated on the lower-left
corner of vach panel. The domain size in all panels is 13 km x 18 kin.
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» 23 [deatized sketeh in o xz-plane of the pressure response to an imposed di-

vereence fieldl as governed by Eq.5.5 (prognostic pressure equation. In
tad the divergence foreing is vertically ortented. displaving a high aspect
ratio. Accordingly. the pressure response is also vertically oriented. For
this case the induced XPGA is stronger than the corresponding VPG A
In «bh) the divergence forcing is ohlate. with considerable horizontal on-
entation and low aspect ratio. The pressure response displavs features
that are also horizontally oriented. i.e.. with considerable horizontal
extent. In this case. the induced VPGA is stronger than XPGA.
Vertical cross sections for storm-relative wind field and pressure per-
turbation (hrst column). XPGA (second columnt and VPGA (third
columny for WVEL ar S < after restart time. The sectors shown corre-
spond to the same eight vertical cross sections indicated in Fig. 5.22
(Figs. 5.21ah indicate their position in the simulated MCS). In the
fiest column, storme-relative wind vectors are shown in m s ‘. with a
reference vector of 10 m s bindicated on the lower-left corner of the
panel. perturbation pressure 1s contoured in Pa.ar 50 Painerements
Second and third columns display pressure gradient aceelerations
0.2 m s < contour intervals. Inall panels. solid (dashedy lines refer to
posttive tnegativel values, with zero lines being, suppressed

Farlv evolution of the ditterence field of perturbation pressure in WVEL
with respect 1o CNTRL vee s WVEL mimas CNTRLY at 20 200 m
Phe ente bonzonrad domcan s shown oot dol-he by bo2-n o
Lod-hree o Lod-he cer B05-he, (fr Los-hr, vos FOT-he, by bus-hr.
(o BO9-hro o Flo-hre Contour mterval s 20 Pacin all panels. Solud
dashedy Tines indicate positive inegativer values.

Asan Fre 61 bar for UNVEL minns CNTRIL.

Frest To-min evolution of perturbation pressure Pas and perturbation
potential temperatare (K) at grid-point (x. v 2y (1000 20400, 0.2)
km . ta) WVEL (b)) UVVEL. o

Asin Fig.6.3. but for perturbation pressure l[’u) uul /nrml ¢ umpum'nt
of the wind (m 5. B
Titne seties for the tirst D-min after Fextart time it 1-hry of pertur-
bation pressure tin Pa) at grid-point ix. v, 23 (1100, 2000, 0.2y km
for WVEL, UVVEL and CNTRL. (a) U to 5-min. (b) 3 to 10-min. (¢)
10 to IS-min. The perturbation pressure tield is sampled at each big
[llll(‘\[t[)(l‘~| .
As in Figure 6.5, but at ”rld pumt (X. V. /) (110.0. 2000, 5.05 km
Vertical profiles of buovaney frequency feiven by Eqg o 2 13) and acous-
tic cutoft frequency (given by Eq. 2.19) for the base-state environment
used in CNTRL and withdrawal runs — associated with the thermo-
dvnamic profile depicted i Fig. 120

As in Fig. 6.5, but for neutral simulation (mn\t‘mt poumml tern-
perature 303 K1 The time series are extracted from the same two
orid-pornts anadvzed m Figs, 6.5 and 6.6 Il voixLovo sy (HID00 2000,
0.2-500 ki iune zero refers to the inttiaization time with a thermal
bubble
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As in Fie. 6.3, but for the first 20-min of integration of a neatral
stimulation with hornizontal domain extent that is half of that used in
stnulations CNTRLCWVEL and UVVEL. The erid-points trom which
the time sertes are extracted are (x. v, 2) (70.0. 10%.0. 0.2-5.0) km.
In 1y twhich refers to the last 5-min of the 20-min window) only the
titne sertes for 2 200 m s shown, with the vertical scale zoomed in for
2 Pacranee Fune zero refers to the imtalization time with a thermal
hubible , L

As o Fre uoso but for the tirst 20-min of intesration of @ nentral

sitmulatton with hornizontal and vertieal domain extents that are hall

of those used i simalations CNTRL. WVEL and UVVEL. The erid-
points from which the time series are extracted are the same as in
Fie 6.0 Inoody cwhich refers to the st S5-min of the 20-nun window)
only the time series for 2 200 m is shown. with the vertical scale
sooted i tor a P Parange. Tune zero tefers to the inttialization tine
with a thermal bubble.

Skew- [ diasrams for thermodynamice protiles within the simulated bow
echo at restart time. Location: (x. v 0160, 200) Km: just upstream
of the man bow echo segment at d-hre see Freo Loar. ra) CNTRL. by
THETA A .

Bow echo simulation in mpumn'm THETA. Fiest row: S5-hr: see-
ond row: 6-hro (alde) surface cold pool and outtlow:  vectors are
ground-relative winds, thick solid line represents -2 K potential rem-
perature perturbation indicating the boundary of the cold pool. thin
~olid wdashed s contonrs indicate positive necativer pressure perturbae
tons plotted ar each 100 Pac th)oody storme-relative winds tvectors) and
mecnttude of vertical veloetty teontoured at each 2 mos Y oat height
2000 e Seled cdashedy lines are updrafts idowndrattsy v
Structure of the sinulated bow echo at 6-hr at heicht 2 2600 1.
soomed e tor the area indicated by i rectangle e Figure Fle o
CNEPRE B THETY Veerors are storm-relative winds moms - wirh
al0ms reference vector indicated at the bottom of vach [).’lne'l. Solid
fines are masnitude of zonal component of the wind (storme-relative).
contoured at each 5 m st Only values equal to or above 10 m s
are plotted  Storm motion is ap proxiznately 26 m s "in the sonal
direction. Shading indicates rainwater mixing ratio in ¢ kg,

Tine evolution. from 1-hr to 5-hr tat 10-min increme nts). of SV stem-
averaged profiles of vertical momentum Hux oc'a’) inm? s 77 lest row).
and of vertical heat tlux («’6") inm s ™' K (second row). (a).e) CNTRL.
thiidy THETA. The averaging is applied for the region enclosed by a
rectanele n Figo Loth,

As in Fig. 7.1, but comparing llmmmi\n.mn( prutllm from <\pc r-
ments (a) CNTRL and (b) VAP, .

As i Fig. 720 but for \ AP

As in hﬂ ~bobut with (b)) refe lrmg_, tu ¢ \[)t rime nt \ \P
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Evolution of the sunulated gust front (2 200 m) for the seetor di-
cated by arectangle in Fig. 4.4b: (a)-(¢) ONTRL: (d)-(f) THETA: and.
cat-0 VAP First column: £:20-hr: second column: 1:40-hr: third col-
umnn: 5:00-hr. Dashed lines (referring to negative values) are contours
of potential temperature perturbation. plotted at -2 K increments. The
tirst contour from right to left is the -2 K line. indicating the leading
edge of the advancing cold pool. Vectors are ground-relative winds in
m~ ' with i reference vector of 10 ms Uindicated on the lower left
corner of each panel. A line segment along x 176.0 km is indicated
i all panels as a reference to compare the castward progression of the
wist front from both experiments

Asan B TxObat for the pvrturhutinn pressure field. Contour interval
1~ O Pa.
T series of ev l[)"l ion rate of rinwater lF ! .1\'4'r:u.[o'(l for the first
two tnodel levels within the domain enclosed by a box in Fig. L b for
stmnulations CNTRLD THETA and VAP, Units: 107y ke Vs b
time evolution i the first 10-mn afrer restart tune. with £, sampled
at evers L-omnean oby Eoas imdicated frome £10 1o 5.00-hr, sampled at
every J0-min , ,

Time evolution. from hr to 5-he cat To-min inerements), of svstem-
averaged protiles of pertarbation water vapor mixing ratio fin g ke 1
car ONTRL. by THETA ter VAP The averaging 1s .'\[)[)limi for the
regton enclosed by aorectanele in g LLh, -

Tune series of mean surface perturbation potential tempe rature error
tor withdrawal experiments in Weveandt et al. l!)!)‘J). Time zero
refers to restart tme (Adapted from Wevgandte et al. 1999).

Vertical cross sections (xz-plane), from surface to 2 12 km. of equiva-
tent potential temmperatare 00, solid linest and storme-relative wind field
fvectorss at distinet times ot P 100 E30 and ES0O-hry for experinents
CNTRLE thiest columny and THETN (second columny. Only the 326
N cthin solid linei and 330 K cthick solid line) isentropes are plotred
At BEIo and B30-hr ta-dy the vertical cross section is along v 205
k. while ar E50-hr (e-f) itis along v 197 ki (following the gradual
<onthward displacement of the apex of the main bow echo segment in
CNTRLE The honzontal extent of the domain shown is 20 ke long.
from x 120 km to x 200 k. Domain translation is castward at 22.0
m s
Vertical cross sec tions tmm surface to 2 16 km talong v 205 km)
of acceleration due to buovaney (given by Eq. 5.8). contoured at 0.05
m s < ontervals. tag solution from CNTRL simulation at ¢ E0S-hr
freference for comparison): thy-tgy first 10-min evolution in experiment
THETA wath solutions shown at 2-inn itervals. Solid (dashiedi Tines
idicate positive (negativey vdues, with zero lines bemny suppressed.
The hornzontal extent of the domain shown is 8O km long. and is the
same as in Figo D130 Domaan translation is castward at 22.0 m s
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Asin Figo VLR but for the aceeleration induced by distinet terms
composing the buovaney tield (given by Eq. 5.8) tor CNTRL simulation
at LOS-hr v thermal buovaney: (b perturbation pressure buovancy:
for perturbation water vapor mixing ratio terme: td) condensate loading
terin Inovad the contour interval is 005 m s = while in (b .terddy a
00125 mo~ = contenr ntervad s used. The demean shown s the same
asan Fre T
As i Figo T but for perturbation pressure (contours: Pa) and
stortti-telatinve winds cvectors o~ 0 Pressare held s contonred e
S50 Pacintervals. with solid (dashed) lines indicating positive (negative)
vilues:and zero lines being suppressed. Areas with downdrafts equal
to or stronger thau -1 s b are shaded (stngle color shading).

A Figo Tk but tors cloud water (qer and cloud ice (i) mixing
ratios (solid linesr: condensate loading term of the aceeleration due
to biovauney o gyl =g L = gosdashed linersand downdraft areas
esingle shading). Only the 01 ¢ ke * mixing ratio line s indicated
for e and i with the lower tupper) contour refernng to e (qi). The
dashed hine encloses areas wath condensate loading term equal (o or less
than -0.025 m s 7 Areas with downdrafts equal to or stronger than -1
mos oare shaded osingle color shading). car-if) first 10-min evolution
i expernnent FHE PO with solunions shown ar 2-min intervals

Force field i the xz-plane of the buovaney pressure aradient aceeler-
atton CBPG ) induced by i homogencons and positively buovant sur
parcel cor Lwvers of tinte dunenstons. Lanes of BPGA are shown as
streambhnes s field s obtamed analytically from Eq. 2.7 Plas and
i~ ~tens indieate the sign of the buovanes foremg v hs of 270
Adpared from Wakonoro 2001 torginally from Houze 19930 Yuter
.l[hi ”'vll/t' l""—nl»‘ .\uh' olr [‘ﬂl‘.i 2 3001s f).‘l.\t‘li ol Iht' “L’,lll"‘ .‘l[m\'t'i
Vertical acceleration due to buovaney and vertical pressure gradient
tdashed linesy ar Bo2-hr for simulations ta) CONTRL. and (b)) THETA.
contonred at 0ol e s S antenvals  Onbv neeative values are shown
Areas with downdratts equad to or stronger than -1 m s are shaded
istnzle shading . Domain shown is same as in Fig. 711 . .
Vertical cross sections along v 205 ki ol (o) [=dB dr} (<10° s 7
contoured at 0.005 s < intervals, and (hy acceleration due to buovaney
(wiven by Eq. 5.8). contoured at .05 m s ? intervals, for experiment
THETA 10-min after restart tume. Dashed {Thin solid) lines represent
nedative tpositives vadues  Inocaos zero lines are plotted as thnek <ohd
contours, while 1 by zero lines are suppressed. The cross section
shown covers ouly the lower western portion of the domain in Fig.
T throm the surface to 20 96 ki and 120 ki o x <170 ki o
both panels. areas with downward motion stronger than or equal to -1
m s fare shaded (single shading)y, . ..

As i Fies TLL but for the zonal component of the storm-relative fow

inm s ' rcontoursi. from t 06 to £20-hr in experiment THETAL
Ounlyv contours for u -12 m s ! (dashed line) and S ms ' solid line)
are shown.  Vectors are storme-relative winds in m s ' and shading
indicates arcas with downdrafts stronger than -0 m s 1
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33
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35
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First 20-min evolution of vertical motion feld at 2 18 km in ex-
periment THETAL starting at + 1:02-hr. Solid (dashed) lines denote
updrafts tdowndratts) contoured at 0.5 mes Uintervals, with zero lines
betng suppressed. Only vertical motions between =4m s ' are plot-
ted. Inall panels. hL,ht shading indicates areas with hail mixing ratio
sreater than 1o ke and an E-Wooriented line segment along v 205
K illustrates the location of vertical cross sections studied in previous
plots. The hortzontal domain shown s the same as in Fig. L6, and
translates ¢ N\\.ml at 221 s S
A~ in Fie T HE but for the ve atical motion field at t bix-hr Only
contours tor o <L mes o cdashed linesvand o Dmes fisolid lines
are plotted Ve mr\ are storm-relative winds inm s
Asan e 72250 bt for a l.mux bonzoutal domain, ene lmmu llJl Lm
X b0k Lo kmooov - 262 ki
Fune sequence from v L2 to B20-hr of vertieal motionat 2 L8 km
alone v 2005 ke dline segment i Figo 7220 in experiment THETA
tor a horizontal domain covering 112 ki < x < 168 ki (the abscissa
i the panels abover. The domai moves eastwards at 22 m s ' which
i~ approxtmately the propagation speed of the bow echo. such that the
phase speed indie .nui above s storme-relative S
\' thical protiles ot ca buovaney frequency sqtmlui t\ <10t
and by zonal component of ground-relative winds (7 ms ') inexperi-
ment THE LY at Plo-aun averazed for the areacenclosed by acrectangle
b T 22
Pie senes of vertieal velocinv i me s - at oxo v 0160, 205) ki and
/U~ ko Lo kme 7.8 ke for the ficst 20-min of experiment THETA.
Lhe vernieal velocnty field s sampled at each ds.
A Feo 7270 bat for sammlation ONTRIL
Trine sertes for the fiest 20-min after the restart time (¢t hr) of
perturbation pressure tin Pad at (xov) 0 (1600 205) kmoand 2 1R
b bo hine TN ke gust npstreian of the lm\\ echo e Fig. 7.22) for
expetimment THE TN a0 to 5 ming obi 5 to 10-min. tc) 10 to 15-min.
(di 10 to 15-min. The pvl'rurh;niun pressure is satmpled at each big
tine step | l S : S .
A~ Fre T 03 b t'v[(l{hlllh" e\;n rnents CNTRE and VAP
Asan kg TOLE but tor expetiment VAP, :
Vertical acee l« ration induced by thermal buovane: v irst column and
condensate loading (second columnj terms of the total buovancy field
at t L0O-hr thest row) and -£02-hr (second row) for experiment VAP,
[n (a).(c} the contour tnterval is 0.05 m s . while i (b).(d) a 0.0125
m ~~7 contour interval is used. The domain shown is the same as in
T
As i big.
As i Fie,

1o, but for experiment VAP, o
L but for experiment VAP, fromn v 1:12-hr to £:20-hr.
As i Fie 716, but for experttuent VAP from v £12-hr to 120-hr

Asan Figo 7200 but for experttment VAP at o EDD-mane .
Asin Fig. 7.21, but for experiment VAP, from vt 4:10-hr to 1:20-hr.
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Vertncal cross sections of the magnitude of downward motion (dashed
lines) and storme-relative winds (vectors) in m s 'for (a) experiment
THETA at Bos-hre and oby expertment VAP ar E16-hr. Contour in-
te r\"il 1= 2 starting at - 2 m < b The domain shown is the same as in
Fig. 711 .
\e xtu al cross sections of the ratio q, 41 . at 0.2 dime ll\l()lll('\\ intervals,
Thick solid line in the center of the domain encloses areas with ¢, /q..
equal to Lowhile thin solid line indicates areas with ¢, /¢, equal to or
less than 06 Vectors are storm- refative winds in m s~ ' The domain
shown is the same as i Fig 701 S
Vertical cross sections of rnr.xl waler mixiny ratio \\nll(l llnvs; dl()[l” v
200 km for van expernnent THETA at ¢ LOS-hr. and (h) experiment
VAP at o PlG-he Contour interval s g ke 0 Veetors are storm-
relative winds inom s 'oand shading indicates areas with downward
totion equal to or stronger than -1 m~ 0 Domain shown is the same
asm e 710
Time ~eries. from 3 to 6-hr. of domain maximum updrafts (m s
sampled at S-min mtervals. Compirtson berween simulations CNTRIL.
THETN and VAP L
Asan Figo 719 bwr comparmng sohitions from sinulation CNTRIL at
! Ulochy {».m'i A ated stmmanon VAR an Pos-hrs Fio-hir and
l’hl'[).llul\v»lulw .
Asan e 7190 bae for expernment VL \I at t o Plt-hr Positive (solid
hnes and nedative sdished Tinesy values of AL 5 are plotted ac 0,02 m
<~ ntenvals Stopmeeelanve wainds cinome < bare andicated by veetors
Vertieal eross sections i the xz-plan along v 205 ki for the storm-
relative wind field across the gust front in experiment VAP, from t
EL-hr to 20-hre The domain shown s I8 km x IS km. Veetors repre-
sent svatem-relative winds inm s 'and contours indicate magnitude
of the vertical selocttv i me s Heontoured at 2 m s 7Y inerements, with
the zero hine bemne suppressedi Solid tdashedy lines mdicate updrafts
tdowndraftsi S
A~ B 720 bue for THETA ‘[mnc'l G and VAR tpanel by at
o L30-he
As i By 727, but for (\[)t Fiment VAP,
As i Figo 729 but for the tirst [0-min in experime nt \ AP
Asin Figo 7 14 but companng the solutions from simulations CNTRL
and THETA at L30-hr.
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Diagrams summarizing the response among meteorological fields early
in the withdrawal experiments (i.e.. during “transient evolution™). Panel
ta) indicates the response in simulations WVEL and UVVEL (dyvnamic
adjustment induced by kinematie fields). Violation of mass conserva-
tion. assoctated with incomplete specitication of the three-dimensional
divergence tield. leads to strong ibut short-lived) pressure perturba-
tons. In turn. the induced pressure gradient acceleration (PGAY leads
to responses in the veloary tield The tesponse from the vertical com-
ponent of the wind s stronger due to a more intense PGA i the
vertical during the adjustment process. which translates into the verti-
cal motion adjusting to the horizontal wind tield specitied in the mitial
condition. Panel (by indicates the response in stmnlations THETA and
VAP thvoamie adjustiment induced by the thermodvnamie fields ;o Wae
ter vapor and condensate fields modulate the rates of latent heating
and cooling. which. in turn, affect the temperature field. Variations in
temperature atfect buovanev, while the pressure tield responds to the
distribution of buovaney, This overall response emphasizes the impor-
tance of an adequaie speatication of the meteorological vanables that
contrel the mavnttude Sf Tatent heatine and cooling within convective
~TOTTS.
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Abstract

While the large-scale atmosphere 1s govermned by relatively simple dynamic balance
relations that desenbe the mutual adjustment between the mass and wind fields (e.g..
hydrostatic and geostrophic balances). no simple relation 1s known to govern tlow
adjustments on the comvective scale. To gain better insight into this 1ssue. a set of
identical-twin numernical experiments are pertormed m the present work A control
simulation of an dealized long-lived bow echo. which serves as “truth”. 1s compared
against forecasts i which selected vanables i the control run are reset o therr
undisturbed base state values during the mature stage of the convective system. The goal
1s to understand how. and at what rates. the unperturbed meteorological ficlds adjust to
the variable that 1s withdrawn impulsively (and vice versa).

Our results indicate that withdrawal of the perturbation horizontal wind ficld has a major
impact on storm morphology. while chmination of the vertical motion has virtually no
impact. This behavior can be explained by the response of the pressure tield to
incomplete specitication ot the three-dimenstonal divergence, assoctated with which s
the creation of high-amphtude mixed acoustic-gravity waves. A strong squall line,
sharing many of the charactenstics ot bow cchoes. results from the simulation in which
perturbation potential temperature 1s withheld. with the water vapor and condensate fields
regencerating the main thermal structure of the convective system through diabatic effects.
Withdrawal of perturbation water vapor mixing ratio leads to a storm system whose
evolution deviates significantly trom the control simulation, owing to a delay in the
restoration of the thermal field and to substantial modification in rates of latent heating
and cooling.

These results suggest that 1t a choice exists regarding which vanables can be specitied in
a stormscale model in the presence of a mature convective systern (particularly, squall
lines and bow echoes). the horizontal wind. water vapor and condensate species should
be given the highest prionty. On the other hand. intormation contained in the pressure.
temperature and vertical motion fields tend to be redundant.
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Chapter 1

Introduction

1.1 Numerical simulation and prediction of severe convective
storms

The mvestication of the structure and evolution of severe conveetive storins 1s moti-
vated by the fact rhat rtheir assocrated weather flash Hoods, damaging haal. strong
surface winds, severe turbulence and tornadoes poses a threat to life, property,
the cconomy. and even national securitv. Therefore. the coutinuous improvement of
mesoscale operational weather prediction tespecially applied to convective svstems !,
and the assessment of the feasibility of numerical weather forecasting at the storm-
scale!lsare of both seientific importance and practical relevance to society.
Historically. numerical modeling has plaved an important role in improving our
knowledge of the dvnamics and physics of thunderstorms and severe weather phenom-

ena. In contrast to large-scale meteorology. where the tirst applications of numerical

“Even though no umiversally accepted detinition for “stormscale ™ exists. this term s used throughout the text
for time and space scales 1 which convective storms and their main inoer structures can be exphicitly resofved by
numerical models and or detected by observing svstems  That 15, from few hundred meters (and few minutes) to
several hilometers Land several hours), encompassing, basically, the microa and mesos scales as dehined by Oclansha
1975 or alternativeds the mesod and mesos scales defined in Fhums acd Bornstein 19960 Whenever the term

contective soade o clond scale s asedd 1t should be interpreted as havieg the same meating as stormscale



models were closely associated with operational prediction (e.g.. Charney et al. 1950).
the numerical approach at the stormscale was primarilv applied ro basie research mo-
tivated by the need for improving our understanding about the dvnamic intricacies of
cumulus convection and thunderstorms {(Ogura 1963. Soong and Ogura 1973, Steiner
1973, Schlesinger 1975, Klemp and Wilhelmson 1978, Clark 1979. among others).

The relevance of numencal studies at this scale of motion is evident if we consider
that thunderstorms are more ditheult ro observe than svnoptic-scale patrerns. Therr
localized nature and neh itermittenes. and the existence of very fine structures,
make the planning of adequate observing svstems a diticult task. The mathematical
modeling of convective storms in the 1970°s and early 1980°s allowed the investigation
of the morphology and dvnamies of storm structures (such as strong downdrafts and
mesocvelonesy and therr relation with the svnoptic scale environment. These models
tepresented the backbone for the development of the tirst theories to explain the
observed behavior of severe storus {e.g.. Wilhelmson and Klemp 197R Rotunno and
Klemp 1982, 1985, Wilhelmson and Wicker 2001).

The development of more sophisticated numerical techniques and physical pa-
rimeterizations suitable for mesoscale and stormscale applications. combined with
continuous advances in computing power. led to a rapid evolution of mesoscale and
cloud modeling during the 1980°s. This rapid development, as well as progress in
technology apphied to observing svstems (most notably, the Doppler weather radar).
allowed a better understanding of thunderstorm dyvnamics. As a natural evolution.
the challenge proposed for the 1990°s and bevond was the translation of such evolv-
g knowledge tnto specific applications toward a large goal: operational stormscale
weather forecasting (Lilly 1990, Droegemeter 1990, 1997). In this new context. nu-
merical solutions from convective-scale models would be used as forecasting tools.

rather than serve as idealized or post-event simulations of thunderstorims.



Lillv (1990) pointed out that if operational weather prediction on the convective
seale 1s to become a reahity. major efforts should be focused in the areas of thun-
derstorm predictability. numerical model design. stormscale data acquisition. and
initialization of stormscale models. Although significant progress has been made
these areas i the last decade. meluding real time numerical prediction of convective
storms with varving degrees of sophistication (Xue et al. 1996, Droegemeier 1997,
Wicker et al. 1997, Wilson et al. 1998). several issues still need to be addressed.

One of these refers to the identification of stormscale processes that are most
unportant to the prediction of convective svstems. and their impact on model ini-
ttahization. For example, 1if a given variable or storm feature that plavs a crucial
tole o the maintenance of the conveetive svstem is badly initialized in a stormscale
tmodel. the forecast mav be poor. Thus, what atmosphe roc fields and foatures eithn
convectiee storms are most relecants Whoeh varwable s should be inatealized be st s
the informuation content of cvery varwble vqually tnportant to the specification of the
atmospherie flow toa convectiee systemce Or are there varubles that contaae redun-
dant information s How do crrors ava gueen atmosphe ree: field affect othe r frelds, and
feow doe s this response influence the capabdity to predoct the cvolution of a conee-
te storme What fields must be obscreed (or retrieced) with hegher accuracys The
present research aims to gain insight into these issues by assessing the
influence of specific atmospheric fields in the numerical simulation of an

idealized long-lived convective system.

1.2 The search for a storinscale initial condition

While the operational inittalization of large-scale models 1n meteorology has a tifty-

vear history (e.g.. Dalev 1991). onlyv recently have initialization procedures been



specifically developed for stormseale models (Shapiro et al 19950, Droegemeier 1997
sun and Crook 2001a. Weyvgandt 2002a.b). Several topics unique to the initialization
of such models have been studied during the past ten vears. regarding the speciti-
cation of both environmental conditions and fields deseribing the inner structure of
convective stortns.

Many ivestnigations have sought to evaluate the sensitivity of simulated thunder-
storm evolution and or related features to ditferent meteorologreal tields 1020 Yane
and Houze 1995b, Crook 1996, Gilmore and Wicker 1998, Pandva et al. 2000, MceCaul
and Cohen 2002, among several others?). For instance. Crook (1996) discussed the
sensitivity of moist convection to some thermodynamic parameters in the planetary
boundary laver in the absence of strong large-scale forcing. He showed that convee-
Uve mitiation can be very sensitive to temperature and mostaee ditferencoes berween
the surface and the well mixed boundary laver. and that once a deep convective cell
s well developed. the strength of the storm is most sensitive to the boundary faver
moisture field. compared to the temperature field.

Other studies have investigated crplocetly the sensitivity of thunderstorm simula-
tions predictions to the imitial conditions (1Cs) teog - Weveande et al 1993, Elmore
et al 2002 This meludes the determination of 1Cs suitable tor the stormscale (e
Ducrocq et al 2000, Elmore et al. 2002a). and the analvsis of error growth associ-
ated with mitial perturbations applied to specific parameters and or meteorological
vartables in cloud models (e.g.. Li et al. 1995, Park and Droegemeier 2000).

Park and Droegemeier (2000) studied the sensitivity of a simulated supercell thun-
derstorm to errors apphed to input parameters. espectally motsture fields, using the
tangent linear approach. Moisture perturbations inserted in the storm and in the

background environment had a great impact on the storm features, such as the up-

“These studies do not necessanly address the model instiahization problem directly, but their results have important

mpheations to it



draft and rainfall amount. The perturbations inside the storm generally had a greater
influence on the forecast error than the ones applied in the environment. The pressure
field was the variable with greatest impact on forecast error right after the perturba-
tions were inserted in the storm. but overall. the temperature field inside the storm
was the one with greatest influence over forecast errors.

Finallv. tnvestigations also have focused on data retrieval and assunilation tech-
niques applied to the convective seale. In this respect. Doppler weather radar, such as
the Weather Surveillance Radar-1983 Doppler (WSR-83D). represents the most pow-
erful observing svstem available for the remote sensing of convective storms. While
mesoscile surface observing networks. wind protilers and sarellites can provide very
useful observations of thunderstorms and or related features. Doppler radars go a
step further and monitor the inner structure of such svstems. However, the infor-
mation provided by Doppler radars is imited to the reflectivity, radial component of
the wind with respect to the radar location, and spectrum width (Klazura and Ly
1993

Therefore. the development of techniques to retrieve the unobserved fields. like
the cross-heam velocity, temperature and microphysical quantities. is an area that
has received much attention. especially in the last decade (Tuttle and Foote 1990,
Sun et al. 1991, Verhinde and Cotton 1993, Laroche and Zawadzki 1994. Crook and
Tuttle 1994, Shapiro et al. 1995, Qiu and Xu 1996. Sun and Crook 1998. 2001a.
Gao et al. 2001, Lazarus et al. 2001, Xu et al. 2001, Wevgandt et al. 2002a.b. and
others). In general. the performance of the retrieval assimilation techniques has been
tested with both simulated and real radar data. with emphasis on the operational
aspect of the problem. These studies indicate that the capability to estimate retrieve
information about the inner structure of convective systems does exist.  However,

having this capability does not mean that we know whach fields should be be st ¢ stimated
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(or retrieved) and intialized i a model to obtain a good forecast on the stormseale.
To determine that, it is necessary to assess what meteorological variables contain the
most crucial information describing the atmospheric How within a convective storm.

which represents the specitic topie of our research.

1.3 DMotivation and goals

Our experience with large-scale flow shows that knowledge of the physical Taws gov-
erning the atmosphere. and of atmospheric balances (e.g.. geostrophic. hvdrostatic).
are useful for determining which meteorological fields are most important in the ini-
tiahzation of numerical models (Smagorinski et al. 1970, Dalev 1980, 1991). This 1s
bhecanse one state deserhed by a queen cartable may constramn the be havior of another
cartable . Thus, under some cirenmstances, the information provided by a certain vari-
able can be redundant. Or. quoting Smagorinski (1969) (from Dalev 19S0): ~First of
all. not all data are equal i their informaton-vielding capacity. Some are more equal
than others. This tells us that if there s a choice as to what can be measured. then
one vartable may be preferable over another™

Geostrophic adjustment. for example. was the main motivation for Charnev et al.
(1969) to assess the mmpact of satellite-derived temperature observations on the ini-
tialization of a global circulation model  given that temperature and pressure (i.e..
mass tield) can be hvdrostatically related. They indicated that the wind Held could
be inferred from the “satellite™derived temperature profile (if the surface pressure is
knownj. and that, by inserting temperature corrections to the model at 12h intervals,
the forecast could be significantly improved. This is an example of how knowledge
of the dvnamic constraints that govern atmospheric motion can be used to assess

the relative importance of meteorological tields in the context of numerical weather



prediction.

Although no simple dvnamic balance relation exists on the stormscale?, investiga-
tions of geostrophic adjustment (e.g. Blumen 1972). and. more recently. the revisiting
of the hyvdrostatic adjustment problem (e.g.. Bannon 1995). serve as a conceptual ba-
sis for the examination of the mutual adjustment of atmospheric variables at smaller
spatial scales.

The general idea in large-scale studies which examine adjustment mechanisms
under balanced dyvnamies. is that the specitication of an unbalanced [C leads 1o a
transient response. mantfested as propagating waves, after which the balance relation
heing constdered te.g.. geostrophic. hvdrostatic) 1s restored and a tinal solution in
steadv-state 1s attained. Figure 11 indicates this general concept. valid for both
analvtical and numerical approaches. By understanding how the systemn evolves from
the mitial imbalance to a tinal balanced state implies an understanding of the dynanoe
adjustinent process.

Now, let us draw our attention back to the simulation (or explicit predietion) of
convective storms. No balance relation exists to define a strictly “unbalanced 1C7
or & “tinal balunced solution in steady state™  The full conservation equations must
be used for the exphert numerical modeling of convective svstems (e.g.. Xue et al.
2000). So how can we examine dvnamic adjustment mechanisis on the stormscale?
To address this important topic. we detine an artificial 1C containing incomplete
information about the inner structure of an idealized convective storm. i.e.. an IC
that does not satisfy one or more of the conservation equations. This is accomplished

by impulsively eliminating (the information contained in) certain variables on the

*The cvelostrophic ow. which is a form of balanced dynamics. 15 mostly restricted to tornadic vortices {Davies-
Jones et al. 001 1 e 1o a smaller scale than the one to be constdered here Long-lived mesoscale convective vortices,
on the other hand. may approach the detimtion of a balanced flow (e g . Davis and Wersman 199§, but such features
do not account tur the matitenance of the entire connectine svatem that generated them
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Figure 11+ Sketeh of the tvpical sequence of events when examining (either analvtically or numeri-
cally) atmospheric adjustment processes driven by balance relations. An initial condition that does
not satisfy the balance relation s specified. This is followed by a transient solution idominated by
the propagation of high frequency waves), which eventually leads to the final solution that satisfy

the balance relation
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numerical simulation of a long-lived convective syvstem'. while maintaining other fields
unchanged. and restarting the simulation with incomplete description of the state
of the convective storm. This artificial 1C will be the stormscale-equirale nt of the
arhalanced 1C depreted in Fug. 1.1

This approach has been investigated before by Weveandt et al. (1999). who stud-
1ed the tmpact of the impulsive withdrawal of perturbation values of selected variables
on the simulation of an idealized supereell. In that studyv. the withdrawal of vertical
motion. for example. violated mass conservation becanse regions of horizontal conver-
sence and diveraence were not compensated by vertical motion. Thus, local variations
in the mass tdensity) field were not consistent with the kinematic structure owing to
the incorrect specitication of the three-dimensional divergence. Our research follows
sttilar approach and extends the work by Wevgandt et al. (1999).

The seneration of an 1C that does not satisfy the conservation laws is not sup-
posed to represent arealistic intialization of a convective-scale model, but rather a
methodology for studving an intentionallv-created transient response through an ap-
proach that is conceptually analogous to that used in large-scale dynamic ajustment
processes (Fig.o L1 Figure 1.2 summarizes this analogy by comparing the study of
geostrophie adjustinent using a shallow water equation model and the examination of
adjustinent processes in convective storms using a non-hvdrostatic fully compressible
model.

Because the model will force the restoration of conservation laws after the elim-
mation of a given variable (though with significant errors in time derivatives), one
should expect the perturbed and unperturbed fields to undergo some kind of adjust-
ment. or response. under the stringent control of the conservation laws. This is the

main aspect to be explored in the present research.

Hn practice this means that we reset variables back to the unperturbed base state representing the environment



Dynamic Adjustment in
Geostrophic Ad]ustment a Convective Storm
Shallow-water Non-hydrostatic fully
equation model. compressible model.
Initial condition that does not Initial condition that violates one or
satisfy geostrophic balance. more of the conservation equations.
Start the model. Start the model.

l § &
Conservation equations are satisfied Conservation equations are satisfied
immediately. Accelerations are immediately. Accelerations are
induced earty in the simulation induced earty in the simulation

(transient evolution). High frequency ("transient evolution”).
inertia-gravity waves. ) §
Final solution in steady-state, Ft‘imtgl solution 'T ng;ll-steadyi ;:'.'d
satisfying the geostrophic balance. Sausties no simple balance refation.

Fieure 120 Conceptual comparison between a numerical study of geostrophic adjustment using a
“hallow-water equation model (SWEM) and the study of dyvnamic adjustinent processes in a convec-
tive storm usine a non-hyvdrostatic fully compressible model (NHFCM). Geostrophic adjustment:
an [C not geostrophicaly balaneced is imposed in the SWEM. As soon as the model 15 started. high
frequency wmertia-gravity waves are triggered due to the initial imbalance, and acceleration is present.
As the waves propagate out of the domain and or are damped. a final solution in steady-state is
obtained. where the geostrophiie balance is satistied. Dynamic adjustment in a convective
system: an artificial [C violating the conservation equations is imposed in the NHFCM. This IC
contains incomplete iformation about the inner structure of a simulated convective storm. As the
model is started. strong accelerations (as well as time tendencies of scalar fields) are induced while
the conservation equations are satustied. and the simulated fields respond to the artificially-specified
[C" The objective 13 to study how the withdrawal of information about the convective system atfects
its sinulaton. and how distinet meteorological fields respond to each other in the carly stages of the
sumerical experiment Note that no steady-state solution is obtained in this case.
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The questions that arise are: How do the mass and thermodynamuc fields respond
to the elimunation of one or more of the wind components? How does the wind field re-
spord to the climination of the thermal structure within the convective system? What
s the umpact of elinanating information about moisture fields Are the withdrawn rare-
able s rostored to the same value they would have of no perturbation had been applied ¢
If so. how fust s this accomplished. and what processes control theme If not. what
mechanesms procent them from bewnyg correctly restored? Does wave propagation play
ang relecant role during the adjustment process? Among the varwables being elim-
nated. which ones have the greatest impact on the sinulated convective stornc? Does
arcy variable contarn redundant oformation jas considersd by Smagorisks 19691,
siech that s cloanation does not pose any stgndficant Cthreat™ to the quality of the
~inudation

By addressimg these questions we focus on the mechanisins that control the equira-
[t of atraasient evolution toward the tinal solution on the stormscale (conceptually
suntlar to the sequence indicated m Figo 1.1, except that the “tinal solution™ 18 not
A balanced one o other words, the transient regime cousidered here no more rep-
resents o step toward the fullfiliment of a simple dvnamice relation. but rather to a
non-steady solution. In this context. it is important to note that. while the conser-
vatlon equations are satistied as soon as the model is started. early in the simulation
the time tendency terms in the equations will be larger than expected in the real
atmosphere. This 1s the regime representing dyvnamic adjustment on the stormscale,
and 15 conceptually equivalent to the early generation of accelerations in a shallow
water equation model started with a geostrophically unbalanced IC.

[t should be emphasized that no investigation has studied explicitly the problem of
dyvnamic adjustment within convective storms, even though this is a subject with po-

tential implications for model initialization and data assimilation on the stormscale.
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For example, Weveandt et al. (1999) and Sun and Crook (2001b). emploving different
methodologies on the study of numericallv-simulated supercells. found that simula-
tions in which the horizontal wind field within the storm was completely eliminated
tor not well mitialized) resulted in major changes in the storm behavior. Conversely.
the elimination. or bad intialization. of the vertical motion field still allowed a good
sinntfation of the supercell. given that the horizontal velocity was well represented
at the mtial time. Nascunento and Droegemeier (2002) found similar results for a
numentcallvesimulated bow echo. and Fiedler (2002) discussed some of the character-
isties of the simulated How that lead to such behavior (to be described in chapter

)

2r Nevertheless: none of these stadies fully explores the physical and dvnamical
mechantsms driving the adjustiment process.

Given these points, the main goal of the present research is to closely
eramine the processes behind the mutual adjustment among specific vari-
ables when an impulsive perturbation is applied in the three-dimensional
stormscale stmulation of an tdealized mesoscale convective system.

The storm system chosen is the bow echo squall line. Simitlar to supercells. bow
cchoes often display the remarkable charactenistic of sustaining coherent mesoscale
structures for several hours. even under weak mid-tropospheric forcing situations
CJohns 19931 This characternistic indicates the prospect for considerable predictabil-
itv, and makes the bow echo an interesting svstem to be studied under the context of
dynamic adjustment processes. Because bow echoes usually display a strong surface
outtlow and cold pool. mesoscale convective vortices and a rear-inflow-jet (\Weisman
2001). the sensitivity of the simulation of these features to ditferent variables will be
addressed.

One may view the present work as a sensitivity study to ICs, as in a predicrability

ivestigation. However, an important difference exists from predictability research in

12



that the [Cs defined here intentionally violate the conservation equations. Thus. our
mvestigation does not represent an explicit study of atmospheric predictability on the
convective scale: rather. it anns at understanding the response among meteorological
variables in convective storms.

Nevertheless, results from the present research will provide at least further insight
into some relevant issues in several research areas in convective scale meteorology.
which includes predictability. ensemble forecasting (e.g.. better dvnamic understand-
iy of mechanisms leading to error growth in conveetive scale models), and model
intialization with Doppler radar data retrieval (e.g.. which retrieved vartables are
most crucial from an initialization standpoint”). The degree of generality expected

for our results 1s discussed Later tn the text.
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Chapter 2

Theory of Atmospheric Adjustment

\n understanding of how meteorologieal varables mutuallv respond in atmospheric
models 15 entical for avording [C imbalances that can quickly ruin a forecast (Daley
19911, One example s the generation of large amplitude inertia-gravity waves in prim-
itive equation models when no intial balanee is imposed. or when the inttialization
procedure fails to adequately filter high-tfrequency waves.

[n the present research, the mutual resporse of meteorological tields to oue another
s referred to as dynmee adjustie nt. 10 s not necessary, for our purposes. that the
tinal state  achieved after the adjustment process is realized  be steadv. We ar
ustng the crpression “dynamic adjustment ™ in a broader sense geen the lack of
sunple balance relatrons on the stormscale.

We deseribe below a few atmospheric adjustment processes. Although geostrophie
adjustment mayv have a secondary impact on most of the processes of interest at the
stormscale, its well-known unplication to model initialization serves as an important
conceptual motivation for the present research. Hvdrostatic and acoustic adjustments

are more pertinent to our studv, and thus will be described in detail.



2.1 Geostrophic adjustment

Geostrophic adjustment is the most well-known dvnamie adjustment process in the
atmosphere. and the one identified long ago as having a significant impact on model
inttialization {Philhips 1960, Blumen 1972). It can be examined. for example. by
itnposing an unbalanced geopotential hereht field as an [C ina simple shallow water
svatem of equations

Such aosvstem, discussed in stantard  textbooks (eg. Gill 1982), consists of a
shallow rotating laver of Hhid that s homogeneous, incompressible and inviseid. It
Is the most simple svstem capable of reproducing the general aspects of high- and
fow-frequency dvnamies of the laree-scale atmospliere [nits linearized torm taround

i base state at restr. the shallow water svstem cian be written as:

' o .
o=, =l
o’ , Jo .
Sl o (2.2
o o’ o’ -
Jat ’ "(w T dy ) - =5

In ¢2:1-02.3) standard notation is nsed. and o = gh and ® = gH are. respectively,
the perturbation and base-state geopotential, where H is the (unperturbed) mean
height of the free surfuce and hois the deviation from H.

[t can be shown (Dalev 1991) that. from the vorticity and divergence equations
derived from 2.1)-02.30. the shallow water svstemn leads to a set of coupled linear
partial differential equations (PDEs) which admit wave-tyvpe solutions of the form of
two nertia-gravity modes and one Rosshy mode.

An unbalanced 1C m this svstem implies that an mtial geopotential height tield is

not in geostrophic balance with the wind field through the pressure gradient term in



Eqs. (2. 1vand (2.2). Figure 2.1 shows the time evolution of the solution obtained from
a linearized shallow-water model when an initially unbalanced geopotential height
field is tmposed (Fig. 2 Tay The mitial wind field is at rest. The imbalance trig-
gers ertia-gravity waves that move awav from the unposed geopotential field. and
perturbations in both geopotential and wind fields are generated.

After 6 hours Fig 2 Tev s the mnertia-gravity waves have propagated out of the do-
main and a steadv-state solution is obtained. The tinal amplitude of the geopotential
height is just a small fraction of the that in the IC. and a weak wind field s main-
tained in geostrophie balance with the geopotential perturbation. In this case. most
of the adjustment was pertormed by the mass held andicated by the geopotential
hetghor, while the wind tield was onlyv shethly modified

A distinet behavior can be obtained with the tinal solution being composed of a
wind tield that responds strongly to the intially unbalanced geopotential height . In
this case. most of the adjustment 1> performed by the winds, while the tinal geopo-
tentral field moantains the ininal structure An tnportant parameter for the dentifi-

catton of the field that tends to control geosttophic adjustiment is the Rossby radius

of deformation Ly . civen by

vyt

Ly = f

(2.1

L defines a characteristic length scale at which rotational etfects (i.e.. associated
with earth’s rotation) become as important as buovaney effects (i.e. assoctated with
agravity waves) (Gall TOS2y [F the charactenistic length scale L, of the mital teld
(a wave) s small compared with Lg. then the tinal steady-state solution from an
unbalanced [C will be determined by the initial wind teld. which is the case in Figure
2.1. Converselv. if L, is large compared with L. then the final steadv-state solution

will be determined by the initial mass field.
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Figure 2.1 Geostrophic adjustment of initial geopotential perturbation (a). Solutions at 1. 2. 3. and
6-hr are indicated by (b-ct. Contoured field ix geopotential. and arrows indicate speed and direction
of wind tield cAfter Barwell and Bromley, 1988, adapted from Daley 19915



[n mid-latitudes, where fis relatively large and. therefore. Ly is relativelly small.
the wind field tends to adjust to the mass tield. [n this case. it is possible to obtain
a good approximation for the mid-latitude wind field from pressare coeapotential
height) observations alone (e.gz.. Phillips 1963, Holton 1992). This is a nice example
of one variable constraining the behavior of another. through a dvnamic relation. [t
is. conceptually. the tvpe of dvnamic adjustment process that we also are interested
i on the stormseale.

Sienitticant effort in formubing initialization procedures for large-scale atmospheric
models was stimulated by the relatively simple adjustment discussed above. Normal
mode imtialization (e Williamson and Temperton 19810 Daley 19910 for exam-
plec s o method o which the component of & given wave amplitude assocrated with
et ie-g vty wives s Hltered from the observitions analvsis i normal mode space!
such that. when projected back to the physical space. the primitive equation model
is free from spurious high-frequency waves daring the entire model integration. In
other words. the [C is balanced.

The clear implication of geostrophic adjustment for model initialization is a major
mwotivation for analogous studies on the stormscale. As discussed in chapter 1owe do
not expect to find a simple balance mechanism on the convective scale. However, if we
understand how meteorological fields mutually adjust at this scale of motion {similar
in concept to the mass and wind field adjustment under geostrophic balance), we
can assess the relative importance of distinet variables and tields when mitializing
stormscale models. and also the impact of assimilating specific meteorological helds

from observations without adjusting or constraining the remaining model varables.

e the space where the obsernved analvzed teld 1y decomposed into one Rossby mode and two fast moving

mertia-gravity waves ¢ Dalev 19l

—
o



2.2 Hydrostatic adjustment: an anelastic approach

Although geostrophic balance plays a role in the dvnamics of some long-lived mesoscale
features produced by thunderstorms (e.g.. anvil-level dvnamics: Fulton et al. 19941
atmospheric adjustment processes assoctated with fast moving graviey and sonnd
waves are the ones more evidentv related to the intermitent nature of severe convee-
tve svsters.

Before studving these adjustment mechanisms from the wave theorv standpoint.
it is useful to understand some simple processes regarding the response of the atmo-
sphere to a localized heating (or buovaney) source sink . following the approach used
by Houze (19931 and Yuter and Houze (1995b). Tt is shown below that buovancy
and pressure fields adjust to each other as the atmosphere tends to attain hvdrostatic
balance (not alwayvs achieved). This process has nuportant application 1o dyvuamie
adjustment within convective svstems,

Asin Honze (1993). consider the momentum conservation equation tmultiplied by
the base-state density oo that 1s function only of herghty for an anelastie.and mviscid

atmosphere i a non-rotatng reference frame:
J _+— - <2 , y =
—ipV = -ptV NV - X'+ pBA (2.5}

In (2.5). standard notation is used (l—} 15 the three-dunensiwonal wind), and B is
the buovancey term. defined as B = —g%'. where p' is the perturbation density. Note
that. in contrast to the shallow water svstem discussed previously, we now refer to a
non-hvdrostatic system (with buovancey representing the gravitational effects).

By taking the three-dimensional divergence of (2.53). and noting that ¥ - 51 =0
for an anelastic system. we obtain the following diagnostic equation for perturbation

pressure:
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The first term on the right-hand-side of (2.6). which is assoctated with the ver-
tical gradient of B is called the huoyancy source for pressure perturbation. The
second term. associated with the three-dimensional divergence of the advection field.
15 called the dynamue source (Houze 1993). Equation (2.6) indicates that pressure
perturbations in a non-hydrostatic svstem can be affected by (e respond to) buov-
ancy and wind fields®. One example of the latter case is the 2eneration of negative
pressure perturbations within mesocvelones mesoanticvelones i supercell thunder-
storms (e Klemp 1987). However. to study hvdrostatic adjustment, it s sutficient
to analyze the relation between the pressure and buovaney tields, sach that onlv the

buovaney source is retained. Hence, (2.6) reduces to:

[ )
-1

T = ) 5

Equation (2.7} is an elliptic PDE (Poisson’s equation) for the pressure perturbition
field. Recall that. for wavelike disturbances (away from boundaries). the Laplacian of
a given quantity s proportional to the negative of the deviation of thas quantity with
respect to its mean. Thus, from (2.7) one would expect to tind negative (positive)
pressure perturbations where L‘y-':{;’)li'} >0 (pBY <y

Constder. now. an idealized positively buovant air parcel. as depicted in Figure
2.2, On the upper portion of the parcel. where £(5B) < 0. a positive pressure
perturbation is induced. while on its lower portion. where ",—':lpB; > ). a negative

pressure perturbation forms®. Therefore, as the positively buovant air parcel tends to

‘Equatiun (2.6) describes o diagnostic relation derived from a non-hydrostatic and anelastic system  For a non-
hydrostatic and fully compressible system of equaticus, this diagnostic relation does not hokd However, because the
anelastic system can be considered a “sub-system™ (or special casej of the fully compressible equations, the processes
described in (2,61 are also present in solutivns obtamned from compressible models

$Actually. the negative vertical vanation of the base-state density in the lower portion of the wr parcel induces
4 positive pressure perturbation. competing with the contnbution from the positive vertical vanation of buovancy
In describing Figure 2.2, we assume that the vertical vanation of base-state densits 15 much less than the vertical
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Figure 2.2: Idealized sketch of the perturbation pressure tield induced by a buovaney source, as
deseribed by Equation (2.7, Double-headed arrows indicate lavers of stronget vanation of buovanoy
with height.
rise, the atimosphere responds by generating a vertical pressure gradient acceeleration
(VPG that counteracts the etfects of buovaney This s a response that weakens
the net vertical aceeleration

Whether or not the induced pressure tield is capable of hampering the vertical
motion depends upon the aspect ratio of the buovancey perturbation. as indicated in
Figure 2.3. The pressure response to a buovant parcel of high aspect ratio (i.e. “tall
and narrow” region of positive buovancy: Fig. 2.3a) generates not only the VPGA
described in Figure 2.2. but also a significant horizontal pressure gradient acceleration
(HPGA) that 1s consistent with a rising awr parcel. In Figure 2.3a. horizontal an
motion tends to diverge {converge) at the top (bottom) of the air parcel. which is a

mass adjustment required for a rising air parcel. In this case, the svstem tends to be

varnation in buovancy, such that the net effect s the generation of a negative pressure perturbation just below the
buovant air parcel
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Figure 2.3, Ideilized sketches of the pressure perturbation field induced by bruovaney souree
with ia) high aspect ratio. and thi low aspecto ratio oie . infinite” honzontal lavers Inooeo the
response of the pressure tield 1s non-hvdrostatic with respect to the buovaney sonree. while b
pressure s hivdrostatie balance with the buovaney speurce Arrows indicate direction of pressure
stadient woclerations VPGA HPGA vertiead honvental pressure cradient acoeleration Bosed
on Figures 71 and 72 of Houze (199315

non-hvdrostatic.

In contrast.af the buovant parcel is actually an entire Laver of “intinite” horizontal
dimension (e a low aspect ratio “pancake” of air: Fig. 2.3b). then the pressure re-
sponse will be horizontally homogeneous  assuming that the buovaney perturbation
is unform. No signihicant HPGA (which would be required for rising motion. from
mass conservation considerations) is generated. and the pressure response tends to
be in hydrostatic balance with the buovancy perturbation. Thes s the mechanesm of
figdrostatic adjustment .

Note that this entire discussion situply states the conditions in which hvdrostatic

balance 1s valid. 1 e situations in which the How has a horizontal length seale much

greater than the vertical length scale (e.g.. Holton 1992).



2.3 Hydrostatic adjustment: an acoustic approach

2.3.1 Basic considerations of acoustic-gravity waves

The discussion above deseribes, in a relatively simple wav, how the pressure field re-
sponds to buovaney i the atmosphere. It has important implications for our research
because this response is common within convective svstems (e.g.. Lafore and Mon-
crietf 1989) and. thus. will be addressed in our numerical experiments. To understand
such basic adjustment mechanisms. it is suffictent to assume that the response of the
pressure field is instantaneous. This assumption is in agreement with the emplovment
of the anelastic svstem of equations, for which sound waves propagate “infinitelv” fast,
leading to mstantaneous response in the pressure field.

However, for a complete deseription of the processes related to hvdrostatie adjnst-
nent. it s necessary to take into account wave theorv in an explicit wayv, This s
because, i reality, the adjustment desertbed in the previous section does not oceur
istantancoush but s performed by the propagation of waves over finite itervals of
tine.

Note that when buovaney effects are examined. we study perturbations in density
on atmospheric motion (recall that 8 = ~_(/%). In a stably stratified atmosphere.
both sound and gravity waves can be triggered by perturbations in density because.
for an ideal gas i a dry atmosphere. we have (from the equation of state: see. for

example. Emanuel 1994):

(2.8)

Iy
~if=
~I

Following Hooke (1986). consider an air parcel that. at its initial position. is in
pressure and thermal equilibrium with the environment (i.e.. no imtial density per-

turbation according to (2.8)). Suppose this air parcel is vertically displaced in a rapid



manner. such that neither pressure nor thermal equilibrium is attained in the parcel
just after its displacement. In this case. both terms on the right-hand-side of 2.8,
contribute to the density perturbation. As the restoration of pressure equilibrium is
realized. sound waves propagate. “communicating” the pressure disequilibrium to the
surroundings'. Moreover. e a stably stratified atmosphere. the thermal component
of the perturbation in density also senerates waves: internal gravity waves. This is
because, i its new position. the air parcel is denser than its surroundings. leading to
an oscillatory regime

Therefore. to fully examine hyvdrostatic adjustment and its implication 1o the mod-
cling of vconvection. it is necessary to analvze svstems that allow the propagation of
both acoustie and eravity waves. Thus. consider a two-dimensional (xz-plane). adi-
abatic, invisad and fullv compressible low where the effects of earth’s rotation are
neglected. The set of Lncarczed equations relevant for the study of acoustic-sraviny

wiaves Is:

<d% + U()%) w _‘/,%(3;, (2.

(;))f + “5}} w' = -,,%%fl--y,’:ji 1210)
((%‘Fﬁ;—))/’_@ ‘ ':é ((‘)_)(')!‘U%)[) (211
%*({)L’*,,—l(’ (5)7 +7¢%>p’—(f::u-':o 12.12)

Standard notation is used above. Expressions (2.9) and (2.10) are. respectively.
the zonal and vertical momentum equations: (2.11) is the thermodyvnamic equation:
and (2.12) is the mass conservation equation. These equations are linearized around

a flow state detined by: p = p,(2) + Pl 2 8) p = plz) + p/(r. 2 ). where p(2) is in

1Recall that sound waves are a manifestation of density variations due to pressure effects (Granger 1995)
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hvdrostate balance with p
the square of the buoyaney frequeney (or Brunt-Visila frequency) for a compressible

flow. given by:
- {
N = (/) ‘TI’E -+ 4) (2.13)
O ~
1214

where ¢7 is the square of the adiabatic speed of sound. defined as
cT=cp/p

with ~ being the ratio between specific heats at constant pressure and volume
Equations (2.9)-(2.12) can be combined to vield two coupled hvperbolic PDEs for

14 of Gill (1982) for a detailed derivation)

w' and plo(see sections 6.1 and
3]
J dH__ _d[’ 1 9 d)- L
RS Jdoogdy (el > 916
((,,Jru JweNtw s (S rag) (50 + T P) (2.16)
where W= pcw’. and P = (17/pg) p'. and the parameter [ is given by
(2.17)

- | d(}l, ‘
2p0 dZ 3
have constant coetficients. with

(2.15) and (2.16)

For an isothermal atmosphere
wave-type solutions for W and P that vield the dispersion relationship (DR) for mured

acoustic-gravity waves:
(==Tk)® ., . . N2
_""_(_2_‘)——(}{')+Hl'+.\lf/(‘ (—'W 0 (2.18)

A
< is the frequency of oscillation [(= - @A) is the intrinsic or Doppler-

\

In (2.18). =15
shifted frequency of oscillation]. & and m are the zonal and vertical wavenumbers

respectivelyo and (Vg 1s the acoustic cutoff frequency. given by
(2.19)

N, = (V2 4 2L




Na is the frequency below which vertically-propagating acoustic waves are not
possible. while the buovancey frequeney (V) is the upper limit frequency for internal
gravity waves, with Va alwavs exceeding V.

Asin Jacobson (1999). 1t is useful to examine particular wave regimes from (2.13)
by considering specific ranges of frequency and wavenumbers. For =% <« N?  the
purely acoustic component of (2.18) can be neglected. and the DR reduces to that of

it rnal gravity waves:

Nk

=TT T T T3
(h=+m=+N7/c3)

(2.20)

(= — 1k)”

Note that in (2.20) the effects of compressibility are not completely eliminated
. . . ) ) .
sinee for a pure internal gravity wave, the term N7 /¢ vanishes.

On the other hand. for =2 > N? the gravitv-wave component of (2.13) becomes

animportant, such that the DR can be written as:

[ TSR 4-:’11."’ <oty - NY 1227

This is the DR for wnternal acoustic waves moditied by stability etfects  due to
the presence of term N7 which does not appear for pure sound waves,

The degree with which these waves are influenced by gravity depends upon their
wavenumber.  As discussed in Sotack and Bannon (1999). for large wavenumbers.
the second term on the right-hand-side of (2.21) becomes comparatively small. and
(2.21) tends to a DR for pure sound waves. which are non-dispersive. On the other
hand. for small wavenumbers. V7 cannot be neglected. and (2.21) describe dispersive
“sound” waves that are strongly atfected by stable stratilication effects. This is the
wave regimme referred to as acoustic-gravity waves.

Another regime of interest for the present investigation is the one obtained when

no vertical propagation is allowed (i.c.. m® = 0) and =2 < NZ for long waves (k — 0).
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or = > N? for short waves (k = x ). vielding:

)

(= —Tk) = (k) 5

|8
[
o

Expression (2.22) is the DR for external sound waves. or Lamb waves. which
essentiallv have the frequency of pure sound waves. These waves propagate only
horizontally, with their energy decreasing exponentially with height (Lindzen and
Blake 1972).

Figure 2.1 summarizes the different wave regimes discussed above, with a graphical
representation of the DR given by 12,1507 To avoid confusion. the following nomen-
clature 1s adopted here (see Table 2.1 rmured aeonstie-gravity wares refer 1o the most
general wave regime ndicated by the full expression (2,180 Acoustie-gravety ware s
CAGWS) refer to the specific regime described by (2.21) i.e.. with non-negligible
N7 Huwgh frequency sound acoustic waves refer to non-dispersive sound waves, for
which Va7 is negligible i (2210, If the expression sound acoustee wares is used
without specification of frequency. then we refer to a more general acoustic regime
that includes both AGWs and high frequency sound waves. If Lamb waves are to be
included in sound acoustie waves we will make a clear reference in the text: other-
wise. they will be referred to separately. Internal gravity warves (IGWs) are used for
waves described by DR (2.20)  either in their compressible or incompressiblie forms.

To correctly interpret the adjustment processes to be described in the next subsec-
tions. 1t s nnportant to recall the basic characteristic that [GWs have group veloctty
perpendicular to their phase velocity, while high frequency sound waves have eroup

velocities in the same direction of their phase velocity.

"Equation (2.18) also includes the DR for mountan waves, but this regime 1s not addressed here,
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Fable 2.1, Nomencluture adopted to label distinet wave regimes. and their correspoading dispersion
relationship (DR).

[ Nomenclature for wave regime | Two-dimensional DR erpression |

mixed acoustic-gravity Equation (2.18) I

i mternal gravity (GW) o 7‘[:11171;[/11);7‘.’.207_'ﬁ-d“ 7
acoustic-gravity (AGW) Equation (2.21). with non-negligible V7

high frequeney sound acoustic Equation (2.21). with negligible V7

sound acoustic Equation (2.21) .

Lamb Equation (2.22) j




2.3.2 Response of a stably-stratified atmosphere to impulsive heating:

Lamb’s problem

The role plaved by IGWs in the response of the airflow to a source sink of heat-
ing. and even its potential implication to thunderstorm maintenance, have been the
subject of several studies such as Lin and Li (1988}, Bretherton and Smolarkiewicz
cLON9 - Ravimond and Rotunno 119893 Schmidt and Cotton (19901, Nicholls et al.
CL99 T Napes (19930 Youny and Houze 11995000 and Fovell 120027 However, i this
subsection. we focus on the problem of the linear response of a stably stratitied atmao-
sphere to an impulsive heating source {or sink). as, for example, studied analvtically
by Lamb 11932). [n that original one-dimensional approach. Lamb showed that. for
an isothermal and compressible atmosphere. the transient response to a horizontallv-
nniform unpulsive heating with no vertical extent e o with aspect ratio tending to
sero consists of AGIWS, with the tinal solution betng in hvdrostatic balance. This
physical configuration is sometimes called Lamb s proble m (Bannon 199%5a. hereafter
referred to as BY5). and 1s considered a prototvpe for hvdrostatic adjustiment.

This problem has been revisited and extended in a series of papers by Peter R.
Bannon and contributors since the mid-1990s. and deserves careful attention in our
analvsis because deep convective storms represent a form of unpulsive and Lealized
thermal perturbation in the atmosphere.

BY5 analyzes the impact of a verticallv-uniform instantaneous heating source with
hnite vertical extension  instead of the infinitesimaly thin laver considered by Lamb
(1932) on an isothermal atmosphere where compressibility effects are included.
The unperturbed state 1s hvdrostatic and at rest. As in Lamb (1932, only the re-
sponse in an infinitely long vertical dimension is considered in B95 (i.e.. no horizontal

dependence exists, being consistent with a horizontallv-uniform heating source).



The mmitial and instantaneous heating is applied to a laver confined within -a - z

a. s shown by the dashed lines in Figures 2.5¢.d, which indicate the initial tem-
perature and potential temperature perturbations. respectively®. The initial pressure
perturbation is represented by a dashed line in Figure 2.5a. while no initial perturba-
tion in density or in vertical displacement is defined (Figure 2.5b). characterizing a
svstem in hyvdrostatie smbalance . The main gquestion is: How is hvdrostatic balance
restored insuch sumplified svetem? Since density s unbalanced with respect to the
pressure field, AGWSs are expected in this compressible svstem.

BY5 describes the adjustment process as follows: upward (downward) motion is
excited starting at the top (bottom) of the heated layver. in agreement with the -
tial vertical pressure eradient acceletation. These wave fronts, associated wirh high-
frequency sonnd waves: propagate upwards and downwards (ve. each boundary of
the heated Laver triggers two wave frontsi Oscillatory wakes trail the initial wave
fronts. as indicated i Fizure 2.6, 1m association with the arrival of the wave fronts
tricgered by the opposite boundary of the heated laver. With time, the frequency of
oscillation approaches Na. In other words. referring back to Figure 2.1, the regime
eradually migrates from ok = 0.m= > Uy, associated with high-frequency sound waves,
to th = 0.m? < 1), which implies AGWs. to (& = 0. m? = 0). meaning that no acous-
tic mode remains in the domain and characterizing a final steady-state solution in
hvdrostatic balance  see also section 3a of Sotack and Bannon (1999).

The steadyv-state solution® for different variables is indicated by soled line s in Figure
2.5 By comparing Figures 2 5a and 2.5b for the final solutions of pressure and density,

1t 15 possible to note a mutual adjustment between these two variables. That is.

“Although the heating s unitormlby distnbuted withun -a 2 a. the temperature response 1s vertically asymimetne
due to the exponential decrease o density 1o such sothermal "atmosphere”

TThus tinal wnigue solution s made possible by the conservation of the quantity specific stability for an adiabatic
ow (see Equations 1 4 and 5 of B95: It elumnates the hydrostatic degeneracy 1in an analogous way with which the
conservation of potential vortiaty ehiminates geostrophie degeneracy when studyving the geostrophie adjustment
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Figure 2.5 Diagram of distinet perturbation fields as o function of height for the one-dimensional
hvdrostatic adjustment problem with instantaneous and horizontally-uniform heating source: (a)
pressure (p'). (b density (p') and vertical displacement (). (¢) temperature (T7). and (d) potential
tetuperature (871 Dashed lines indicate the initial hydrostatically-imbalanced state. Solid lines
depict the final steady-state solution. (Adapted from Bannon 1995).
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and muddle 12 00 of the heated laver for the one-dimensional hydrostatic adjustment problem with
stantaneous and horizontallv-uniform heating source. 1 Adapted from Bannon 1995).

netther pressure nor density retained its inital value. B9 found. for this idealized
svatem that onlyv for very shallow heated lavers does the pressure tield respond to
the mitial density field. vielding a pressure perturbation equal or close to zero. This
15 beeause of the nature of the steady-state solution obtained for pressure (Eq. 18 of
BYN".

For the purposes of our research. the most relevant discussions in B95 are the
inferences made abont hvdrostatic adjustment in three dimensions. and its sensitivity
to the aspect ratio of the wnpulsive warming. One important question that can be
addressed in this context is: What is the expected response from a fullv compressible
svstemn when a heating source of relatively high aspect ratio 1s impulsively mserted
in or removed from the domain of interest? This is the kind of perturbation to be

induced in our numerical simulations of the bow echo.

“Another result evaden an Figure 29 but that cannot be extrapelated to more realistic situations. is that lavers
below the heatiig scurce were not altered from their mutial value  As discussed tn B95 and Chagnoen and Bannon
2001 this s a consequence of restnicting the analysis to an one-dimensional (vertical) domain for which horizontal
homogeneity s assumed  We will briefly revizit this point later i this subsection



As discussed in section 2220 a ctall and narrow”™ heating source vields a non-
hvdrostatic response. while an oblate heating source favors a hvdrostatic response.
Now this behavior can be re-addressed in the context of the dispersion relationship
for mixed acoustic-gravity waves, and the adjustment process described in B95.

Following BY5. consider Figure 2.7, which is a graphical representation (analogous
to Fig. 2.0 of the DR for three-dimensional mixed acoustic-gravity waves.  Fre-
quencies of osctllation scaled by ¥V are plotted as a function of the vertical () and
horizontal { Ay ) wavenumbers scaled by the scale height H. for an isothermal atmo-
sphere. In the discussion that follows, it is important to keep in mind that 1GWs
are part of the solution “left behind™ as the acoustic modes move rapidly out of the
domain and or are damped

For an oblate heating source, the low aspect ratio implies low vadues of Ky H
and high vidues of il Inthis case. verticallv-propagating acoustic modes promeote
hvdrostatic adjustinent because they are the ones with a large vertical component
ot group velocity varrows e Frgure 2.7 Inother words, as sound waves move out
of the domain. they leave behind a solution where IGWs have low frequency. which
means that thev are predominantly hvdrostatic e, parcel displacements induced
by themn are mostly horizontal. This is a different way of stating that the remaining
solution 1s predominantly hydrostatic. and this process simply represents the hvdro-
static adjustment described in B95's results.

Conversely. a “tall and narrow” heating source is associated with high values of
Ny b, and low values of miff ;. Under this condition. Figure 2.7 shows that acoustic
modes propagate mostly in the horizontal. while the group (phase) velocities for IGWs
are predominantly in the vertical (horizontal). This is a regime in which IGWs display
higher frequency. associated with parcel displacements that are mostly in the vertical.

These are non-hvdrostatie IGWs. Hence. as sound waves move out of the domain.
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Figure 2 7 Dispersion relationship for three-dimensional mixed acoustic-gravity waves in an isother-

mal atmosphere Dashed solid) contours are isopleths of the scaled frequency of oscillation for
acoustic anternal gravitys waves, where the seahing factor is the buovaney frequency N The ordi-
vate abscrssac referon the scaled sertical horzontaly wavennmber. where H, s the scide heaght
tor an sothetmal atmeosphere Topreal honeontal and verncal wavelengrhs are mdwated onthe top
and right spdes of the disgram. respectively Arrows show direction of group velocities 1 Adapted
from Bannon 1995

the rematning solution is non-hydrostatic. as already expected from the anelastic
approach presented by Houze 11993).

The processes just analvzed describe the basie mechanisi behind hvdrostatic ad-
Justment. However. some of the considerations made by B95 in his one-dimensional
approach are significantly restrictive. Bannon (1996a) expanded the analvsis to in-
clude nonlinear effects and a non-isothermal atmosphere, while Sotack and Bannon
(1999) studied the solution for heating of tinite duration. The inclusion of top and
bottom rigid boundaries in a three-dimensional framework. and with a horizontally-
confined heating source of distinet aspect ratios. were addressed in Chagnon and

Bannon 2001). Here are the most relevant findings:
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(1) In the nonlinear version of B95's T-dimensional analvsis, Bannon (1996a) found
that the Huid below the heated cooled laver remains unaltered in the steadv-state
solution. just like in the linear approach (Fig. 2.5). For small amplitude heating.
the total upward displacement of the top of the heated laver and the lavers aloft
(Fig. 2.5b for ') is relatively insensitive to the lapse rate. However. for heating or
cooling of finite amplitude  for which non-linearities come into play  the vertical
displacement is reduced as the atmosphere becomes more statically stable

() For any given lapse rate and tinite amplitude initial perturbation in tempera-
ture. cooling the Lyver vields stronger vertical displacements for the top of the layer
than does heating.  In addition. more energy is dissipated into acoustic modes as
static stability increases (Bannon 1996a.

e Lhe Toneer the heating souree lasts. the broader and smaller amphitude are the
acoustic wave fronts produced. with less energy going into such waves (Sotack and
Bannon 1999) ti.e.. more energy remains in the heated laver). For durations around
and bevond the acoustic cutotf period. almost all energy produced remains in the
final balanced state. On the other hand. the deeper the horizontallv-uniform heated
laver (for finite durations'. the more energv that goes into acoustic modes (Sotack
and Bannon 19991,

(v With alocalized (e not horizontally homogeneous) heating source ina three-
dimensional atmosphiere with rotation (Chagnon and Bannon 2001). the final steadyv-
state solution consists of a vertical pressure dipele (high-over-low: Figs. 2.8a.b). This
structure is related to a dipole in potential vorticity Le.. anticvelone aloft and
cvelone below. This dipole 1s not obtained for Lamb’s original horizontallv-uniform
heating approach (Fig. 2.5a: B95. Bannon 1996a). but is the solution consistent with
the analysis carried out in section 2.2.

(v) When prescribing a heating source with high aspect ratio. the final solution
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Figure 2% Vertical cross section of the steadv-state pressure perturbation tield for the three-
dimensional hvdrostatic adyustment problem with mstantaneous heating sources of distinet aspect
ratios in an nhintte isothermal atmosphere. Response for a heating source wirh ta) high aspect ratio,
(b low aspect ratio. Positive tnegative) pressure perturbations indicated by solid cdashed) lines.
Each tield 1 normalized by its maxinum amplitude Verneal thorizontaly distance scaled by the
scale heaght of an sothermal atmosphere 1, Rossby radims of deformation Lgs c Adapted from
Chagnon and Bannon 2001

for pressure tends to be less oblate, for which the pressure perturbation is more tless)
horizontally tverticallvi contined (see Fieo 2840 In other words, stronger horizontal
pressure egradients are obtaed for a “tall” heating sonree. assoctated with o non-
hvdrostatic regine (section 2.2 NMoreover, a greater amount of energy goes into
acoustic waves durtng the adpustment process - Chasnon and Bannon 200170 with

these waves being predominantly horizontal (Fig. 2.7).

(vi) For a heated laver of low aspect ratio. the steadv-state solution for pressure is
more horizontally uniform and vertically contined (Fig. 2.8b). umplving a condition
closer to the hydrostatic regime. Thus, as expected. weaker horizontal pressure gradi-
ents are obtained for this case. and less energy is dissipated into vertically propagating
acoustic waves (the modes favored in this condition: Fig 2.7).

(vit) Chagnon and Bannon (2001 found that. in the presence of a rigid boundary.

stronger and broader pressure perturbations are obtained in the steadyv-state solution,
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and less energy is dissipated by acoustic waves when both top and bottom rigid
boundaries are present. This is because the boundaries limit the vertical expansion
of the heated air column.

Other important discussion involves the ditferences in examining the energeties of
hydrostatic adjustment through Lagrangian and Eulerian approaches. and the impli-
cation of hvdrostatic adjustment on the behavior of numerical solutions under dis-
nnet compresstbility assumptions tanelastic, pseudo-incompressible. moditied com-
pressibled. The reader should refer to Bannon (1995b, 1996a.b). Sotack and Bannon

1999 and Chaenon and Bannon (20010 for turther details.

2.3.3 Transient adjustment in a non-hvdrostatic regime: thermal ccm-

pression waves

Although B9 and Chagnon and Bannon (2001) expanded the discussion of Lamb’s
adjustiment problem o three-dimensions wnd Locahized heating sonrees owhich can be
constdered a proxy for convective storms), most of their anadysis serves as a prototype
to better understand how hvidrostatic adjustment s realized e a fully compressible
large-scale atmosphere.

On the other hand. Nicholls and Pielke (199 L b) henceforth referred to as
NP9da and NPOAb. respectively examined the role plaved by TGWS and acoustie
modes in mass adjustment and total-energy transfer for the specific case of local-
1zed heating sources associated with mesoscale circulations and thunderstorms. In
NP94ab, the hornizontal extent of the (two-dimensional) model atmosphere is not
infinite as in the Lamb-Bannon approach, but has lateral boundaries. However,
NP94a.b were only interested in how mass adjustment and energy transfer occur
in the compressibie model before the fastest waves, e acoustic modes, reach the

lateral boundaries.  In other words. NPY9da.b addressed the behavior of the early



transient response of a two-dimensional (xz-plane) compressible mesoscale model to
a prescribed heating source of high aspect ratio.

The analvsis by NPYlah can be constdered @ special approach to the more ceneral
hvdrostatio adjustiment. in which one is mostly interested in examining horizontaliv-
propagating acoustic waves {high aspect ratio hmit in Fig. 2.7) and IGWs during the
dynamic adjustment forced by a heating source. However. some subtle differences
in the treatment of the svstem of equations vield discernible conceptual distinetion
between the two approaches, which deserves some comments before carrving the dis-
cussion anv further.

In the derivation of the wave equation that governs the acoustic waves of interest,
NPOLa neglected the o ffocts of grartty Nmong the momentum conservation equa-
tions, only the zonal component was necessary to close the svstem of equations in
NP9ta's one-dimensional analvtical approach. One mav argue that rhis conld still be
considered a partieudar case of the Lamb-Bannou approach. tor the situation in which
the DR given by 2205 reduces to that of a Lamb wave (Eq. 2220 However, a con-
ceptual difference sull persists. because NP9 ta derive the non-homoge neous form of
the wave equation to study the transient solution under contiinous diabatic foreing.

This equation is:
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where @, is the heating function. representing the forcing for the hyperbolic PDE.
The transient solutions studied in Lamb-Bannon's approach were mostly for in-
stantaneous heating functions, for which a homogenecous wave equation (in terms
of ') dertved from an adiabatic svstem was necessarv. Sotack and Bannon (1999)
studied the case of a non-homogeneous equation (see their Eq. 2.12) when examin-

ing the transient sohution for heating of finite duration. But in that case the authors
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were interested in verticallv-propagating acoustic modes associated with horizontally-
uniform heating sources, which deviates from NP9a.

NPOdah called the wave-type solutions for (2.23) thermal compression wares (FCWs),
in order to discriminate from one-dimensional mechanically forced sound waves that
can be described by the homogenous version of (2.23) (Holton 1992, Jacobson 1999).
With these conceptual distinctions in mind. we proceed to deseribe the main results
from NP9da.b.

NP94a found that svstems allowing onlv IGWs (e.g anelastic svstem) cannot
represent. in a complete manner. the transport of total energv® awav from a sonree
of latent heating. such as that associated with a thunderstorm. Thus. despite the
specthication of a source of heating in the model  which should lead to a net merease
i internal and potential energies NPO9da desertbed a net decrease in total energy
within the domain.

NP94a showed that a svstem of linearized equations with solutions of TCOWS does
conserve energy. In this case. TCWs are responsible for propagating total energy away
from the heating source. which s not completely performed by TGS This process
15 depicted in Figure 2.9, which shows the numerical solution for internal and total
cuergtes at 40 nin o a fully compressible two-dimensional  xz-planes model foreed
by a 20 mm long localized heating source positioned at the center of the domain (x 0
km). The contours of internal and total energies confined at the center of the domain
are assoclated with the [GW component of the solution. However. off the center. the
horizontally propagating acoustic waves (TCWSs) are responsible for the transport of
energy away from the heating source. This second component of the solution is not
present in anelastic models.

NPO4b expanded the discussion to include the mass adjustment problem. including

“By total energy we mean the sum of internal energy. gravitational poteutial energy and kinetic energy
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Figure 2.9: Vertical structure (xz-plane) of perturbation energy fields 40 min after a localized heating
source of high aspect ratio and lasting 20 min is positioned in the center of the doniun in a fully
compressible two-dimensional mesoscale model. a1 Perturbation internal energy (contour icrement
of 12.J m~ "0 (b perturbation total energy (contour increment of 200 m~* Top and bottom
boundaries are rigid. i Adapted from Nicholls and Pielke 199 4a)

the role plaved by verticallv-propagating acoustic waves not emphasized in NPOta'”,
NPuth indicated that, similar 1o the total enerev transter issie. TGWS donor e
count for the entire process of mass adjustiment 1 the presence of thunderstorms or
significant mesoscale circulations, such as a sea breeze. Thus, analvtic or numerical
systems that do not resolve TCWs may not conserve mass.

The two-dimensional numerical simulation of an idealized sea breeze with a fullv
compressible model. carried out by NP9 b, highlighted the importance of TCWs in
adjusting the mass field. as indicated in Figure 2.10. The thick solid line at the
bottom of the figure indicates the “heated island”™ which behaves as a continuous
heating source. The solution for horizontal mass flux (Fig. 2.10a) shows a stronger
circulation at the “coasts™. but “offshore”. flow propagating outwards at the speed
of sound is also present. The positive pressure perturbations in the “offshore”™ areas

(Fig. 2.10b) represent wave fronts propagating at the speed of sound (TCWs). Thus.

o ; - . .
CTThe numserioal ~clutions o NP9 refer oo der wth s o and bt bogndares Lo NEeapt b s
+ 13

bouliddary s open fer soutnd wases
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Figure 2100 Numerical sclution an a xz-planes at 1 ohr for o two-dimensional sunnlation of an
idealized sea breeze circulation i a compressible mesoscale model. The heating souree s presenbed
at the central 20 grid-points. in the first level above surface. and lasts for T hr ra Horzontal mass
thux tcontour increment of 0.04 kg m 2 s N (b)) perturbation pressure (contour merement of 16
Pay. Top boundary is ~open” for sound waves  Addapted from Nicholls and Pietke 199 thi

as mass is removed from the heated land. compensation oceurs outside the “island™
['his compensation o mass adjustment s pertormed mostly by TCWs. The vertical
mass thux (not shown) is mueh weaker, but TCWs also play a discernible role onar.

NPOb indicated that TCWSs performing the mass adjustment have a vertical struce-
ture similar to that of Lamb waves, with maximum amplitude in pressure close to the
ground, with the mass Hux ocurring alinost exclusivels in the horizontal This result
15 consistent with some of the points discussed earlier in this subsection.

The mechanisms described above are @ good example cactualls, w0 protonpe,
of a dynamic adjustment process associated with the “initialization™ of meso- and
convective-scale circulations in fully compressible numerical models. and are particu-

larly pertinent to our research.

2.4 Pure acoustic adjustment

Another dynamic adjustment process relevant for fully compressible convective-seule
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models is one associated with the specification of the initial three-dimensional (3D)
wind tield. and is called simply acoustic adjustment {(Fiedler 2002)

In contrast to geostrophic and hvdrostatic adjustments. acoustic adjustient refers
to a “less realistic” tvpe of dvnamic adjustment (from an observational standpoint)
related to artificial imbalances between the wind and mass fields in the initialization
of a compressible numerical model. Under such conditions, high frequency acoustic
waves are triggered i the model. The examination of acoustic adjustment is relevan
for model initialization because it provides insight into how vertical and horizontal
wind fields tend to adjust to each other in a stormscale numerical model when a
convective storm s represented in the domain.

Following Fredler 2002y, consider a two-dimensional (xz-planei. adiabatic. wviseid
and fullv compressible tlow. where the effects of carth's rotation and gravity are
neglected' . and the base state is hvdrostatic and motionless. It is possible to derive

the following wave equation for perturbation pressure p’

Y e
(Eﬁ"—(':V'p' =0 {2.2:h

where S=p" = () 1007} + (9 /0221, and ¢ is the square of the adiabatic speed of
sound. detined earhier.

By inspection. it can be shown that the following wave-tvpe solution satisties (2.21):

[N
I~
[\

p' = Pcos(kr) cos(mz) sin(=<t)

In (2.25). P is the amplitude, k and m are. respectivelv. the horizontal and vertical

wavenumbers. and = is the frequency of oscillation. given by =2 = ¢?(m=+ k%) (which

15 a particular case of the DR (2.21)).

NG to be contfused with the acoustic component of the hydrostatic adjustmment. por with processes invols g
Foewws

HThe effects of gravity are neglected i this case not because they can be gnored in the xz-plane. but because 1t
15 a convement chuice i order to obtain solutions of the form of pure acoustic wares, 1 ¢ . without the ituence of
buovancy forces



The linearized zonal and vertical equations of motion consistent with the svstem

being described here are. respectively:

Ju’ )%

_ _LJp 99
dt = p, dr (2.26)
T ) (997
M T p, Oz -t

These equations are linearized around a base state at rest. Again. note that effects
of gravity are not taken into account  Note also that the How described by 2 261
and (2.27) s irrotational. e for which (Ju’;Jdz — du’; dr) is zero. After substituting

(2.25) into (2.26) and (2.27). and respectively solving for o and «’. we tind:

' = Ak sin(hr)costms) costirt) (2.2%)
w' = Amcosthre)ysintmz) costut) (2.29)

where:
A ==P/vp,) (2.30)

Asan Fredler 200200 consider now a two-dimensional (xz-plane) velocity tield for
an adtabatic How confined within rigid boundaries at 2 Oand 2 H e an idealized
local circulation cell. as indicated in Figure 2.11a. From the first theorem of Helmholt 2
(Granger 1995). the velocity field (O W) can be decomposed into irrotational tor

divergent) and incompressible (or nondivergent) parts:

U = uyy + Uy, (2.31a)
W=, + wpe (2.31b)
such that:
duyr  OWjpp 0 (2.3
d:  or ==
e | Mine _ (2.33)
or 0z
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Figure 2 11 Sketches of idealized convective flows confined within top and bottom rigid boundaries:
a) fuily developed circulation cell: (b) initial specifictation of an artificial wind field that does
not satisfy mass conservation (inttial horizontal velocity being eliminated). and (¢) a weakened (or

“destroved™) convective cell. See text for details.
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For the purpose of examining acoustic adjustment, we consider the incompressible
component of velocity as the convective mode. as in a Boussinesq svstem (where the
How is incompressible). It is the mode of meteorological relevance associated with an

idealized steady convective circulation described by:

u., = =BmsinikrYycosims (231

o
[
-~

d. - Bhoosihrysinimz v

o

where the vertical wavenumber s imited by e = 5 H.

Expressions (2,31 and (2.35) satisfy the vorticity equation D/ Dt = ) (where 3
15 the meridional component of vorticitv) obtained from the Euler equations in an
xz-plane. Nots that there is no time dependence 2. 3 1-(2.35)

The irrotational field. on the other hand. refers to the transient regime (the aeouste
mode 1 assoctated with the compressible component of the How,  Hence, solutions
(12.25) and (2.29) are suttable to describe components w,,,. and w ... respectively.

The problem posed in this simple analvsis is the one in which an initial velocity
field violates the incompressibility condition assoctated with the Boussinesq approxi-
mation (which describes the convective mode). Because of the iitial deviation from
incomnpressibility. hivh frequency sonund waves are triggered. and a transient evolu-
tion promotes an acoustic adjustment until the tinal steady velocity field is obtained*
Thus. 1t is a dvnamic adjustment conceptually similar to the ones discussed in the
previous sections.

An 1C that does not satisty the imcompressibility condition can be detined by
setting {'(¢t = 0) = 0. To this end (Fiedler 2002). we take B = Ak/m. where A is

given by (2.30). such that:

PiHowever, this 1s only true if we assume that high amplitude sound waves move vut of the domain of interest
and or are damped  This charactenstic s not stated an the onginal formulation of the problem (Fiedler 2002, and as
described in thus section; since the How being considered 1n the analvtic approach displays a periodic behavior with

no frictton and no divergence damping
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((0) = ll:rr(u) + “mr“)) =

= Ak sin(krycos(mzyeos(0) = (Ak/mym sin(hkr) cos(mz) =0 (2.36)

W) = WirrlO) + 1wy (0) =

Bm?
A.

costkr)ysim(mz) + Bkcos(hkr)sin(mz) =

6
= Bﬂl:—;kims(kf) sin(mz) (2.37)

So 12,361 and (2.37) are the [Cs for O and W respectively.  From a phyvsical
perspective, this implies that the initial horizontal velocity is not consistent with the
vertical velocity, as indicated in Figure 2.11b. If we assume that the high frequencey
sottnd waves propagate away and or are dissipated (an assumption that is not clearly
stated in the formulation of the problem by Fiedler 2002y, then the amplitude of the
acoustic mode vanishes, leaving onlv the conveetive mode. Therefore. at the final
time, the steady vertical motion field has amplitude B& only (see Eq. 2.35). In this
case, the ratio between the tinal and intial amplitudes for W is (the ratio between

(2.35) and 2.37)H:

H'(f—ng): "}k’/‘ﬁ(nﬂ-,-k;f)’ ~ 7‘;2

TR 2 TR (2.38)

In other words, the final amplitnde B84 15 equal to the ratio (2.3%) times the initial
amphtude (Fiedler 2002)" If. during acoustic adjustment. the horizontal wind field
15 to respond to the vertical motion and restore the convective cell (Fig 2.11a). then
the ratio (2.3%) should be close to unitv 1.e. the magnitude of the updrafts and
downdrafts are not steniticantly changed. This is only possible if &< > m<. implyving
that the characteristic leugth scale of the horizontal wind tield is smaller than that of
the vertical wind field. In this case. the upfrafts and downdrafts are "tall and narrow”™.

characterizing a flow with high aspect ratio (Fig. 2.12a).

YThis result should be seen as an hypothesis. rather than a solved problem
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Ficure 212 Idealized bounded vertical motion tupdrafts and downdrafts). with distinet aspect
va) i

ratios. gh aspect ratio: (b) low aspect ratio.

Converselv. if the aspect ratio is low (Fig. 212000 then &4 < m*. and the final
amplitude for I is reduced as acoustic adjustment occurs. This is equivalent to
saving that the vertical wind field responds to the horizontal component of the flow.
In this case. the tinal solution is one that does not restore the original convective
circulation since the vertical motion tends to be destroved weakened (Figo 20110y
This is not a surprise since (2.37) shows that, if & < . most of the initial velocity
tield is projected onto the acoustic mode (w,,(0)). High frequency sound waves with
Farge amphtude are generated and the convective mode playvs a secondary role i the
adjustment process.

Based on the approach above, Fiedler 12002) postulated that. for conveetive strue-
tures with low aspect ratio. 1t is futile to mitialize a storm in a compressible model
by specitving only its vertical motion and not mitializing a corresponding horizontal
velocity tield that is consistent with mass conservation'”. This is because vertical ve-
locity will adjust to the horizontal velocity, and not vice-versa. Preliminary sensitivity
analysis in the three-dimensional simulation of idealized supercell thunderstorms per-
formed by Wevgandt et al. (1999) and Sun and Crook (2001by. and for an idealized

bow echo squall line by Nascimento and Droegemeier (2002), appear to agree with

15 Usually, the 3D wind field closely satisfies the anelastic continuity equation when imitialized in compresstble models
(Fiedler 2002)




such reasoning.

2.5 Implications for the present research

As discussed in the previous sections, much has been learned from the linear analvsis
of dvnamic adjustment mechanisms in simplified atmospheric settings. Several of
these adjustment processes are relevant for convective scale meteorology, and have
implications for stormscale model initialization in the presence of deep convective
svsterns

['he work described herein icreases the level of complexity of the modeled atmo-
sphere and examines adjustment mechanims in a fully non-linear and three-dimensional
simnulation of an idealized mesoscale convective svstem. The studies by Wevgandt et
al. (1999, Nascimento and Droegemerer (2002) and Fiedler (20020 represent a start-
ing pownt in that direction, but thev do not address some intriguing questions unplied
by therr resules.

For example. Fiedler (2002) hvpothesizes that for convective Hows with lou aspect
ratio the horizontal wind field tends to dommate the process of acoustic adjustment.
such that the vertical motion responds to the initial horizontal velocity field. Never-
theless, from hydrostatic adjustment standpoint these results appear contradictory'™.
because 1t 1s shown that deep convective storms behave as a non-hvdrostatic svstem.
for which the convective tlow has hugh aspect ratio. This seems to indicate that the
aspect ratio of the simulated convective svstem cannot be determined based on the
analvsis of a single adjustment process. In addition. actual convective svstems do not
necessarily represent a “well-behaved™ sinusoidal pattern of updrafts and downdrafts

as constdered in the analvtical approach. but a complex distribution of convective

" Besides being rather counter-intuitive based on what meteotolugists have learned to expect when considering the
aspect ratio of the How i deep convectve storms, espeaally in companson with the large-scale atmosphernic tow
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cells that vary from isolated svstems (e.g.. supercells) to convective lines (squall lines.
bow echoes). Some of the dvpamical mechanisms that mav determine the effective

aspect ratio of the ow for acoustic adjustment are discussed in this research.



Chapter 3

The Bow Echo

3.1 Pioneer investigations

Sinee the early apphications of weather radar for operational purposes w the 19505,
several studies focused on the identification of radar signatures associated with the
ocurtence ot severe weather phenomenas Terms such as weak echo regron. hook ccho
and bow echio were cotned along the vears based on the characteristics of certain “echo”
(e returned radar beam) patterns as shown in a radar display. and their relation
with storm structures

Nolen (1959) 1s considered the first one to identifv a contiguration in radar retlec-
tivity felds assoctated with severe weather events. This pattern. called Line echo wave
pattern (LEWP) was detined by Nolen (1959) as a line of radar echoes associated
with convective storms organized in a quasi-sinusoidal fashion as a sequence of
adjacent concave and convex shaped echoes. Years Later. Hamilton (1970) indicated
that LEMWPs could also be related to the occurrence of strong straight-line winds at
the surface. particularly in the “bulge™ or concave-shaped echo portion of the line.

Nevertheless. it took a series of field and radar investigations on downbursts and



microbursts, led by T T, Fujita during the 1970°s. to provide more detailed informa-
tion reearding the relation between LEWP in squall lines and strong downdrafts and
damaging surface winds.

Fujita 1975 showed that the concave-shaped echo (as mentioned by Hamilton
19701 1s often observed embedded in LEWPs, and renamed it as bow echo. Figure
3.1 shows Fujita's depiction of a bow echo. as well as a hook echo the latter is
usually assoctated with the tornadic phase of supercell thunderstorms.

Fugpita (1978 also noted that solated bow echoes can occur without necessarily
accotmpanving a LEWP. Based on radar data analvsis: Fujita (1979, 1981 deseribed
a conceptual model tor the life evele of a4 bow echo which 15 essentially a revised
version of s original model. proposed in Fujita (1978). This conceptual model is
shiown i Figure 3.2 o depicts the evolution of i mesoscale convective svstem (MCOS)
from a deep thanderstorm cor hine of thunderstorms). with a well defined gust front.
into a bow echo that produces strong surface winds  or downburses Fujita (1981
indicated that i the mature stage of the bow echo (stage Cin Figure 3.23. the bow
shaped sttucture develops @ spearheaded sector i the regron of strongest surface
winds. In Fujita's deseription, the spearhead is often accompanied by a trailing weak
vcho channe L WEC) i the reflectivity field. In fact, 1t is recognized that the WEC,
alsocadled sewrnfloa rooteb (Provbelinskt 19950, 18 acdistinetive feature often observed
with a typical bow echo (Przybvlinski and Gery 1983, Burgess and Smull 1990, Funk
et al. 1999, among others).

Fujita (1978, 1981) discussed that, as the surface outflow spreads well ahead of the
svstemnn, the downburst weakens and the bow echo evolves into a comma-shaped vcho
(stages D and Ein Figure 3.2) dispiaving a mid-level evelonic mesoscale vortex at the
northern end tor left end as looking downstream) and a weaker anticvelonic mesoscale

circulation at the southern end (or right end). Ina more updated nomenclature. the

a1



HOOK and BOW ECHOES

Mook Echo
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Fignre 3 1 Schematie representation of typical hook and bow echoes (<olid lines) and regions asso-
crated waith ~strony stragghe-line winds at the surface thatehed areasy. (From Fujita 197%)
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cotmma-shaped echo described by Fujita fits in the asymmetrie-type MCS . as detined
in Houze et al. (1939).

Provbvlinski and DeCaire (1985) (hereafter. PD85) analvzed radar data from
fwenty casest of warm season bow echo-type MOSs iwhich were called derechos.
toliowing Johns and Hirt 1983 assoctated with widespread areas of damaging winds
i north-central and castern United States. Thev identified four main patterns of
radar echo distnibution. as shown in Figure 3.3,

Tvpe T MCS (Fig. 3.3a) consists of a narrow and solid squall line extending for
as nirch as 250 ki oand with as manv as three bowing segments along its leading
edee Fach embedded bow echo can reach 100 kmoin length and may displav a
mesoscale aronlation near its northern end. Several small WECS 10 to 15 ki wide
are observed along the trathng Hank of the convective line. PDXS hvpothesized that
the WECS are cenerated by the entrinment of driet environmental air. enhancing
evaporative processes. Fhev also suggested a strong, relation between the location
of the WECS and areas of strongest surface winds, or downbursts. Tvpe [T MCS
e 3305 represents ashorter svstem reaching, 150 kmin length inits mature stage.
displaving a solid and dominant bow echo that can be 80 km long. and sometimes
showing adjacent smaller bow echoes less than 20 ki long. The tvpe [I convective
svstem generates more than one WEC, but a predominant (up to 20 ki long) WEC is
usually evident. Convective elements detached from the main echo line are observed
downstream of the main MCS. The isolated cell or cells. developing 30 to 80 km
downstrearn of the major bowing segment. tend to merge with the larger MCS and
are intensified as the bow echo approaches.

PDSS s tepe HEMOS (Fig. 3.3¢) differs from tvpe 1T in that isolated and scattered

convective elements ahead of the svstem are rarely observed. The tvpe T MCS tends

PPravbytinaht B0 added three more cases to this anadysis



Figure 33 Typical radar echo distnibutions observed in warm season bow echo-tvpe MCSs. as
classitied by PDSS 0 cas tvpe Foonvecttve systerns thy tspe Lo rvpe [HL od tvpe IV Contour fines

e low level retlectivity contours i dBZ. The four diagrams shown are not in the same spatial scale
fsee text for detailsy rAdapted from PDR5)



to be shgthly shorter than type [1 extending from 40 km to 120 km. Generallv, a
single and well detined WEC is evident along the trailing lank of the svstem. The
most distinetive feature of a mature tvpe [E MCS is the presence of a severe convective
cell. oceastionallv exhibiting supercell characteristieos. embedded near the leading edge
of the bow echio and usnally located south or southwest of the pronounced WEC.
From the cases studied by PD85 and Przybvlinki (19953, the tvpe T bow echo MCS
wis the most common one.

Fhe tvpe IV NMOS B 3.3d0 was the less common bow echo pattern identified
by PDR5S 0 The earlv evolution of this MOS consists of a storm system evolving
from a classic to o high-precipitation (HP) supercell. During the HP stage. new
convective elements are usually observed developing from S0km to 120 km south
and west of the supercell. along the outtlow boundary assoctated with its rear Hank
downdratt 1 Przovbyhinski 1995). The parent supereell gradually undergoes a transition
to a bow echio conhiguration with asolid leading edge (e strong low-level reflectivity
gradienty, displaving mesocirculation on the northern or northeastern end (eomma
head). and developing one or more WECs along its trailing sector.

PDRS did not explore in detail the time scales associated with the evolution of bow
echoes: nor the tepical svnoptie forcing assoctated with them. Some of these topies

are brietly reviewed below.

3.2 Bow echoes and derechos

From the mvestigation of several cases of long-lived and rapidlv-propagating warm
season MOSs associated with large swaths of damaging winds in the north-central

and northeast United States. Johns and Hirt (1987) proposed a refinement in the
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definition of the termn derecho”. and their work became an important reference in
the study of bow echoes. According to Johns and Hirt (1987) (henceforth referred
to as JHST). for a convectivelv-generated stratght-line wind event to be considered a
derecho it must weet the followiy coteria:

(0 An area of concentrated reports of conveetively induced wind damage and or
convective gnsts sreater than 26 s 5 must exist, and this area must have a major
axis length of at least 00 Kin.

() Reports within this area must show a pattern of chronological progression.
either as i sineular swath (progressice derechor see Fig, 3. 1a) or as a series of swaths
tserial derechor Figo 3. 1h:

(i) Wirhin the area there must he at least three reports, separated by 64 ki or
more. of crrher FUdiimase cRugita 1971 and or convective convecitve gusts of 33
< lor greater:

(vi No more than 3-he can elapse between successive wind damage events’

[t is uportant to note that the term derecho, as detined w JHST. refers to a tvpe of
comvectively eenerated damaging wind. and rot to the MOS that generates o NMore-
over. none of the fearures dentitied by Fujita (19730 1981 and PDRS for bow echoes 1s
explicitly mentwoned e JHST when classifving derecho-producing MOSs (DPMOSs).
However. the radar patterns and schematic depictions for tvpical DPMCSs described
in JHST shows etther a well defined dominating bow echo (as in the case of a progres-
sive derechor Figo 3-da). or a long LEWP-tvpe squall line composed by multiple bow
echoes (serial derecho: Fig. 3.4b). More recently, Johns and Evans (2000) explicitly

indicated that the JHST database consisted only of wind and or wind damage reports

SThe termn de recho was orpunally comed by Hinnichs 1188%) to denote strong straght-line windstorms induced by
convective avtivity

Y Additional criterna to be a eptedan JHRTs derecho database required that the wind event satisfung features o,
te v should displas temporal and spatial vorninuty as mdicated by surface pressure and wand tields coven of the
movement of the assoGated radar echoes are not continuous). and that multple swaths of wind damage should be a
part of the same MOS as indicated by radar summary charts
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Frgure 31 Setemate depretion of surface svonopticseale features assocrated with the occnrence
of tar progressive derecho twarm season pattern. and oby serial derecho tdvnamie patterny - The
hatehed areas refer to the sectors atfected by strony straaght-ine winds at the surface cderechos)
Front and ~qguuadl bine svibols are conventional Adapted from JHNT

assoctated with the bow echo stieee of DPNCSs

On the other hand, while bow echo-tvpe MOSs frequentlv produce strong sutface
winds, not all of them generate large swaths of damaging winds that meet the detin-
tion of derechos The results from JHST <showed thar MOSs with vigorous long-hved
bow echioes pes how echoes with life span of several hours. and reaching 120 km
or more i ndividual length or combined as o LEWP ina squadl Line (Johns and
Doswell 1992 are the most hikelv ones to produce derechios. This characteristic
has been contirted by several case studies. such as Duke and Rogash 119920 Bentlev
and Cooper (1997, and others.

For the reasons stated above. bow echo should not be considered a svononym for
derecho. It should be clear. though. that the 4-vear study of derechos carried out by
JHST. and extended by Johns et al. (1990 and Johns (1993}, indicated an important

association between derechos and long-lived bow echoes.

ot
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3.3 DMNlesoscale features in bow echoes

Bow echoes share many of the mesoscale features often observed with linear mid-
latitude MCOSs. as deseribed i the conceptual model depicted in Figure 3.5, which 1s
a vertical cross section of the kinematic. microphysical and radar-echo structure of a
mature convective line with trailing stratiform precipttation (Houze et al. 1989). The
leading edee of the svstem consists of deep convective cells associated with hich radar
reflectivity fields and heavy precipitation: most of the severe weather phenomena
accompanving bow echoes oceurs in this sector strong surface winds derechos. hail.
short-lived tornadoes)  An active surface cold pool and mesohigh {indicated by H, in
Fig. 3.5 15 tormed just behind the gust front and plays an important role in driving
strong surtface winds CJohnsan 2000, Waknmoto 2001),

Lhe sebiematie m Fre 35 also shows the Tite evele of conveetive aetivity within the
MOS) New comvective cells are formed by the iftinge provided by the advancing cold
pool which behaves as wodensity current Because the tvpieal environment conducive
to MOSs has high convective available potential energy (CAPE) (e Johns 1993).
the new cells develop vertical structure quite etfictently, reaching thetr mature stage
st behind the cust front A~ the cells beeome undercut from the warm and motst
boundary Laver ahead of the MOS. the mature stage is followed by a decaving stage
represented by the old cell” in Fig. 3.5.

In bow echoes (particularly. derecho-producing bow echoes). low-level convergence
along the vust front ie.. on the downstream side of the storm svstem Is en-
hanced compared to backbuilding svstems or non-DPMCSs (Evans and Doswell 2001,
Cortidi 20021, owing to a sttonger surface outflow. The high etticlency i regenerating
couvective cells ahead ot the line combined with stronger mean environmental wind

(Evans and Doswell 2001: heneeforth referred to as EDOT) account for the remarkably
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fast forwird motion that characterizes long-lived bow echoes as fast as 35 m s L

Corhidh 12002

Lradhing the convectnive activity, w regton of heavy stratifor precipitation s usually
observed thut not alwavs: Yuter and Houze 199540, and the kinematic structure is
dominated by an ascending front-to-rear How, which results from the mud and upper
portions of the leading updrafts leaning apshear. and a descending rear-to-front ow.
In strong squall lines. the rear-to-front How can be locally intense. especialiv along
the axas that coincides with the apex of bow echoes, characterizing a rear-inflow et
(RLD (Smull and Houze 1987, Burgess and Smull 1990, Weisman 1992, Houze 1993).
Ground-relative winds as strong as 50 m s b are observed with RLUs (e.p.. Burgess and
Smull 1990). The along-line variation in the rear-to-front momentum tield accelerates
distinet sectors of the MCS at different rates. leading to the characteristic bow-shaped
structures or LEWPs in bow echoes.

The RUJ transports not onlyv momentum but also drier air from mid to lower levels
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which favors “cloud erosion”™ on the upstream tlank of the leading convective cells.
generating rear-inflow notches or WECs mentioned earlier (Przvbvlinski 19951, With
enhanced evaporation sublimation in these localized regions. stronger downdrafts and
accompanving surface outflow are induced (Wakimoto 2001). being consistent with
the fact that WECs are usually good indicators of sectors with intense surface winds
(PR

One of the mechanisms generating the rear-to-front flow is the formation of a low-
to mid-level mesolow tindicated by Ly in Figo 3.5 that extends from just underneath
the leading updrafis 1o rens of quilometers behind the gust front. The generation
of this mesolosw s asreviient with the presence of @ nad-level buovaney source
psee section 220 assoctated with intense farent heating within the man apdraft
region of the MOS  and induces a rear-to-front pressure gradient force te g Lafore
and Moncerieff 1989). The eencration of the rear-to-front How can also be understood
from considerations of baroclinie generation of horizontal vortieity  Weisman 1992,
1993) and mantfestation of low frequeney 1GWs (Pandva and Durran 1996). These
mechamsims are exatined with more detanl in chapter 7.

Fhe REJ s an important mesoscale feature in bow echo dvnamies  Based on
idealized simulations of bow echoes and applving the theorv for long-lived squall
Iimes developed by Rotunno et al. (1938) (known as Rotunno-Klemp-Wesman or
REW theory). Weisman (1992, 1993) hyvpothesized that the presence of an ele vated
RLI plavs important role in the mamtenance of long-lived bow echoes. He indicates
that without the elevated RLLNMOSs with updrafts that lean upshear. as indicated
in Figure 3.6a. undergo a transition from the mature stage (for which the leading
updrafts are erect: not shownj to the decayving stage. This is because RlJs that
descend well behind the gust front tend to enhance the surface outlow that undercuts

the updrafts. weakening the svstem (Weisman 20010). With the elevated RL (Fig.

by
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Figure 36 Schematic representation of the apshear-tlted convective low i an vlealized how echo
during its mature stage with a e developing REL and - boowell detined clevated RLD Thick. doable-
lined vector represents the updraft carrent, thick solid vector denotes the REJ then, cireular arrows
idicate convective-seale cirenlations assoctated with hornizontal vorreity generated either by the
ambrent vertical wind shear or by the convective svstem: <hading denotes the surface cold pool:
regtons ot Lghter o heavter tantadl are idicated by the more sparsels or densely packed vertical
lines. respectively: scalloped tine denotes the outline of the cloud  cAdapted from Weisman 19931
3.6b). the circulation induced by che RLD in the surface cold pool counteracts the
npshear-oriented circulation foreed by the gust front tindicated by the cirenlar arrow
with a minus sign at low levels i Frgo 3.6b In this casel the leading updrafrs do
not titt in the upshear direction as much as in the descending R case, and liftig 1s
enhanced in the more erect updrafts which favors long-lived squall lines tRotunno et
al. 198y,

However it is important to keep in mind that the study by Weisman (1992, 1993)
I~ restricted to MOSs developing in an ambient How with strong vertical wind shear
confined to the low levels, rel the environmental conditions for whieh the RKW
theorv is developed. Chmatological and modeling studies (g0 EDOL Conigho and
Stensrud 2001) indicate that environments with deep shear lavers are also conducive
to long-lived bow echoes. Further observational studies are necessary to address how
often elevated RUs are present in long-lived bow echoes.

As mentioned in osection 3.1 mesoscale convective vortices (MCOVS) (sometimes
called line-end vortices or bookend vortices) are observed with bow echoes. In fact.

RLJs in bow echoes usually are part of the rear-to-front branch of the circulation
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mduced by MOVS which focuses and >m-na(lu'ns the mid-level rear-to-front How fea
Weisman 19931 Figure 3.7 shows a low-clevation radar retlectiviey analvsis durine the
mature stage of a derecho-producing bow echo that affected the north-central United
States in 19-20 July 1983 (Prevhvlinski 1993). The dashed. circular line denotes the
position of the accompanving MOV, with a rear-inflow notch in its southern tHank.
During the developing stage of the bow echo. MCVs are often observed at the right
and left ends of the bowing segrent, but as the storm evolves and becomes long-
lived. the cvelonie MOV on the left end (as viewed from the rear of the MOS) tends
to dominate.

Two mechanisms are considered responsible for the generation of line-end vortices
in bow echoes (see Figure 3.8)0 the tilting of positive ambient horizontal vorticity
re s dassoctated with o owesterlv environmentad vertieal wind shear) by convectpvelv-
cenerated downdrafts (Fig. 3.5bio and the tilting of negative cold pool-eenerated
hortzontal vorticity by the leading updrafts (Figo 3500 cWersman 1993, Werstman
and Davis 1998, Cram et al. 2002).  As the bow echo structure evolves, vorticity
convergence plavs a role in enhancing the vertical vorticity prodnced by rilting «Cram
et al. 2002).

In long-tived bow echoes. for which the influence of the Cortolis foree is discerntble,
the cvelonic vortex (i.e.. the northern vortex) becomes the dominant one' because of
convergence of carth's vorticity on the scale of the bow echo. enhancing the evelonie
wid-level vorticity (Skamarock et al. 1994). Skamarock et al. (1994 point out that
the asvmmetric distribution of the mid-level positive buovancy which i1s biased
toward the north of the MOS owing to a front-to-rear tlow that is detlected northward
by the influence of the Conolis force also plavs a role in forming a balanced cvelonie

vortex that can persist bevond the cessation of the parent MCS ez Bartels et al

Fhis analysis 15 condudcted tor the Nothern Hetispliere In the Southern Hensphere, the southern vortex becomes

the domunant one
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Figure 3.7 Low-elevation. plan-position mdicator retlectivity analvsis of the 19 Julv 1953 central
Mingesota derecho-producing bow echo at 2112 UTC from Minneapolis-Sto Paul, MN oMSP radar
Retlecriars contonrs aae Iso 300 1 aand 16 dBZ Shaded tegion vepresents retlecrians valiues creater
than 50 dBZ. vectors denote the rear intlow noteh e the RL sector and dashed, cirealar line
indicates Jocation of the wesoscade cirentation. cFrom Prevbvhnks: 1995

Upward titing (o) : Downward litting
in easterly shear E in westerly shear

Figure 35 Schematie of vertical voruaty generation through vortex tilting within bow echoes
In (a). ascending motion along the leading edge of the bow echo pushes the vortex lines up in the
presence of convectivelv-eenerated easterlyv vertical wind shear. resulting in anticlockwise telockwises
rotation on the north south) end of the svstem. In (b, localized descent in an environment with
westerly vertical wind shear produces the same line-end vertical vorticity pattern. (From Weisman
and Davis 1998,



1997).

3.4  Environmental conditions conducive to long-lived bow echoes

and derechos

Svnoptic patterns conducive to LEWP-tvpe bow echoes that spawn e rial derechos
are sunilar to those deseribed in the traditional conceptual model for springtime
severe weather ourbreaks (eo . Barnes and Newton 19861, assoctated with strong.
migrating low pressure svstems CJohns 19930 In fact. the distinetion between svooptic
conditions favoring tornado outbreaks and serial derechos can be rather subtle (e
Johns and Doswell 19920 Stensrud et al. 1997,

Figure 390 adapted from Johns (1993). shows idealized sketehes of tvpreal mid-
[atitude svnoptic patterns assoctated with severe weather outbreaks, contrasting ~it-
unations tavorable for tornadie supercetls thies 3 900 and tsenal-y derecho-producing
bow echoes (Frgo 3. 9bv [ the latter. the ortentation of the low-level jet L0 m Fig.
3.9b) 15 mote patallel to the upper-level flow polar and saboropical et streams, P71
and ST Freo 396 indicating a more unidirectional vertical wind shear which tends
to favor the squall line bow echo mode of convection. rather than isolated supercells
eu s Weistnan 19930 Johns 119930 refers to the svnoptic setting conducive to seral
derechios as the dynamae pattern.

On the other hand. JHST and Johns (1993) indicate that the progressice derecho is
the most common tvpe of derecho during the warm season ( May to August), with the
parent bow echo usually developing under a relatively quiescent synoptic-scale pat-
tern. This svonoptic pattern fits reasonably well within the conditions favorable for
northwest How severe weather outbreaks (Johns 1984). at least qualitatively. Johns

(1993) referred to this pattern as warm season pattern. In this situation. the DPMCS



Figure 39 Ideahzed sketches of mud-latitude svpopric-scale sitnations favorable for development of
severe thunderstorms=ancluding o rornadic supereells. b derecho-producing bow echoes dvnamice
patterns Than hnes denote sea leselsobars arond o Low pressare center wirh eold and warm fronts
Browl wrowscopresent b besebpor LD apper evdbpdoa o PV and appe e el sabanopicad o
ST P!l o atne Baare s et Newton TS paned boas after dohins 19930 ot paneds are
adapted ttom Jonns 1y
usually has s mmittation time between nud-afternoon and late evening along or just
north of a guast-stationary surface thermal boundary most often, a stationary front
or an “old” oattlow boundary with a significant east-west orientation. as schemat-
callv <shown e Fieo 3 ke The bow echo. that often cbut not exclusivelyv) displavs
charactenstics of PDNYs tvpe 1L and or tope HTNMOS. travels just sligthly to the
right of the mean wind direction, and commonly at a speed greater than the environ-
mental mean wind speed (JHST EDOL) In fact. the impressive translation speed of
bow echoes that spawn progressive derechos is one of their distinetive characteristics.
JHST and Johns et all (19901 deseribe the svnoptic condition favoring progressive
DPMOSs as consisting of i westerly or northwesterlv mid-level ow above the surface
thermal boundary, with a mid-leve] ridee (weak short wave trough) over the sector
where the DPMOS reachies its mature stage (nitiates). A significant poohing of warm

and moist air at low levels along and just south of the stationary thermal boundary



acts as a convergence zone. As a result of the intense low-level pooling of warm and
moist air. significantly high values of conveetive mstability are generally observed
with progressive derechos. CAPE ranging from 2400 J kg rat the DPMCS initiation
points to 1500 1 ke Dfurther downstream along the thermal boundary) are usually
observed. with peak values as high as 6300 0 kg 8 being possible (JHST. Johns et al.
1990 Henceo the average values of convective instability tvpicallv associated with
progressive derechos excesd the ones observed with any other kind of extratropical
severe weather outbreak in the United States. The average CAPE indicated by JHST
agrees fairlv well with the values of CAPE for the most unstable air parcel obtained
by EDOT for weakiv foreed derecho evenes

Compostte charts of wind and temperature ields at low-levels (230 and 700 mb)
analvzed by Johns et all (19901 for several strong progressive derechos shows that
constderable low-level warm advection occurs near the initiation point of the DPMCS.
often assoctated with a well detined low-level jet (Bentley and Cooper 1997, Comgho
aned Stensrud 1995 Farther cast. following the surface thermal boundary down-
treatn. the wartn advection at <50 mb and 700 mwb is weaker. with the winds saining
stronger casterlv component osee Froo 31000 The low-level moisture pooling. how-
ever. s stronger downstream. reaching maximum amphtude near the sector where
the MOS attains its mature stage  this is the region where convective instability is
higher.

JHST found that the lower mid-troposphere is relatively dry in derecho events,
which potentially favors the gencration of stronger surface winds by evaporative cool-
ing effects (Le by inducing intense downdrafts, and strong cold pool and mesohigh:
Johns and Doswell 1992). This agrees with the climatological study by EDOL which

shows that weakly forced or warm-season derechos are associated with higher val-
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Figure 3 100 Typical mid-latitude synoptic conditions favorable for the development of progressive
derecho-producing bow echioes (warm season pattern). The thin arrow. with a WNW-ESE orien-
taton. indicares the main “damage axis™ of the progressive derecho assoctated with the long-lived
bow echo convective svstem rpant "B represents the beginning point of the MCS. M represents
s mud-pont and “E7 s end pont: the B-M-E path can be as long as 1Hotkm). The broad arrows
indicate the positioning of the low-level jet stream (L)) and the polar jet stream (PJy aloft. The
thin solid lines represent the sea level sobars, with the surface quasi-stationary thermal boundary
and the mud level ndge also being indicated . @ Adapted from Johns et al. 1990)



nes of downdraft CAPE (DCAPE). Furthermore. Cortidi 120027 indicates that the
presence of drv air at mid levels ahead of the convective svstem is a common feature
observed with derecho-producing bow echoes. in contrast with a nearly <aturated low-
to mid-troposphere associated with quasi-stationary and back-building MCSs.

The downward transfer of higher horizontal momentam flow from the mid-troposphere
to the surface by a descending R tie. conservation of horizontal momentum) may
also play a role i generating a highly mobile mesohich in bow echoes (JHST). This
hyvpothesis is based on the finding by JHST that progressive derecho-producing bow
echoes develop in environments with moderate mid-level winds. EDUL also found that
the 0-6 ke eneronmental mean wind o DPMCSs 15 discernibly stronger thase i the
ror-DPMCSs Because the bow echo propagation does not deviate signiticantlv from
the e wind direction vas s the case for supereellsis a farger component of the
mid-level How s comedent with the forward motion of the storm svstem. possibly
contributing for the fuast transtation .\[)t'i'l] of bow echoes CJHNT Cortidi 20020, how-
ever, argded that momentum transfer to the lower levels has a more direct inthuence
i the direction of motion of bow echoes than in their speed.

Suelar to the dvnamie pattern for serial derechos. the composite charts analvzed
by Johns et al. (19900 for progressive derechos show that, with exception of the
mitiation sector of the DPNCS! 4 nearly unidirectional vertical wind shear vector is
present between 830 mb and 500 mb along the surface thermal boundary. The flow
is directed almost parallel to the path of the progressive derecho, as schematically
shown i Fiaso 3 kacand 3100 The presence of a predominantly straight hodograph
respeciatly above the sub-cloud Taver) with moderate mid-level vertical wind shear
seetns to be acommon characteristic with many warm-season derecho events as also

indicated by more recent studies (e.g Bentley et al. 1997, Coniglio and Stensrud

" The magmitude of DOAPE s intluerced by low- 1o mid-devel troposphenic dryness  the drier this laver. the higher
s DOAPE rep tilmore and Wicker [agse
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2001, particularly in the region where the parent bow-echo MCS attains its mature
stage "

A important aspect discussed in EDOL concerning the development of long-lived
warm season bow echoes is that the mid-level storme-relatiee winds ( MLSRWS) in such
svstets tend to be weake r than for other modes of severe conveetion. which seems to
agree with the mvestigation by Brooks et al. (19941, Brooks et al. (1994 developed
aconceptual model tor the development and maintenance of low-level mesocvelones
i osevere convective storms in which a balance between the baroclinie generation of
low-level horzontal vorticuty tin evaporatively cooled atrd and the strength of the
surface outtlow must be attained. Snch balance ts inHuenced by the MLSRWs. If the
MESRWS are oo strong. precipitating hvdrometeors are transported over a longer
distance, reducing the baroclinic generation of low-level horizontal vorticity around
the mean updraft. Weak MLSRWs. on the other hand. tend to favor precipitation
very close to the main npdraft. increasing the chances of the outtlow to undercut
the upward motion. leading to short-lived Tow-level mesocvelones and an outtlow-
dommated thunderstorm. Stensrud et al. (1997 and EDoOL identitied this second
case as i possible mechanisim accounting for the reasonablyv good relation between
weak MLSRWS and derecho-producing bow echoes. FEDOT stressed that this relation
i~ more applicable for warm season derechos.

Finallv. 1t is unportant to stress that outflow-dominated storms can onlv become
long-lived if thev displayv the ability of propagating themselves by the continuous re-
development of updrafts along the gust front (Johns and Doswell 1992). In the case
of progressive DPNCSs, there ts evidence that the enhanced low-level convergence

along the surface outflow. combined with a very unstable environment. plavs a rele-

" Newertheless, trom an operational perspective, 1t s recognized that the analvsis of the shape of the hodograph
ot alwavs lead to suceesstul results when teving to discoiminate conditions favarabie for supercelis tornadoes from

those Lavorable tor bow vchoes derechos ce g 0 Stensrud et ol 1997
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vant role in the svstematic regeneration of updrafts at the leading edge of the svstem.
EDOL found that low-level storm-relative winds (LLSRWs) in weakly forced derechos
are particularly high when compared with their MLSRWs and with the LLSRWs of
non-DPMCSs, suggesting a stronger low-level convergence along the leading edge of
the cold [mnl.

Because the envitonment downstream of a progressive derecho is usnally highly
unstable with sigmficant moisture pooling at the surface, deep vertical motion s
cthicientlv roiggered alony, the gust front due to a low level of free convection «JHST
Unider these conditions, the propagation rate of new cells ahead of the svstem can
exceed coll advection by the mean environmental wind. aceounting. at least i part,
for the fast transtation speed of DPNMOSs

Fhus. several processes combined. including the presence of Tow- to md-level rro-
pospherie drvnesss dowmward rransport of mid-level hertzontal momentum and fase
updraft regceneration. appear to favor the development of a highlv mobile MOS capa-

ble of producing damaving surface winds.
=




Chapter 4

Methodology and the Control

Simulation

4.1 Methodology

[he methodology used to exammne the mutual adpustment of atmospherte varnbles
i the simulation of a long-lived bow echo follows the same coneept enbodied o the
studies addressing dvnamic adjustments described in chapter 2.

We follow the approach applied in Wevgandt et al 11999) when addressing the
relative inportance of specihie data fields i the simulation of an idealized supereell
thunderstorm The non-hvdrostatie and fullv compressible Advanced Regional Pre-
diction Syvstemn (ARPS). Version 5.1, 1s used as a cloud model to provide a 6-hr
stormscale simulation of an idealized bow echo. This simulation s called control
run. and reproduces most of the features usuallv observed with bow echoes  to be
discussed 1 section 12,

The environment in which the simulated storm evolves is an undisturbed horizontally-

homogencous base state. which remains steady during the entire sitnulation. Hence,



all perturbation tields i the simulation refer to the mesoscale convective system
CNOS) selfsand the full solution satisties the model governing equations. Any -
Sormation mussing fromethe perturbation fields characte rizes a deveation from the state
qocerned by the consercation equations.

With that in mind. a series of numerical experiments is carried out by restarting
the control sunulation ar -he during the mature stage of the simulated MOS
at which time we artificiallv remove selected perturbation variables! tone at a timer.
Fhis nnplies thar the <cnature” of the MOS s chminated for the perturbation varn-
able being withdrawn, and all other fields are as in the control case. In addition.
the time tendency of the variable being withdrawn is also set to zero at the restart
time. ( Fhis does not mean that the “memory™ of the time evolution of the withdrawn
vartable is completely elimmated. though. The forcing terms associated with the un-
perturbed vanables i the conservation equations are retained. sach that the time
tendency of the vartable being withdrawn can be restored). These are called wuth-
drawal e rperone nts (or withdrawal runs). and are itegrated for a subsequent 2-hr.
Fieure L1 sumimarizes the procedure.

Phe withdrawid rans are compared with the sotution of the control run. and the dif-
ferences are exattined We take it account the mode of convection. 111;1\.’,11“11!1«' and
location of most active updratrs. and presence. strength and location of convectivelv-
senerated mesoscale features fnamelyv. mesoscale convective vortices, rear-infow jet
and cold pool surface outflow) that are part of the characterization of a4 bow echo.

The tune evolution of protiles of vertical momentum and heat Huxes, averaged
tor the simulated NMOS, are also analvzed to quantify the deviation of the perturbed
solntion from CNTRL. Because such flux quantities are useful in characterizing the

overall strength of the MCS (e.g.. Weisman et al. 1997) we can assess the impact of

Hn other words.we reset the vanables back o the unperturbed base state

-1
te



CONTROL RUN

WITHDRAWAL
RUNS

(Restart Time)

Selected variables and fields are set
back to their base-state values

Fizure .1 Diasram showing the methodology crploved to study the dvnamic adjustment i an
tdealized bow echo A 6-hr simnlation of an wdealized how echo teontrol rng s followed by a serges
of withdrawal experunents i which selected variables o the control run are reset to their base
state sabues at b Fach withdrawal experiment produce a 2-hr “forecast™  The evolution of the

strnttlated bow echo from § oo 6-hir s exanmned for vach case

the unpulsive perturbation on the solution o more quantitative way.

The processes controlling dvnamie adjustiment itself are examined by studving
the time evolution of ditferent terms of the model governing equations early in the
withdrawal simulations: An effort is made to dentify the exact sequence of events that
deseribes the behavior of the numerical solution at earlv stages  from the very first
timne steps to the tirst 20-mins i omost cases of the withdrawal runs. By studving
this early evolution. a better understanding of the tvpical time-scale assoctated with
the mutual response 1= possible, as well as the mechanisms that allow the generation
of either a geod or poor forecast for the idealized bow echo.

Table L1 shows the complete set of withdrawal experiments the control run
will be referred to s CNTRLD As an example, in experimem WVELD the vertcal

veloeity is set to zero (e the unperturbed base state) evervwhere in the domain at

T3



Fable & 1+ Summary of the experunents restarting at 4-hr (withdrawal experiments): variables that
are set back to the base stare values. tThe acronvin referring to the control run s CNTRL).

¥E}p}"1?i'y‘ru'ntﬁj ‘vizxr't_'q_lr)riﬂc_"}:(r'(_ztit{‘g; béing reset to the mipierrr:tiu;bed base state

TWVEL T vertical velocity
UVVEL horrzontal wind
THETA potentiial temperature

VAP water vapor nixing ratio

I-hes while in experiment UVVELD the horizontal winds across the entire domain are
set equal to the backaround vertical profile. Aeain. no adjustment of the remaining
fields s performed at restart e, We intentionatly define an 1C that describes a
physically mconsistent atmospherie structure within the convective svstem. These
expertnents are destened to address the impact of the mutnal adjustment among
kinematic. thermodynamic and microphvsical fields upon the simulated bow echo.

[deally. the lateral boundaries of all withdrawal experiments should be forced. at
cach time step. by the solution from CNTRL. For computational simplicity this is
avorded under the assumption that the 2-hr prediction tune e from §to 6-hr)
i~ sutfictentlv shorts and the region of interest sutficiently removed from the lateral
boundaries. to render these effects of secondary importance.

[t as evident that the dentical twin-experiment approach has its weaknesses. One
of them is that we provide the model with perfect information about the fields that
are not withdrawn at -hr Inacreal situation, perfect data of atmospheric ficlds are
never avatlable. Thus. our results give an optimistic view of the elimination of a given
vartable. Nevertheless. this approach allows us to wolate the information content of
the vartable tor tieldsi being withheld. and to assess its relative importance to the
stmulation.

Another potential weakeness is not taking into account model-dependencey on the

results obtaned. assuming that the numerical model 1s error-free (Atlas 1997). How-



ever. our analysis is restricted to basie dvnamic processes affecting atmospheric ad-
Justments on the conveetive scale including acoustic and hvdrostatic adjustments.
It is reasonable to expect different stormseale models (e, non-hvdrostatic fullv com-
pressible models) to represent such basic processes in a consistent way. even though
the representation of tine details may be distinet.

Based on these poimnts. the dentical twin methodology seems appropriate to our
purposes. Perturbing the control simulation with errors without completely with-
drawime a civen field would be an alternative approach. but e would deviate from
our primary intention which is to violate the conservation equations at restart time.
Another alternative would be to amit the information about an atmospherie field or
hold such tield constant for a given pertod of thwe tsav, 5 ming and examine how the
remaining fields respond during this period. However, some arbitrariness would be
mvolved when deternume the time window for which the ficld wonld be omitted or

held constant. Tis Latrer approach s, therefore. not applied.

4.2  The control simulation

Fhe control simulation (CONTRL) of an idealized bow echo is conducted in a three-
dimensional 251 x 356 5 182 ki’ donan with uniform hortzontal and vertical arid
spacings of 2 km and {00 m. respectivelv. The background environment. or base
state. 15 horizontally homogeneous. with vertical temperature and moisture profiles
following the Weisman and Klemp (1982) idealized sounding. as shown in Figure
1.2 The sounding has a surface water vapor mixing ratio of 14 g kg™ ! surface-
based convective available potential energy (CAPE) of 2300 ] kg ' and convective
inhibition (CIN) of 28 ) kg ', The wind profile. also shown in Figure 1.2, is that

used by Weisman (1993) in the moderate shear bow echo case. with a unidirectional



PRESSURE (mb)

] 10
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TEMPERATURE (*C)

Figure £20 Shew I diagraan of the wdeabived thetmods e sounding, nnlized at the intial time
for CONTRL venviromnent soundinzy Thick solid lines are temperatine and dew pomt terperature
profiles Heavs dashied line deprets the poost adiabat adong which wosirface-based ade pareel ascends
Values shown n the top of the diagram mdicate dey adiabats tin Celsiist Wind profile s inm <!

westerly vertical wind <shear of 1 x 10 < s P contined to the tiest 2.5 k. and constant
winds aloft (equal to 25 m s ).

Convection is initiated by a single elliptical thermal (10.0 x 10.0 x L4 k') with
maximuim -2 K perturbation. positioned at (x. v. 2) (1160, 1730, 1.5) ki, Note
that the bubble is placed in the mid-point of the N-S extent of the model domain.

Because the numerical sunulation extends for several hours. the Coriolis force
15 included. A geostrophically balanced base state is imposed by subtracting the

geostrophically balanced pressure sradient from the horizontal momentumn equations

as idicated below:

To
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where fis the Coriolis parameter. and 7 and 7 are the base-state winds.

Note that because - fi-and 7 represent the seostrophically balanced pressure sra-
dient force. the Cortolis foree acts onlv on the wind perturbations “(u — i e ~ )
implving that the base state does not evolve toward thermal wind balance. By doing
this we avoid imposing o meridionallv-oriented temperature gradient in thermal
balance with the vertical wind protile in the shear laver that would modifv the
lower levels of rthe backeround soundine 1 Skamarock vt ol 1995 Higher ilower)
CAPE wonld be found i the southern vnortherny halt of the domain, potentially
mducing, an unwanted bras e the convective activity towards the sonth (Richardson
19991

Dllt' tu the presence nfil('nll.\lit‘.‘t”}‘ active terns, i llll»(lo‘-\pli”ill!.', lt‘(‘hni(]uv I~ lXS(‘(l
to integrate the coverning equations, with a small time step of 1 s for the forward
tumplicit Crank-Nicolsoni nurnerical scheme o the horizontal momentum tvertical
momentum and pressure) equations, and a by time step of s for the leap-trog
scheme in the acousticallv inactive terms,

Parameterization of surface physics and radiation s not included. [ee microphysics
(Lin et al. 1983} is switched on. including conservation equations for cloud ice (qi).
snow (g5t and hail (gh) mixing ratios in addition to the warm species: water vapor
(qv). cloud water (qe) and rainwater (qr) mixing ratios.

Subgrid-scale turbulence is parameterized with a 1.3-order turbulent kinetic energy
(TKE) closure scheme. Radiation lateral and top (Durran and Klemp 1933, Klemp

and Durran 1983, Durran 1999) boundary conditions are emploved. with rigid free-slip



bottom boundary condition being assumed-. Note that the top and lateral bonndary
conditions are “open” tor [GWs. not acoustic waves. Therefore, a divergence damping
term is included in the momentum conservation equations to atte nuate acoustic modes
(Skamarock and Klemp 1992 Xue et al. 200000 A summary of model parameters is
shown in Table {2

Figures 13 to 45 show the solution for CNTRL from 1o 6-hr. At d-hr ithe time
at which the withdrawal experiments are initiated). the MOS displavs characteristies
of a broken squall line with small embedded bow echoes A well developed surface
cold pool (Figs Eag extends mestlv in the Nos direction, and o developing mesolieh
15 noted near the center of the domain. where the cold pool develops @ prominent
bow-shaped feature.

Low- 1o mud-level vortex couplets are evident e the northern end ot rhe MOS,
at v 256 k. and also at the southern end. just south of v 128 ki (Fires. La.
Eoa). These hne-end vortex couplets are remunpants of the initial cell splitting process,
with a cvelonie tantievelonie) updraft and anticvelome teveloner downdraft i the
original night-toving (lett-moving) convective cell. Werstan (19931 obtamed a similar
pattern in the carly stages of @ simulated bow echo. but in his solition. the hine-end
vortex couplets no longer were evident at 4-hr. This 15 because onur solution shows
a somewhat slower evolution toward a bow echo mode. assoctated with the effects of
1ce microphysies to be discussed in the next subsection.

Figures ddacand Loaalso indicate that a rear-to-front low is present in the low- to
mid-levels of the MOS at hree The ground-relative winds within this How exceed 30
ms i the most convectively active regions, characterizing a rear intlow jet (RLJ).

This feature is better itllustrated in Figure 4.6a. where around-relative zonal tor cross-

SApplyng a freesshp bottom boundars condition does not unply that the surface drag coetlicient 1 set equal to
cerol rather U uaplies that the surface momenturn tluxes are set to zero (8 Adlerman, personal communication

'The use ot at unphat scheme tor the tme integration of the vertical equation of motion and the vertical terims n
the pressure equation also attenuates iverticallv-propagating! sound wares - Durrae and Klemp 19530 Durran 1999



[able 12 Physical and computational parameters usedd in the numerical <imulations

Parameter
Hornzontal wund spacing

Symbol Value
Sroly 2006

Verueal and spacing St 0

Larce time step St I~

Small tine step ST QN

Conolis parameter f 07 x 1o N
[rbulent Prandt] number K. Ky o117
Fourth-order honzontal mixing cocethewnt K, 125 x 0 mts !
Second-order vertical mixing coetherent [N 1200 s

Initial thetmal pervatbation . CNTRE onb

Magnitude ] 20K

Honvzontal rivdins N,V 1o ki

Vertical tadins L L km
' 15 ki

Herehir of conter above vround

I
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Figure 4.3: Time evolution of CNTRL simulation at the tiest model level 120 200 mo: ca) 4-hre (h)
S-hrover 6-hir Thick <olid ine denotes the -2 K potential teperature perturbation indicating the
boundary of the cold pool: pressure perturbation contours at each 100 Pacare indicated by thun solid
cpositive valuesi and dashed (negative vadues) hines. Vectors are ground-relative winds. A doman
translation of 22 m ~ ' i the x-direction s applied from 4 to 5-he. while an additional domain speed
of 16T m s C o the veditection is apphied from 5 to 6-he.
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{a) S -

Figure 4.1 Tune evolution of CNTRL simulation at £ 2600 m: (a) d-hr. (b)) 3-hr. 1¢) 6-hr.
Contours of vertical velocity perturbation wmdicated at cach 2 m s b Solid tdashedy lines are
updrafts tdowndrafts). Vectors are storme-relative winds. A domain translation of 22 m s~! in
the x-direction 15 applied from 4 to 5-hro while an additional domain speed of -1.67 m s in the

v-direction is apphed from 5 o 6-hr.
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Figure 150 As in Fig. L4 but for ramwater and hal mixing ratios indicated at 1 ¢ kg ! intervals

teontoursy
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Fioure 16 Bow echo seatnent ar t Bhee o 20 2600 e sronnd-relative wind «vectors . tanwater

and hod nxaing ratio i ¢ ke ooshadeds, zonal component of the sronnd-relative wind contour

liness Solid line encirdles reqion withn - 30w~ Yobr 20 200w ground-relative wined cvectors
and 1ts zonal component contour linesy. Solid contours indicate values of w greater than 25 m s b

plotted at vk 2~ b Dotred e indicates -2 K potential temperatute perturbation representing
the boaradars b oo ld pecl Do shown s 10 km - v - 192 ke 170k - v - 231 ke

lnevwinds stroneer than 30 m s !

are shown superimposed on the ramwater (qri and
baal fqhy mixing ratio contoirs for a how echo sector of the MOS A rear inflow noteh
I~ present s the qroand gl fields o a small scale bow echo just north of v 192 k.
cotneident with a local maximum in the rear-to-front flow. This is equivalent o the
weak echo channel in radar reflecrivity, discussed in chapter 3.

At the surface (Fig tobr o localized recton of cross-line winds creater than 25 m
s Yis evident. The arcal coverage of this feature is rather limited at this time. which
seens to agree with some of the results obtained by Comglio and Stensrud (2001) 1n:
their derecho simulation 3h after convective initiation.

\ertical cross sections along segment AB in Figure 1.3a are shown in Figure L7
This E-W seoment is chosen because it crosses the bow echo shown in Figure L.
which becomes the most important convective element during the simulation. Figure
Lladepets avelatively strong and (apparentdy) upright updraft with vertical velocity

reaching 22 mos ' just above the leading edge of the advancing cold pool. When



visualizing the vertical motion plotted with the correet aspect ratio (which is not the
case n Fig.o 1700 the updrafts show an upshear inclination. Nevertheless, this upshear
tilt is not as prominent as the one found by Weisman (19931 at §-hr of integration.
possibly because of the slower evolution of our simulation with ice microphysies.

At mid to upper levels: where the updrafts are strongest. positive thermal pertur-
bations are present. assoctated with the effects of latent heating. Above the cold pool.
a mesolow is well developed. with stronger negative pressure perturbation (2200 Pay
close to the updraft (see Fig. £ 7hy. below the region of strongest mid-level warming.
The maguitude of the mesolow is slightly stronger than that discussed in Weisman
L9931 and s exastence 150 toa large extent. due to the mid-level buovaney sonree.
as discussed e sectton 2220 This mesolow generiates a west-tosvast pressure sradient
force that plavs an unportant role in developing the rear-to-front How Note that
the RED i~ contined to rhe Laver where the mesolow s present. and decelerates upon
encountering, the updraft. Vertical divergence is noticeable at this point. and part of
the horzontal momentum from the RL s transferred to the cold pool. contributing,
to the surface outtlow shown in Fieure 1.6,

Acvcompaning the surface cold pool is a mesohigh (Fig. L7h). Again. following
the discussion i section 220 this feature (nearly alwavs observed with organtzed mid-
Fatitude NOSs: Honze 1993) can be understood as a response of the pressure field to
the presence of negatively buovant air within the cold pool. which is generated mostly
by evaporation of randrops in the sub-cloud layver. This process can be inferred by
the relatively large values of qr at this level (Fig. 4.7¢). From mid to upper levels,
the hydrometeors are mostly in the solid phase. as seen by the gh ticld. and other ice
species not shown

The equivalent potential temperature (6, ) tield (Fig. 1.7dy highlights the transport

of mid-level dry air to the surface by downdrafts. Note that the drier air advected by

St
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Figure 4.7. Vertneal cross section at t bhr across v 205 ki osegment AB in Figure 830, from
surface to 2 16 k. Al panels contain storme-relative wind vectors presented at every other vertical
grid-point. Reference horizontal wind vector of 10 m s~ is indicated on the lower-left corner of vach
panel i) potential temperature perturbation in Ko contours plotted at vach 1 K: b pressure
perturbation in Pa: contours plotted at each 50 Pa: (o) rainwater (shaded) and hail (solid contours)
mixing ratio plotted at cachi 1 g ke Utdr equivadent potential temperature presented at each 2 K:
only values between #, 326 and 334 K are shown. with 4. 334K being the tirst contour in the
top of the figure. In (o) and (b) positive (negative) perturbations are indicated by solid (dashed)

contours.,
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the RL] eventually encounters the updraft. This is where “cloud erosion” is expected
to oceur. generating the rear-inflow noteh in the gr and qh fields shown in Figure
Loa. The updratts. on the other hand. transport moister ane to the mid and apper
levels of the convective system. eventually feeding the anvil cloud — well detined in
the cloud ice mixing ratio field (not shown). These processes are in agreement with
the conservation of 4, by ascending and descending air parcels in the MCS.

As the intearation proceeds. the cold pool (Figs. £3b.e) continues to spread. and
at 6-hr it covers the entire meridional extent of the domain - The simulated MOS, as
a whole. moves mostlyv eastward at an approximate average speed of 22 m < b ifrom
-hr to S-hey and 26 mos Hofrom S-hr to G6-her The last hour of integration is the
only time period when the bow echo moves faster than the enviconmental mean wind
,\P""(l.

I'wo nan rewgons of strong and widespread surfice outtlow are noted durine the
final 2-hre perniod one e the center of the dominn assoctated wirh a well detined
mesohigh. and @ second further south. approaching the southern boundary of the
domain (Fig. £3b.cr A strong, southward suree also was obtained by Skamarock et
al (1990w thetr squadl line simulation that ineluded Conolis effects. Under the
influence of the Coriolis foree. the wind tield tends to be deflected to the south not
only at surface but also at the ow to mid levels of the storm (e, Fig 3e of Sun et
al. 1993). where the rear-to-front ow domnates the kinematie tield (Figs, §iboe).

The net effect is the generation of an asvimmetric convectice svstem, where most
of the conveetive activity oceurs in the southern half of the domain. giving @ slight
southeast component to the MCS translation. The outflow in the center of the do-
main. however. still displavs a strong eastwiard component owing to the presence of
i widespread mesolngh otented e the N-S direction. In the present research. our

attention is mostly restricted to the center of the domatn because the most evident

174
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bow echo is present in that sector (Figs. 4.-4b.c and 1.5b.c). and because the south
and north ends of the simulated MCS move close to the lateral boundaries and
thus mav be contaminated by boundary effects.

Two main bow echo segments are clearly evident near the center of the domain at
Sand 6-hrowith updrafts orcanizing along a bulged line  Figs L dbeo that resembles
ashort e echie wave pattern «Nolen 19591 At 6-hr. the mesohighs from borh bow
echo segments form a single entitve and a much stronger surface outtlow 1s present.
as tlustrated in Figure EX.

Another strtking mesoscale fearnre is a dominant low- to mid-level evelonie mesoscale
convective vortex MOV at the north end of the largest bow echo (Figs, Lo, Eoed.
Phis is a feature often observed imasvinmetnie squall tines tHouze 19935 and has
been obtained studied in several other simulated MOSs influenced by the Coriolis
force (Skamarock et al. 1991 Wersman and Davis 1993, Coniglio and Stensrud 2001,
and others) Skamarock et al (1990 and Weisman and Davis (19981 indicated that
the bras leading to a dommant evelonte MOV 0 the nocthern end of asvimmetric
MOSs 1s due mostly 1o the svstem-scale convergenee of earth’s vorticity assoctated
with the mud-level rear-to-tront tlow

Froure 19 shows vertical cross sections tat G-hry of pressure perturbation and ¢,
along segment CD i Figure L3¢, The surface mesohigh has strengthened by this
time (Fig. £9a0. with perturbation pressure reaching 500 Pa. The mesolow aloft has
extended rearwird i agrecment with the upstream spread of the midlevel heating
fhe buovaney source. not showny. The mesolow is now deeper than at L-hr. but with
the maximum pressure perturbation still located near the updraft.

Both raimwater and hail mixing ratios. not shown. also broaden sligthlyv rearward
with respect to MOS motion.  This indicates the continuous development of new

updrafts along the gust front. with older updrafts being undercut by the surface
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Figure £.8 As in Fizure $6b. but at t 6-hr. i a close-up view for the two main bow echo segnients
shown in Frgures 4 4ol 4 e
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Fronre 19 A< Foewe 87 bat at v 6-hr for car pressure perturbation and b oeqruvalent
5 o I i
potentral temperature, along segment CD v 169 ki e Figure L3¢ Referenee horizontal wind

Cector bortom of panels s 200m S

outflow and laceing behind the leading edge of the MOCS. [t is possible to identifv the
remnants of an old npdraft at 2 5 ke just east of x 176 ke Figure 196, The
f, ticld retians the signature” of the undercut updraft in that sector. with a localized
revion of secondary maxinum.

Fhearcad coveraee of the tratling precipitation sector is relarively narrow because of
the mclusion ot hatl-producing processes e our sitnulation. Yang and Houze 11993b)
showed that. when hail 15 not taken into account in the ice phase parameterization, the
siimulated MOS tends to display a longer cross-line extension and generate a broader
arca of traling stratiform precipitation because of the weaker precipitation fall-out
in the convective region.

In summary. the numericallv-simulated MCS obtained in CNTRL from 4 to 6-hr
displays several of the main characteristies usually associated with bow echo squall

limes: (1) bow shaped convective segments with strong low-level “reflectiviey”™ gradi-
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ents: (1) a well detined mesohigh: (111) derecho-like surface winds: (ii1) low- to mid-level
rear-to-front flow. often characterizing a RLI: (iv) rear inflow notches in the rainwater
and hail mixing ratio fields: and (v) well defined evelonie MOV on the north end of

the svstem.

4.2.1 Sensitivity of the control run to ice microphysics

[t 1~ worthwile to report the sensitivity of experiment CNTRL to the inclusion of
e microphvsies. To our knowledge, no study of numericallyv-simulated bow echoes
has mvestigated this particular sensitivity. The work by Yang and Houze (1995b).
tor example. did address it for a severe mid-latitude squall line that apparently pro-
duced some bowing segments. However. theyv did not examine how ice microphyvsies
affecred the 32D structure of the svstenn since their numerical experiments were
a 2-D framework The discusston presented i this subsection i~ not intended to be
a comprehensive analvsis and. more importantly, o5 not part of the cramimation of
Lo ad st it oo samldated how ko

Figures 10 to L 12 compare the evolution of two runs with exactly the same pa-
rameters ( Table £2)0 except for the inclusion of ice microphvsies. The simulation
without 1ee mcrophiysies s called NO CICE, while the simulation with we micro-
phvsies is simplvy CNTRIL.

In general. domain maximum updrafts and downdrafts in CNTRL are stronger
than in NO _ICE (Fig. L 10). in agreement with previous studies of sensitivity to
e microphysies i non bow echo storms (Straka and Anderson 1993, Straka et al.
1993 Johnson et al 19931 At certaun times. the maximum updraft in CNTRL is
almost 407 stronger. posstbly related to enhanced latent heating at mid levels owing
to effects assoctated with phase change from liquid te ice (Straka et al. 1993, Johnson

et al. 1993).
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Stronger downdrafts assoctated with enhanced cooling are due mostly to the melt-
ine of hatl. While this mechamsm is relevant in aceeleratine downdrafts in the mid-
levels of the storm 1ts importanee s reduced close to surface, where the evaporation
of ratndrops plovs aomore stemticant role in strengthenmg, downwaed motion rSeraka
and Anderson 19930 Theretore, the presence of stronger donuan maximim down-
drafts does not necessartly nnply stronger low-le vel downdrafts and surface outflow.
as indicated below,

Both runs simulate mminal storm splitting in the first hour of integration (Fig.
Lllab)y NO ICE generates broader areas of low-level downdrafts in the center
of the domain (Fig.  Ellawer while in CNTRL. the downdrafts are more localized
(g, B 1Lbady becanse of the presence of heavier hvdrometeors which contine the
precipitation areas and related downdrafts) to smaller regions (Jewett et al. 1990).
By 2-hr. NO _ICE shows clear signs of transition toward a bow echo convective mode.

with a line of cells displaving two bulging segments in the center of the domain.
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The rear-to-front flow in NO ICE is better developed. and the solution agrees quite
well wirth that discussed in Welsman 19931 In CNTRIL. no convective activity is
generated 1 the center of the domain at this time. and the original rigcht- and left-
moving cells tricger new convection locally

Comparatively farger N-S separation between the two initial storms is evident in
CNTRL. indicatng that the motion of the convective cells deviates more from the
mean wind than i NO O TCED This agrees with Straka et all 11993) and Johnson et
al. (19930, who found that simulations of supercells with ice microphvsies rend to
produce storms that deviate more from the mean wind-shear veetor than experiments
with no e

Compatine the viaby evolution at the surface cFess E120-d)l a0 stronger and
broader omttlow s present i NO O TCE mmelnding o better defined mesohieh This
suggests that more conhined areas of precipitation in CONTRL have slowed the ex-
pansion of the cold pool and the enhancement of the surface outflow. since the low-
level evaporative cooling effects do not cover farge areas compared to NO - ICE. The
stronger intensity of both the cold pool and wesohigh in NO - ICE is particularly
evident o the center of the domam. The greater separation between the initial cells
in CNTRL helps retard the merger of the outfows i that part of the domain. Thus.
the mtiation of new convective cells i that sector s (lvlu_\‘t‘(l,

As aoresules by 3 hours (Figs. Blle and £ 12e) the solution obtained i NO_ICE
consists of an MCS showing mesoscale features tvpical of the maturing stage of a
tshorts bow echo squadl hne Inocontrast. the solution from CNTRL Figs. LTI
and L1121 displavs small-scale bow echoes off the center of the domain. In other
words, both simulations show a tendencey for the domination of a bow echo mode of
convection. but at distinet scales.

The ditferent solutions in the early stages of the simulation have a signiticant
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impact in the resulting bow echo later in the integration. as shown in Figure 1.13
for NO ICE cecompare with Figs. L3 and L1 for CNTRL)Y. From | to 6-hr the
storm svstem simulated i NO - TCE displavs a dominating bow echo. resembling a
progressive derecho-producing NMOS (Johns and Hirt 19871, The MCS has a shorter
meridional extent than the one obtained m CNTRL.

Another ditference between the runs s that i NO _ICE. the forward storm motion,
from S-hr onward. exceeds shehtlv the mean environmental wind. varving from 26.5
to 275 mo~ o while i ONTRLL the svstem forward speed only exceeds the mean
environmental wind in the fast hour of integration (26.0 m s 4. This eoincides with
the tume when the surface cold pool. mesohieh and outtlow in CNTRL become broader
and stroneer in the center of the doman.

At 6-hr the rear-to-tront How in both simulanions has comparable magnitude. but
i ONTRE the MOV on the north end of the bow echo s more intense. This comes
as no surprise sinee ote of the mechanisims behind the formation of this feature is the
tlting of near-surface horizontal vortieity by the new updrafts being foreed along the
vust front Wersman and Davis 1998, Pandva et al. 20000 With a stroneer baroclinie
eeneration of horizontal vortierty along the surface ontflow in the Late stages of the

~tinubation. the ~olution n '\ H([ <~hould ])l‘u(ilzm' HY hvtlt'r (i('ﬁnml \[(\
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Chapter 5

Withdrawal of Kinematic Fields

In this chapter we analvze withdrawal experiments in which the kinematic tields are
reset to the base state: The specifie questions 1o be addressed ares What happens to
the stmdation of the weadized bow eeho when cvcongple o mtonmation of the wand tield
within the storm svstenn is provided” How important is the vertical motion compared
to the horizontal wind tield when 1t comes to the inttialization of a mature convective
storm in a cloud-scale model”  What physical processes drive the response among
weteorological varables vparticuladlys wind and mass fieldsy in the stonmn svstem

when the kinematic structure of the MOS s ouly partially specitied”?

5.1 General results

In experiment \WVEL. the vertical motion is set to zero evervwhere at 4-hr. while in
experiment UVVEL the horizontal winds are reset to the background shear profile also
at 4-hr. The 2-hr simulation (from 1 to 6-hry in WVEL is shown in Figure 5.1 This
run generated a solunion that bears a remarkable resemblance to that of CNTRL. Not

only did the simulation maintain the proper convective mode, but all kev mesoscale
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features assoctated with the MCS are correctly represented: the shape. orientation
and strength of the surface cold pool. mesohich. and outtlow (Figs. 5. la.h) match
quite well with CNTRL.

The storm-relative winds aloft do not show significant alteration either (Fig. 5 Thad
including the positioning and strengeth of the main MOV i the center of the domain.
In terms of the horizontal distribution of the vertical velocity field. the simulation
15 able to restore the vertical motion etfectivelv. A close mspection of CNTRL and
WVEL shows that most of the error in the WVEL “forecast™ is due 1o phase er-
rors. tather than amplitude ectorss Astde from that, WVEL reproduced the main
characteristics of the bow echo quite well.

The siume s not true for UVVELD as seenn Fieure 5.2, The simulated storm in
this run was not capable of maimntaning the bow echo structure at least within the
2-hr integration pertod being considered. Instead. the dommant conveetive mode i
multicellnlar, particulary i the conter of the donean s 5 2eds The change i
convective mode also s indicated by the non-generation of the strong mid-level MOV
present in CNTRIL. The strengths of the surface cold pool and mesohigh were stent-
wantlv underestimated. and the shape of mesoscale features altered. An unporttant
inplication is that the surface onttlow 1s not well recovered

To quantify the impact of the field withdrawals on the overall solution, we analvze
Figures 5.3 and 500 which show the time evolution of vertical profiles of svstem-
averaged vertical momentum (i’ ) and heat Cc®) luxes at each 10-tmin for CNTRL.
WVEL and UVVEL starting at 1-hr. For all times shown. the svstem-averaged tields
are computed for the area indicated by a rectangle in Fig. 1.1b. Because the averaging
is carried vut for the most convectively active sector of the simulated bow echo. the
vertical Huxes obtained for CNTRL (Figs. 5.3a.5 k) are stronger than those reported

by Weisman et al. (1997). where the profiles «’u’ and 0 were averaged for the e ntir
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domain.

A compartson of Figures 5.3ah and 5.4ab reveals that the vertical fluxes are effi-
clently restored in WVEL despire the total elimimation of w field at 4-hr. Ten minutes
after restart tdotted lines in Figs: 5.3b. 5. 1b). the average vertical momentum and
heat thuxes in WVEL already achieve magmtudes comparable to the CNTRL coun-
rerparts I addinon, the tine evolution follows closelv the <olution tfrom CNTRIL
Conversely. the vertical fluxes in UVVEL (Figs. 5.3¢. 3.4¢) are not consistent with
the active MOS present i CNTRL. with the Huxes being substantially weakened.
Although the vertical heat Hux in UVVEL at hr othick solid line in Fig. 5. te) is not
changed by the climination of perturbation horizontal winds, it is stronglv affecred as
the solution evolves, being reduced by more than 3007 of its maximum value at S-hr

Because the 2/’ and o/ tields can be used 1o characterize the overall intensity
of the strmulated MOS ve g Welstnan et all 1997010 s elear that the ehimnation of
perturbation horizontal winds has a greater itupact on the simulation than does the
withdrawal of the vertical motion.

One ot the oo hatacrensties of long-lived bow echioes is thetr abilite to ethciently
generate new nprafts along the gust front, leading to a remarkably fast forward motion
cdohns and Hire [on70 EDUL. Cortidh 20020 I vertical velocities undereo stenificant
alteration due to the imposed perturbation in the wind field (as seems to be the case
in UCVVELY one should expect the distribution of hvdrometeors - and accompanying
diabatic etfects 1 the MCS also to be moditied as the integration proceeds. with
possiblv devastating effects to the simulated conveetive storm. Thus. it is important
to analyze the early evolution of the wind field around the surface outflow in the
withdrawal rans.

Figure 5.5 shows vertical cross sections of the wind field on the gust front sector

in a 18 kmox IS ko domain. displaving the correct aspect ratio of the simulated
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AB i Fig.o L3 for the storme-relative wind field across the gust front. The domain shown is 18 km
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EOO:BO-hr (restart time for withdrawal experiments); second column:
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to UVVEL. Vectors represent the xz-component of the svsteme-relative wind in m < ' and contours

Uincrements, with the zero

line beiny suppressed). Solid (dashed) lines indicate updrafts (downdrafts).
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How  along v 205 km rapex of the main bow echo segment at -hre: Fieo L6a
at .t 100:00-hr. L0L:0t-hr and 4:10:00-hr. for CNTRL. WVEL and UVVEL. The
contours refer to the magnitude of the vertical velocity field. The main features in this
active portion of the simulated MCS include a surface-based upshear-tilted updraft.
a descending rear-to-front flow. and a tsligthlyv-)descending downshear flow at the
anvil-level {see CNTRL solution in Figs. 5.5a-c¢).

For WVEL. the IC (Fig. 5.5d) shows no vertical motion. but after roughly 1-min
(b 55600 the solution displayvs a clear trend toward restoring the main features
mdicared e ONTRE After To-man Freo 55800 very good avreement is found 1o
amplitude and phase between CNTRL and WVEL. A more detailed examination of
this evolution hishlights the fast regeneration of the vertical motion fieid in the very
carlv staves of the simulation. as shown in Fieo 560 From a qualitative standpoint.
the solution from WVEL already reproduces the main features from CNTRL N s after
the restart time (Fig. 5.6ai. Within the first minute of integration (Figs. 3.6b.¢) the
magnitude attained by the vertical motion in WVEL is approximately half of that
CNTRL

The relatively strong downdraft evident in the upper portion of the domain (at
and above the model tropopause: 2 = 12,0 ki) in Figs. 5.6a-c is actually part of
the “transient evolution”™ associated with the adjustment process. and it fades awav
after an initial oscillatory regime.  Around 10-min after restart. this feature is no
longer present (Fig. 5.5f). The spurious upper-level downdrafts are forced by the
pressure field which is induced by the adjustment process carly in the integration
to be discussed Tater in this chapter. Similar behavior of the solution is found along
distinet (E-W) eross sections of the simulated MCS (not shown .

In UVVEL. the vertical motion at {-hr (Fig. 5.5¢) is exactly the same as in CNTRL

{rompare contours with Fig. 5.5a). However the horizontal wind field has been reset
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to it~ thorizontallyy homogeneous environmental state e there is no horizontal
divergence convergence. As the integration proceeds, the vertical motion is weakened
and loses important characteristies, such as its upshear-tlted structure. as revealed by
the evolunion of the contoured tields in Fies. 5.5¢.ha. Without the strone horizontal
surface winds. the leading edee of the gust front where convergence is maximized

does not advance as fast as in CNTRL. In fact. the horizontal wind field is never
correctly restored e UVVEL and the cold pool 15 poorly represented (see Figo 5.7,
indicating that the forward motion of the simulated NMOS is affected. This evolution
I> consistent with the very poor “forscast” produced by UVVEL

The results discussed so far are i agreement with the tindings of Weveandt et
al. (1999) for a numericallv-simulated supercell. Nevertheiess, some very important
questions need to be addressed: Why does the elimination of the vertical velocity
have only a minor impact in the simulation of the bow echo. while the withdrawal of
the (perturbation) horizontal velocity leads to a solution that deviates significantly
from CNTRL?” What is the process controthing such behavior?

As mentioned in chapter 2. Fiedler 12002) indicated that. for convective Hows with

low aspect ratio. the vertical motion should respond to the initial horizontal wind
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5.7 Evolution of the simulated gust front for the sector indicated by a rectangle in Fig
12000 hr. second column 810 00 hr.
Dashed hnes (referning to negatve values: are contours of potential

Figure
Eibh v o ONTRL and odo-of UVVEL First columnn
thurd column. 3:00:00 hr.
temperature perturbation. plotted at -2 K inerements The tirst contour from right to left is the -2
K line, indicating the leading edge of the advancing cold pool. Vectors are ground-relative winds w
s ! “Hindicated on the lower eft corner of vach panel. Note
that =olution from UVVEL deviates signiticantly from CNTRL.

Cwith o referenve vector of 19 m s
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hield. with the opposite occuring for flows with high aspect ratio. However, just by
looking at the cross sections i Figures 5.5 and 5.6, we cannot state that the simulated
How has a low aspect ratioo [n fact, it displayvs an aspect ratio around unityv, with
the How changing from updrafts 1o downdrafts in vertical and horizontal scales of
ronghlv the same order. Henceo a different approach from that of Fiedler (2002)
i~ applied to understand physccally the processes behind the dvnamic adjustment.
without expheitly refernne to linear wave theorv, The propacsation of acoustiec waves

w WVEL and UVVEL i~ studied i chapter 6

5.2  Analysis of the prognostic pressure equation: divergence
forcing

In experiment WVEL, fow-level hortzontal divergence convergence along the gust
front 15 mamtaimed at restart time: in UVVEL. these structures are removed Thus,
i the very early stages of UVVEL some of the dvnatically important adjustment
processes ocenting i the spnnlation include: 11 the response of the horizontal winds
to the mtially unperturbed pressure field, v the response of the pressure tield o
the strong perturbation unposed in the horizontal wind field. and () the response
of the vertical motion to the modified horizontal velocities.

To understand these preocesses it is useful to examine the prognostic equation for

perturbation pressure. First. consider the equation of state for dry air:

Ry
) [§7} -
- R‘o(f—)f _ (5.1
i Iy

where p is pressure. p is densitv. Ry is the gas constant for drv air. # is potential
temperature, py is 4 reference pressure (10° Paj and ¢, 1s the specthe heat of dry air

at constant pressure. ARPS takes into account the etfects of water substance in
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(5 1. but these etfects are [lt“lll'('t!‘(i for now
A rearrangement of terms involving pressure in (5.1). followed by taking the La-

grangian (total or material) derivative, vields:

Dp_ .Dp .pDf

= (" “+ )
Dt~ Dt TS0 Di =
where o7 ix the square of the speed of sound given by (2.1 1),
The mass conservation equation for a fullv compressible flow is:
1 Dy - .
oI W L 5.3

where V7 s the 3D wind tield. Sabstituting ¢3.3) wto (5.21 and expanding the

Lavrangian dervative of pressure feads to

oy : 2 : LD -
o | V‘H ,NVV~ [ Ty T, b

It we now expand the pressure field nto hvdrostatic base state and perturbation

components. (5 1 becomes:

oyt —r / ) =7 WAL - -
-(4)17 L | -V[/ - ,»r;V‘ B /N':a [’)7 . .

D I (1Ih I\

where g s the aceeleration due to gravity and w is the vertical component of the
wind.

Equation (3.9 s, essentially, the pressure equation solved by ARPS. Term (1) is
the vertical advection of base-state pressure after applving the hvdrostatic relation.
and s the onlv “surviving term™ from the base-state pressure advection. Term (1) is
the advection of perturbation pressure, while (IH) s the divergence term. Term (I\
represents the contribution from diabatic effects, which are usually small (Klemp and

Wilhelmson 1978). resulting in this term being neglected in ARPS (Nue et al. 2000).
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Terms [ and I in (5.5) are tvpically largest in magnitude. with the divergence
term dominatig. Froare 5.8 shows contour plots for terms (I (FD and ([ of
(.00 for experunent CNTRLE at d-hre o the same vertical cross section of Figure
5.5, The vertical advection of base-state pressure (Figo 5.84) and the divergence term
iFrg 5 sy have comparable magnitude, with the latter displaving larger values (note
that ditferent contonr intervads are used: see caption of Fig. 580 The advection of
perturbation pressure 12 two orders of magnitude smaller.

We tirst examune the dominant foreing tern in the pressure equation. which s
the three-dimensional divergence. Consider. first. the upward branch of an idealized
convective cellas deprcted m Figure 5.9, Region 1 (2) indicates a sector on the top
(hottom) of the npdraft. near the upper (lower) boundary. The three-dimensional

divercence ¥V canwnitten i terms of horizontal and vertical contributions. vielding:

: :oahy -
AR R W A 56
.. - <2 ()H'
Inrecion ToFie 59 we have Uy o 80 200 L
7
. ) - Jiur
[n region 2 we have UV <0 S > U
(7.
[n experiment WVEL (UVVEL)L all of the information related to du s dz (V- V)

1> elininated at restart time while $y - V(w02 remains unchanged. Thus. when
experiment WYVEL ix started. the three-dunensional (3D) divergence in region 1 is
more positive than it should be, and more negative than it should be in region 2. From
(5.5). the pressure field responds to this alteration in the 3D divergence by generating
A nesative Cpositived pressure perturbation in region 124, In other words. an artificial
low thigh) pressure perturbation is induced at the top (bottom) of the column where
the updraft was located betore being ehiminated. as indicated in Figure 510

Figures 5.1 L and 5. 110 depiet. for experiments CNTRL and WVEL. respectively,
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Frgure 3~ Solution at

. e - L e s

b-hr for CNTRL along same vertical eross section shown in Fig. 5.5, First

three terms on the nisht-hand-side of the pressure equation tEq. 5.5 1a) term I pgue. contoured at
. = L b T
1.0 Pas Dintervals: (b term IE =V € contoured at 0.2 Pa s Y intervals: (¢} term HE:-pe2 €1,

contoured at 250 Pa s

Pintervals. Zero Lines are suppressed.

111



> | 2 | €
A viiiiivununnuunnnnanRRRRRRRY

Fionre 59 ldeahized sketeh of the upwird branch of & convective cefl
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Figure 5100 Ldealized sketch of the pressure perturbation indaced shortly after the elimination of

the updralt m Figure 59 Proxy tor experunent WVEL L



FEIEY 4 -

(a) - CNTRL -

(b) - WVEL -

. . 8 :
P v _"'- - ~ '
N I - o« -~ - -
- - NS \ J . - - - N
; - .
N oS 2 -
- - N N A\ - -
- .
- oV
v .-
LN
N - . O -
- - - - .
- - - - . N - -
- - - ~ N - -
~
- - — - \ . A -
~ -
- - - - . . . d - -
. . - . .
- N
- 7 — .- -7 - P T - - -
] . .- N . . . . -
- w s vra Cween Ce- .
. . P - . - . - - RIS
(c) - WVEL -
o e A Py ?_..:,',l_x,..‘.
s e ee—m - e T s e
R _ Sew -
.. . . - . - - r > &
. . . -~ - - . -
- - . - - - .
© e e= e
. . .- e - . .
. . . - &/ s .
. . . “v e v e - .
. - . - .« - -
- - - - DR -
- - - - - - - - !‘r
- - -
- - - . P
' . . .
“« o e
- . - e - -
[P wr b @ oy e v

Fignre 511 Cross-sections in the xz-plane across the gust front same domain as in Fig. 5.3). for
G pertarbation pressure (P CNTRL: (b)) perturbation pressure (tPay: WVEL both atr £:00:08
hro o0 honzontal divergence 1002 < Y0 WVELD at v Boo:00 hr. In (i) and (by the fields are
contoured at 0 Pa intervals: in (¢1 the contour interval is 21073 1 Inall figures. solid (dashed)
lines indicate positive (negative) values, with zero lines being suppressed. All panels show storm-
relative winds in m 57! tvectorsy. with a reference vector of 10 m s ™! indicated on the jower left
corner of each panel.
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the perturbation pressure > s after restart (1t EOUOS-hr b in a XZ-CToss SeCtion across
the gust front tsame sector analvzed in Figo 5.5 The solution from CNTRL is the
<ame one shown in Fieo 87 b and is repeated here now zoomed in for the 138
Kmex Iy K domain for clanty® Tt should be emiphasized that the perturbation
pressure field analvzed here is assoctated with all terms in the pressare equation, and
not decomposed for the divergence forcing alone. However. in the discussion that
follows. it is shown that the divercence term dominates the response qualitatively
and quantitativelv,

In agreement with the discussion for the wdealized convective cell, WVEL (Fig.
5. b shows a pressure field dominated by aclow-over-high™ pattern. The maximum
positive necattve s prossite portachaton i B 5 LD aerees quute well warh the
region where ¥y Vs i maxtntn ) at he, shown we Fie 5 e Because
du 0z is zeroat this tane, Sy 4 represents the imcomplete 30D divergence and. rhus,
where ¥y ‘7 I posttive rnegative!) o pressure perturbation of negative (posItive) sign
s mnduced. Simlar structure is also found alone distinet cross sections of the simmulated
MOSto be discussed beiow Note adso that the presence of o low pressure center i
the upper troposphere in WVEL induces the upper-level downdraft evident in Fie,
5.6, These strong pressure features are transtent. and are gradually damped as time
cvolves. A detatled discussion of the “transient evolution™ is presented in chapter 6

The “Tow-over-high™ pattern in Figures 510 and 5. 11b suggests that the restoration
of the updraft in WVEL is favored by the induced vertical pressure gradient foree
PGEY Howevero i the hotizontal, the PGEF works against the horizontal wind tield.

with a positive (negative) pressure perturbation where the winds converge (diverge)

Shhere s nothung particutarty anportant about t fov us-hr o Fhis Gme s selected tor analvsis because histors
hles trom the withdrasal experniments are saved at each 3 S0 which makes the history nles referrmng to t o0 us-nr
the caes closest 1o the testart tune Fhe resalts shown for this Gime are representatooe of U 106G 04-hr cthe st big

e step

“lncompanng Fyg 5 1ha with Fur 4 7b we realize how changing the tigure's Wpect ratio can dramatically inftuence
the apparent aspect ratio of the simuiated tlow  In Fig 1.7h the updrafts look narrow and upnight, while 1in Fig
3 Ha twhich shows the solution with the correct aspect ratiol the apdrafts are upshear-tiited and broader
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Hence. the question that arises is: Can vertical motion be restored by the vertical
PGEF more etlicientlv than the horizontal wind tield is destroved by the horizontal
PGE? The evolution of WVEL solution (Fies. 53.0de ) seems to indicate that it can.

An equivalent analvsis is conducted for experiment UNVVEL. for which Yy - v
(e A2y is eliminated remiens unchaneedy at hee When UVVEL s started. the
tD decergence moregion oFig 5910 1s more negative than it should be. and more
positive than it should be in region 20 Equation 15.5) indicates that the pressure field
will rapidly respond by cenerating an artiticial high (lowi pressure field at the top
thottom) of the updraft. as indicated i Figure 5.12

The corresponding numerical solution is shown in Fieure 5130 The pressure tield
at carly staves of UNVEL iFieo 5 13by does show o distinet “high-over-low™ feature,
Sinee Vyp e 1 0 Zeto at restart. the 3D divergence s due solelv to dae s dzar this tine.
Henee, the maximum posttive tnegative pressute perturbation agrees gquite well with
the region where G 1S aonnumam cmaximumo . revealed in Figure 5 03¢0 Awan.
this result s 1 close azcreemnent with the discusston tor the wdealized cell

In contrast with WV EL the “hieh-over-low™ pattern i Freures 512 and 5 13 sug-
gests that the updraft tends to be weakened by the vertical PGEF. However. in the
horizontal. the induced PGE tends to favor the restoration of the horizontal winds.
with a positive {negativer pressure perturbation where the wind diverges {converges).
For this case. the question is: Can the horizontal wind field be restored by the hor-
zontal PGE more ethiciently than the vertical motion is destroved by the vertical
PGE? The evolution of UNVVEL solution (Figs. 5.52-1 and Figs. 5.7d-f) appeirs to
indicate that it cannot.

Because the induced pressure tield plavs an important role in dvnamic adjnstment
in WVEL and UVVEL. it is important to examine the acceleration assoctated with

the PGE early in these runs. Figure 5.11 shows vertical cross sections for the pressure

115



Put

L
Al vinniinnnnananannRRRRRRRRRN

Figure 512 Bleabized sketoh of the pressure pertirhation indnesd shortlv after the climmation of
the horizontal motion i Freare 59 Proxy for experiment UVVELS

sradient acceleration (PG X s after the restart tume, in the zonal, meridional and
vertical directions A XPG A YPG A and VPG respectivelvy tor ONTRIE Figl 5 EHa-
o WYEL oFe 5 Hd-0 and UNVEL b 5 Tig-po The solution from ON I'RL 1~
shown tor comparison. and o Feo S wind vectors are also plotted to show
updrafts and downdrafts Neain, it must be kept in mind that the magnitude of the
pressure gradient accelerations shown in Figo 501 are associated with all termes
the prossure cquation. and not decomposed for distinet foreing mechanisms.

We note first that the accelerations induced by pertarbation pressure carly on
experitnents WVERL and UVVEL aresat beasts one order of mazmtude stronger than
in the unperturbed solution trom expernmment CN FRL the contour intervals
Fig. 5.1 ta-c are ditferent from the ones for WVEL and UNVVEL (Figs, 5.1 1d-1): see
caption. This s because of the artificial and extremely high values of perturbation
pressure mmediately after restart in WVEL and UVVEL. reaching up to 1700 Pa
{see Figs. 5. 11h and 5.13h).

Second. the XPGN in WVEL (UVVEL) induces horizontal divergence (conver-

INGte that now e use the ecpression accederation istead of force snce the analvais s made for force per urnat

mass
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Figure 5130 As in Figure 511 but with (b) referving o UVVEL. and (¢) indicating the initial
vertical divergence ((du o) - 1ots b for UVVEL.
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Figure 5 1 Verncal eross sections of pressure gradhent acecleration (PG A inm > < at

{.00:us-hr:

c-te ONTRL cdi-ofr WVEL vgtn CVVEL Fiest column: zonal PGA (XPGA)Y: second column:

mendional PGA CYPGA Y thind column

vertical PGA VPG A)

For CNTRL the contour interval

> (25 s -

while tor WVEL and UVVEL w02 m - -

Solid tdashedd lines indicate positive

(negative values. with the zero line being suppressed. Storm-relative wind vectors for CNTRL are

also shown 1o (ar, with a reference vector of UM s

1§

The xz-domain shown is the same as in Figs. 3.11 and 5.13.
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gence) in the “midaltitude radial convergence™ regiont and in the gust front region.
while inducing convergence (divergence) aloft. at anvil-level. as indicated in Freo 3.1 &d
(Fie. 5 11e) Thus. the numerical solution indicates that in WVEL (UVVEL)Y. the
correct horrzontal winds in the simulated MOS tend to be destroved irestoredt by
the induced PGA However: both the NPGA and YPGA are small compared to the
VPGN indeated in Fieo 51 60 WYEFL and Fieo 5 1H for UVVEL Overall. the
difference between the XPGA and VPGA does not reach one order of magnitude,
thoneh Nevertheless, it i~ important to note that in WVEL. the VPGA tends 1o
restore the mam updrafts and Jowndrafts in their correet position except for the
spurious downdraft in the upper portion of the domain. which s just part of the tran-
stent evolution while in UVVEL the VPGA tends to destrov the correct vertical
motion. with downwiard vupwardy acecleration where updrafts idowndrafrsi exist
CNTRL. as indicated m Figo 5.0 ta This is also found for different vertical cross
sections along the simulated MOS. to be examined later.

Based on the above considerations and on the 2-hr sunualations analvzed e the
previous section. the overall result suggests that the VPG o WUEL o storn s the
correct certieal motion more ¢ fhere ntly than the XPGA dvstrogs the correct horcontal
wird freld o Converselve o CVVELD the VPG destroys the correct certieal motion
more e ffeeently than XPGA restores the correct horizzontal wends. This analvsis pro-
vides refevant mformation on why the «lirnation of the certieal motion field s not
ws disastrous for the sunulation of the bow «cho as s the withdrawal of the pertur-
hation horizontal wind. However. because the VPGA s in average, less than one
order of magnitude stronger than the NPGA. no de finete conclusion can be drawn

as vet regarding the role plaved by the PGA alone in driving the adjustment process

P he expression madadtitude radial convergence MARC s g tadar meteorology jargon. and refers foosector where
the rear-to-tfront How encounters the active reglon with strong updrafts, enhancng convergence  [ts well detined in
Fig 5 Llc by the sector domunated by converge sathin o 20 amand 2 6 % ki
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between vertical and horizontal wind fields in experiments WVEL and UVVEL. It is
necessary to examine how winds respond to the PG shertly after the restart time
in both runs in order to have a more clear view of this process: but before condncting
such analvsisc 1t as desirable to study the relative importance of other atmospherie

tields on dyvnamic adjustunent in experiments WVEL and UVVEL.

5.3 Buoyancy effects

Because the buovaney field B s an important forcing term i the vertical equation
of motion, one should expect B owhich s not perturbed at restarty woulld contnbute
to the restoration of vertical motion i WVEL and work acainst the weakening of
npdraftsin UVVEL. Figure 515 shows, for experiments WVEL and UVVEL. S < afrer
restart, the f3 tield alone and the acecleration due to the vertical pressure aradient

and B combined l.-l,p.,;;). 1.e

Lap' - -

.\,/,,‘[,' ‘/,’(): [

where B s given by:
[P A A =
R R R By B e

In (5 N1 = is the the ratio of the specific heats at constant pressure and volume.
¢ 1> the water vapor mixing ratio. - 1> the ratio of the gas constants for dev anr
and water vapor (¢ 0622, and ¢, 1s the total mixing ratio for ice and liquid water
species (cloud water, ramnwater. cloud ice. snow and hail). Primes (overbarsy refer to
perturbation (base-state) fields.

For both experiments WVEL and UVVEL. the acceleration due to B is not as

strong as the VPGA  compare Figs. 5.15a and 5.15¢ with Figs. 5. 1 and 5. 1.
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Figure 513 Cross sections of vertical aceeleration due to buovaney tiest columni. and due to
vertical pressure gradient and buovancy (second columny in m s~ at t £00:058-hr: ta)(b: WVEL.
and (0).(d) UVVEL. Buoyaney tield is contoured at 0.05 m s™< intervals: A, ., g tield is contoured at
0.2 ms < antervals. Solid (dashed) lines indicate positive (negative! values, with the zero line bemng,
suppressed. The domain shown is the same as in Figs. 511 and 5.13.
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noting that the contour interrals are defferent . and responds to the perturbation
pressure field. This response becomes more clear if we compare B from experiments
WVEL and UVVEL with that of experiment CNTRL. depicted in Fig, 5160 At 8 s
in WVEL (Fig 5. 16a). the broad area of maximum positive B (around ¢ 10 km) is
stronger than in CNTRL. and is located slightly higher in altitude than the CNTRL
counterpart. The minimum m /8 close to the eround adso is stronger and deeper in
WVEL. These results are in agreement with the response in £ cthrough Eq.5.%) 1o the
perturbation pressure field represented by the “low-over-high™ partern <hown in Fie.
5.1Ih. Strong positive rnegative ) perturbations in pressure lead to negative tpositive
perturbations in 8.

An analogous behavior s found in experiment UVVEL Fig 5 1500 where the
maximum positive B ocaround 2 5 kmo s stronger and expands further downward
than the siune feature in CONTRL. In addition. the negative vadues of B aloft are also
stronger. and cover acdeeper faver than i CNTRL

In chapter 2 we studied the response of the pressure tield to a buovancy source
teg section 2200 and o chapter 1 we indicated that the existence of @ low- to md-
level mesolow just above the surface cold pool in CNTRL (e.g. Fig. 5. 11a) 15 in good
agreement with the presence of the mid-level buovaney source shown in Fig. 516, We
now have the situation of B responding to a strong pressure perturbation which is, in
turn. induced by the three-dimensional mass divergence. This is physically reasonable
because perturbations in pressure can lead to perturbations in density as indicated
in Eg (22800 and. thuso i B kg 5.8).

Although the vertical aceeleration associated with £ is smaller than VPGA alone
carly in experiment WVEL. its contribution is discernible. The region of stronger
positive £ 1 Figo 5.15a (around 2 9.6 k) coincides with the sector of positive

VPGA shown in Fig. 5 14 When combining both (Fig. 5 15b) the vertical acceler-
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Foowre 500 A~an Fues 0 Dhaa . bar o ONTRIL

ation A5 becomes shightlv stronger fcompare Fies: 5.1 and 5.15b). contributing
even more to the restoration of the main updraft. Furthermore, the magnitude of
Nipen in the region just below 7 9.6 ki s one order of magndude hgher than the
correspondmg XPGA (Figo 501 1),

[t s also mnportant to note that JU i positive o marrow reglon ar the fow
levels of the simulated bow echo. just above the gust front (x 176.0 km: lower-right
corner of Fig. 5.15b). This favors the restoration of low-level updrafts. which are
assoclated with the mechanism of continuous regeneration of new cells along the gust
front. As discussed in chapter 30 this 1s a relevant mechanism for the maintenance
of a long-lived MOS0 Despite the fact that the XPGA works aganst the surface
convergence in this region (x 17 Ekm i Figo 5 04d A, tends to dominate. and

low-level updrafts are rapidly restored. Similar results also are found for other regions
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of the simulated bow echo along the gust front {not shown). Thus. it becomes even
wore evident that in experiment \WVEL. the vertical motion field tends to be restored
more rapidiv than the horizontal wind field is weakened.

B tield also should favor somewhat the maintenance of vertical motion in exper-
iment UVVEL.D However. the contribution from B to the vertical acceleration early
in UVVEL is less discermble than in WVEL. espectally for mid-level updrafts. By
comparing Fras 5.00d for Wy and Figo 5b b for VPGAL we note that the inclusion
of B does not change stgniticantly the magmtude of downward vertical aceeleration
for the maun updraft recion. awound 2 9 ke This s because the level of maximum
negative VPGA (2 9.6 ko Figo 5.1H) coineides with a minimum in magnitude
for B (Fig 5 e thus reducing the contnibution of B to 4, 4 at that level In this
case. the phase-otlset e the distribunion of I8 with respect to the VPGA does net
contribute to a discermble reduction of the downward acceleration found in UVVEL

For low-level updrafts ddower-right corner of Fies. 5 15cdi B s positive but
reduces the downward acceletation only shghtdy ceompare lower-right corners of Figs.
S04 and St by Consequently, A g4 remaans stronger than the ZPGA which
works toward restoring stiface convergence along the gust front: (x. z 1710, 0.0
kmin Fig 5 He  with negative implications for the simulation of the bow echo.

[herefore. earlv in experiments WVEL and UVVEL the inclusion of B in the anal-
vais does not change stgnificantly the acceleration patterns investigated for pressure

gradients alone,

5.4 Analysis of advection terms in the pressure equation

The interpretation thus far of the pressure response to the withdrawal of kinematic

"Contrast. for example, the number of contour levels in Fig 5 19d agamnst Fig 5 1H on the main updraft region
around ¢ 9 kmo the number of contours s not haneed



fields bas been based on an analvsis of the divergence term of the prognostic pressure
equation. We now examine the remaining terins, namelv, the advection of base-state
_ . . . — ’
pressure (pgu) and advection of perturbation pressure (=17 - CUp/).
Based on the solution from CNTRL. it was shown earlier that the advection terms

v Ty (Fig.

in the pressure equation are smaller than the divergence. especially —
581 Do these terms play anv sigmiticant role on dynamic adjustiment in experiments
WVEL and UVVEL? Fioure 517 shows vertical cross sections of the forcing terms
for the pressure tendency odp’ oty ar Lhre tor WVEL and UVVEL in the gust front
region analvzed above  The analvsis of these telds allows us to examine the relative
contribution of each term to the forcing of the pressure field when starting experiments
WVEL and UVVEL Asdepicted in Figs. 5 17 f. divergence is clearly the dominating
mechanism at vestart tnote that the contour intervals are distinet for each terme see
caption of Fieo 517 Because the perturbation pressure field at f-hr s exactlv the
sane as i ONTRE. agaun we tind that the contribution from - V- $pf s practcally
neghaible (Fres 5 17hoe)

Naturallv, the imtial forcing from pgu is zero in WV EL. which means that the “low-
over-high™ pattern found for WVEL immediately after restart (Fig. 5.11hy i< almost
entirelv induced by the divergence foreing (b 5.17¢1 For UVVEL. however. pguw
is not neghigitble cFig 5 17d) In regions where the diversence term contributes most
significantly to dp' Ot such as the upshear-tilted updraft. with negative values of
dp' /0t in the low- to mid-levels (Fig. 5.17f) the impact of pguw is less evident,
mostly because divergence tends to dominate quite signiticantly.  However. around
/9.6 km. the divergence term has a local minimum in magnitude (Fig. 5.17f).
Therefore. the contnibution from pgw. which s positive at this level (Fig. 5.17d).
is more discernible. When we combine the divergence term and pyu. the positive

pressure tendency from mid- to upper-levels becomes slightly stronger (Fig. 5.17yg),
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Figure 5.17: Terms of the prognostic pressure equation (Eq. 5.3) at t -L00:00-hr (restart time)
for- ca-ter WVEL: and. tdi-ig) UVVEL anods term T overtical advection of base-state pressure,
contoured at 10.0 Pa s ! intervals: (bile): term 2 tadvection of perturbation pressure). at 0.2 Pa
s Uintervals: teinif): term 1 (divergence term). at 100.0 Pa s™! intervals. (g1 term 1 plus term
I for UVVEL. at 100.0 Pa s ! intervals. Solid (dashed) lines represent positive (negative) values.
Zero lines are suppressed. The xz-domain shown is the same as in Figs. 511 and 5 13,

126



and represents the main forcing for the artificially high pressure perturbation evident
in Fie. 5.13b.

As the integration proceeds. divergence remains the most important foreing for the
prognostic pressure equation for both experiments WVEL and UVVEL. as depicted
in Figure 508 which compares the magnitude of the forcing terms 8 s after the
restart time. Figso 5 18¢.f show that the divergence forcing has smaller magnitude
than at restart ofor convenience, the contour interval for the divergence term was
changed from 100 Pa s 'in Figo 507,10 25 Pa s Uin Fieo 5185, but is still the
dominant term. with advection (Figs. 5. 17ab.de) plaving a secondary role. This is
particularly true for - [ Vo' which remains one order of magnitude smaller than
divergence despire the strone pressare pertarbations Pheretone the educed pressie
perturhations indneed shorthv after restart do not change the relative importance of
the forcme terms i the prognostic pressure equation.

Fhe reason why the divergence term becotnes weaker at t - LOO:08-hr (when com-
pared tots magnitade at hry s becanse the 3D divergence at this tine contains a
cotitribution from all three components of the wind tie, Sy U and du 0o When
cotbined. the three components of the wind reduce the magnitude of total divergence
compared to the “incomplete” field at -hr. Not only does the divergence forcing be-
come relateeely weak. but also changes sign (for example. contrast Figs. 5.17¢ and

5 18¢t The reason for such behavior hecomes more clear in the following section.

5.5 Response of the wind field shortly after restart time

Now that the tmportant fields contributing to dvnamic adjustment in experiments
WVEL and UVVEL have been identified. it is appropriate to analvze the explicit

adjustment of the winds to the withdrawal of kinematic fields in those simulations.
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Froure 518 Terms of the prognostic pressure equation (Fq. 33) at © L00:08-hr for WVEL
ttirst row) UVVEL (second row). First column: term [ (vertical advection of base-state pressure),
contoured at 10.0 Pa s U intervals: second column: term 2 (advection of perturbation pressure).
at 0.2 Pa s 7' intervals: third column: term [T (divergence term). at 1000 Pas™ ! intervals. Solid
(dashed) lines represent positive (negative) values. Zero lines are suppressed. The xz-domain shown

is the same as i Fiegs 5 UL and 3 13,
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We focus on the response at t L00:08-hr - again. not because this is a particularly
“spectal” time, but becanse 1t refers to the tiest history file available for the withdrawal
runs. which is representaties of the response immediately after restart time.

Freure 519 cotpares the horizontal (S - Uy and vertical {Ju, Jz) components of
velocity divergence at t o 1:00:08 hr for experiments CNTRL. WVEL and UVVEL.
These tields are used to assess the early response of the horizontal and vertical veloc-
Ies, Tespectively

In WVEL Sy -V iFie 5.19¢) is associated with the horizontal wind coniponent
which s weakened by the NPGA shown in Figo 5 Uidi while dee s iFie. 5190 s
assoctated with the verrical motion eld restored by the A gy GShown in Fiao 5 1b)
Note that afrer ondyv s s the oo o teld i WVEL already shows a stracture that
i~ very stmilar to that m ONTRE Below 20 32 ki the magnitude of w07 s the
s as an ONTRLS whale adofrs above 7200 96 ki this tield has been restorsd 1o
approxinately, 7000 of s ONTRL counterpart. indicating an etficient regeneration
of the veruceal motion in these sectors. A region where due 01 is not restored as
cthewentlvo s i the MARC tegren between 2 3.2 kmoand 2 6.1 ki, where the R
encounters the main updraft and descends. This is o sector where the XPGA 1 as
stronge as the Ay teompare Fies 5 Tid and 51500 and. thus, the weakening of the
correct horizontal wind tield 15 as evident as the restoration of the correct vertical
veloeny b 5009¢) However, overall. the restoration of e, 07 1s more eflicient

—

than the destruction of T - 1

In UNVVEL. ¥y N (e 50090 s assoctated with the horzontal wind component
which s restored by the XPGA (see Fig. 5.1 1g). while dw dz (Eig. 5.190) is associ-
ated with the vertical motion field destroyed by the A, (Figo 5.15d). A different
behavior from that found for WVEL is clear. First. the dw/dz tield (Fig. 5.19f)

5 much weaker than in CNTRL. On the other hand. nowhere is the Vg - 1V field
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(Fig. 5:19¢) restored to its correct value in CNTRL at 4:00:08-hr. The sector where
UVVEL has a better performance in restoring ©yy - T is in the MARC region. This
5 where the XPGA s comparable tin magnitude) to the A 5. and regeneration of
the correct hotizontal winds s more evident Aloft. around and above 2z 9.6 km
the masmtude of the du Oz tield s substanteally reduced (Figo 5.19f). while T - v
(Fias 5 9e s testored to fess than 007 of the cortesponding vilue in CNTRL. This
unsatisfactory respense i experiment UVVEL oceurs inca region where the A, 5 s
etfectively one order of maenitude Lareer than the XPGAL accounting for such behav-
o Stmlar results are found for distinet cross sections along the simmulated NMCS, not
shown.

Figure 520 shows the change i the o0 decergenoe o5 -V 0 from € EOG0O0-hr to
FOOOS-hr for expertnents WVEL and UVVEL. The SV fields at restart in Fies.
5204 and 5200 correspond to the neomplete” divergence fields in Figs. 5. 11e and
D3¢ for WVEL and UVVEL. respectivelyv. and are repeated here for convenience
cwith different contour intervall Fienre 520 reveals a0 decrease i maenitude in
A \: from 100 -he to Povroschr which s assochited with the recovery of the three
compaotients of the wind tield. as discussed i the previous section.

Also evident e Figo 52000s the sien change in the S8 field in most regions.
For example. § 8 chianges from positive (negative) to negative {positive) at surface
around X [72 koo WVEL CUVVEL) Referring back to Fig. 5.19. we note that this
is consequence of the mntual adjustient among, vertical and horizontal wind fields.
Forimstance, Figo 5.19d reveals that the redevelopment of a descending RLY in WVEL
taround x 172 ko favors the generation of a local du, J: tield that s more negative
than the corresponding V- U which is positive (Fig 5.19¢). while in UVVEL the
regenaration of positive Ty - Vin the same region (Fig. 5.19¢) offsets the mitally

negative divergence field. To is the response of the winds to the induced pressure field
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that accounts for the sien changes in © - 17 also evident in the diverzence forcing
terin of the pressure egquation mentioned previonsty,

It should be cmphasized that the changes i sign in © - V7 are associated with the
redevelopment of the 3D kinematic field as soon as the withdrawal runs are started
and are evident i ditferent cross sections along the simualated MCS (not shown). but
do nof represent an oscillatory regime ien the abrupt sign change in the © -V
tield happens onlv once. This adjustment process is part of a non-linear feedback
between pressure and divergenee tields earlv in experiments WVEL and UVVEL
[n section 5.2 we discussed how the divergence ield induces pressure perturbations.
while now we analvzed how the response of the winds to the induced pressure tield
affects divergence. It is tnportant to note that the new fand weakery € V7 field
with qnverted sien does adfect i turn the pressure field, but is not strong enough
to reverse o offset the vertical dipole i pressure induced by the onginal divergence
forcing at vestart time. [tis the dvnamie adjustinent associated with the propacation
of aconstic waves cand attenmation of their amiplitudesy that eventually danps the
strony pressire perturbations (chapter 6

Based on the resalts presented in this and previous sections we indicate that the
certeeal mation e experanent WVUVEL s more o tHew ntly restored than the horizon-
tal wind field is weakened, whde e erperanent UVVEL. the certeeal motion field s
destroyed more rapudly than the correct horcontal celocities are regeperated. This
ts because the induced vertical acceleration forced by pressure and buoy-
ancy perturbations is effectively stronger than the corresponding horizonta!
acceleration. In addition. the strong pressure perturbations generated early in sim-
ulations UVVEL and WVEL are short-lived. such that the HPGA associated with
those perturbations is not retained for a suthiciently long time to allow the horizontal

winds to fullv respond to the pressure field The strong VPG A also s short-lived,
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but since its magnitude is stronger. the response from the vertical wind field is faster.

From acoustic adjustment perspective (Fiedler 2002). the results above are equue-
alent to saving that the vertical motion held responds to the specification of the
horizontal wind tield. Hepce, when perfect information about the horizontal veloc-
ities s retained. the vertical motion is rapidly regenerated without major impact
on the long-range simulation of the MCS. whereas when the convectively-generated
horizontal winds are eliminated. the vertical motion field responds by rapidly weak-
ening. Fredler 20020 hypothesizes that this s the behavior expected for a low as-
pect ratto convective How, suegesting that the conveetive eireulation moour idealized
numericallv-sunulated bow echo has an effective low aspect ratio. What 15 tare) the
mechanismisi controlling the aspect ratio of the How” This topie is examned in the

following section.

5.6 The aspect ratio of the convective low and implications

for dynamic adjustment

The results presented for the gust front region (v 205 km) are representative of the
convective structure along the entire leading edee of the simulated bow echo. On
the other hand. to qualitatively exannne the aspect ratio issue for the convectively
active portton of the MOS0 s desirable to examine the How contiguration at other
locations as well.

[t was mentioned before that the main updraft along the sust front (e Fig
2.9) displays an aspect ratio around unity. Nevertheless. it is interesting that the
upshear-tilted region of vertical motion. shown in Figure 5.5a. apparently displays a
horizontal extent larger than it would have it it were completely upright. Does the

vertical motion tield in other sectors of the storm svstem show the same structure?
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To address this question. two sectors of the MCS highlighted by rectangles in Figure
520 are studied at restart time for expertment CN TRL. Close up views of these two
sectors are indicated in Fieures 5.21h.e o which also show eight line segments across
the simulated MOS where vertical cross sections are analvzed. In Figure 5220 velocity
vectors, vertical motion field and the vertical component of divergence (dw Jz) are
plotted i vertical cross sections wong, all secments, wean IS ki x IS ko dotaan

Cross sections | oand 2 are, respectivelv, on the north and <outh tlanks of the
bow echo apex. The updfrafts in these regions iFigs. 5.22a-d) are shallower than
at the apex of the bow echo. especially in cross section 1 (Fig. 5.22a0 and are
significantly sheared. du - dz displavs upshear-tilted orientation. with considerable
hortizontal extent (Fras. 5 22h and dbv Recall that dwe d represents the nean toreing
for the perturbation pressure i experiment UNVEL at restart e when S0 1 s
chminatedh exeept for the factor pe? Incexpernment WVEL the forame ar restan
s similar. but with reversed sign (e die Oz s elimnated)

Cross ~sections 3. band 5 refer to i short bow echo secment located further south
(Fig. 5.21e) Cross sections 3 and 4 (Fiegs, 5.22e-hy reveal a similar structure o that
discussed for v 205 ki, with low level updrafts being regenerated along the gust
front. rapidlv becoming sheared. and feeding a stronger vertical motion field at mid
to high levels. In cross section 5 (Fig. 5.221). the vertical motion is shallower and
displays a more substantial upshear tilt. In all cases. two main vertical divergence
patterns are evident (Figs. 52204 ) a region of positive du/0z in the lower portion
of the mamn updraft. and a region of negative Juw/dz just above. extending to higher
levels. These tilted patterus in Jda, J2 have considerable hotizontal extent. and are
qualitatively simmlar to the ones discussed for cross sections 1T and 2. and also for the
cross section originally studied (e.g . Fig. 5.19d).

Cross sections 6 and 8 iFiegs. 5.22Kk.00 refer to sectors north and south from the
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Figure 5 21 Storme-relative winds (vectors) and magnitude of vertical velocity tcontoursy at 2 2600
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center of the domain. respectivelv, and reveal a more erect updraft. In cross section
6. the region of upward motion ix relativelly narrow from surface 1o upper levels i Fie.
522k while in cross section ¥ (Figo 522000 the region dominated by updrafrs is
wider from mid to upper levels. above the relatively narrow surface-based updraft
Without w steniticant vertical inclination in the low. the positive due > patterns in
the first 3.2 ki are more horizontally confined in cross sections 6 and 3 (Figs. 5.220.p).
However, wlott, where the region of upward motion displavs larger horizontal extent,
Ju oz again displavs oblate features.

Finallv. cross section 7 (Fie. 5.22m) reveals a downshear tilted How. \While o 0
patterns at low levels do not show a stiemficant horizontal extent. from mid to up-
per levels such patterns lean downshear. with imcreased horizontal orientation 1Fig
52200, thus lowering the aspect ratio of the divergence foreing.

Based on the discussion above, most of the convective flow assoctated with the
bow ccho segments in the center of the doman at he displavs an apshear-tilred
structure. with considerable horizontal extent (eross sections T to 50 O the center
of the domain reross sections 6. 7 and S awav from the strongest east-west surtace
outtlow, regions where the vertical motion has a more upnight ortentation or leans
downshear becorme more evident . [ these locations. the horizontal extent of the
divergence forcimyg at low-levels 1s more confined than in the upshear-tilted Hows
However. aloft. such patterns acquire more horizontal orientation. either because of
downshear leaning (cross section 8) or because the sector of anvil-level divergence

which etheiently spreads in the horizontal dimension tends to dominate the

structure of the flow (cross sections 6 and 7).

" This specihe Beban o seemns tooacree weth the RRW theors ©oevplaun the crientation of the verticad motion along
the leading edge of long - hved MOSs (Rotutino et ab 19950 Wesman 1992, 19930 According to that theory, as the
surtace cold pool Gy nammics and outtiow becotnie stronget cwhich, o odr case, 1> fure evident ot (foss sections | oto
31 the barochincally-generated upshear-onented honzontal circulation along the gust tront tend to balance and then
cverwhelm the environmentalivonduced downshear-onented honzontal crculation, favonng upshear-ulted updrafis
Connersely where the surface cold pool and outBew 1= not as strong. updrafts tend to be sertically erect or downshear

tilted
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Thus. in general. divergence displavs a predominantly horizontal orientation in
the most active portion of our simulated bow echo.  As a result. the divergence
forcing (- pc2S - U for the pressure equation in experiments WVEL and UVVEL at
restart time tfends to have a relatively fow aspect ratio. or at least does not display
a high aspect ratio. The expected impact on the response of the pressure field is
schematically illustrated in Figure 5.23 in a xz-plane. For a divergence forcing with
significant vertical extent (Figo 523400 the response from the pressure perturbation
teld s adso vertweadly onented and more contined o the horizontal Henee, isobars
are horizontallv concentrated and the induced NPGA tends to be stronger than the
VPGAL

Converselv. for divergence forcing having a signiticant horizontal orientation (Fig.
5.23b) the response in the pressure field is more vertically confined and displavs a
lower aspect ratio. e is “pancake-shaped™  [n this case. the isobars are more hor-
zontaliv separated and vertically concentrated. such that the corresponding VPGA
tends to be stronger than the XPGAL This seems to be the predominant although
not exclusive  regune i our sunulated bow echo. To illustrate. Figure 521 shows
vertical eross sections of perturbation pressure, XPGA and VPGA for WVEL. S s
after restart. for all sectors indicated in Figs. 5.21b.c * In most sectors. the per-
turbation pressare held chirst column in Fig. 520 has horizontal extent larger than
the vertical. especially where the How is clearly tilted by vertical wind shear (eross
sections 1ot O rl“'i T U\'i'l‘:l“. [}lt‘ in(hm-(l XP(":\ (.\‘4-(‘“[1(1 u)lumn mn ['hlL’ -).'_’»h
15 discernibly weaker than the VPGA (third column). even though the convective
circulation does not display a clear-cut low aspect ratio. When combined with the
B field (not shown). the vertical acceleration in WVEL for all cross sections studied

becomes stightlv stronger. The same analvsis is valid based on results from UVVEL

TRecall that i WVFL the imnduced VPGA IXEPGAG favors works againsts the resteration of the correct solution

141



STRUCTURE OF
DIVERGENCE
FORCING

divergence
field

PRESSURE
RESPONSE

divergence
field

STRUCTURE OF PRESSURE
DIVERGENCE RESPONSE
FORCING '

divergence

field

divergence
field

Figure 5.23: Idealized sketeh in a xz-plane of the pressure response to an imposed divergence tield. as
governed by Eq.5.5 (prognostic pressure equation). In (a) the divergeuce forcing is vertically oriented.,
displaying a high aspect ratio. Accordingly. the pressure response is also vertically ortented. For this
case the induced XPGA s stronger than the corresponding VPGAL In (b) the divergence foreing is
oblate, with considerable horizontal orientation and low aspect ratio. The pressure response displayvs
features that are also horizountally oriented, ie.. with considerable horizontal extent. In this case.
the induced VPGA s stronger than XPGA.
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rnot shown).

5.7 Summary and additional remarks

Based on the vesults from experiments WVYEL and UVVEL D and considerations from
acoustic adjustinent (Fiedler 20023, the convectiee flow in our nume rical simoudations
appears to have an effective low aspeet ratio. and the general anadyses of the duce rge nee
forcing and the corresponding pressure response gives ws a hetter ansight of why thes
15 the cuse

Fhe analiyses above s a dufferent way of addressing acoustie adjustment. The
cospeiise of the pressure field to the decergenee forcog, and its anplication of how
the vortical and horizontal wind fields respond teovach other. s a crucial physieal
component of the acoustee adyjustre nt not erplecitly erplored until now .

[t 15 relevant 1o note the simlarity between the pressure response to divergence
toreine - acoustic adjustment. and the response of the pressure tield to buovaney
forcmg i bvdrostatie adjustment cdiscussed i chapter 200 However, an unportant
ditterence berween these two adjustment mechanistus i addition to the elear dis-
tinction i foreing mechanisms is that in hvdrostatic adjustment. the induced
VPG fhorizontal pressure gradient accelerationf alwavs work against [favors| vertical
motion. Whether the VPGA hampers or favors vertical motion in acoustic adjust-
ment depends essentially upon the sign of the divergence forcing which. in turn, is
dependent upon information contained in the wind field.

It 15 interesting that hvdrostatic adjustment indicates that deep convective storms
do behave as high aspect ratio svstems in terms of buovancey (e.g . Houze 1993,
BY5). Conversely. acoustic adjustment indicates that simulated convective svatems

can and do display low aspect ratio structure in terms of the divergence tield. Thus.
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the defirution of an e ffectice aspect ratio for a convective storm depends upon the
adjustine nt mechanesm being studied.

Onr discussion also raised the question of the mechanisms that control the aspect
ratio of deep convective storms in the perspective of acoustic adjustment. Our results
suggest that the orientition of divergence and convergence patterns. influenced by
vertical wind shear. plavs some role in determining the effective aspect ratio of the
How within a convective svstem. On the other hand. even in the presence of vertical
motion not tdlzed by vertical wind shear (e cross sections 6 and S divergenee
patterns stll display several oblate features. especrally alofto within the anvil-tevel
flow. Thus. 1t is reasonable to expect horizontally-oriented divergence fields even
when vertical wind shear does not efficiently tilt updrafts and downdrafts. Further
work. spanning several environmental conditions for vertical wind shear. is necessary
to address this question from the aconstie adjustnent standpoint.

As an additional constderation about the possible inttuence of vertical wined <hear
in the results found for experiments WVEL and UVVEL. when the convective circu-
[ation is verticaily sheared by either environmental or conveetivelv-generated wind

alarger portion of the momentum field (kinetic energyv) is projected into the hor-
zontal. A dramatic example of such structure s depreted m Figures 5.22a and 5.220
Thus. under verticallv-sheared convective environments. it is natural to expect the
withdrawal of the perturbation horizontal winds (UVVEL) to remove a larger amount
of information from the kinematic field than if the convective system were vertieally
erect. The withdrawal of vertical motion (WVEL). on the other hand. may have a
greater impact for vertically unsheared convective flows, since the momentum field
has a more significant vertical component. In this case. a more evident “signature”
of the Kinematie structure of the MCS is present in the vertical dimension. Futare

work exploring the mutnal adjustment between horizontal and vertical wind fields in
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convective storms should address the aspect ratio issue 1n a more quantitative wayv
by defining aspect ratio in terms of measurable quantities.

In studving aconustic adjustment one rmust also recall that the analvtical approach
assumes a convective flow behaving as a sinusoidal pattern of vertical motion (e.g..
Fig. 21200 which is et necessarily the case in real storm svstems. For example. iso-
lated storms tand even squall lines. when observed along their eross-line dimension)
represent a diserete peak” in the vertical motion field. Moreover. the environmen-
tal response to thunderstorms often involves the generation of compensating subsi-
dence that travels several tens of kilometers from the localized heating source 1.0
Bretherton and Smolarkiewicz 1989, Mapes 1993, Fovell 2002) Thus. even i the
absence of vertical wind shear. other important processes mayv be present that tend
to lower™ the effective aspect tatio of isolated conveetive svstems from an acoustic
adjpustment standpoint (B Fiedler, personal communication). These considerations
pornt to ~ome complicanine factors when detininge, the trae aspect ratio of the deep
CONVective storms.

For now. the best assessment that we can make about the representativeness of our
tesults is based on the work of Weveandt et al. (1999) and Sun and Crook (2001h
for a simulated supercell. Thev found stmtlar results regarding the importance of the
spectfication of the horizontal wind field. This indicates that our analvsis of acoustic
adjustment. via the prognostic pressure equation. should also be valid for other modes
of convection.

Fiedler (2002) noted that high aspect ratio ows mav be obtained in the sinulation
of convective storms with high resolution. However, the degree with which the aspect
ratio of the How changes with grid spacing (within the stormscale) is not entirely clear.
In recent work, Brvan and Fritseh 120020 examined the sensitivity of a numericallv-

simulated squall line to ditferent horizontal and vertical resolutions.  Among other
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important findings. they showed that when very high resolution was used  horizontal
and vertical grid spacings of 125 m the flow became more upshear-tilted. Thus. an
merease i model resolution does not necessaridy lead to sunmulated convective storms
with hagh aspert ratio. As grid spacing 1s decreased. a larger spectrum of turbulent
cddies becomes explicitly resobved instead of parameterized by the sub-grid turbulence
parameterization schemes. This 1s one important process that effectively changes the
behavior of stormscale structures in simulated convective svstems (Droceemeier and
Wilhelmson 1937 Adlerman and Droegemeier 2002, Bryvan and Fritsch 2002).

The vertical and horizontal grid spacings emploved in our simulations tsee Table
E21 s sutherently fine to capture convective-scale processes within a bow echo. We
do not imply that the arid spacing used here s ideal (Brvan and Fritsch 20021, but
our chotee of model tesolution turns ont to be a convenient one for addressing, 1ssues

assoctated with model mitialization.
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Chapter 6

“Transient Evolution” in Experiments
WVEL and UVVEL from a Wave

Propagation Standpoint

The vertical dipole in perturbation pressure discussed previoulsy i experiments
WAVEL and UVVEL (Figso 5.11b and 5.13b) is part of the “transient evolution”™
in dvnamic adjustment induaced by withdrawal of kinematic fields Here the expres-
ston transwent e colution is used within quotes because no final steadv-state solution
exists in our simulations that allows us to discriminate clearly between the response
of & conveetive storm to the impulsive withdrawal of fields and its natural evolu-
ton. Thus. the term transient cvolution denotes that part of the numerical solution
evolution that is dominated by large amplitude spurious waves !

In chapter 5 we examined the adjustment process in experiments WVEL and
UVVEL without making any explicit reference to wave propagation. In describing

acoustic adjustment. Fiedler (2002) indicated that high frequency sound waves are

oarge tinie tendencies early in the withdrawal runs can also be used to characterize the transient evolution
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triggered owing to a perturbation in the wind field that deviates from the relation
imposed by mass continuity tsection 2.0 Heneeo one should expect sound waves to
be excited in WVEL and UVVEL. and we examine their evolution here.

Figures 6.1 and 6.2 depiet the time evolution at -min intervals of the perturbation
pressure difference field. with respect to CNTRL. at 2 200 m in the first l0-min
for experiments WVEL and UVVEL (1e.0 WVEL minus CNTRL: UVVEL minus
CNTRL). The contour interval is the same in all panels and equal to 20 Pa.

The most striking feature in Figs: 6.1 and 6.2 is the pressure front propagating at
the speed of sound (346 m s ' at 2 200 mo. indicating the “transient evolution™ for
acoustic adjustment (Fiedler 20020 This pressure front does not characterize a true
shock wave, though, Shock waves: s inan explosion. are accompanied by significant
change o entropy and velocitys and are assoctated with pressure disturbanees prop-
asating at supersonic speeds (Liepman and Roshko 19570 Granger 1995, Kundu and
Cohen 20007 Such s not the case in our sunulations.

Froures 6.3 and 68 show e series of perturbanion pressure. pertarbiation po-
tential temperature and the zonal wind component at gnid-point ox. v zp 0 (100,
2010, 0.2 ki, just upstream of the main bow echo segment at -hr osee Figo Ltag.
No sharp varation in potential temperature accompantes the pressure perturbations
(g 6.3). as would be expected if such disturbances were representative ot shock
waves propagating through the selected region. The wind tield. on the other hand.
does respond to the pressure perturbations in the tirst 5-min of integration (Fig. 6.-1).
but with very weak amplitude  note that velocity ordinates in Figs. 6.4a-b cover a 2
m s !range only. Although the pressure perturbation reaches extremely high values

(up to S000 Pa i a few locations) rmmediately after restart in both experiments. it

“Here we cinploy the expression shock ware as referning to strong shock waves  Weak shock waves are also possible.
tor which the propagation speed s neariy equal 1o the speed of sound, and varations o eatropy and selocity across

the wave front ate very small Licpman and Rostine 1957 Kandu and Cohen 2001
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dissipates quickly and a true shock wave is never formed. The attenuation is due. in
part. to the diverzence damping term in the momentum equations { Xue et al. 2000).

In experiment WVEL (Figs. 6.1a-j1. the perturbation pressare difference eradually
weakens during the first 10-min. indicating that the solution converges to that of
CNTRL. In contrast, experimment UVVEL (Figs. 6.2a-j) displavs significant pressure
deviations at 10-min. as the solution departs from the CNTRL counterpart.

Another mteresting behavior revealed m Figs: 6L and 6.2 05 the perwodie osallation
of the pressure tield For examples following the sequence from Bo5-hr to BOs-hr
WVEL Figs 6ole to 6.1y, the pressure ditference field changes from mostly negative
at LOS-hr to mostlv positive at LO6-hr. back to mostly negative at LO7T-hr. and then
back agamn to mostly positive at LOS-hr. Similar behavior is found in UVVEL (Fig.
6 2 except that the perturbation pressure ditference tield does not decavas tn WVEL.
as the solution diverges from CNTRILL.

lo better characterize the oselllatory regime, Figures 6.5 and 6.6 show the first
II-min evolution of perturbation pressure at grid-points ix. v, 7} (1400, 20 Lo,
02 K and (x. v 2) (110,00 20000 5.0) km (e at distinet levels) for WVEL
and UVVEL The solution from CNTRIL also 15 indicated for comparison. The first
grid-pont s the same one analvzed in Figs. 6.3 and 6 Fand 1s located at the surface.
while the second one i~ Jocated Just above the low- to mid-level mesolow evident in
Fig. 1.7h'.

The pressure perturbations in experiments WVEL and UVVEL are out of phase by
T radians (Figs. 6.5 and 6.6). representing a linear behavior that is consistent with
the mirror-image pressure response found immediately after restart time for these
runs (e.g.. compare Figs. 5.11h and 5.13b). As discussed in chapter 5. this behavior

15 associated with the divergence foreing in the prognostic pressure equation having

Yhere is nothing particularly special about these grid-points. but the oscdlatory regime described at these locations
15 qualitatively! representative of the behavior found in different grid-pomts n the 3D doman
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comparable magnitude but opposite signs for WVEL and UVVEL at 4-hr - evident
in Figs. 5.11c and 5.13¢. Figures 6.5 and 6.6 reveal that. after a higher frequency os-
cillatory regime in the tirst 3-min of integration assoctated with the arrival of pressure
fronts at the location being considered. the wave amplitudes in WVEL and UVVEL
are gradually damped. The period of oscillation in both runs is approximately 2-min
at this stage. and the oscillation is in phase vertically for each experiment. In fact.
recardless of the location chosen in the 3D domain. the 2-min oscillation is established
after approximately S-mim of tearation. and the pressure tield oseillates i phise tor
i gIven experimnent !

Fiaure 6.7 depicts vertical protiles of the buovaney frequency (V) and the acoustie-
cutofl frequeney 1 Va) as detined by Eqs. 213 and 219, respectively. The 2-mn
oscillation in the pressure tield in WVEL and UVVEL corresponds to an oseillatory
frequency of approximately 0,052 5 which is considerably higher than Va (Fig. 6.7,
Recalling that Nu refers to the frequeney aboce which vertically-propagating acoustic
waves are possible isubsection 223,100, this resudt suggests that the domunant wave
regime in WVEL and UVVEL consists of high-frequency sound waves, in agreement
with the description of acoustic adjustinent by Fiedler (2002).

However. because the dynamic adjustment is realized in an environment that is
staticallv-stable. 1t is important to assess the influence of [GAWs on the oscillations.
To this end. sunulations of idealized dry convection were performed using a ne utral
sounding (constant potential temperature equal to 303 K. and initialized with a - |
K thermal bubble placed at the center of the domain these will be referred to as
neutral sunulations. All other parameters are the same as in simulation CNTRL and
the withdrawal experiments. The mitialization triggers acoustic modes that can be
examned e the tirst 15 1o 20-min of integration.

Figure 6.3 shows time series of perturbation pressure for the first [3-min of a neu-
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tral stmulation at the same grid-points analvzed in Figs. 6.6 and 6.7, The wave
amplitude s not nearly as Lirge as in WVEL and UVVEL but. sinnlar to the with-
drawal runs and following a high frequency oscilliatory regime early in the simulation
tfirst 5 to Lo-tmin). the pressure perturbations tend to oscillate with an approximately
constant period of T.5-min ' This is less than the 2-min period found in WVEL and
UVVEL. Thus. the environmental stratification appears to impact the frequency of
the acoustic modes in the withdrawal runs. Because the waves described in Figs. 6.6
and 6.7 displav frequencies well above Va. it 1s tempting to label them as tpure) high
frequency sound waves: The results from the neutral simulation. however, snggest
that these waves  particularly after 5 to 10-min of integration  have a small but
non-neghivible cravitational component. characrerizing a high frequeney AGW . (Re-
call from subsection 231 that AGWS represent aconstic waves that are modified by
stabihity etfectss with ther two-dimensional DR given by Eq o 2 21 for an sothenmal
atmospheres

[t 1~ muportant to note that the wave-radiating lateral and top boundary conditions
used i the numerical experiments are designed to handle inpinging [GWS «Durran
and Klemp 19%3. Klemp and Durran 1983, Durran 1999, Nue et al 20001, not
sound waves [ assess the influence of domain boundaries upon the acoustic modes
obtained 1 our runs. additional neutral simulations were conducted with ditferent
domain sizes and lateral boundary conditions.

Figure 6.9 shows time series of perturbation pressure at grid-points (x. v, 2)
(v0.0. 10800 0.2) ki and (70.0. 108.0. 5.0) km for a neutral simulation in which
the horizontal domain is reduced by half in both the zonal and meridional directions

relative to the original domain size. the location of the selected grid-points are

equivalent to those in Figs. 6.5, 6.6 and 6.3, Again. after relatively high amplitude
YDry sunulations with divergence damping turned off were also conducted As expected, wase amphitudes are
larger witnout divergence damping. but the phase and trequency of oscillation are not changed
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wives are damped, the pressure Huetuation oscillates at an approximately regular
period of TO s Fig. 6.9d: zoomed 1 for the time series at 2 200 m), with very weak
amphtudes,

When the domain size is reduced by half in the vertical as well (Fig. 6.10). waves
with higher frequencey and larger amplitude are evident earlv in the simulation (Fig.
Hol0a). As these waves are damped. a lower frequency regime is established as in the
previous runs. Fhe oscillatory period at this stage is approximately constant. around
2-mn (Fies 6 10c.dy

[n summary. by comparing the results from the neutral simulations  and noting
that the only difference between them is domain size it seems evident that the
frequency of the aconstie modes i~ imtluenced by the bonndaries. This should not be
a surprse becanse tetlection of sound waves s expected to ocenr along boundaries
ortemally destened to radiate” Slower-movine TGS v Duarran 1999 The inclusion of
diverzence daraping m the momentum equations, and the nmmerical integration of the
vertical equation of motion and proguostic pressure equation using an implicit Crank-
Nicolson scheme, etficiently damp acoustic modes (Nue et al. 2000). thus mintizing
the spurious effects of reflecting sound waves.

[t is interesting to note that the tnplicit numerical scheme atlows the integration of
the compressible equations with @ larger time step than that imposed by the Courant-
Fredrichs-Lewy (CFL) numerical stability condition for a fully explicit scheme in the
presence of sound waves (Durran 1999). For example. in our simulations a small
tine step of s s emploved (see Table 1.2)0 when the CFL condition for the leap-
frog scheme imposes a 036 s time step to stably solve acoustic modes with our grid
spacing. Hence. although sound waves are allowed in the compressible model. they are

not correctly represented. This is not a major problem for meteorology since acoustic
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waves do not play a sienificant role on the dyrnamacs of atmospheric phenomena’®
However. the effects of not correctly representing them appear to have some tmpact on
the pressure Huctuations discussed in this chapter. For instance. while the reduction
of domain size i the neutral simulations led to the generation of high frequency
acoustic waves earlv in the mregration, the frequency of oscillation varied na rather
anpredictable wayv at Later times. The simulation with domain size equal to half the
original vertical and horizontal extents produced acoustic waves with lower frequency
(Fig. 61047 than in the oricinal domain (Fie. 6.3¢i, while the ran with half the
original horizontal domam size cenerated sound waves with the highest frequency
after 10-min (Fieo 6940 Such behavior is w0t sensitive to the magnitude of the
thermal bubble specitied ar tine zero This suecests that the near-2-min oscillation in
the pressuee field found i experiments WVEL and UNNEL after S of somalation
iFigs 65b.cr has no spectal phvsieal weaning, and 1= o result of the experimental
desten ceog Cstratification. domann size. boundary conditions).

To conclude. the examination of pressure thictuations allowed us to visualize the
essence of dvnanme adpustment tmore speciticallv, acoustie adjustmenty i the con-
text of wave propagation. s the spurions acoustic modes are damped. the solution in
WVEL (UVVEL) converges to tdeparts from) the CNTRL counterpart This adjust-
ment mechamsm is conceptually similar to geostrophic and hvdrostatic adjustment
with respect to the generation of spurious high frequency waves when specifving [Cs
that do not satisfv the physical relation governing constraining the atmospherie mo-

tion.

‘They do plav an unportant role on the cnergetios of atmosphierie tows, though, as discussed in chapter 2
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Chapter 7

Withdrawal of Thermodynamic Fields

Havine examined dvnamic adjustment in the context of withholding information
about the wind field from the simulated bow echo svstem. we now turn our attention
to the response assoctated with the withdrawal of thermodvoamie fields. Numerous
questions are addressed. icluding the following: How tnportant is the specification
of the convectivelv-eenerated thermal structure and moisture tields in the bow echo
stnulation” How does the wind tield respond o the withdrawal of thermodyname
quantities”  And what physical processes covern such responses”  \What is the role
plaved by latent heating and cooling in dvnamic adjustiment” What is the unportance
of speaifving the regions of saturation and subsaturation within the MCOS? Does wave
propagation playv anv relevant role in dvnamic adjustment induced by thermodyvnamic

fields?

7.1 Experiment THETA: General results

In experiment THETA. the perturbation potential temperature tield (61 is set to
zero at restart time across the entire domain.  In other words. the total potential

temperature field is reset to the base-state sounding (Figure 1.2) evervwhere ercept
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where the withdrawal of ibs perturbation compone nt yields supe rsaturation. The mois-
ture field is not modified. In this process. deep lavers of significant supersaturation
twith artificial dewpoint depressions as strong as -13°Cy are formed. especially in the
middle leveis of the convectively active region of the simulated MCS. We choose to
avoid creating such a condition because one of the objectives of the thermodvnamic
withdrawal experiments s to assess the mftuence of the specification of regions of
saturation and subscturaton upon storm o evolution. This s motvated by some -
vestigations of Doppler radar data retreval rechnigques: inowhich favers of <aturation
are parameterized in terms of the radar reflecriviey tield and retrieved vertical motion
(e Weveandt et al. 2002b) using rather arbitrary thresholds. In studving the ni-
tialization of i cloud-scale model using Doppler radar data of an oceanie MOS. Bielli
and Roux 11999 found that realistic simulations were only possible when regions of
saturation Ssubsataration: where correctly specified i the updraft creahine zones of
the svstemr Pherefore, one of the issues to be examined i oonr runs s the extent
to which maodification of lavers of saturation and subsaturation atfect storm svstem
evolution.

[n experiment THETAL a simple check is performed at each grid-point after the
" tield s set to zeror af the resulting air temperature s less than the dewpoint
temperature ;. then the potential temperature at that point is reset to the corre-
sponiding saturation value (e imposing T T, Thus, not all of the perturbation
thermal field is eliminated. In fact, in some saturated lavers in the mid levels of the
MCS. the ¢ field may not be changed at all. It is important to note that an additional
sttnulation was performed in which supersaturation was allowed to remain after the
thermal Held was reset to the base state. The results were not signiticantly ditferent.
and (i\'llitllli(' ;uijll.\lnlt‘nl processes tu be described for v.\:pvrimt*nl THET\ exhibit

only a shght delay owing to the presence of supersaturation at restart time.
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Figure 7.1 depicts the impact on the thermodynamic profile of setting to zero the
# field at restart. “Soundings™ from CNTRL and THETA are shown at f-hr at (x. vy

(160, 2001 k. which is just upstream of the bow echo segment shown in Figure
+oa. Note that in THETA. the environment is warmed at low levels. with the cold
pool being chminated. and cooled at mid levels, where warming Jdue to latent heating,
15 considerably reduced. In other words. mid-level subsaturated lavers in CNTRL
(Fig. 7.1a) may become saturated in THETA «Fig. T.1b). unplving that regions
of nud-level saturation i THE T cover larger areas than in CNTRL at the restart
time.  In this case. phase changes in the direction of increasing molecular order
e condensation and deposition are expected to be enhanced at mud levels i
assoctation with wee-water saturation adjustment (Lin et al TON30 Tao et al 1959
These processes should allow the partial tor perhaps totaly restoration of mud-level
latent heating as the simulation proceeds

At low levels, particularly within the surface cold pool. the dewpoint spread is
icreased when the # tield is set to zero (see low levels in Fie. 7.1b). thus reducing
the relative hummdity. Despite withdrawing the thermal structure of the cold pool at
restart tiune. it is reasonable to expect cnhanced low-level evaporation of ram tand
accompanyving cooling) in THETA and thus restoration of at least part of the cold
pool. The processes deseribed in this brief “thought experiment”™ are evaluated more
fully in the analysis of the numerical results below.

Figure 72 shows the solution from experiment THETA at 5 and 6-hr (compare with
Figs. £33 and L. Despite resetting ¢ at restart. the surface cold pool 1s sradually
recovered (Figs. 7.2a.c). and at 6-hr. 1t is as extensive as in CNTRL. Interestingly,
the surface mesohigh and outtiow 1 the center of the doman are stronger i THETA
than in CNTRL.

The solution at 2 2.6 km (Figs. 7.2b.d) displays a solid squall line with two
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main bow echo segments at 5-hr (resembling the simulated storm in CNTRL: Fig.
L-4bi. but evolving into a more linear structure in the last hour (Fig. 7.2d). The
magnitude of updrafts at this level is sligthly stronger than in CNTRL. indicating
that the contintous regeneration of new convectice cells along the gust front is not
jeopardized. As a result. the forward motion of the MCS in THETA is simtlar to that
m CNTRIL.

A strong rear-to-front ow covering most of the central domain is evident i Figure
T2d0 Thisasallustrated better in Fiosure 730 which compares experiments CNTRL
and THETA at 2 2.6 kmat 6-hr for the box deprcted m Frego b le oshowing ston-
relative winds, rainwater mixing ratio {(indicated by shading) and magnitude of the
sottal component of the wind tindicated by contoursit In CONTRL (Fieo 7300 two
bhow echo segments are located where the rear-to-front low is strongest. characterizing
RLJs. whereas in THETA (Figo 7.3b). the mendional gradient in the zonal momentum
field 1~ less pronounced. accounting for a more linear structure of the squall line
Thas. the fine structure of the rear-to-front How is moditied somewhat in experiment
THETA. especially in the Last 1-hr of simulation.

A well detined MOV s generated inexperiuent THETA (Fig. 7.30) 0 which displaes
vertical vorticity comparable to that found i experiment CNTRL (of the order of
10 % s ' not shown) The MCV location in THETA is consistent with that in
CNTRL. and indicates that the MOS simulated i the withdrawal experiment shares
many of the mesoscale features observed in strong squall lines, even though no how
echo segment s evident at o-hr.

Because the simulations are not extended bevond 6-hr. we cannot state whether
bow echoes are formed later in THETA. although the squall line in this experiment
does represent a strong NMOCS. This is also evident when analvzing the vertical protiles

of momentum («’u’) and heat (w'¢) Huxes for the tirst hour following restart (Figure
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7.1, (Recall from chapter 4 that quantities v’ and «'# provide information about
the overall strength of the MCS) In THETA. the o’ tield displavs an evolution
similar to that in CNTRL (Figs. 7. 4a.b). At times. the mid- to upper-level momentum
Hux in THETA 15 visibly stronger than i CNTRL. ez at ¢ £:10-hr. L40-hr and
5:00-hr. Part of this behavior is explained in more detail below. The vertical heat
flux in THETA at +00-hr (Fig. 7.4d) 1s weaker. owing to the elimination weakening
of the # tield at the restart tine However: after 10-min. the heat Hux is restored to
vitlues comparible to the CNTREL solution, and by OS-hrat s slighely stronger than in
CNTRL.

Therefore. although the simulated MCS in experiment THETA does not match
exactly the CNTRIL solution. it displavs the structure of a robust squall line. The
overall streneth of the convective sestem, and tts ability to regenerate new cells at s
leading edee. are not changed to asigntticant deeree in THETA D We cmphiasize thaa
stmtlar results were found when running a version of THETN in which the ¢ field is
withdrawn even where it generates supersaturation. bmportant results regarding the
evaporation of rain at low levels and the response among wind, pressure and buovaney

felds are discussed i sections 7.3 and 7.1

7.2 Experiment VAP: General results

In experiment VAP, perturbations in water vapor mixing ratio (¢.) are set to zero at
restart. As in THETA. supersaturation is not allowed. and for every grid-point where
the withdrawal of ¢/ vields T T, the wator vapor mixing ratio field is reset to the

corresponding saturation value (¢ g 1! while the temperature tield remains

FThe determination of saturalion water vapor miaing Gitio g o On ARPS tollows the wjustment scheme developed
by Tao et al (1959, where o s detined as 4 mass werghted combination of the saturation values over hquid witer
and jce within the temperature raege f07C - o 0'c Foo T 00O T A0 C] g, s detined over hguid water
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unchanged. Therefore. not all of the ¢, field is reset to the base state. and thus this
procedure changes the total amount of water in the domain.

Figure 7.5 shows how the withdrawal of ¢ changes the thermodynamic profile in
the MCS at restart time. At low levels. the atmosphere is moistened. with saturation
ocurring at some locations within the cold pool. as s the case in the grid-point
examined in Fig. 7.5b. At mid and upper levels. the atmosphere becomes drier.
with an increased dewpoint spread. Thus, mid- and upper-level saturated lavers in
CNTRIL become upnsaturated in VAP, and phase changes such as evaporation and
sublimation are expected to be enhanced at those levels. (Recall that the mixing
ratios of the remaining water species (cloud water. rainwater. cloud ice. snow and
hailt are retained as in ONTRL) [noaddition to the diabatic effects resulting from
the withdrawal of ¢ unsaturated ascent will favor adiabatic cooling. This response
may have siemhicant mphcations for the nuntenance of positivelv buovant ar
mitd levels,

The solution from expertment VAP is depicted in Figure 7.6, Although the ther-
mal structure of the cold pool s not changed at restart, it is affected subsequently.
Specificallyv, at 5-hr (Fig. 7.0a). the cold pool is weaker and slightly less extensive in
horizontal area compared to CNTRL (Fig. £3b). Moreover. its eastward propagation
1~ not as rapid as in CNTRL and THETA.

Figure 7.6b shows the corresponding solution at z 2.6 km. In contrast with
expertment THETA. the MCS at this time consists mostly of isolated multicells. with
a very short linear organization at the center of the domain. The weakening of the
surface cold pool and outflow in VAP appears to have influenced the vrganization
of new conveetive cells along the gust frout.  Nevertheless, the vertical motion in
these cells 15 as strong as in CNTRL. The rear-to-tront How. on the other hand. is

considerably weaker. and there exists no indication of a developing MOV
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From 5 to v-hr. the simulated MCS in VAP displays signs of redevelopment. An
extensive cold pool is present (Fig. 7.6¢). although not as strong as in CNTRL
terms of #'. The surface mesohigh, which covers large areas in CNTRL and THETA.
is relatively confined in VAP, As expected from this structure. the surface outflow is
not nearly as widespread and intense in the center of the domain as is in CNTRL
and THETA Aloft (Fig. 7.6d). the dominant mode of convection is more evident.
iclnding multicells. short conveetive lines. and a short bow echo segment. Compared
to the solution at 5-hr. the MOS seems to be reorganizing. although the rear-to-
front tow 15 weak and the storm svstem fatls to generate an MCV within the 2-hr
sunulation.

Figure 7.7 compares the time evolution of vertical profiles of w’u’ and «’# between
VAP and ONTRL from | to S-hr. The v’ tield remains weaker than the CNTRL
counterpatt during most of the tirst hour of simulation (Fig. 7.7b)1 However, at
S-hes 1 shows considerable strengthening. in agreement with the previous finding
(deseribed for Fig. 7.6) that after a period of weakening, the simulated MCS shows
signs of reorganization. Similar behavior is found in the time evolution of «'0. as
revealed by Figure 7.7d0 Shortly after restart, the overall «'# field in the MCS
weakens considerablv ot VP 1Io-he i Frgo 7700 However, as time evolves, this field
i~ gradually restored to values comparable to those in CNTRL. and by 5-hr o0 is
actually stronger than i CNTRL. indicating a sign of storm redevelepment.

Figure 7.6 shows that. by the time the simulated MCS in VAP regains strength,
the solution has deviated significantly from CNTRL and does not reproduce correctly
the important mesoscale features that characterize a bow echo. Again. it is possible
that the MCS could regenerate those features if the simulation were continued past
t-hr. However, it is clear from the 2-hr runs studied here that the withdrawal of the

moisture field has a greater impact upon the simulation than did the withdrawal of
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¢ In the following sections we address the dyvnamic adjustment mechanisms behind
this behavior - First we focus on the low-level features of the MCS. followed by an

analvsis of the response amone meteorological tields at middle and upper levels.

7.3 Evolution of the surface cold pool and the role played by

evaporation at low levels in experiments THETA and VAP

In this section we focus on the physical processes intluencing the behavior of surface
features in the simulated MOS o experiments THETA and VAP,

Froure 7.8 depicts the evolution within the frst hour after restart of the
surface cold pool for simmlations CNTRL. THETA and VAP, zoomed in to the area
enclosed by o rectangle in Fie Lth. In experiments CNTRL and THETA (Figs.
v Na-eand Tsd-6)0 the potential temperature shows a sharp gradient along the gust
front. hishhehting the strenath of the advancing cold pool. Again. it 1s important to
emphasize that in THETAL the # tield within the cold pool is ¢ nterely withdrawn at
restart. Twenty nnutes Later (Fig. 7.83d00 the magnmitude of 8 1s not only comparable
to that in CNTRL. but slightlv stronger. As the itegration proceeds (Figs. 7.83e-f).
the gust front in THETA advances eastward at the same rate as in CNTRL. and the
cold pool displays bulging segments assoctated with bow echo structures in the MCS.
I'he surface outflow in THETA is strong. with derecho-like winds approaching 10 m
s b
In experiment VAP (Figs. 7.8g-1) the cold pool is weaker. and the gradient in
potential temperature along the gust tront is not as sharp when compared to CNTRL
and THETA. [n addition. the gust front lags behind its CNTRL and THETA coun-
terparts. The surface outflow is comparatively weak during most of the first hour of

tntegration. but gradually regatns strength. especially near the center of the domain
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(I Vst where convergence supports active convection (Figo T6h) between v 12X
km and 192 k.

Because the surface mesohigh owes its existence mostly to the hydrostatice response
of the pressure field to negatively buovant air within the cold pool tee . Johnson
2001). similar evolution of the MOS's surface structure 1s evident in terms of per-
turbation pressure (Fie. 791 Whereas a strong mesohigh is efficiently generated
in THETA iFigs. 79d-1). supporting the derecho-like winds mentioned earlier. the
development of a mesohighs delaved 1 VAP (Fies, T90-150 In fact. the magnitude of
the pressure perturbations in the first 10-min in VAP actually deerease inot shown)
before regining mtensity as the mtegration proceeds. With a weaker mesohigh and
outow. the generation of new conveetive cells along the gust front is less efficient.
thus having an important impact upon the simulation of the bow echo. Not only does
the MCS exhibit a decrease in convective activity, but its propagation speed also is
reduced.

As recognized by Sawver (1946) and Fujita (1959} several decades ago. the evap-
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oration of rain at low levels  leading to cooling of environmental air — is the main
physical mechanism responsible for creating and maintaining the surface cold pool
in MCSs (Johnson 20011 Thus. 1t is important to quantifv the impact upon the
low-level evaporation rate in THETA and VAP of setting #" and ¢ equal to zero.

Figure 710 shows time sertes. from to S5-hr. of rainwater evaporation rate aver-
aged over the first two vertical model levels (ie.o 20 200 m and 2 600 m) for the
area enclosed by a rectangle i Fie b The tirst 10-min is sampled every -min.
with the retaining S0-oun sampled at To-min intervalss The evaporation rate (F)
15 computed using the tollowing (Ogura and Takahashi 1971 Klemp and Wilhelmson
1978, Xue et al. 1995

S I AT L 0ONE 100 -
O 5 ( (1«»’[[}\)\,”,,) (2.030 < 10+ -~ )b (7.1

where € as the ventilation coetlicient, given by

C =16+ 303922 (g )" =" ‘

In 7 1) and (7.2). the mixing ratios are in kg ke 'oand E, has units of ke kg ' s

From Figure 7.10a. it is clear that £ is signiticantly enhanced oweakenedr starting
at hro expenment THETA (VAP owing to mereased (reduced) dewpoint depres-
ston at low-levels, as evident i Fig 71 Fig 7.5) In the tirst 10-min. £, in THETA
i~ more mtense than o CNTRL indicating that evaporative cooling at low-levels
plavs an unportant role in restoring the surface cold pool and maintaining a strong
mesohiigh.

The rate of change in potential temperature induced by the evaporation of rain-

water { A#; ) can be estimated via (e.g.. Tao et all 1989, Xue et al. 1995):

Mg = =L (Tep) HE, . (7.3)
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where [, 25<10% J kg ' is the latent heat of vaporization (or eunthalpy of
vaporization: Bohren and Albrecht 199210 ¢, 1004 J ke ' K- is the specific heat

of atr at constant pressure. and 7 is the Exner function. given by:

T =t (7

In (700 pois the base-state pressure. py is a constant reference pressure (107 Pa).
and Ry, 296010 ke P K Uis the cas constant for drv air.

For E, 125 <l " ke ke 5! which s approximately the mean domain-
averaged value during the hest 10-min i experiment THETA (Figo T.10a) and
= 22 09870 we find that Ay, B0 x 1070 K oS P owhich translates to a ¢ of
approximatelyv -2.0 K after 10-min = The corresponding value for CNTREL 15 -1.2 K.

Converselvo i experiment VAP £00s below the averace vadue found in CNTRIL
in the first [0-min. This comeides with the period daring which the development of
the cold pool and mesohieh s delaved. The averave N9 VAP during this tme
period is around <15 x 10 P K< boleading to a 0 of 209 K oafter 10-min. Thus. as
"Xpm‘tml. the Tow-level n'\‘.’lpul;lli\v um“ll‘_’, in VAP i~ Less ethicient

As the mtegration proceeds. Eooin experiments THETA and VAP converge to
CNTRE values (Fig. 7.10b). By this time taround © £20-hr). the cold pool and
mesohugh i THETA are shightly stronger than in CNTRL (Figs. 7.8d and 7.9d).
whereas in VAP, such surface features are less intense than the CNTRL counterparts
(Figs. 7.8g and 7921, Henceo in VAP, the continnously increasing E, favors the re-
strengthening of the surface cold pool and mesohigh (and. consequently, the surface
T

outflow). but only after a signthicant delay (Figs. 7.8g-1 and 7.9¢-1). after which the

structure of the MCS in VAP differs substantially from that in CNTRL.

“Note that this result underestimates the manmum magnitude of (Legative) § generated 1n the cold pool after
{0-mn of integration i FHETA D which reaches -9 0 K otnot shown) Fhis s because 10 the - 20 K found using 17 3
15 an arerdyge value for the doman imdicated 1o Fig T X80 oot the mumpmune salue. a0 the evaporation of cloud water
¢ and advection effects also contntbute to negative 90 and are not taken into account i this simple quantitative

analysis The same consideration apphes for the values of Mg g obtwnied tor ONTRL and VAP mentioned later
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Figure 7 11 shows the time evolution. from t f-hr to 5-hr. of svstem-averaged
profiles of ¢ for simulations CNTRL. THETA and VAP referring to the area
enclosed by a rectangle in Fig. Ldb. Panel a shows that positive (negative) vilues
of ¢/ are evident above (below) z 5.0 km. indicating moistening (drving) of the
mid and upper levels (lower levelsy in the NOS In THETA. the evolution of the
svstem-averaged ¢ field follows the CNTRL counterpart quite well. and by the end
of the tirst hour the low-level drvness is actually more intense that in CNTRL In

VAP g,

o Is equal to zero evervwhere at t hro except at low levels (Fig. 7.11h)

because we do not allow supersaturation.  With tume. the moisture tield tends
to be restored. but the low-level dryness is considerably underestimated.  Because
environmental devness s adso an indicaror of the cold pool’s strength vee s BEDuty,
the findines for THETA and VAP are o aereenent wirh he vesnles disenssed ahoae
Factors other than near-surface processes are cotitributing to such behavior i the o
field in experiments THETN and VAP and will be discussed later,

Summarizing. i expertment THETA. enhanced low-level rainwater evaporation

espectally during the first 10-min following restart i~ one of the mechanisms
acconnting tor the presence of astrong MOS within the tirst hour of integration, par-
tienbarly as the thermal structure of the surface cold pool s ethierently regenerated.
Ou the other hand. in experiment VAP, the reduced evaporation influences the in-
tensity of the cold pool and accompaning mesohigh early in the simulation. leading
to a delay in their intensification. Such features are gradually regenerated in VAP as
the integration proceeds. but with the simulated storm already displaving structures
that differ substantiadly from those in CNTRL

Using the same idealized sounding as inoour studyv but with a different vertieal
wind profile (favoring the supercell mode of convection, Wevegandt et al. (1999)

also found that the surface cold pool was etliciently restored within 20-min in an
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experiment inowhich # was zet 1o zero The recovered cold pool suraed further
dewnstream compared to the corresponding control run. suggesting that such surface
feature become stronger than in the control simulation. in general agreement with
the present results. They did not. however. explore in detail the influence upon the
supercell simulation of withdrawing ¢/, but their statistical results suggest that <uch
withdrawal also generated a cold pool that deviated significantly from the control
run. espectally after 50-min. Figure 7.12 shows their time series of mean surface ¢
error for cach withdrawal experiment. The sunulation with ¢/ set back to base state
iindicated by gein Figo 7.12) has relatively large mean error. especially after 60-min.

These results agree with the general notion that a convectivelv-generated cold pool
i~ important to the dvnamies and propagation of squall-lines and bow echoes ey
Rotunno et alo 1950 Wesman 1993, Moncrietf and L 1999, Fritseh and Forbes
2001 EDob Cortide 20020 and others) Moreover, they haghhicht the unportance
of speafving low-level mosture and temperature fields wertfun convective sesterms
becanuse the mtensity of important surface features can be stronglv mtuenced by
evaporation rates at low levels,

On the other hand. there is evidence that the impact upon cold pool evolution
of withdrawing ¢0 mav depend rather significantly upon the environmental thermo-
dvname protile. In studving the sensitivity of a supercell thunderstorm simulation
anitialized with data retrieved from Doppler radar) to the specitication of water va-
por. Wevaandt et al. (2002b) performed a test in which the . field was set back
to the base state as determined from a proximity sounding. They found that most
of the cold pool structure was reasonably recovered after just 30-min of simulation.
and that the position of the gust front was not significantly altered during this period
in comparison to a control stmulation. These results indicate that the weakening of

surtace teatures (or the delav in their development) due to the withdrawal of ¢ was
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confined to i much shorter period than in our bow echo simulation. such that the
storm sttnlated by Weveandr eo al (2002b) did not deviate from the control run as
much as o our case

In additon to obvions ditferenee in the wind profile. the backeround environment
e Weveandt et al’s (20020) study had higher CAPE (around 3100 J kg 1) than
the wdealized sounding used in the present research. More importantly, the proximity
sounding i Weveandr etal (2002b) was not moist throughout the entire troposphere.
but displaved a pronounced dryv faver between 700 and 500 hPa. This profile should
favor the development of stronger downdrafts and transport of low #, air into the
surface cold pool. thus contributing to a more rapid recovery of the low-level ¢! field
and consequently of the low-level £, and allowing a good representation of cold

pool evolution. Therefore, future studies must address the sensitivity of results upon
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the ambient environment. espectally with regard to the impact of the moisture tield
upon cold [)nnl evolution.

Because the surface cold pool (low-level evaporation) s not the only feature (phys-
el processi atfected by resetting the thermodyvnamice fields to the base state it is
necessary to examine the response of meteorological tields in other regions and ana-
Ivze their impact on the sinnlation of the bow echo. In the next section. experiments

THETA and VAP are analvzed separately. followed by a general discussion.

7.1 Dynamic adjustment aloft: experiment THETA

Fioure 713 compares vertical eross sections (xz-plane) of 4, and wind fields for ex-
pertments CNTRE and THETA at v E100 L300 and E50-hr b across the main bow
echo seament. The domain shown has an S0 ki 112 k) horizontal tvertiealr extent
Only the 320 Koand SO N isentropes are mdic ated see caption X detaled anads s
of the CNTRL ~solution was performed i chapter e Figo £7) and s brietlv re-
peated here for conventence. Frgures T 13a.c.e show the solution from CNTRILL. which
displavs an upshear-tilted updraft that transports boundarv-laver motsture thigh 4,
atrs alofto with strone honzontal divergence at upper levels. A RLJ also s evident
from low to mud levels. embedded in the low 6, air the 326 K 1sentropes upstream
tfrom the updrafts basically indicate the vertical extent of the rear-to-front flow. The
transport of dryv air to the surface cold pool through downdrafts is clear as the RLJ de-
scends near the convectively active region. This is an tmportant process coutributing
to enhanced £ at low levels.,

In experiment THETA. (Figs. 7.13b.duf) the updrafts remain strong. which also is

revealed by the intense horizontal divergence at upper levels, espectally from E1o-hr

Pl hese tirnes are chosen becatise they best sutimarize the evodution of the simulated SOX gn espennent 1 HE LA

and VAP i the hest hour atter restart time
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Figure 713 Vertical cross sections (xz-planer, from surface to 2 12 km. of equivalent potential
teanperature 4, solid hinesy and storm-relative wind field (vectorsy at distinet times 10 1100 3.30
and 450-hreo for expernnents CNTRL (first columny and THETA (second columni. Only the 326 K
ithin solid hner and 334 K cthick solid lined isentropes are plotted. At 4:10 and 4:30-hr (a-d) the
vertical cross section is along v 205 km. while at £50-hr e-f) 1t is along v 197 ke (following
the gradual southward displacement of the apex of the main bow echo segment in CNTRL) The

horvsontal extent of the domatn shown s s0 ke long, frome v 120 ks to x0 200 k. Domain
translation s eastward at 220 m s
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to E30-hr. At the surface. the horizontal extent of the laver with #, - 326 K is narrow
at B1o-hr (Fig. 7.13by as a consequence of the increased surface potential temperature
at restart. However: as the mtegration proceeds, this laver becomes broader (Figs.
3D converging to the CNTRL solution. The RLE in expertment THETA is well

‘. and contributes to

represented i both magnitude and structure i the tirst hour
the recovery of deviess within the surface cold pool due to the downward transport
of low ¢ air - This behiavior helps explain the presence of relatively intense Tow-level
drvness revealed in Figo 7110, and the etficient regeneration of the surface cold pool
i FHETN tassoctated with stronger evaporation at low levels:

\nother iteresting feature i experitnent THETN is the presence of a relatively
strong mid-level downdraft tradling the convective region (Figs. 7.13b.d). ar times
characterizing a mesoscale rotor as it iteracts with the RLL Downdrafts also are
evident just ahead the leading updrafts. With time. the tratling downdraft becomes
weaker and propacates rearward  The ceneration of convective-scale mid-level down-
drafes s discussed i several investigations (Knnpp and Cotton 1985, Srivastava 1987
Fovell and Ogura 19N~ Sun et al. 1993, Tean et al 1999, Yuter and Houze 1995a.b.
Wakimoto 2001 amopre othersi and more than one mechanisme can be responsible
for them . ranaing from meltmy and evaporation of precipitation (e.g.. Srivastava
19T to dyvnamicadly induced downward VPGA 1e.g. Rotunno and Klemp 1982).
Other studies have addressed processes assoctated with gravity wave-like propagation
of ceompensating ) downdrafts awav from heating sources in MOSs (e.g.. Bretherton
and Smolarkiewicz 1989, NMapes 1993, Fovell 2002). More than one of these processes
may be taking place in our simulation concomitantly,

[n the discussion that follows, we examine the evolution of buovancy. pressure and

PRecall that duning the followmg Lhr of integration. the rear-to-front tlow in FTHETA remains strong. but with
ioss menidional vartation of the conal momentum teld compated to the CONTRL solutions. as mestioned i sectien
Tk T

TWaknoro 2000 contins wcommprehensive review o mechansms dosang the generation of mid-level downdrafts
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wind fields early in experiment THETAL and seek to identifv the most important

mechanisms driving the ceneral behavior of the mimerical solution.

7.4.1 Early evolution of buovancy. pressure and wind fields

Fieures T 1 h-u show the tune evolution of the buovaney tield. as defined by Eq. 5.8,
for experiment THETA ot 2-nnn intervads, from the restart time to Elo-hr. The
solution from CNTRLE at E05-hr also 1s shown for comparison (Fig. 7.1 1a) and. for
the purposes of our analvsis. s representative of the CNTRL solution in *he 10-min
period bemye examimed  In CONTRLEL the buovaney Held is consistent with an active
MOS (Latore and Moneretf 19990 Sun er all 19930 Johnson and Mapes 2001, with
negative buovinoy n the surtace cold pool and in the anvil-level tabove 7 9.6 ki),
Posttive values dominate the mad levels, where Latent heating plavs an important
role m mauntaming a positively buovant “plume” (e g0 Pandva and Durran 1996
that extends mostly rearward. In onr analvsis, this region will be called the buoyant
plisine

[noexpertment THE AL the buovaney tield at restare iFie. 7 1Eb1 s significant]y
weakened, nehhehting the immportance of thermal buovaney to the rotal buovaney
field. Figure 715 illustrates this by comparing the magnitude of each term compos-
g, the buovaney held for the CNTRL simulation at L05-hr. These terms are (see
Fe. 5.5 thetmal buovances (gt v). perturbation pressure buovaney o -yp', ~pi. per-
turbation water vapor mixing ratio term tgg' - = 7)), and condensate loading term
(=ytg = gy b = gon. The thermal buovanes clearly is the dominating term {note
that distinct contour intervals are used in Fig. 715 see caption). followed by water
vapor and condensate loading. Therefore, it s no surprise that setting 6 to zero in
experitnent THETA has a significant impact on the buovancy field.

With time. the buovancey field gradually is restored (Figs. 7. 1ic-g). At low
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Fizure 711 Vertical eross sections from surface to 2 16 km oalong v 205 k) of aceeleration
due to buovaney  aiven by Eq 5~ contoured at 005 m s~ < intervals. tar solution from CNTRL
stmulation at € bod-h creference for cotnpatisons, ibo-rg Hest Lo-tin evolution e experitnent
THETA. with ~solutions shown at 2-min intervals. Solid cdashed) lines indicate positive (negative!
vadues. with Jero hines bemg suppressed The honzontal extent of the domuan shown s stckm bong,

and s the same as e Fies 7130 Doman translation s costward at 220w~ L
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loading term. In ra) the contour iterval 1s 0063 mos = while in b e ds a4 00125 m s < contour

mterval 15 used. The doman shown is the same as in Fig, 710
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and upper levels, negatively buovant air 15 mostly regenerated by enhanced evap-
oration sublimation rates which lead to cooling, while the mid level buovant plume
is restored by fatent heating assoctated with enhanced condensation deposition. The
buovant plume propagates rearward quite efficientiv, possiblyv as a result of hoth ad-
vective effects tegl Latore and Moneriett 19890 Wersman 1992y and propagation of
[GWs forced by an upshear tilted convective line te v Pandva and Durran 1996.
Nachamkin and Cotton 20000\ more detailed analvsis of such mechanisis is pre-
sented Below  Tois interesting also o note the “stenatnee™ of worapudle developine cold
poob i terms of necative buovaney at low levels)

A vervamportant process recarding dvoaante adjustment 15 the response of pressure
to the evolution of the buovaney field. T section 22 we desertbed how a biovanes
source induces perturbations i pressure tHouze 1993 Yuter and Houze 199510 and
discissed that a low thigh) pressure perturbation is expected to form just anderneath
fabover regtons of positive buovaney This response is clear inoonr resalts Figare
L6 s stk to Figo T HE but showing the evolution for pressure and wind ields
i FHETA «Figss T060b-gias well as the corresponding solution from CNTRL at
Lo5-hr (kg T 16a)

At the restart time. the pressure tield in THE T is the same as in CNTRL. with
a surface mesohigh associated with the cold pool. o fow- to md-level mesolow . and
an upper-level high pressare svstem This structure s consistent with the orgenal
distribution of the buovaney tield. as shown in Fig. 7.1 1a for CNTRL. but not with
the moditied buovanev tield at restart for THETA (Figo T.1iby. While the pressure
perturbations trail rearward for approximately 100 km behind the leading edge of
the bow echo. the buovimey perturbation is confined to aomuech narrower region. \s
the simulation starts, the pressure field responds to the modified buovaney field. as

evident in Fig. 7.16¢. The surface mesohigh is substantially weakened after 2-min.
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cvectors, oy o~ b

stronger than -1 m s~

Figure Tolo. As kg,

{ai - CNTRIL i4:05 hr) -

¢ LE but tor perturbation pressute ccontouts: Pay and stonm-relative winds
Pressure ticld is contoured at 50 Paomtervals, with solid (dashed) hines indicating
Areas with downdrafts equal to or

posttive (negativel vidues, and zero lnes being suppressed.
Uare shaded single color shading).
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and the low- to md-level mesolow and upper-level meschigh become more horizon-
tallv confined. As the simulation proceeds (Figs  T.16d-g). the pressure features are
restored following the evolution of the buovancy tield. Note. for example. how ethi-
clent is the reseneration of the surface mesohigh and how it agrees with the rapid
redevelopment of negativelv-buovant ar withiun the cold pool (Fies 71 Ed-20 Strong
nezative - positives [n'['!lll‘lunll)!l\ mn pressiilie are locited Just nnderneath ciboves the
buovant plume. agreeing with the adjustient desceribed inan adealized wav in sec-
tion 2.2 Our result also is consistent with the tindine from Weisman (19931 that the
pressure tield structure alonyg the apex of the bow echo is mostly foreed by buovaney
effects,

[he results above sugeest that correct S Seation r:f the Pt Ssire -fl" {d coathore an
MOS sl of the huoyaniey field s not adequately speeitied - Thev also highlight
the importance of the specitication of regions of saturation and subsaturation in the
storm svatem. 2iven the response of the buovaney field to latent heating cooling.

Another important dvnamic adjustinent evident in Figs. 7. 16b-o tnvolves the wind
tield  While the magmtude of the updratts on the Teading edee of the svstemn s not
steruficantly altered. downdrafts ave moditied around the buovant plume Shortly
after restart Mas. T 16ed)s a well-detined mid-level downdraft forms just upstream
of the leading updrafts, displaving a structure simtlar to transition-zone downdrafrs
observed i mature squall lines (e.g . Biggerstaft and Houze 1993, Sun et al. 1993,
Braun and Houze 1991). As the integration proceeds (Figs. T.16e-g). the downdraft
sradually propagates rearward — following the same behavior described for buoviney
and pressure fields and eventually becomes detachied from the leading updrafts
(Fig. 7.16z). Note that the mid-level downdraft core during this period follows the

upstream edge of the buovant plume deseribed in Fig. 7.14 ",

"Evidently. the use of @ iow threshold value of -1 <7 Mo charactenize the downdraft area potentiadls connects
tndeidual donndiafts into o sple conglomerate. but the teature which e are miterested s the general pattern
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In Figure 717, downdraft areas are superimposed on the region with condensate
loading aceeleration (~gtq! =gV 1L+ 70 equal to or less than -0.025 m s < tdashed
contourt. Areas with cloud water and cloud ice mixing ratios equal to or greater than
0.1 g kg b also are shown isolid lines: see caption for details). The time sequence
(Figs. T 17a-0) does not displav a clear connection between the evolution of the
condensate loading term and the rearward amplification of the tratling downdraft
areit Furthermore, mid-level latent feateg. rather than cooling, 15 enhanced early
i Q'X])!'lilll(‘lll THETN due o inereased saturation arcas. as discissed in section 71
Thus. precipitation loading and latent cooling do not seem to be important foreing
mechamsms belnnd the bebor of the trailing downdraft © In fact. onr vesults do
show acrraling mid-level downdreaft within a posetrecly bucyent laver ceompare Fies
T b2 and T I6-h-g)

The presence of posttively buovanr mid-level downdratts 1= not o new tinding
Studving the structure of radar-retrieved fields for o mature mid-latitude squall line.
Sun et al. (1993 found mid-level downdrafts within regions of positively buovant air
Just upstream of the leading updrafts, indicating that thev consist of air being foreed
downward below its equilibrinm level. Although not explicitly reported. positivelv
buovant trathng downdrafts at mid to upper levels also were generated moa 2-D
stnitlation of amid-latitude squall line by Fovell and Ogura (1983} { Biegerstaff and
Houze 19931, Other studies. such as Trier et al. (1997). Weiet al. (19983) and Teau et
al 1199 focusing on tropical squall lines, reported mid-level buovant downdrafts

as well.

of trwhing, downsard motion spreading rearvoand Fovell and Ogurg (9SG0 tor example adentitied the timne-gveraged
apper-level subsidence on the rear tlank ot o numencally ssunulated 20 squall hine as being the net result of convective-
sale downdralts moving rearveand relatie o the feadimg convective aotivty [0 not oue cboectioe o sty the Lees
tne detals of this structure because we mostls ann ot wWenttving the more generad dynamic adjustinent process

Tl anabisas refers to the mad lesel conrectire scale downdraft that leads the rearwand proparation ot the
downward motion area, evident i Fugs T 16b-g and Fig 7 13d at later tine), oot to a rmesoscale downdralt ty pical
of traching precipitation areas in MOSs Zipser 1977 for which latent cooling underneath the trathng anvil cloud s
unportant Ryan and Carstens 1978, Leary and Houze 1979 Stensrud et alo 1991, Yany and Houze 19950, Wakimoto
NI
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Frovure 717 ccontunation

Downdrafrs can be dvnamieally related to buovant phimes throneh pressure aradi-
ent forees required to satisfv mass conservation (Yuter and Houze 19950 Wakimoto
2001). which s a consequence of the adjustment between buovaney and pressure
fields discussed i section 2220 Figure 7180 adapted from Houze (1993) and Waki-
moto 2000 dlustrates the buovaney pressure eradient acceleration (BPGAY tield
induced by an adeadized positively: buovant air parcel of finite dimension (e, high
aspect ratio). The structure shown is obtained analyvtically from Eq. 2.7 tHouze 1993,
Yuter and Houze 1993b). Although the streamlines in Fig. 7.18 do not necessarily
represent the actual displacement of individual atr parcels. thev indicate the direc-
tion i which the BPGA forees atmospheric motion. Note that, on the <des of the
buovaney perturbation, downward acceleration (compensating subsidence) is induced

Y lnterestinglve the numerteal solution shown in Fieo T 1 and 716 reveals that the

“Yuter and Houze s 19950 identitied this phyvsical mechamsm as the best “candidate” to explan the obsersation o
tud and upperdecel dosadratts tooated at the sides ot ond and Sdppet lewel baesant apdratts inoa Flonda counecting

hne under weak vertical wind shear Yuter and Houze 1995a)
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Frovre 700 Foree tield i the xz-plane of the buovaney pressure gradient acceleration «BPG A
mdnced by homosencous and pesitrvely biovant air pareel cor laver s of tinite dimensions. Lines
of BPGA are shown as streambses This field s obtained analvueally from Eqo 270 Plas and
nunus signs dicate the sienof the buovaney foreing v b of 22700 Adpated from Wakimoto 12001
corginally from Howze 19930 Yater and Houge 1995010 Notes our Figo 2 30 1s based on the figare
ihover

traddong md-le co L dowrdraft forms on the upstrean side of the huogant plume . in a
fashron that seems to agrec with the discussion above. Moreover, on the downstream
flank of the buovant plume, downdrafts also are formed (Frg 7100 althoneh weaker
compared to the upstream counterpart.

The physical mechanismm involving induced BPGA is valid for situations in which
the pressure field is not affected by dvnamice foreing. in which case (2.6 can be reduced
to (2.7) [t iy well-known that pressure perturbations can be dynamically induced in
deep convective systems under signiticant vertical wind shear (e.g.. Rotunno and
Klemp 19820 Klemp 19870 Fovell and Ogura 1938). The simulations described here
are conducted ina environment with strong low-level vertical wind shear such that the

validity of the mechanism above in explaining the response of the wind field may be

<
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qll('.\'riull.‘llylr, However, our pres lous results showed that the evolution of the pressire
held 15 strorgly assoctated with buovaney in the sector being considered (Fig. 7.16).
Therefore. it is reasonable to consider the phvsical mechanism involving the BPGA
as one process taking place in dyvnamic adjustment. especially early in experiment
FHETN.

As further support for this statetement. Figure 7.19 compares the magnitude of
vertical aceeleration due to buovaney and vertical pressure gradient (., 4. as defined
im0 T for ONTRL and THETA. 2omun after restinr In THETAL the revions of
necative 4o p cover alarger horizontal extent than in CNTRL due to the sharp
weakening of the buovaney field wr the restarr More tmportantlv, note the sector
of telatively strony nesatives L,y at mnd-levels, pust upstream of the developing
buovant plume withan THERm - x 16N kmtcompare with Figo 7.0Ee) Ths feaiure
indicates a sector where the BPGA favors downward motion around a developing
buovant plume. in acrecment with the idealized structure shown in Figo 7080 This
pittern is not evident in CNTRL becanse the buovant plume is fullv developed at this
time. reducing the magnitude of 4, 4. On the downstream side of the matn updrafts
i THETA oFies 719y 4 s also more negative than in CNTRLE althongh not as
evident as on the trathog flank This s probably because of the preferential upstream
development of the buovant plume.

An alternative way of interpreting the response of the wind field to variations
in buovaney is throush the vorticity equation for an imviscid Boussinesq fow fe.s..
Houze 1993, Welsman 1993) or. more specttically tand convenientlv). its meridional

component;

DS 0 = . 0B _0c_ . o o .
Dt~ Ot - T Oor *fd!/*‘\ *'f’é):'*"d.r : (7.0

[n (7.5). 5 is the zonal component (Qw/Jy — de/dz). £ is the meridional component
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Fienre 719 Nencal aceeleration due to baovanes aned sertieal pressure sradient dashed lines:
at bo2qda tor stmdatiens o ONTRE and b THETAL contoured at 001 m < < ntervals - Only
negative vadiees ae shown Areas wirh downdrafts equal 1o or stronger than -1 m o~ tare <haded

cinele shading: Domen shown s same as o Fig T 1L

(D, Dz — duw Jdeyand s the vertical component (Je, de — du/dy) of vorticity: f
is the vertical component of planetary vorticity: and B represents buovaney.

From 75 15 evident that the generation of horizontal vorticity in the meridional
direction ssamony other things. proportional to minus the variation of huovaney
in the zonal dimension (baroclinic generation of horizontal vorticitv). Henee, from
Figure 7131t 15 possible to infer that negative (positive) $is induced on the west (east)
side ot the posttively buovant laver. favoring o convective cirenlation that follows the
same sense indicated by the lines of BPGAL Figure 7.20a shows a close-up view
ma vertical eross section from the surface to 2 9.6 km of the (=0 dr) field
10-min after restart in experiment THETA just upstream of the main updraft area
(see caption!. The region dominated by downdratts indeed is associated with negative

(—JB/dry which. from (7.5). favors a counterclockwise horizontal circulation at mid
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Froure 7200 Verteal cross sections along v 205 kinoof car -08 dr o0 s < contoured at

dous s antervalssand booacccleranion dae ot Baovancy given by Fogo s Coantonned at o m
~ antervals for expernnent FTHE LA Lo-man after testart tune. Dashed s Thin solidy lines represent
nevative -positive: values  Inoao zero ines are plotted as thick solid conrours while i by zero
ines are suppressed - The cross section shown covers only the lower western portion of the domam

i Fie T from the surface to 20 9.6 ks and 120 ki < x <170 kit In both panels, areas with

Jownwand metion stronger than o equal to <L~ e shoeded sinegle shading

levels: This regton corresponds to the upstream side of the buovant plume (Fig.
720b) Its interesting to note that 1 —=dB dr) is positive close to the surface jon the
fower right corner of Fig. 7204, assoctated with the western edge of the developing
cold pool. e D necativelv-buovant air at low levels in Fig. 7.20b. Clockwise horizontal
circubation s thus favored o that region These two horizontal circulations combined
play a role in maintaining the “correct”™ structure of the rear-to-front How (Weisman
1993

ln et s mteresting vespotse mvolving, the rear-to-front How of tote speciti-
cally, the RLJ s present in THETA. The time sequences depicted in Figs. 7.1 and
.16 seem to indicate that the structure of the RL) is affected by the evolving buovant

plume and the accompaning mid-level downdraft. Early in the simulation. the wind
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tield trailing the convective cells has a strong, certical compone nt associated with the
downdraft area 1Fig. 7.16d). due to the downward-oriented BPGA discussed earlier.
Whitle the RLT s stll characterized at this stage. its strueture is more diffuse than
the CNTRL counterpart (Fig. 7.16a). As the downdraft area propagates away from
the convective region. the horczontal component of the wind graduallv dominates the
tlow i the low to mid fevels just upstream of the conveetive area. and a clear-cut R1J
becomes evident again (Fig. 7. 1oy,

A better characterization of this response is given in Figure 7.21.0 which shows
vertical cross sections of the evolution of the zonal wind component (storm relative:
e trom t Bob-he to £20-hr i expertment THETAD Solid rDashedy Tines enclose
reatons with w,, stronger than Y mos P - 12m s 3" Focusing Hest on the RL
nete how the horizontal extent of the sector with o, S mos  becomes anchored
to the upstream edee of the mid-level downdraft areas Interestinglv, the rearward
propacation of the trating apper-dece o outtlow also follows the md-level feature. Tt
i~ shown below that this important adjustment i the wind tield s the result of the

propacation of o hvdrostatic I[GW cPandva and Durran 1996, henceforth PHoss

7.4.2  Manifestation of [GWs in experiment THETA

The analvsis above describes phvsical processes that are important to understanding
the generation of vertical motion around the developing buovant plume in experi-
ment THETAL but does not explain the rearward propagation of the trailing features.
Because our simulated MCS represents a heating source in a stably stratified atmo-
sphere. 1t 1s reasonable to expect the triggering of [GWs. especially because of the
rapidly evolving thermal structure of the bow echo shortly after restart.

In examining the gravity wave component of dvnamic adjustment in THETA. it

“These thresholds are chosen because they lughhight the esolution of w., with respect to the traling downdraft
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i< muportant to analvze the evolution of meteorological fields not only in the vertical
cross section along the bow echo apex. but also in a horizontal section. Figure 7.22
shows the first 20-mun evolution of vertical motion in experiment THETA at 2 43
kin " o enclosing the main bow echo structure. The line seement plotted near the
center of each panel indicates the location of the vertical cross sections examined
previoushv v 205 ko

Just upstream of the bow echo e at the center of all panels in Figure 7.22.
west of x0 176 ke the carlv fime sequence (Fies, 7.22ab) shows the presence of
relatively strong downdrafts. Thev represent the descending rear-to-front low and
the convective-scale transition-zone”) downdrafts induced in THETA. As the sim-
ulation proceeds cFres 7 22¢-e0 the downdraft area propagates vearward. Recalling
Firoo 7 1oo thas teature somewhar resembles the deep gravity wave mode deseribed
i Nicholls et al 11990 and NMapes 11993) for the response of a0 stably stratitied
attnosphere toadealized heating sources of long duration. Thev found that the varlv
response consists of a laver of deep compensating subsidence (and positive buovaney)
propacatine awav from the heaning source at the speed of a hydrostatie [GW T HIGW).
Mapes o 19930 called this feature @ buovianey bore™  Weowitll revisit this topie Later in
this ~cction

Shortly after T0-min cFigss 7220 an updraft becomes well detined in the central
domam and also propagates upstream. trailing the bow echo. By 16-min. a new
convective-scale downdraft is formed near the leading cells. characterizing a wave
train (Figs. 7.22h-j10 Figure 7.23 shows the vertical structure of the wind field 18-
mun after restarts with a well detined wave train upstream of the leading convection.

The complex patterns tustrated in Fig. 7.22 indicate that the gravity waves

cdhisplay some meridional component as well. The convective cell south of the bow

' This hewrht was chusen because 4 good Characterization of the wave regime trathng the concective activits s
) g

;"‘.\.‘\1!1:(' at rnd Tevels
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echo segment (south of v 192 ki and just east of x 160 kin) generates its own
wave train. with a sequence of downdratts and updrafts propagating northwestward
relative to the MOS. which is particularly evident from LOS-hr to E16-hr (Figs, 7.22d-
hyo Interestinely, wave fronts emanating from the apex of the bow echo and from the
southern storm interact at the center of the doman (see time sequence for updrafrs
in Figs, 722100 Tos important to mention that the eravity wave response deseribed
above s representative of experitent THE T for other seetors of the storm. not
~hown

East ibe s downstreamy of the leading edge of the MOS, wave propagation is less
active. Figure 716, for example, shows downward motion ahead of mid- to upper-level
updratt< but i a much more conbined areas Fronee 720 imdicates the solution ar t
E20-hr for expertment THETA. bur showing a Lueer horizontal domain. Althoueh
strong, perturbations are evident just ahead of the MOS, thev do not display the
same complex structure present on the tratling side. Several stadies have reported
equivalent behavior i observed and idealized MOSS te o Schmidt and Cotton 199,
Fovell et al 1992 Yane and Houze 199500 PDY6. Nachamkin and Cotton 20000

Inmvestigating the impact of MOS-like heating sources on the environment . DY
indicated that only heating sources displaving a vertical tlt are capable of senerating
realistic “tratling” mesoscale features tsuch as the rear-to-front low). Thev suggest
that the vertical leaning of the heating source induce preferential propagation of
gravity waves i the direction of the tult. accounting for the asvinmetrie response. In
agrecment with such reasoning, our simmlations do show an upshear tilted heating
souree (Fig. 7100 Len leaning in the same direction of the most intense wave activity.

The storme-relative [ground-relative| zonal propagation speed of the trailing updraft
in the center of the domain - evident from 4:12 to £:20-hr along the line segment in

Figs. 72204 is approximately -30 m s S mes Hoas indicated in Figure 7.25. In
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approximately the propagation speed of the bow echo, such that the phase speed indicated above s



a simulated squall line. Yang and Houze (199540 found storme-relative phase speeds
for [GWs of the order of =30 to <10 m s D the tradling steatiform region. while slower
waves dominated the region near the nian convective activity, The simulated MOS in
the present research is @ much narrower svstem. and the relarively high phase speed
of <30 m s Uis fonnd just upstream of the leading convective updrafts. It s not clear
if the different phase speeds found in Yang and Houze (199520 are sensitive to the
extent of the tratling precipitation area.

Based on the theory of hyvdrostatic adjustment reviewed in chapter 2. one ques-
tion that anises is whether the gravity wave regime discussed here consists of TGS
in the non-hydrostatie limit. The adjustment desceribed i B99. inferred for three-
dimensions, “predicts” that an impulsive heating souree of high aspect ratio (the sit-
nation asually considered for deep convective stormsy imduces hgh freque ey 1GWs
If this v case e experiment THE TN then the following expression can he nsed 1o

estitiiate their gronnd-relative zonal phase speed ¢, based on hnear theory.
- f7

where @ tground-relativer. .V and & are as detined i chapter 2.

Equation (7.0) is obtained from (2.20) by neglecting the term Ne® o2 assuming
k*» m” (i.e. the non-hyvdrostatic limit). and dividing = by & The minus sign on
the rnight-hand-side of 17.6) 15 chosen because we are examining westward-propagating
waves. \With the aid of Figs. 7.22 and 7.23. the zonal wavelength. A,. is estimated to
be approximately 10 km. vielding £ (27 A\ equal to 157 <10 P m b Fisure 7.26
shows profiles of buovancy frequency squared (V) and ground-relative wind speed
(). 10-min after restart. averaged for the area enclosed by a rectangle in Fig. 7.22¢.
i

At a height of 2z 48 ki N = 0011 s7hand 7 = 25 m s b Substituting these

values mnto (T.6) vields ¢, = =45 m s relative to the ground. which is a substantial

e
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overestimation when compared with the corresponding value fonnd for o gravity wave
propagating just upstrean of the bow echo (X s Yy This diserepaney may have
multiple origins. ranging from the inadequacy of linear theory in explaiming wave
propagation in regions where turbulence mixing and non-linear etfects are tmportant.

to an imaccurate estimate of the zonal wavenumber (Figs. 722 and 7.23) and phase

speed (Fig. 7.25) based on asingle “pulse”™ Y However, the most likely source of the
large discrepancy comes from the assumption that k¥ - m=. as shown below.

Figure 7.27 shows time sertes of vertical motion at (x. v) (160, 205) km (just
upstream of the bow echo i Figo 7.22) at 3 ditferent levels, for the tirst 20-min of

simulation i FHETA Note that high and low frequency oscillations are superimposed

i the waves. with the former being associated with acoustic modes to be examined

P Another snpertant limtation o the ase of 17 50 s the fact that it s derived for an atrosphere with constant
oand Nowhile the numenical simulations are conducted for wovertically sheared ensarotment. aath wenoonstant 3
Thus problem s nenunized when taking values fur e &0 ¥ and & at the same level, assuming that 7 and .V does not

vary sigmticantly i a shallow laver
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later. For now. it is important to note that the period of oscillation of the graviry wave
component in Fig. 7.27 is around 13-min. which is longer than the buovancey period
of 95-min assoctated with N 0011 578 at mid levels. Therefore. the oscillatory
regime docs not consist of the hughest frequeney [GWs that are supported in the
environment modified by the bow echo . In other words. the waves do not reach
the upper limit of “non-hvdrostaticiey”™ implied by the assumption k* > m*  Hence,
m= cannot be neglected in Fqg o o7 610 suggesting that vertical strueture 1s present.

[t 15 mteresting. however. that the wave train shewn in Figo 723 displavs very
little vertical structure or 0t almost the entive froposphere just west of the mean
updrafts. The lack of vertical structure also s evident in Fieo 7270 where the os-
cillations are verticallv in phase. This behavior is possible i the case of vertically
trapped [GWs te. Durran 19s6). In an adealized setting, Nicholls et alo o991
fonnd signiticant trapping of wave energy in the vertieal s a tesponse of the ato-
sphere to thermally foreed gravity waves. In the numerical simulation of @ squall
les Yany and Howze 019954 indicate that vertically trapped IGWS are possible on
the trailing portion of MCSs when a decrease in .V and increase in wind speed are
observed concomitantly in the upper troposphere on the upstream side of the svstem
S Physically speaking. a sharp decrease i statie stability at upper levels means
that higher frequency mid-tropospherie IGWs cannot rravel through the upper lavers
twhere Vs reducedy and therefore becotne evanescent. or vertically trapped. Com-
bined with an increase of wind speed with height. the Scorer parameter iScorer 1949.

Durran 1986, Yang and Houze 1995a) is reduced. increasing the likelihood of trapped

IGWs.

Hone may argue that the buovancy frequency estimated trom Fig 7 26a s not necessantly representative of the
region where the FGWS are initiated e . near the sector of active convection' Howeser, the vertical profile ot N
cetenmined for a harzowe s pegiohust apstieaiti of the boa echo does ot shew sizmticant hanges empared to B
T 204 not shown L except at upper kevels where a sharper decrease with hegth is evident for N< below the tropopatse
Y Phese are the same atmosphenc conditions that favor vertically trapped [GWs downstream of mountans (Scorer

P Durran 1ase
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The decrease in V- shown i Fig. 7 20a from 7.0 to 100 km gives a hint that the
atmospheric profile is favorable for trapped IGWs, at least in terins of static stability.
On the other hand. 7 {Fig. 7.25b) does increase above 8.0 km. although the laver of
decreasing NV and increasing 7 is shallow. The structure of the tropospheric wave
train shown in Fig. 722 especially close to the leading edge of the bow echo s
very similar to the one found in Yang and Houze (1995a) for trapped gravity waves.

Theretore, couditions seem favorable for this specific winve regime,

7.1.2.1 Interpretation of the results

Based on the discussion above, we note that the solution in THETA is not dominated
by [GWsin the non-hvdrostatie lanit (k? - m=). Recalling the analvsis of hyvdrostatic
adjustment (B95 Frenre 27 medicates that the sravity wave tesponse toan smpalsi
heating source with furge horizontal wavenumber and small vertical waovenumber is
dominated by non-hvdrostatic IGWs e the regime close to (far from) the abscissa
fordinate) in Fig. 2.7 While the horizontal extent of the heating source in experi-
ment THETN is limited in the zonal direcetion (cross-line dimension). it is considerably
clongated in the meridional direction (along-line dimension ). Thuas, the effective hor-
zontal wavennmber in THETA s lowered. [n addition. latent heating cooling in our
stnilation does have vertical structure. consisting of low and upper-level cooling and
mid-level warming (Fig. 7.14) These factors. combined. define a regime that does
not reside very close to (far from) the abscissa (ordinate) of Fig. 2.7, In this case.
IGWs with periods close to the buovaney period are not the dominant mode
Another very important point is strong e code nee that powds foove ey low freque ey

TGWs v CIGWS oncthe higdrosiatee lonct. wth k=0 e also beong present ndy-

namic adjustment deseribed in THETA. This evidence comes from the examination of

HINOte, howeser. that the gravity waves obtaned in THETA are still of relatively high frequency and therefore are

not hydrostatic
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Fig. 7.21. which shows that the structure of the trailing mesoscale features (RL) and
front-to-rear upper level outflow? is linked to the propagation of the buovant plume.
Results from PDY6 suggest that these trailing features result from the propagation of
a HIGW induced by the low-froque ney compone it of the conveetive thermal foreing of
a MCS. By “low trequency component” we mean the aggreqgate stracturs of the heat-
g source e the MOS, for which the impulsive behavior of the diserete convective
elements is not relevant. This latter component is more closelyv associated with hvdro-
static adjustment in the presence of trully impulsive heating sources of high-aspect
ratio. which trigger the higher-frequency IGWs (PDO6). The “long duration” compo-
nent of the thermal forcing. on the other hand. excites hvdrostatic pulses that plav an
unportant role in determining the response of the environment to the MOS.including
deep lavers of compensating subsidence (tBretherton and Smolarkiewicz 1989, Nicholls
etall 1991, Mapes 1993, Fovell 20020, and the formation of rrailing rear-to-front and
front-to-rear Hows (PPDY6) .

D96 indicated that the early response of the environment 1o a tilted steadvestate
heating souree representing amature NOS consists first of a fast-toving pair
of pulses propagating laterally away from the source at the speed of a HIGW with
vertical wavelength twoce the de pth of the thermal forcing. These are followed by
another pulse moving at the speed ot a HIGW with vertical wavelength comparable to
the depth of the heating source. This second wave travels only in the direction of the
heating source’s tilt. All these pulses are evident when analvzing the horizontal wind
tield.  As the second pulse propagates awayv, it leaves behind the structure usually
found in the trailing side of MCSs: a front-to-rear and a rear-to-front flow.

In experiment THETA. we did not manage to capture the first pair of pulses. prob-
ably because of the design of our simulation. The wind field at restart time alreadv

iy consistent with o well developed NMOS in THETA. and the signal of the first pair
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of pulses may be masked by strong convective circulations in the bow echo. However.
the second pulse seems to be the one associated with the propagating buovant plume
and mid-level downdraft analvzed in the previous section. and associated with the
adjustment deseribed in Fig. 721 To check this possibility in a quantitative wav, we
first estimate the storm-relative propagation speed of the upstream edge of the sector
having winds stronger than Y m s an the RL shown in Fig. 7.21. With the ad of
the time sequence e Freo 720 we tind avadue of - 22 mes 50 On the other hand. the

svstem-relative group velocity, or phase speed. cypon . for a westward-propagating

HIGW is given by
Cipgw < =N !

where .V and moare as defined before.

[he vertiecal wavenumiber can be estimated from the structure of the bhuovaney
field in Figo 700 A full vertical wavelength AL (e fow fevel cooling - mid level
warining - upper level cooling s spanned inan approximately 13.2 ki deep laver,
vielding me = 176 <10 Ym b From Figo 7.26a0 the buovaney freqnency at mid levels
15 approximately 0,011 s ' Substituting these into (7.7) vields ey =23 m s b
which 15 i very good agreement with the propagation speed estimated from Fig. 721
Hence, the rearward evolution of the buovant plume, and the response involving the
RIJ and the trailing upper-level outtlow in experiment THETA. are consistent with
the manfestation of @ HIGW . i agreement with PDY6. Note that the expression
“gravity wave is rather misleading in this case because the response refers o a single
pulse. rather than an oscillatory regime (evidently that the oscillations described
carlier are not HIGWys).

Therefore. the adjustment process in THETA involves a complex response in-

<“Noute that. i the hydrostatic hmt, both the phase speed and group velocity of an [GW reduce to the same

CNDPTOSSIOn
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cluding fow and high frequency IGWso The former are associated with the slowly
evolving aggreaate stoucture of the bow echo’s thermal toreing e heating source of
long duration) that imphcitly s present in the perfeet specitication of the moisture
and condensate fields at restart. The latter are related to the transient behavior of
cell regeneration along the leading edge of the bow echo (i.e.. impulsive heat sources).

As expected. high frequeney IGWs are present in CNTRL as well. as indicated in
Figure 725 tor the same snid-pornts and time period analvzed in Fieg 727 for THETA
This means that the “transient evolution™ in THETA cannot easily be separated from
the regular behavior of the solution in terms of high frequency [GWs, which are
ubigquitons m MCSs. The low frequency regime. however. does provide a signature of
the “transient evolution™ because 1t is associated with irreversible processes (Mapes
F993) For example. once the hvdrostatic pulse moves out the domain of iterest.
the overall kinematie structure tranling the bow echo cannot sienificantlv be altered
without a change in the heating source m the conveetive sector of the svstem (PDY6).

Beciause the thermal ield in THETA 15 restored with its correet phase. the overall
structure of the MOS is not moditied by “hyvdrostatic waves™ and a strong squall line
results. The differences from CNTRL are mostlv in the tine structure. This iimportant
tinding indicates that w reasonably accurate specipication of the relevant the rinal
Jield of ane MCS 15 not necessardy obtwned from the tempe rature field alone, hut
from the quantities that control the correct phase of latent heating and cooling withn
the system. This result 1s in conceptual agreement with studies addressing diabatic
mitialization of numerical models in the large- and stormscale (e.g.. Krishnamurti et
all 1991 Zhang 1999). in which latent heating cooling rates are used to estimate
vertical motion that is consistent with the precipitation distributions.

The discussion above raises the crucial question of the anportanee of obsereed retreeved

terpe rature fie ld within concectiee systems (more spectfically, squall bines and bow

233



258

(m/s)

——— 7= 1800 m (line A)
—— 7= 4600 m
—— 7= 7800 m (line B)

4:00 4:05 4:10 4:15 4:20
Time (hr:min)

Fieure 725 Asan Fig 727 but for stmdation CNTRL

cchoesiaf condensate and water capor fields are not adeguate ly speeified . Our results
snggest that temperature contains redundant information regarding the effective ther-

mal field of a MCS.

7.4.3 Manifestation of acoustic modes in experiment THETA

Given that the ARPS 15 a fully compressible model. acoustie modes also are expected
as a response in experiment THETA (BY5. NPY4ah). Figure 7.27 shows high fre-
quency oscillations superimposed on gravity waves. This verv high frequencey regime
is not present in the CNTRL solution and represents the manifestation of acoustic
modes ' as part of the dyvnamie adjustment process in experiment THETA.

Figure 7.29 depicts time sertes of perturbation pressure. highlighting the acoustic

P ACtually acoustic wares are present n sunulation CNFRL as well, but with sery small amplitudes that are
ethcently attenuated by divergence damping In FHETA the strong and artihiciall thermal perturbation at restart
trne triggers sound waves of larger amphitude

234



(Pa)

4 4:01 4:02 4:03 4:04 4:08
Time (hr:min)

( 300
; (b) ‘ ‘a-7=200m |

u et & 4600 m

200 | ——z=7800m ]
. 100
)
=

$:06 $:07 4:08 4:09 4:10
Time (hr:min)

by
o
]

Figure 7.29: Time series for the first 20-wmin after the restart time (¢ 4-hr) of perturbation pressure
tn Pay at oxovy 1o, 205 ki oand 2 FS kme 16 ki, T kmojust upstream of the bow echo
i Fig. 7.22) for experunent THETA. () 0 to S-min. 'b) 3 1o 10-min. i) 10 to 15-min. ) 10 to
I5-min. The perturbation pressure is sampled at cach big time step (1 sy,

te
o~
(W]



0
» U SR S J

Pa)

4:10 4:11 4:12 4:13 4:14 4:15
Tiune (hr:min) |

4:15 4:16 417 418 419 4:20
L Time (hr:min)

Figure 7 29 (continuation

230



modes for the tirst 20-min at three ditferent levels for the same grid-point studied in
Fig. 7270 In the first 5-min (Fig. 7.29a). high frequency sound waves are evident.
with amplitudes comparable to the WVEL and UVVEL counterparts (e.g.. Fig. 6.5).
Their amplitudes decrease with height. which 1s a pattern qualitatively similar 1o
Lamb waves (Lindzen and Blake 1972) and TCWs (NPOabh: section 2330 How-
ever. they are not quite vertically e phase i the first few minutes and their frequency
1s considerably above the aconstic cuttoff frequencey (Fig. 6.7). Thus. vertical propa-
catton seers evident, which is inconsistent with Lamb waves. Auvain. based on linear
theorve the heating source - THETA displavs some vertical structure and therefore
displaces the expected wave regime awav from the abscissain Figo 2.7, being sutficient
toallow for the vertical propagation of sound waves,

With tine. the wave amplitudes decav in response to divergence damping, and
after J-mn the waves acquire a stable oscillatory regime, with a period of around
2omine This s the sane stable period of oscillation found for the acoustic modes in
experinents WVEL and UVVEL. Thus. the behavior of the sound waves in WVEL.
UNVVEL and THETN o5 very similar. despite the ditferent foreing mechanisins. lu
analvzing the acoustic modes in chapter 6. we suggested that statie stability intluences
ther frequency of oscillation, e, that these waves are in the AGW regune (Table
2.1 On the other hand. because the Crank-Nicolson implicit numerical scheme atlows
the use of a timestep Larger than required to solve for the sound waves correetly,
and because the boundary conditions also atfect their behavior (see chapter 6100t is
possible that the simtar regime found in the ditferent experiments may be an artifact
of the numencal schemes.

The physically important point is that the acoustic modes are clearly part of the
“transient evolution™ in experiment THETAL as expected from theory (chapter 2).

However. tn contrast with experiments WVEL and UVVEL. the sound wave compo-
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nent of the adjustment does not control the time scale with which the adjustment
i~ performed. this beme controlled by the [GWso Therefore, dvnamic adjustment n
experiment THETA has a characteristic time scale that is longer than in experiments

WVEL and UVVEL

7.5 Dynamic adjustment aloft: experiment VAP

Havine studied dyvuamine adjustment at mid and upper levels in experiment THETA.
we now conduct a stlar analvsis for experiment VAP Figure 730 compares vertical
cross sections ixz-plane) of # and the wind field for experiments CNTRL and VAP
at t B0 B30 and ES0-hre. across the main bow echo segment. The Tow-leve]
motstening induced at restart in VAP 1s evident by the increased 0, at low levels and
by the prosence of o shadlower mid-level dey Laver tradling the convective activiny kg
T 30b.df

Updrafes at mud and upper levels are substantiadlv weaker compared to CNTRL.
atid do not displav an “overshooting top”. while the surface-based updrafts are still
somewhat active at Llo-hr (Fig. 7.30by This is because the boundary taver ahead
of the bow echo s not modificd by resetting ¢ to the base state, and thus surface air
parcels travehng up and over the gust front reach their level of free convection just
as 1 ONTRLD Conversely, the impact is significant aloft owing to the drving of the
originally saturated lavers in the updraft sector. which promotes unsaturated ascent
(feading do adiabatic cooling) and enhanced evaporation and sublimation (leading to
latent cooling). Combined. these processes favor the generation of mid-level negatively
bucvant atr. which weakens the updrafts.

A strong conveetivesscale downdraft is present just upstream from the shallower

updrafts av ET0-hr (Fig. 7.30b). while a weaker downdraft also is evident in the
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downstream side  In contrast with the tratling mid-level downdraft discussed in ex-
peritnent THETA. the VAP counterpart is located close to the leading edge of the
bow echo at E10-hr. The RLIJ also s weaker in VAP than in CNTRL.

As the sinulation progresses. substantial moditication of the MCS structure occurs
(Fig. 730d) The upshear side of the mid-level drv laver becames shallower instead of
bemg restored because i low- to mid-level updraft forms e bind the weaker gust front
and advects moister air aloft. The shallow surface-based updrafts evident 20-min
before are no loneer present. Curtously, the upper-level updrafts in the leading edue
show stens of re-strenethening, even though theyv are undercut from the surface. A
complex wave pattern (posstbly donnnated by ITGWs) follows and the How structure
indicates o dissipating svstenn S0-min afrer restact tune (Figo 7308600 These features
are mnvestisated with more detarl i the next section.

[V s tmpeatant to menton that s in contrast with THE T the behavior deseribed
i the viven vertieal cross section 13 rot agood representation of what happens in
other sectors of the MOS) As indicated i Figo 76, some comvective cells redevelop
i localized regions of stronger convergence along the gust front (particularly where
the cold pool acquires a structure simtlar to colliding outtlow boundaries: see Figs
T.‘\’L’-i) ”u\u'\'v[‘, we choose to focus on the sector where the NS weakens l)(‘('illl.\'(‘ 1t
will indicare adjustment processes that lead toan evolution that deviates from that

in CNTRL. especiallv when compared to experiment THET AL

7.5.1 Evolution of buoyvancy. pressure and wind fields in the first 10-min

Figures 7.31b-g depict the tirst 10-min of evolution of total buovaney m VAP, The
iitial tield (Fig. T.31b) is very similar to that in CNTRL (Fig. 7.31a). Because
thermal buovaney (g¢ '#) is the largest contributor to the total buovaney field (Fig.

< 19)0 the withdrawal of ¢ has only a secondary impact at restart. However. as
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the simulation proceeds. negatively buovant air is generated in the updraft due to
unsaturated lifting and enhaneed diabatic cooling. Thus. the mid-level buovant plume
leading the MOS s vapidly eroded Figo 731 This process is well characterized in
Figure 732, which shows the chanee in g#" # and -qtq" + g0 (1 = 371 teondensate
loading) of the total bunovaney field from + E00-hr to £02-hr (note that ditferent
contour itervals are usedy. There is a discernible decrease i magnitude in —qtyg! -
g b ey Fres T A2bab i the Biest 2-nin of inteeration. in agreement with the
decrease gt 9 Fies 7 3200000 This behavior nghliches the role plaved by enhanced
diabatic cooling. which is driven by evaporation and sublimartion. in the weakening
of the buovant plume in the convective sector.

With time  Figs 73000 the low evebupdrates foreed alonge the wust front restore
a shadlow Lever of saturation, where Ltent heating recovers the buovaney field boeally
I contrast, o Lver of necatively binovant e oot confined above 20 0n kinn
CNTRL  descends, chiaractenzing the presence of shallower updradts evident i Fie
T30bs At fow fevelss where evaporative cooling s weakened csection 7300 the pool of
negativelv buovant air aradually loses depth and strength (compare with Figo 73 1a0

[t s elear that the carlv respotse in VAP describes o strueture in the buovaney
teld that is unfiuvorable tor the nniantenance of deep leading-edee npdrafts and strong
surface vuttow . and is inconsistent with an active MOS (eceo San et all 1993y, This is
i contrast with the corresponding evolution in THETA. where buovaney is gradually
restored to its approximately correct distribution in the tirst 10-min.

The response of the pressure field follows closely the evolution of the buovancy
Held. as evident in Figure 7330 At restart (Fig. 7.33b). the pressure field describes
the normal structure of the bow echo. Shortly thereatter. the relativelv strong tow- to
mid-level mesolow and upper-level mesoliigh weaken near the leading updraits (Fig.

T.33¢). i response to the erosion of the mid-level buovant plume. Noteo however. that
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these pressure features retain part of their structtire arcay from the leading edge of
the bow echo. This is where the buovant pliumne undergoes a more gradual weakening,
i contrast to its “impulsive” disruption in the updraft sector (Figs. 7.3 1h-¢).

The surface mesohigh also loses intensitv with tune. but ar a slower rate, as a
hvdrostatic response to the weaker cold pool or. equivalentlv, weaker F, at low levels
(Frg. To10a). The mid- and upper-level pressure features, on the other hand. become
active again as the buovant phune redevelops from lower levels ¢Fies. 7 33d-2). The
developing “high-over-low™ pattern in the updraft s shallower than the CNTRL coun-
terpart andicated in Figo 73300, and s consistent with an equadlv shallow buaovant
plume at this time ccompare Figs 7.30d-0 with 733d-g) These results ranfy our
previous analvsis that the pressure field i the bow echo responds strongly to buov-
ancy. [t is possible that at later times. when a strong MOV 1S formed eo . Figs
Eodb-crs dvnimme pressure perturbations mav have o more diseernible conteibution o
the low- to mid-level mesolow (Weisiman 19930, especially in the northern portion of
the bow echo where the MOV s centered. Nevertheless, even in that case. buoyaney
re s an cnportant driceng mechansm for the pressure field that moust be adequately
specifted o the storm system.

Because pressure and buovaney are significantly altered in VAP, the wind field
responds as well The evolution shown in Fies. 7 33b-o hichlights the seneration
of a strong downdraft on the upstream side of the leading convective acetivity, In
contrast with the mid-level downdraft in THETAL the counterpart in VAP forms at
low levels with gradual development upward as the simuiation progresses. This is
the same behavior displayed by the buovant plume (Figs. 7.31c-g). suggesting that
the downdraft 1s associated with the buovaney source. possibly throngh a downward
BPGA as discussed for experiment THETA (Fig. 7.18). We return to this topic in

the next section.



The downdraft on the upstream side of the NMOS, however. does not show o clear
rearward propagation in the first 10t in VAP Thus, it 1s necessary to examine the
response of the meteorological fields as the simulation proceeds. In fact, it is shown
below that the most crucial processes affecting dvnamic adjustment in experiment

VAP occur more than 10-mm following restart.

7.5.2  Evolution of buoyvancy. pressure and wind fields in the first 20-min

Figure 731 shows the evolution of the total buovaney tield from v E12-hr to E20-
hr in experiment VAP, The solution for CNTRL at £:15-hr is shown for comparison
cbe T3t By C12-hr. the magnmitude of positive buovaney o the updraft s actnally
stronger than i ONTRE and s Tocared at mud-levels o Fia 73100 Heneeo updrafts
reaatn streneth locallv and Tatent heating becomes quite stvone. With tiine, part of
the buovant plume trals the leading edge of the MOS with @ westward propagation
with respect to the storm svstem (Figs. 7.34b-t). This result indicates a delayv o the
recencration of the mid-level heating source in VAP when compared to experiment
FHEEN [u tact. the behavior of the buovant plame in VAP s stmilar to that found
in the tirst 10-min in THETA. except that: (i) the magnitude of the trailing mid-
level positive buovaney is considerably stronger in VAP (i a0 well-detined Laver of
marannem in buovaney develops just upstream of the leading convective line. as the
strong buovant plume moves rearward. characterizing two maxima in buovaney (Figs.
¢ 31d-t) These points will be specifically addressed later in this section.

[he corresponding evolution e the pressure and wind fields 1s shown i Figure
.35 From panels b-f. we note that deep updratts and downdrafts are present in VAP
after 1:10-hr. following the development of the buovant plume. Again. the strongest
pressure perturbations in the low- to mid-level mesolow and upper-level mesohigh

remain confined to the region where the buovant plume evolves (Figs. 7.35b-f3. A
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more intense pre-squall low forms in VAP especially after $16-hr tlow levels. within
16 ki< x < 192 kmoin Figs. 7.35d-f). in agreement with stronger and deeper
downdrafts ahead of the MCS. Compensating subsidence downstream of convective
svstems. assoctated with unsaturated descent that leads to warming. i1s recognized
as the principal mechanism in the generation of pre-squall lows through hyvdrostatic
considerations veg s Hoxit et all 1976, Johnson and Hamilton 1938, Johnson 20015
Stronger downdrafts form m VAP din comparison to CNTRL and THETA on the
feading flank of the convective system in response to a more upright orientation of
the buovancy source. as discussed below.

Fronres 7.35b-f indicate a region of strong downdraft. tradenyg the conveetive up-
drafts. that propagates rearward at approximately =25 m s b relative to the storm
from V12-hre to £20-he Inexperiment THETALD we found that the trailing mid-level
downdraft propagated at the phase speed tor group velocityy of a HIGW with vertical
wavenimber comparable to that of the heating source in the convective area. If this
15 case i VAP then we may use equation (7.7) to estimate the vertical wavelength
associated with the heating source.

Fioure 7360 shows the vertical protile of N at v B15-hr tor VAP averaged
for the same arca enclosed by a rectangle in Fig. 7.22¢ from which the buovaney
frequency at mid levels can be estimated to be approximately 0.010 s ' Substituting

7.7) vields m = 4.0 x10 'm ' which

catecw 25 mes Pand N0.010 s Ninto |
feads to V. = 15.7 k. This result is an overestimate of the vertical wavelength of
the heating source at the leading edge of the MOS at £12-hr (Fig. 7.34b). but s
cotisistent with a deeper heating source minutes later tFigs. 7.3:4d-1).

To gain more insight into the behavior of the propagating downdraft. it is useful
to investigate the response from the zonal component of the wind in the upstream

Hank of the bow echo. If the trathing downdraft and buovant plume are in fact a
g A
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manifestation of o HIGW induced by the developing heating source. then we <hould
detectaconnection between the structure of the RE and upper-level outtlow and the
propagating downdraft area (PD96). as found for experiment THETA (Fig. 7.21).

Figure 737 shows the evolution. fromt 1:10-hr to 1:20-hr. of the zonal component
of the wind e experiment VAP, Nore that from £10-hr to L1 Ehr (Figs, T.37a-c¢) the
region with storme-relative winds stronger than X o~ ' osolid liner within the R1J
i> rather Tnited compared to 1ty counterpart in THETA (Fig. 7.21). In addition.
the tradiny outtlow at upper levels is constderably weaker. such that the region with
winds stronger than - 12 m s™! (dashed line) is not clearly evident. In fact. the profile
shown in Figure 7.36b shows that the average zonal component of the wind in the
reglon of interest does not reach the same peak values as in THETA (Fig. 7.26b). At
this stage. there is no clear indication of a link between the zonal wind structure and
the mid-level downdraft.

However. from t L L-hr onward (Figs. 7.3%¢-f). when the westward propagation
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of the deep downdratt becomes more evident. the horizontal extent of the RL} and
trathing upper-level outtlow shows some redevelopment consistent with the strueture
of the buovant plume. Thus, 1t seems that the sequence shown in Figo 737 captures
the tnupering of a HIGW pulse that propagates upstream at eg 0. and this coincides
with the time when the heating source becomes constderably deeper (see Figs. 7 3 4e-
Froan agreement with the relatively long A estimated from Eq. (7.7). Recall that in
the first 10-min of integration in VAP, no clear evidence of rearward propagation of
the buovant plume exists.

Therefore. to a certain extent. the evolution of the simulated MCS aloft in ex-
peritnent VAP as similar to that in THETAL though delaved. However. unportant
differences between the two withdrawal erperiments are clear. The trailing mid-level
buovant plume in VAP, after 10-min of integration. becomes strorger than in THETA

and CNTRL. as shown from Fig. 7347 Because thermal buovancy dominates the

o the analysis that follows we refer specihoad!y to the propagating branch of the buovant plume which detaches
) ' p g 9 A
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total buovaney yeog s Figo 71500 stronger positive temperature perturbations at mid
levels exist in VAP to maintain a relatively intense buovant plume even as it moves
awav from the main heating ~source tin contrast with CNTRL and THETA). Diabatic
and adiabatic processes may be responsible for such a response concomitantly.

To qualitativelv investizate these processes. itis interesting to consider a simplified

form of the thermodvnamic equation, given by (e.g.. Houze 1993):

Y dlnb : -
N ) N 0 A =
0, Lo -1 \# = " - Q ‘l[,[) . i7.8)

where 1,18 the base state potential temperature twhich is function only of height).
1~ the perturbation potentiad temperature, Vs the 3D wind vector. w is the
vertical component of the wind. Q s the rate of diabatic heating cooling per unit
mass in g ke P s b tnote that, for our qualitative analvsis. the effects of radiation.
molecular ditfusion and frictional heating are disregarded). ¢, is the specitic heat at
cotatant pressute and Ioas temperature. The st term on the right-hand-side of
(e s the contritbution trom adwbatee heating (cooling) due to compression
fexpansion ioa staticallv stable armosphere during  subsidence  (ascent). The
~sccond terin represents the dwcbatic contribution assoctated with phase changes.
Adiabatic compression will dominate the response if strong (subsaturated) down-
drafts are present in the traling sector in VAP Figure 7 38 compares the magnitude
of the subsident motion i THETA and VAP at £:0%-hr and £16-hr. respectivelv. Dif-
ferent times are chosen for comparison because of the delaved evolution of the buovant
plume i VAP The solutions at these times contain well defined deep downdrafts in
both runs. From Figure 7.338 it is clear that experiment VAP displays stronger mid-
level downdrafts The tratling vertical motion in both runs is mostly subsaturated.

with well defined dry layvers accompanying the subsidence. This is further indicated

from the man conmvective region, deards seen i Figs 7 3te-t The reason why we focus in such feature. 1s because s
presence eventually fewds to o behavior i the wind field that desiates substantially from CNTRL and THETA

(2
!
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Fieure T35 Verneal cross sections of the magmtude of downward motion (dashed linesy and storm-

relative winds vectorst s Hor o experiment THETA at £0s-hr. and by experiment VAP at

i

Vio-hr Contonr mterval s 2 starting at - 2 -~ The domamn shown 15 the same asin Fieo 715

in Figure 739 which compares the ratio g, /¢, for the two withdrawal runs (THETA
at LOShr and VAP at £16-hey. In both THETA and VAP, an area of maximum
¢, o is evident in the center of the domain shown. associated with the saturated
updrafts. Upstream of the convective activity, a broad dryv laver (with g, /¢, less
than 0.0 1 found i FHE T from low to mid Tevels: associated with the rear-to-front
How and the propasating downdraft (Fig. 73900 In VAP, the corresponding dry
laver is confined to leading edge of the svstem. where downward motion straddles the
updrafts.

Therefore. enhanced adiabatic compression in VAP plavs a significant role in gen-
erating a stronger propagating branch in the buovant plume. On the other hand.
the possible role plaved by diabatic etfects 1o the generation of such feature may be
less straightforward. As discussed earlier. diabatic cooling is enhanced ar mid levels

carly in experiment VAP which contrasts with the development of a stronger buovant
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plutne. Nevertheless, condensate loading s reduced i VAP (Fig. 7.32) in response
to a drier mid-level atmosphere at restart time. ( Fhis process accounts for the -
crease 1 g0 at mid-levels shownon Figo 71 Le for the first TU-min of experiment VAP
clotted hine m Freo 7 Hers Thus, with the reduced concentration of hvdrometeors
later 1 the integration. one may conjecture that the rate of detrainment of cloud
clements (which leads to cooling by evaporation sublimation) on the upshear side of
the convective circulation is weakened due to a more rapid depletion of condensate.
If this is the case. air parcels within downdrafts on the trailing side of the MCS be-
come subsaturated carlier. and adiabatic warming mayv oceur in a deeper laver than
im THETA and CNTRL.

Fignre 7,10 compares the total water mixing ratio ¢, (where . . - g - q, -

(qy - yu! tor expertiments THETA and VAP, In THETA. the broad area of downward
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motion 1s evedent with itense outtlow at upper levels, which advecrs clondy air
horizontally tormimy the anvil kg T 3sa Phe maximun o the upper levels
of the convective region reaches 7o ke far this time. In VAP at E16-hr. a trailing
downdraft already shows signs of upstream propagation. The area with condensate is
shallower cotupared to THETAL and , at upper levels reachies 5 g kg 'owhich s less
than in THETA at Bus-hre However. as depicted in Fig. 7.39. this does not imply
that a deeper Layver of subsaturated subsidence is present in VAP, because the de pth of
the dry lavers in both runs is comparable. Thus. there exists no clear evidence that
(potentiallyi weaker detrainment from the convective region. hvpothesized above,
plavs any signiheant role i ditferentiating the two runs at this stage.

The origue of the stronger mid-level downdrafts is assoctated with the regeneration

of the buovant plume itselt. especiallv between BOS-hr and B L4-hr (Fies 7 31-9 and
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T.34b-c). Intense latent heating occurs at mid levels during this stage in VAP as
saturated udprafts regain strength. Figure 711 shows time series of domain-maximum
apdrafrs 1DMUS) for simulations CNTRL. THETA and VAP, In VAP, the DMU is
considerably reduced shortly after restart. as discussed carlier.  As the originallv
shallow surface-based updrafts tforced by hifting over the gust front) become deeper
after approximately S-minteg - Fres 73300 and T 35b-¢0, the DMU is restored. Note
that the strengtheneng of the DMU a0 VAP s more abrupt than carly oo erpe reee nt
THETA ibae 7 ED becansesm THETAL the nad-level apdradts arve simply - Feoed,
rather than regene rated. The behavior of the buovaney field at the leading edpe of
the bow echo in VAP s consistent with the seneral evolution in vertical motion
Fheretfore, the corresponding BPGA induced around the buovaney source (e, Fig.
T IR0 should respond accordingly, leading to stronger downdrafts on the sides of the
developing buovant phune.

Toaddress this process, Figure 712 depiets vertical cross sections of areas with
downdrafts ishadimg) and negative A, p tas defined in 3.7 dashed lines) for experi-
ment VAP from ot BOS-hrto E12-hre (Figs 7120643, The solution from CNTRL at t
F10-hr also is shown for companson (Fieo 78200 In VAP the magratude of A, 5 at
the uppe rle oo ls of the convective region tor overshooting top:above 7 9.6 ki as less
than in ONTRIL. owime to a weaker downwiard VPGA at this time. However: at md
to upper levels. negative VPGA develops on the sides of the buovaney source. where
downdrafts are mitiated. Note that the region of stronger A, 5 at mud levels follows
closely the evolution of the buovant plume (refer to Figs. 7.31f-g and 7.34b). and by
1 12-hr (Figo T012d) dts magnitude is larger than its counterpart early in experiment
THETA (Fig. 7.19b). This agrees with the time when the buovant plume in VAP
15 strongest in the cross section being analvzed (Fig. 7.34b). This result links the

gseneration of more intense mid-level downdrafts in VAP to a more active buovancey
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source at a given time  later in the simulation the intensity of the buovant phime at
the leading cdye of the MCS is reduced and becomes comparable to that in CNTRL
and THETN tee T30 aceounting for a more effictent adiabatic warming found
on both npstream and downstream sides of the leading convection: This is essentiallv
the mechamsm that generates a relatively strong propagating, branch of the buovant

lume and stronger pre-squall low mentioned before.
8 |

7.5.3 Impact upon the RIJ. inclination of the convective cells, and IGW
and acoustic wave activity

In the previous section we showed that enhanced subsaturated downdrafts in VAP

favor a trailing buovant plume that is stronger than in CNTRL and THETA. As

a result. just east of the propagating downdraft {on the upstream side of the bow

echo). conditions become favorable for the generation of strong upward motior . which
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is evident in Figs. 7.35d-f. because the trailing baovaney source in VAP 1s intense
enough to induce a significant positive A, g as illustrated in Figure 70130 Note the
presence of two regions of positive A p at low to mid levels in Fig. 7430 the one
to the cast is assoctated with the leading surface-based updrafts. and the western
one is assoclated with the propagating buovant plume. The trailing updrafts have no
relation with the advareing qust front. and their behavior represents an IGWorepe
response to the upstream buovaney perturbation. Before addressing [GWS speciticallv,
1t is important to assess the ittnence of the tratling updrafts on the behavior of the
stmulated NMOS o the region of study,

Fieure 7.39b shows that the strong trathng updratts generated in VAP are mostly
subsaturated. especially at lower levels (west of x 176 ki This indicates that
subsaturated lift is present. which favors adiabatic cooling and. thus. erosion of the
positivelv buovant air within the trailing buovancey source. This process explains the
formation of a local winimum i buovanes just behind the leading convection, evident
i Fress T3 4d-Coand accounts for a magor disraption o the steacture of the MCS. Not
only is the buovant plume eroded locally. but the trailing updrafts also advect moist
air from the (artificially moister) boundary Lwver to higher levels. as indicated in Fig.
730d for v E30-hr. Such o arculation pattern does not agree with the structure
of & mature bow echo for which a deseending REY tramsporting drer air shoulkd be
present. This result helps explain why the restoration of a low- to mid-level dev laver
15 slower in VAP (Fig. T 11e). In addition. in the absence of a descending RLI that
transfers momentum to the surface. the low-level outtlow becomes less intense and
convergenee at the gust front is reduced (Fig. 7.8¢-11 Henceo the triggering of new
surface-based updrafts at the leading edge of the svstem is weakened. as evident in
Fig. 7.30d. The significant impact described above influence the behavior of 1GWs

as well.
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VAP (4:16 hr) -

Frenre 7430 A< Fig 719, but for experniment VAP at t Fl6-hre o Positive <solid linesi and
nevative dashed Ties calies of (U, o age plotted o 02 s S intenvals Stormerelative winds an

meos oare mdicated by vecrors

[n experiment THETA. we discussed that the triceering of a HIGW with vertical
wavelenuth comparable to that of the convective heating souroe s accompaned by o
response from the horizontal wind field that maintains the correct strneture of the RLJ
and the npper-level outflow (PDY96). In VAP sowme evidence of a propagating HIGW
(frepresented by the trailing buovant plume and mid-level downdraft themselvesy s
also found after 10-min of simulation. as described in Fig. 7.37. However, the re-
establishment of the RLJ is jeopardized by the generation of strong subsaturated
updrafts following the propagation of the buovancy source aloft. Applving PDY6’s
reasoning. this suggets that an effective change in the aggregate structure of the
heating source i the convective region oceurs in VAP In fact, we describe above
how the (delaved) formation of a stronger mid-level buovaney field in VAP atfects the
response from temperature. pressure and wind fields in such a wayv that leads to a

stgnificant alteration of the convective circulation.
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Another important implication regarding [GWW activity concerns the vertical inch-
nation of convective cells. Several strudies have shown that IGW activity tends to
be favored in the direction of the tilt of the convective heating source teg. Fovell ot
al. 1992, PD9. Nachamkin and Cotton 20001, as confirmed in experiment THET A
The formation of relatively strong updratts tranking the convectuive activity i VAP
does affect the inclination of the convective cells. Fignre 7341, for example. shows a
buovant plume (leading the MCS) that displays less upshear tilt than its counterpart
in CNTRL (V.34 and in THETA (7.1 ).

To better illustrate the vertical tilt of convective flow. it is desirable to examine
the solution with the correct aspect ratio Figure 7 1 depiets i closeaup view of the
wind field across the gust front in vertical cross sections showing the correct aspect
ratio of the How i expertment VAP, from vt ELEhr to £20-hr iwhen the toaling
updrafts are evident). Note that the updrafts at the leading edee of the svstem become
more vertically oriented as the rear-to-front flow acquires an upward-ortented vertical
component. Thus, i the correct aspect ratio. the updrafts formed upstream of the
cust front actually represent an “ascending REJ7 thar favors a gradual downshear
leaning of the convective cells

The presence of wore erect convective circulation (and. therefore, more erect heat-
ing source) appears to be in agreement with enhanced disturbances (IGWs) ahead
of the MCS in VAP, This becomes more clear in Figure 7.45. which compares the
vertical motion field at 2 L8 km for experiments VAP and THETA. 30-min after
restart. In THETA. an asvmmetric pattern of IGW activity is evident. with pretf-
erential activity on the upstream side of the svstem (Fig. 7.15a). This behavior is
often assoctated with MCSs displaying upshear-tilted convective cells (e.z.. PD96). In
contrast. experiment VAP at 4:30-hr displays quite active disturbances on both sides

of the simulated MCS. For instance. a broad subsidence area leads and trails the bow
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echo in experiment VAP, [t is important to note that, at restart. the [GW activity
i VAP s the same as in siuopulation CNTRLE wirh more disturbances oceuring on
the upshear flank of the svstem (as in THETA). not shown. Therefore, an alteration
oceurs in VAP also in tenins of the behavior of 1GWs,

In previons analvsis we mentioned that the solution in VAP shares some charac-
teristics with that o THETA. though with a delav. While the buovant plume in
THETN is restored shortdy after restart, in VAP it takes around 10 1o 1-min for the
buovant plune tor. in a more general wav, the heating source) to regenerate consid-
erable depth and a maximum buovancy perturbation at mid-levels (e Fig. 7.34c).
Interestingly. only after restoring this basie structure does the med-leve Ldowndraft and
hiwoyancy source propagate rearward. most probably assoctated with o HIGW (Fig.
T

Freure 716 shows time senies of vertical motien at three ditferent levels i expern-
ment VAP at the same orid point analvzed tor experiment THETAL pe . at alocation
Just upstrearm of the main bow echo segment at -hre Recall that in THETA vertical
motion at this grid potnt indicates the presence of propaguting disturbances starting
as soon as the run s started (Fig, 72750 This is not the case in VAP, The carls
evolution depieted in Figure 716 simply describes the weakening of the main updraft
in the first 10-min. followed by its gradual restoration starting at low levels. Note in
Fre. 716 that the lower the level, the earlier the upward motion is regenerated (after
LO-min of simulation). in accordance with the evolution described in Figs. 7.33 and
735 Although this cvele may be interpreted as the manifestation of IGWs i1 Yang
and Houze 199540, it does not represent a truly propagating disturbance in a storm-
relative sense. which contrasts with expertment THETA. Our results indicate that a
delaved regencration of the full structure of the heating source sink in VAP is the

main process accounting for such behavior.

269



—— 7= 1800 m (line A)
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—— 7= 7800 m (line B) B

4:00 4:08 4:10 4:15 4:20
Time (hr:min)

Figure 716 A<in Fig. 7.27. but for expeniment VAP

Another mteresting difference between THETA and VAP involves the behavior
of acoustie modes. Figure 746 shows no clear indication of high-amplitude acoustic
waves superimmposed in the mgravity wave”™ evolution. This is also evident in terms
of the pressure field. indicated mothe time ~eries i Figure 717 Instead of hich
frequency sound waves, the pressure tield s dominated by a response to variations
in the buoyvancy tield. Higher frequency oscillations are present. but with very low
amplitude. It 15 not entirely clear why this is the case. but in experiment VAP,
large areas of enhanced diabatic cooling at mid levels are present, which weakens the
convective circulation. In THETA. enhanced mid-level diabatic heating associated
with “iimpulsive™ expansion oceurs. This different response at the very early stages of
the withdrawal seems to be the main cause for the distinet behavior of the acoustic

modes.



|
! 200
}
' 100
|3
&
o
i A
o
. -200 _J
i 4:00 $:01 $:02 4:03 4:04 4:08
Time (hr:min)
. _ - S — e —
300 - T —
l(b) | —e—z= 200 m
I ——z= 4600 m
200 J[ | — =7s0om

(Pa)

100 +

$:058 3:06

$:07 4:08 4:09 $:10

Time (hr:min)

Figure 747 As i Fig 72

9 but for the first 10-mn i experiment VAP



7.6 Impact of the Coriolis force

Because Earth's rotation is included in the simulations. it is important to assess the
extent to which the Coriolis force plavs a discernible role in the evolution of the first
30-min of experiments THETA and VAP, This is the time it takes to the buovant
plume in THETA to restore most of its structure. as indicated in the comparison in
Figure 748 Moreover. it is within the first 30-min of simulation in experiment VAP
that most processes leading to a ditferent solution from CNTRL oceur (see section
ot

Among the vartous formulations for the Rossby radius of deformation \p. the one
that provides the most reasonable estimate for our purposes imvolves the distance
traveled by a density current (e a cold pooly before its propagation is completely
deflected by the Corolis foree, given by:

Ly il 0 o) V2

A\p= 7

(S.6)

where g 1~ the aceeleration due to gravitve #is the initial depth of the density
current. 4 as the absolute change in potential temperature across the densitv
current. ¢, is the potential temperature of the warm air ahead of the density

current. and f 15 the Cornolis parameter.

From experiment CNTRL (Fie. L7) we estimate that H o 2.5 kmoand 20 S K.
and from the background sounding ¢, 300 K. Thus. with g 98I ms - andf 0.7
<1075 NTable 4.2, Apx365 ki This result is consistent with the Rossby radius of
deformation usually associated with MCSs (Cotton et al. 1989). The surface cold pool
propagates at approximately 22 m s~! such that in the absence of continuous forcing
(but hyvpothetically maintaining its speed). the propagation would be completely

deflected after Lo-hr. which is a considerably long time compared to the 30-min
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Froure 708 A Figo 7 1E but companng the solutions from sunulations CNTRL and THETA at
1 30-hr

adjustment time noted above. While it is reasonable to expect the Coriols foree to
affect the solution in o significant way even before 1-hr of integration. in the first

30-min following restart the effects of Earth's rotation are not important.

7.7 Summary

Fhe results from experiments THETA and VAP highlight the relevance of specifving
the thermal structure of MOSso which includes the specitication of regions of satu-
ration and subsaturation. In VAP, perfect information about the temperature field
i~ provided at the restart. However. the information content i temperature alone
1~ not sufierent to matan the corvect thermal structure of the bouw echo durinyg the
sunudatior:. whereas latent heating and cooling play a crucial role in effectively de-
termining the temperature field within the MCS. This is confirmed in experiment

THETA. where the “perfect”™ information about water vapor and condensate allowed



the restoration of the tempeature field. consistent with a mature MCS. Our results
suggest that if a choice must be made among specifving the temperature, moisture
and condensate species within an MCS. greater effort should be focused on the latter
two fields. In essence, this result contirms the importance of diabatic mitialization
for convective-scale Hows (e g . Zhang 19991

Amonyg all variables, pressure is the one with larger degree of redudant information
due to its strong, response to buovaney. A correct specification of the pressure field is
useless if the buovaney field is not adequately initialized.

Low frequency [GWS play a discernible role in dvnamic adjustment in THETA
and VAP and are assoctated with the propagation of the wmid-level buovant plume
which 15 an inportant feature the bow echo. The kinematic tield trailing the MOCS
is also sensttive to the low frequency [GWs. Because the behavior of such waves 1s
controlled by the evolution of the heating source sink at the front of the svstem. the
resufts sugeest that most attention should be focused on initializing the thermal tield

1 the leading convective cells of a squall line.



Chapter 8

Summary and Conclusions

8.1 Summary

The main coal of this research was to investizate the mechanisms that control the
murnal adjustient anene specific meteorolosieal variables when an impulsive per-
turbation s applied i the 3D stormseale simulation of an dealized bow echo. This
work was motivated by studies of artmospherie adjustment processes ve g geostrophie
adjustmenty. which emphasize the importance of understanding the dvnamice response
of meteorological fields to the specitication of 1Cs that do not satisfy a given balance
relation te v Blumen 1972, Bannon 1995, By examining such response. it is possible
toadentity vanables that contam the most relevant information about atmospherice
How (e the variables that aduce a response from other fields). and which. in turn,
should be given higher priority when initializing numerical models.

Motivation for this work also came from the development of data assimilation tech-
niques specitic for stormscale models involving the use of Doppler radar data. Studies
in this area indicate that the capability to estimate retrieve information about the
iner structure of convective svstems does exist e Sun and Crook 1997, Wevgandt
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elall 2062a by bur further investigation i~ necessary 1o address the question of which
ficlds must be observed and best inttialized i models.

[t 1~ relevant to mention that Shapiro et al. 11995b). Sun and Crook (2001b).
Weveande voal 22002b 0 amony, others. conducted sensttivity tests in numerical sin-
ulations ot conveetive storms initialized with Doppler radar data retrieved fields in
order to assess the pelative unportance of specitic meteorological fields in the sinm-
lations. These sensitivity tests were performed in the context of specific radar data
retrieval techniques. o the present research, we chose to address the sensitieity of
Hoo voreectioe soale somnlation of ae rdvalized howe echo to different atmosphe rie fields
Froce e ger el peovspectore e ethoodt the employment of woqeren mode -
bealrzatioe oo amd bocapalyze thee s phogsecal processes dreocing the resporse
ararig e feoralageoal caraahl s Onar approach allowed not only the identitheation of
potentidly mportant meteorologieal fields bur also the understanding of why thev
are impottant m o stormscale sanudations. This s o relevant distinetion between our
studv and the sensitivity tests performed in the investigations mentioned above.

Because no simple balance relation is known on the convective scale. our approach
consisted of detiimg an arttherad 1C that violates the governing equations This
artttictad 1C was obtained from a 6-hr long control simulation of an idealized bow
echo after resetting selected variables (one at a time) to their unperturbed base state
values during the mature stage of the convective svstem (t b-hr). By doing so. we
senierated three-dimensional ticlds containing incomplete information about the inner
structure of the bow echo which were used to restart the numerical sunulations at
b-hro Lhese were called worhdrawal e rperonents.

Four withdrawal experiments were analvzed. which included resetting the following
viriables to therr nnperturbed base state: horizontal wind Held (experiment UVVELD.

vertical wind field (WVELG potential temperature (THETA) and water vapor mixing



ratio (VAP). Below we summarize the main findings:

[ The evolution and morphology of the stmulated convective storm is moditied sub-

stantially after withdrawing the perturbation horizontal winds. The information

contatied i the horzontal divergenice field is cructal for foreing the correct ver-
tical motion.

20 Elimmnation of the vertical velocity has virtually no impact on the bow echo
stnnlation. sinee the horzontal divercence field restores updrafts and downdrates
quite etherently

3. Sunulation THE T senerates a strong MOS that shares several of the charae-
teristies of bow echoes Water vapor and condensate fields restore the thermal

strncture of the svstem throneh latent heating and cooling,

o Withdrawal of pertarbation water viapor mixing ratio leads to a simulated storm
that deviates considerably from a bow echo MOS| particularly during the first
L-hre of sunudation. The regeneration of the thermal field s delaved and the
rates of fatent heating and cooling are sienificantly altered. atfecting the storm

evolution.

5 lnw-m[»l:-n' specthieation of the 3D divervence indnces o ~strone VPG tha [)l.‘i\'\
an tmportant role iy controlling the response of the vertical motion to the hori-

sontal velocities in experiments UVVEL and WVEL.

6. High frequency sound waves and AGWS of large amplitude are triggered in ex-
periments UVVEL and WVEL. characterizing a “transient evolution” consistent
with acoustic adjustment. The response of the vertical motion to the horizontal
wind field indicates that the bow echo behaves as a low aspect ratio convective
How from an acoustic adjustment standpoint.

B nd



Hvdrostatic and non-hvdrostarie 1GWs are present in simulations THETA and
VAP Because non-bivdrostatie IGWsS are ubtquitous to MOSs they do not charac-
terize o Ctransient evolution™ clearly tie high frequency [GWs do not represent
a ~peccal teature of dvnamie sedpustment o sunulations THETA and VAP buat
the detection of a low-trequency [GW pulse provides an indication of redevel-
optnent of the maan thermal structure of the bow echo that does represent an

tmportant component of dvnamic adjustment induced by thermodvnamie fields.

S Dvninne adjustient mduced by the kinematic telds has a characteristie time-
scale that i~ relatively Short dess than I0nms, associted with fastomoving
avonstie eodes Dy adypustient aindaced by the thermody naamie fields s
dommared by TCGWS and has o loneer time-scale caround 30-ming. The Caoriolis

force Jdoes not [»l.l\' N \l:lli“(';lnf tole within these timme-scales.

In expermments CVVEL and WVEL we examined the prognostic pressure equation
and showed that the specitication of an mcomplete 3D divergence field mduces an
artiicrally strong VPG within the conveetive sastemn whaeh. o tarn. influences the
response from the vertical motion Thas adjustment is sumimanzed in Froure S la
In UNVVEL. horizontal convergence and divergence patterns were withdrawn. and the
moditied 3D diverzence tield senerated o VPGA that weake ned the up(lrzulfts and
downdrafts, with serions tnpact to the bow echo sunulation. In WVEL. vertical
divergence and convergence patterns were eliminated. In this case. the modified 3D
divergence tield induced & VPGA that favored a o rapid restoration of the vertical
motion. Esseatiallv, this response accounted for a poor (good) simulation of the
bow echo in UNVVEL (WVEL) and represents a ditferent wav to address acoustic
adjustment.

The thermal tield was adequately recovered in experiment THETAD At low levels
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Fioure ~ 1 Drasrans sumimarizing the response amony meteorological fields early in the withdrawal
experiments e o during Ctransient evolution™  Panel ta)indicates the response in simulations
WVEL and UVVEL tdvnamic adjustment induced by kinematic tields). Violation of mass conser-
vation, assoctated with incomplete specitication of the three-dimensional divergence tield, leads to
~trong cbut <hore-liveds pressute pertirbations  In turn, the wduced pressure gradient aceeleration
PGAY leads to responiaes i the velocty tield. The response from the vertical component of the
wind i~ stronger due to aomore mtense PGA o the vertieal durning the adjustment process, which
translates into the settical motion adjusting to the horzontal wind tield speatied i the mitiad con-
dition Panel beondicates the tespouse i sunalations THETA and VAP dyvnamie adjustment
induced by the thermodvname tields Water vapor and condensate fields modulate the rates of
Latent heating and cooline. which, o turn, affect the temperature field. Variations in temperature
atfect buovaney, while the pressure tield responds to the distaibution of buovaney. This overall re-
sponse einphasizes the importance of an adequate specitication of the meteorological virtables that
control the magnitude of latent heating and cooling within convective storms.
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its restoration was induced by enhanced evaporative cooling. while at mid levels latent
heating recenerated a buovant plime. With the recovered thermal strueture. a strong
MOS was genctated after 2-he of simulation. T VAP reduced evaporative cooling
weakened the surface cold pool and the accompaning outflow.  Aloft. subsaturated
updrafts were weakened by enhanced latent cooling (evaporation and sublimation)
and adiabatic cooling ilifting of subsaturated air parcelsy induced by the drving of
the atmosphere at the restart time These combined effects delaved the recovery
of the thermal structure of the bow echoo In both experiments THETA and VAP
diabatic effects resulated the temperature field which, o turn. atfecred buovancy.

while pressure responded to changes in buovaney (Figie N b

8.2 Conclusions and final remarks

8.2.1 Relative importance of specific meteorological fields

Onr results sugeest that horzontal winds, water vapor content and condensate species
are the most relevant fields o deseribing the structure of bow echoes (and squall lines)
and. thus, should receive particular attention in model initialization on the convec-
tive scale Pressures temperature and vertical motion. on the other hand. contain
redundant information about the MOS) (Here we assign the expression “redundant”
to the vartables that respond to the atmospherie fields deseribed by other variables,
inplving that a good imtalization of a redundant variable does not necessartly imply
i a good description ot the relevant structure of the convective stormy.

[hese results are encouraging for two main reasons: first. among the meteoro-
fouical vartables retrieved from Doppler radar data. the horizontal wind field is one
of the most accurate (eo . Gao et alo 2000, Weveandt et a. 2002b). Second. the

relevance of water vipor and condensate tields for the storm simulation resides on the
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fict that thev modulare rates of latent heating cooling which determine the thermal
structure of the NOSO This ratities the importance of etfores in developmyg diabatie
mitialization technigques specific for convective-scale models  In diabatic minaliza-
tion. latent heating rates estimated from observations of clonds and precipitation are
used to foree o consistent vertical wind beld i preapitation areas e s meluding
convective svstemnst Onlyv recentlv has dabatie imtidizaton been attempted on the
stormscale te g Zhang 19990 Brewster 20020 Our results provide further support
this direction. For mstance, i experiment VAP, the sharp redevelopment of vertieal
motion along the leading edee of the bow echo mduced an overestimation of the fatent
heating rate which resulted 1 a response from the wind field tratling the MOS that s
imconsistent with the tvpreal structure of a bow echo squall line. This suggests that
i Etent heating were adequately estimated and used o retrieve the corresponding
vertical motion e to Ccortect” the magmtude of the leading updrafts). the storm
stntlation could be sienihieantly nnproved.

Oun the other hand. onr results also pomnt to some challenges taced i developing
adequate observing svstemns for the stormscale Water vapor field within convective
svstems s only roughly estimated trom radar and satellite data (e Zhang and
Carr 1995 and resions of saturation and subsatnration are commonly paratmete -
ized i terms of rather arbitrary thresholds of radar retlectivity and Doppler-radar
retrieved vertical motion te o - Weveandt et al 2002h). Thus. water vapor con-
tent 1s probably one of the less accurately specaitied meteorological variables within
numericallv-simulated convective storms. Because water vapor mixing ratio is one of
the tields influencing the rate of latent heating and cooling in MCSs. the itialization
of such svstems in convective-scale models would protit stenificantly from an improved

estimation of the moisture tield within thunderstorms.



8.2.2 Wave regime during dynamic adjustment

Hich-amplitude sound waves are present carly in experiments WVEL and UVVEL
cparticularlv o withun the first S-min of sunulation). being consistent with the main
concept behind acoustic adjustment (Fiedler 20020 Although such waves have fre-
quency well above the acoustic-cutoff frequency, we found that the environmental
stratitfication has some imfuence upon the oscllatory regnne cchaprer 60 Thus, the
etfects of vravity cannot be neelected, snogesting that the acoustie modes excrted 1
expertmnents WVEL and UVVEL consist of high-frequeney AGWS (e they are close
to the pure sound wave reaime. but not quite satistving the condition of neghaible
gravitational etfects that characterize such waves)

In the context ot expertments THE T and VAP 0 s important to recall the study
b BOS which aindheates thar the cravity wave recime assoctated with an nonpulbsive
heating source of high aspect ratio srepresentative of convective storms s dominated
by non-hvdrostatic [GWs To acreement with this statement. results from THETA
and VAP do show the presence of high frequency [GWs However, an unportant
response found in these withdrawal experiments consisted of i mid-level convective-
scale downdraft that propagates awav from the nran heating source at the phase
speed of ahydrostatec TGW Rather than representing a contradiction with respect to
B95°s discussion cwhich tocuses on onpulsier heating sourcest, this resalt actually s
consistent with the response expected from heating sources of lony duration embedded
in a staticallv-stable atmosphere (e.g . Bretherton and Smolarkiewicz 1989, PDY6 ).

These important results indicate that the gravity wave component of dvnamie ad-
justinent o experitnents THE TN and VAP i~ compesed of both hvdrostatie and non-
hyvdrostatic IGWso Based on the resudts by PDo6 and sinnlar studies addressing, the

impact of long-lasting heating sources in a stably stratified environment {Bretherton

1o
72
(1™



and Smolarkiewicz 198, Nicholls et al. 1991, Mapes 1993, Fovell 2002, we postu-
late that the hvdrostatie IGWS present in our simulations are assoctated with the
restoration of the avgresate thermal striucture of the bow echo rie. s low frequency
thermal structurer.  The non-hvdrostatie 1GWs, on the other hand. are assocrated
with the itermitent nature of diserete convective elements being regenerated along
the leading edge of the bow echo. This process represents the high frequeney compo-
nent of the thermal structure of the MOS. and i~ more closelv related to the concept
of impulsive heating <sources disenssed in B995.

BYS also deseribed acoustic modes displaving preferential horizontal propagation
as part of the atmosphernie response to impulsive heating sources of high aspect ratio
NPatah studied TCOWS induced by idealized two-dimensional mesoscale crrealations.
and showed that thev behave as Lamb waves, which propagate exclusively in the
horizoutal. T experiment THETAL high amplitude acoustic modes are present during,
drnanne adjustient However: evidence of vertical propagation exists isection 7213
and. thuso 1t s not dear that these waves behiave as trne or pure TOWS On the
other hand. becanse the heating source assoctted with the stnulated bow echo does
display verteal strarctane oo Fig Tl foaowhnch the vertiea] wonvenmber oo
is different from zero it s reasonable to expect acoustic modes with some vertical

propagation based on the linear theory explored by BYS5 (Fig. 2.7).

8.2.3 Representativeness of the results and future work

Results from experiments UVVEL and WYEL aeree with tindings from Weveandt et
al. (1999) for a simulated supercell. and with acoustic adjustment considerations ad-
dressed in Fiedler (2002). We consuder the processes controlling dynamue adjustment
induced by the withdrawal of kenematie fields cdeseussed i thes research as repre -

sentatice of other modes of convection. parteularly e the presence of vertieal wond
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shear.

Lhe possible role plaved by vertical wind shear i lowernie the effective aspect ratio
of the How by favoring horizontallv-oriented divergence patterns was discussed.
However, no definite conclusion can be drawn regarding the sensitivity of the resalts
to the presence of vertical wind shear without turther investigation. Future work
should address this topic.

Factors other than wind shear also mav aceonnt for the behavior of the bow echo as
alow aspect ratio How tfrom an acoustic adjustment standpointy Fhe vertical motion
field within bow echoes vand other storm svstemst do not represent well-behaved
stnvisoidal patterns, as considered i the analvoeal approach to aeoustie admstment
tFiedler 20020 Regions of strone upedratts tend 1o be contined to localized recions in
the cross-line dinension, while displaving sienticant honzental extent i rthe alone.
line divvetion In adiinons comprensating subsedence does propasate seseral tens of
Ktlometers from the heating sonrce, covering, larger areas than those dominated b
updrafts ve o0 Fie T 166 Therefore, the vertical motion around MOSs displays
complex patterns, with several of them possibly favoring an effective low aspect tatio
tlow.

Dyvnamic adjustment induced by thermodvname tields mav be sensitive to the
environmental thermodvonamic profile and or conveetive mode. The atmosphene
sounding utilized in this research is idealized. and moist throughont the troposphere.
Wevgandt et al. (2002b) found a different result regarding the importance of the
spectfication of the water vapor nixing ratio when studving a numernicallv-sunubated
supercell amitiadized with Doppler vavlar-derived fieldsy which evolves i more re-
alistic environment. Theyv indicated that setting the water vapor tield equal ro that
i the envirenmental sounding did not atfect sigmiticantly the evolution of the sur-

face cold pool. The sounding in their study displaved a low- to mid-level dry Tayer
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that potentiallv favored the generation of stronger downdrafts and. thus, transport of
low-#, air to the surface, .1“u\\'illg a }.Lmnl l'(‘pl’('.\t'll(«'l(inll of the cold l)un[, Therefore.
future work on dvonamic adjustment must address sensitivity to the thermodynamic
;)l'whl".

Asandicated in chapter Lothe simuldated bow echo in the present research does
not displiv an extensive trathing stratform precipitation area which s a teature often
observed i actnal bow echoes This s essentially because of the choee of switching
ontce microphyvsies meour sunuelations. Nevertheless: several of the tnportant features
thit charactenze dvnanie adjustment in experiments THETA and VAP, siuch as the
propagation of a low frequency IGW pulse tratling the bow echo. s also found in
previous works studving MOSs with extensive tradhing stratiform precipttation areas
e D96 This snoeests that the structure of the leadimg «dge of the how echo
contatns the man mechansms doving the response of atmospherice tields within and
around the MOS Future work mav address such topic by examininge, whether the
extent of the trahing stranform preapitation area has any stontieant ithaence apon
the response of the meteorological helds to perturbations within the convective storm

“u ‘.‘.Hlu[l.r.‘..x[ ot jre Hlu{mth th\ al «h““l\'h! Stades of t"wvlullull nl' Ih«' [
vective stonn is also an mteresting apptoach to assess it the telative iportance of
distinct e teorological vaabbes tor s g adgustient changes dunme the hife cvele
of the storm.

Another unportant point is that our simulations were conducted in a horizontallv-
homogeneous cuvitonent. fo chapter 3 we brieftv reviewed the atmospheric con-
ditions conducive to long-lived bow echoes and described that well detined surface
boundaries are alwavs present. It is not clear the extent to which the results from
experiments THETA and VAP mayv be affected by the spectfication of more realistic

surface atmospherie conditions. and therefore follow-up studies on dynamic adjust-




ment in MOSs should eradually increase the degree of complexity of the atmospheric
chvirontient

Despite some possible linmntations discussed above, we conseder that the man result
froncerperiments THE T and VAP whoch einphasizes the role played by Late nt heat-
g and cooling v determunang the thermal structure of the convective storm whoch,
ct burns dreces the pressure feld Fuge S 16 s robust, being v conee ptual agree nient
with prevciows studies creve strgpting o broad spectrame of storm syste s

As a contination of this research. addinional withdrawal experiments addressine
the mmpact of the chinnnation of condensate spectes tre Cce and water mixing ratios!
on the bow echo simulation should be conducted. Simulations THETA and VAP
etmphasized the importance of Lent heating and cooling rates, which are atfected
by the distribution of hvdrometeors: Also. numerical experiments withholding more
than one vaniable espearadly the Tredundant™ oness e g0 potential temperature ond
vertical wind held: vertical wind field and pressure: ete ) should provide further
tnsteht tecardime the nonmum tmtonmasion necessary fora cood stmulation nnmericad
prediction of MOSs.

Moreover becanse the rear-to-front low cor RET and thie surface cold pool repre-
sent important mesoscile features i lone-ived bow echioes tehapter 3iot s deswwable
to destgn withdrawal experiments o which atmosplieric ields are withdrawn b
these mesoscale features, The idea s to assess how important is the specitication of
the RLT and cold pool for the stormscale simulation of bow echoes and squall hines.
In particular. surface cold pools are often not well sampled by weather radars (e.g..
Doviak and Zruie 1993). reducing the amount of observations available to describe
atmospheric conditions at low levels. Can a good specitication of meteorological fields
aloft “spin-up™ a surface cold pool that is consistent with the parent MCS? Future

studies should address this gquestion.



The aspect ratio issue. extensively explored in this research. deserves a more de-
taaled atrention e future mvestizations. It may be desirable to refer 1o the aspect
tatto of the comvective tow an terms of measarable quantities with clear physical
meaning. This approach should provide further insight into the processes controlling

adjustment processes in convective stormns.
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