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Synoptic Scale (¥3#81#71#%): >2000km

Mesoscale (XY X4 —)L): 2-2000km
AYJaR7—)L 200-2000km
AJBART—JL 20-200km
AYYRE—)L 2-20km

Convective Scale (xR —JL) :0.2-2km

Orlanski (1975)
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Radar Meteorology

‘Mesoscale coverage and convective-scale resolution’

* range o Noncoherent/conventional radar
reflectivity
Ve|ocity Component Doppler radar (target veolcity)
+ p0|arizati0n Polarimetric/multiple-polarization radar

(target shape or orientation)
« K&K:1-30cm FEEREFEREFISVARENAEDL
10cm(S-band): BRREEEABRIT S RE KK
~8MMDINTGHRIT U THFNBE
5cm (C-band), 3cm (X-band): shipborne

2cm(Ku-band): satellite borne : TRMM 13.6GHz
1cm(Ka-band): satellite borne (solid phase): GPM 35.55GHz
1-8mm EL—4—

e RF¥x v ARA L :2-10min
o EHAIL>Y: 200-400km, EE=ERIZEERIL100-200km
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HARIZ(F ~-30-0: marginally detectable

~0-10: drizzle, very light rain, light snow

~10-30: moderate rain, heavier snow

~30-45: melting snow

~30-60: moderate to heavy rain

~60-70 or more: hail
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4.2.2.1 Particle Size Method . Bk EHEE &
the radar reflectivity factor Z = J DﬁN(D) dD
0
zp
the mixing ratio of rainfall, q, = T;J D’N(D)dD
; Py 3
the rainfall rate R= - N V(D)D N(D) dD
0
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£ RADAR-ECHO BOUNDARY SURFAGE
Precipitation process in which vertical Upward,yelocity normally does not
motion is small compared to the fall exceed a few tens of cms per second
veolcity of ice crystals and snow RADAR- ECHOSOUNQARY
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Convective rain

Stratiform rain

HEIGHT —)

n Iy f,, SURFACE
W ~ 1-10m/s > Vice TIME —

Often rain reaches the ground within %2 (b)

hours of cloud formation  Figure 6.1 (a) Characteristics of stratiform precipitation. (b) Characteristics of convective
precipitation. Shading shows higher intensities of radar echo, with hatching indicating the strongest

ACCfetion Of ||q . Water echo. In (b) cloud is shown at a succession of times 1,., .. ., 1,. Growing precipitation particle is carried
upward by strong updrafls until r; and then falls relative to the ground, reaching the surface just after

ﬁi%{#A ts. After ts, the cloud may die or continue for a considerable time in a steady state before dissipation
sets in at 1, and f,. The dashed boundary indicates an evaporating cloud. (From Houze, 1981,
© American Geophysical Union.)
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Bright Band

0°C

"Bright L x
Bl —e3 | -12km

'VR = ﬁ if radar pointing vertically
dBZ,

dBZ —»

Figure 6.2 Schematic of vertical profile of radar data in stratiform precipitation. Solid curve
ows reflectivity. Dashed curve shows Doppler radial velocity Vi with the antenna at vertical
cidence. Under stratiform conditions Vy is related approximatély to the mass-weighted terminal fall
eed of the particles, V. Layers in which different microphysical processes dominate are bounded by
ints 0-4 (see text for further discussion).
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Accumulated Frequency
S = % Distribution (IR)
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e . For cloud clusters defined with 208K
4 B threshold, ones with area > 50,000km?
Figure 0.1 account for only 1% in numbers, but for 40%

in total cloud area. Statistical relation
suggests that these gigantic systems also
account for 40% in precipitation amount.

Figare 9.1  Spectrum of sizes of the cloud shields seen in geostationary satellite infrared imagery
over the tropical region bounded by T0°E. 170°W, 25°N, and 25°S during November-February of
|986-1987, 1987-1988, and 1988-1989. The plot is in log-probability format, which means that
the ardinate scale is labled such that if the log of the quantity represented is normally distributed,
the curve of the sccumulated frequency distribution will be a straight line. The cloud shiclds for
the two curves are defined by infrared temperature thresholds of 198 K and 208 K. (Provided by
B. E. Mapes.}

Figure 9.2 Areal coverage by the cloud shiclds seen in geostationary satellite infrared imagery
over the region of the western tropical Pacific (bounded by 70°E and I70°W, 25°N. and 25°S) during
November-February of 1986-1987, 19871988, and 1988-1989. The total area covered by clouds
colder than the indicated threshold temperature has been determined. The plot shows the fraction of
this total area accounted for by cloud shiclds up 1o the size indicated on the ordinate of the plot.
(Provided by B. E. Mapes.)

FRACTION OF TOTAL CLOUD COVERED AREA

woom e s o
CLOUD SHIELD SIZE (k)

Figure 9.2
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Fig. 1. Schematic of a typical population of clouds over a tropical ocean. Thin arrows represent convective-scale updrafts and

downdrafts, Wide arrows represent mesoscale updrafts and downdrafts. Other details and symbols are described in the text.
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Figure 2. (a) ldealization of a horizontal map of radar
reflectivity (b) divided into convective and stratiform
regions. From Houze [1997)].
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Precipitation structure of a squall line sysytem GATE
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SQUALL RANGE FROM RADAR (KM}
LINE
Fic. 25. RHI through entire squall-line system, along azimuths 223° (S\W) and 43° (NE) from Oceanographer radar at 1545 GMT
4 September 1974 (see Fig. 17j). Inside contours are for 38, 33, 23 dBZ\and minimum detectable echo. Outside scalloped contour
outlines cloud boundary estimated from infrared satellite imagery.

Bright band

(Houze 1977)
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F1c. 16. Successive positions of the leading edge of the squall
line. Times are GMT, beginning with 0900 on 4 September and
ending with 0700 on 5 September 1974,

(Houze 1977)
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Schematic of the life cycle of the
precipitation of a mesoscale
convective system

Figure 9.11  Schematic of the life cycle of the il area of a e ive system
a5 it would appenr on mdar in horizontal and vertical cross sectioms during (a) formative, (b)
intensifying, (¢) mature, and (d) dissipating stages. The cutsid of radar ivity represents
the weakest detectable echo. The inner contours are for successively higher reflectivity values. Heavy (Leary and HOUZe 1 979)
wrows indicate the direction of the wind relative 1o the system. {From Leary and Houze, 1579
Reproduced with permission from the American Meteorological Sochety. )
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Figure 6.11 Conceptual model of the development of nimbostratus associated witI? deep
convection. Panels (a), (c), and (e) show horizontal radar echo pattern at the zarth’s surface with tfvo
levels of intensity at three times, 1, f, + Az, and 1, + 24¢. Panels (b), (d), and (f) show ccrrc_spondlng
vertical cross sections. A sketch of the visible cloud boundary has been added to the vertical cross

ions. Asterisks trace the fallout of three ice particles.
— (Leary and Houze 1979)

Schematic GATE squall line
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Fic. 8. Schematic vertical cross section and vertical profile of radar reflectivity (along dashed line A-A’ in the cross section) in hori-
zontally uniform precipitation associated with an anvil cloud. The anvil cloud occurs to the rear of intense convective cells propagating
in the direction from right to left in the figure. The dark solid line is the contour of minimum detectable radar echo, lighter solid lines
and shading indicate contours of higher reflectivity, and the scalloped line indicates the cloud boundary.

Leary and Houze 1979b
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" STRATIFORM " " CONVECTIVE "
(NIMBOSTRATUS) R L REGION
REGION  QEBIRMED T E
i b0 CrE FHEES Mo sk
EITELBTLAETIC .
M DEPOSITON ¢ Dt DL
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Mean Ascent Fhan )
N (10's cmvs) DEPOSITION t . .
3 * GENERATION
g 200 AND GROWTH
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H .FOFIM |
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HEAVIER STRATIFORM i CONVECTIVE
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Figure 6.12 Schematic of the precipitation mechanisms in a mesoscale convective system. Solid
arrows indicate particle trajectories. (From Houze. 1989. Reprinted with permission from the Royal
Meteorological Society.)

Deposition: F 3 EHE  KBZEANDKESDFE LR
Riming 7&K : BHRLIZBANEMNERLTCERZARSED

Aggregation: & : KHFMNBOKKFEEDTHET S (Houze 1989)

1450
VERTICAL VELOCITY (m s-1)

1145 M AND REFLECTIVITY (dB2)
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Figure 9.31 Composite radar reflectivity and vertical velocity fields constructed from Doppler
radar ohservations obtained at different locations and times within a squall line with trailing stratiform
precipitation. Other aspects of this storm are illustrated in Figs. 9.15, 9.18, 9.34, 9.40, 9.41, 9.43, 9.44,
9.45,9.48, 9.53, and 9.54. All the data in a 60-km-wide strip oriented perpendicular to the convective
line and extending across the system were combined, averaged., and filtered to obtain the mean cross
swetion. X is the coordinate axis perpendicular to the line. The storm was moving from left to right.
Radar reflectivity (dBZ) is shown by shading. Vertical wind component is shown by contours for —0.9,
-0.45, -0.15, 0.15, 0.45, 0.9, 1.5, 2.4, and 3.6 m s~' with negative values dashed. (From Biggerstaff
wd Houze, 1993. Reproduced with permission from the American Meteorological Society.)

(Biggerstaff and Houze 1993)
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Doppler radar [2&%
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Figure 9.18 Isotachs of (a) vertical velocity (m s=') and (b) radar refiectivity (dBZ) in the
convective region of a squall line with trailing stratiform precipitation. Other aspects of this storm are

illustrated in Figs. 9.15, 9.31, 9.34, 9.40, 9.41, 9.43, 9.44, 9.45, 9.48, 9.53, and 9.54. (From Houze,
(Houze 1989) 1989. Reprinted with permission from the Royal Meteorclogmal Society.) -
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Figure 8.39  Schematic cross section through the gust front of a thunderstorm. (From Droegemeier
and Wilhelmson, 1987; based on earlier studies of Charba, 1974; Goff, 1975; Wakimoto. 1982; Koch,
1984, Reprinted with permission from the American Meteorological Society.)
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Figure 6. Schematic diagram showing the airflow felative to a two-dimensional, steady state mesoscale
convective system in a large-scale environment of iven wind shear. The environmental air entering the
updraft is potentially unstable, and there is a prefsure decrease across the system from right to left at
middle levels. The streamlines are those requirgdd by conservation of mass, momentum, entropy, and
vorticity, Adapted from Moncrieff [1992].
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(Moncrieff 1992)
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SCHEMATIC CROSS-SECTION THROUGH 14 SEPT. CLOUD SYSTEM (Composite)
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FIG. 8. Cross section through the north—south convective band constructed as a composite, representing best the time
period of leg 5 (~1333 GMT). System motion is left to right at 2.5 m s™'. The wind arrows along the right margin represent
the large-scale flow field; each full barb is 5 m s~1. The small arrows throughout the system represent flow relative to the

system in the normal and vertical directions, based on Figs. 3 and 4 but partially
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Figure 9. Schematic of airflow in the convective regions
of an MCS over the western tropical Pacific as observed by
airborne Doppler radar in Tropical Ocean—Global Atmo-
sphere Coupled Ocean-Atmosphere Response Experiment
(TOGA COARE). The numbers (from bottom to top)
indicate the observed ranges of values of the depth of the
inflow layer, horizontal relative velocity of inflow and
outflow air currents, the slope of the updraft (angle
measured relative to the ocean surface), and the width of
the divergent region aloft. The horizontal directional
differences of the low level updraft inflow and middle
level downdraft inflow were often significantly different
from 180°. Based on figures and tables from Kingsmill and
Houze [1999a].

schematic. See text.

Airborne
Doppler Radar

TOGA COARE

33 dual-Doppler Radar
analyses from 25 different
MCS + countless single
Doppler sweeps from vertically
scanning Doppler radars
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(Kingsmill and Houze 1999)
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14 THE RAYMER HAILSTORM
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FiG. 1. Schematic model of a multicell storm in northern Colorado showing a vertical section along its direction of
motion. Thick lines are smoothed streamlines of flow relative to the moving storm; they are broken on the left side of
the figure to represent flow into and out of the plane and on the right side of the figure to represent flow remaining
within a plane a few kilometers closer to the reader. Lightly stippled shading: extent of cloud; darker grades of shading:
radar reflectivities of 35, 45, and 50 dBZ; open circles: trajectory of a hailstone during its growth from a small particle.
Right: temperature scale; temperature of a parcel lifted from the surface. Left: environmental winds relative to the storm
based on soundings behind the storm. Surface rainfall rates averaged over 2-min intervals during the passage of the

storm are plotted at the bottom of the figure (from Browning et al. 1976).
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Figure 16. Schematic model of the gravity wave structure of a simulated multicellular MCS at a mature
stage of development. Updrafis =1 m s~ are heavily shaded. Downdrafts <—1 m s~ are lightly shaded.
Bold line is the cold pool outline defined by the =1 K potential temperature perturbation. Cloud outline is

for the 0.5 g kg

and high perturbation pressure, respectively. From Yang and Houze [1995a].

" eontour of nonprecipitating hydrometeor mixing ratio. L and H indicate centers ol low

Yang and Houze (1995a)
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i(no Tg available),
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Figure 9.42 Composite analysis of radiosonde data obtained in and around a tropical sH?.%?ilﬂ%‘ém atlow
system over the eastern Atlantic Ocean. Cross sections are along 2 line perpendicular to th€¥&! ng
convective region. (a) Temperature perturbation (K); maxima indicated by W, minima by C. (b) Water
vapor mixing ratio perturbation (g kg~'); maxima indicated by M, minima by D. Other aspects of this
storm are illustrated in Figs. 9.50 and 9.59. (From Gamache and Houze, 1985." Reproduced with
permission from the American Meteorological Sociel‘y,)
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Figure 9.44  Schematic view of the process producing the wake low at the rear of a squall line with
srailing stratiform precipitation, (a) Vertical cross section through wake low., (b) Plan view of surface
winds and precipitation. Winds in (a) are system relative, with dashed line denoting zero relative wind.
Arrows indicate streamlines, notl trajectories, with those in (b} representing ground-relative wind.

Note that horizontal scales are different in the two schematics, Other aspects of this storm are
FIG. 4. Squall-line gust front isochrones for 10-11 June 1985, de- (lustrated in Figs. 9.15, 9,18, 9.31,9.34, 9,40, 9.41,9.43, 9.45, 9.48,9.53, and 9.54. {From Johnson and

termined from surface mesonetwork data. Extensions outside me- p . . . A s - e
sonetwork area are estimated from radar data. Hamilton, 1988, Reprinted with permission from the American Meteorological Society.)
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Figure 21. Schematic diagrams of the structure of an MCS
with the leading convective line (shading) and the trailing-
stratiform rain region (outlined) and the associated meso-
vortex at (a) initial stage and (b) mesovortex genesis stage.
The solid arrows represent the mesoscale circulation. The
shaded arrow indicates the location of a rear inflow. W and
C mark the regions of positive and negative temperature
anomalies, respectively; V and dashed-line arrows denote a
middle level mesoscale vortex. From Chen and Frank
[1993].
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(a) “Symmetric” (b) “Asymmetric”

Storm motion

Figure 23. (a) Symmetric and (b) asymmetric paradigms of leading-line/trailing-stratiform squall line

MCS structure in the Northern Hemisphere. Contour thresholds indicate radar reflectivity of increasing
intensity. Convective regions have cores of maximum reflectivity (dark shading). Stratiform regions are
centered on the areas of medium intensity echo (light shading) with no maximum reflectivity cores.
Streamlines indicate low level wind direction. Adapted from Houze et al. [1989, 1990].

D7 A2 70—(F, WFES AT LQ@)DBADEIZESED DB E EFENTHES
AT L (b)) DRBDAYRT—ILBD—HTHIGEELH D,

(Houze et al. 1989,1990)

MCVA %5

MCVAh\%%%

Figure 9.63 () Infrared salellite view of & mesoscale convective complex (MUU) centered over
Oklahoma at 1131 GMT 7 July 1982, Gray shades are proportiondl to infrared radiative temperature at
cloud wop, with coldest values indicated by light shading in the interior of the clond system. The large
cold cloud shield marks the MCC. (b) Visible satellite image of the remnants of the same MOC at 1631
GMT. A cyclonic circulation is seen in the cloud pattern over northwestern Arkansis. [Photos
provided by 1.M. Fritsch.)
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Figure 9.34 Schematic of the two-dimensional hydrometeor trajectories through the stratiform
region of a squall line with trailing stratiform precipitation. Trajectories were based on fall speeds and
air motions measured by Doppler radar. Other aspects of this storm are illustrated in Figs. 9.15, 9.18,
9.31, 9.40, 9.41, 9.43, 9.44, 9.45, 9.48, 9.53, and 9.54. (From Biggerstaff and Houze, 1991a.
Reproduced with permission from the American Meteorological Society.)

(Biggerstaff and Houze 1991a)
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Figure 4. (a) Idealized profiles of net heating associated with convective and stratiform precipitation in
a mesoscale convective system. The x axis is nondimensional until precipitation amounts are specified for
the convective and stratiform regions. (b) Profiles of net heating by a mesoscale convective system with
different fractions of stratiform precipitation. Adapted from Schumacher et al. [2004].

(Schumacher et al. 2004)
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Fre. 26. Total rain integrated over areas covered by squall line and anvil por-
tions of the squall-line system. Circled points refer to squall line region. Data
points derived from Oceanographer radar echo patterns are indicated by X’s.
Points derived from composite Oceanographer and Researcher radar echo patterns
indicated by dots. Points derived from composite Oceanographer, Researcher and
Gilliss echo patterns are indicated by crosses.

Typically, stratiform rain contributes 20-50% to the total
precipitation in the total life cycle of MCS. (Houze 1977)

In this case, the stratiform rain accounted for about 40%
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Figure 9.32  Area-integrated rain rate in a two-dimensional numerical-model simulation of a squall
fne with trailing stratiform region with ice-phase microphysics included. Rain amounts are summed
wparately for rain falling at grid points designated as convective and stratiform for each time step
troughout the lifetime of the storm. (From Tao and Simpson, 1989. Reprinted with permission from
the American Meteorological Society.)
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Stratiform rain ~37% (Tao and Simpson 1989)
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Figure 49. (a) Amnual rainfall and (b) fraction of the annual rainfall that is stratiform, as
determined from the TRMM PR by methods described by Schumacher and Houze [2003]. Courtesy
of C. Schumacher.

(Schumacher and Houze, 2003)
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Figure 7. Two-dimensional model simulation results for a leading-line/trailing-stratiform squall line
mesoscale convective system (MCS). (a) Time mean thermal forcing meant to represent the forcing from
the leading convective line alone. Contour interval is 0.001 K s~ . (b) Horizontal velocity at time ¢ =
6 hours generated by the thermal forcing in Figure 7a. Horizontal velocity contours are at intervals of

4ms

!, Arrows indicate direction of the horizontal flow. Cold pool forward boundary is at x = 0.

Bold contour and shading emphasize layer inflow constituting the layer ascent of air originating
ahead of the storm and rising through it. Adapted from Pandya and (Mmyg%?ﬁb Durran 1996)
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Figure 8, Response to convective region heating in a simulated MCS. The circle outlined by the bold
line shows the area in which heating was applied. Contours show the horizontal velocity response to the
mean convective region heating profile indicated in the right-hand panel. Contours of perturbation
horizontal wind in the plane of the cross section are at intervals of 1.5 m s
indicating right-to-left flow in the cross section. Large arrows emphasize direction of motion. Adapted
from Fovell [2002].

' with dashed contours

(Fovell 2002)
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Figure 12. (a) Model-simulated reflectivity (dBZ) for an MCS over the western tropical Pacific. The
box in Figure 12a indicates the horizontal span of the initial tracer distribution used in trajectory
calculations. Twelve trajectories were calculated over 3.5 hours of model time. Initial tracer locations are
located 500 m apart in a vertical column. Initial location is marked by the small circle. Arrow indicates
general direction of low level flow. (b) Projection of the trajectory paths onto the x-z (west-cast) vertical
plane and (¢) projection onto the x-y (horizontal) plane. Origins are indicated by cirgles: hourly positiong.
are shown by crosses. Adapted from Mechem et al. [2002]. (MGC em et aj- é002)
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Momentum Transport by a Line of Cumulonimbus

- MARGARET A. LEMONE :
National Center for Atmospheric Research,' Boulder, CO 80307
(Manuscript received 9 November 1982, in final form 7 March 1983)

ABSTRACT

The vertical transport of horizontal momentum normal to a line of cumulonimbus observed during GATE
on 14 September 1974 is against the vertical momentum gradient, contrary to the predictions of mixing-
length theory. Data from repeated aircraft passes normal to the line’s axis at heights from 0.15 to 5.5 km
are used to document the flux and determine its source. The flux is concentrated in roughly a 25 km wide
“active zone” just behind the leading edge of the line, in kilometer-scale convective updrafts accelerated
upward by buoyancy and toward the rear of the line by mesoscale pressure forces. The fall in mesoscale
pressure from the leading edge to the rear of the active zone is mainly hydrostatic, resulting from relatively
high virtual temperatures and the 60 degree tilt of the leading edge from the vertical, with the clouds at the
surface well ahead of those aloft.

Evaluation of the terms in the momentum-flux generation equation confirms that the above process,
reflected by the velocity-buoyancy correlation term, is responsible for generating momentum flux of the
observed sign. The component of momentum flux parallel to the axis of the convective band is generated
much like “down-gradient” momentum flux within the fair-weather subcloud layer.
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Momentum Budget of a Squall Line with Trailing Stratiform Precipitation:
Calculations with a High-Resolution Numerical Model

MING-JEN YANG* anD ROBERT A. HOUZE JR.
Department of Amnospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 3 July 1995, in final form 20 June 1996)

ABSTRACT

In this paper, the authors investigate the momentum budget of a squall line with trailing stratiform precipitation
by examining how the momentum balance varies with respect to the storm’s internal structure. In particular, the
authors determine differences between the momentum budgets of the convective and stratiform precipitation
regions, which are physically distinct parts of the storm. The results from a high-resolution nonhydrostatic
numerical simulation of the two-dimensional segment of the 10-11 June 1985 PRE-STORM squall line are
used. The momentum equation is averaged over a 300-km-wide large-seale area for time periods of 1 k. On the
1-h timescale, the convective-scale temporal variations of horizontal and vertical velocities are nearly uncorre-
lated, and thus their contribution to the momentum flux is negligible. The remaining standing-eddy and mean-
flow circulations account for the momentum flux on this timescale. The combination of ihe standing eddy and
mean flow hehave almost exactly like Monerieff *s idealization of two-dimensional steady-state squall line flow.

Because the standing-eddy circulation and the pressure-gradient acceleration vary from one part of the storm
1o another, the interplay of forces leading ro the large-scale momentum tendency also differs strongly from one
subregion to another. The convective precipitation region dominates the momenium budget at low levels, where
the standing-eddy flux convergence produces a forward acceleration that slightly outweighs the rearward pres-
sure-gradient acceleration. At midlevels, both the convective and stratiform precipitation regions contribute 10
the net large-scale momentum tendency. The pressure-gradient forces in the convective and stratiform precipi-
tation regions are both strong but oppositely directed; however, the rearward standing-eddy flux convergence in
the convective precipitation region is also strong: thus, the net large-scale momentum tendency at midlevels is
rearward. At upper levels, the momentum budger is completely dominated by the stratiform precipitation region,
where a strong forward-directed pressure-gradient acceleration dominates the net large-scale morentum
tendency.

These differences between the momentum budgets of the convective and stratiform precipitation regions
suggest that rather different large-scale momentum tendencies can arise as a function of storm structure; storms
with strong convective precipitation regions and weak stratiform precipitation regions would produce momentum
tendencies quite different from storms with well-developed stratiform precipitation regions.
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Figure 43. (a) A block diagram showing the balance of arca-weighted momentum budget terms over
four subregions of a squall line MCS, Rightward (leftward) arrows are for rear-to-front (front-to-rear)
momentum tendency for individual terms in the cross-line momentum budget equation (HMF, horizontal
mean flux, VMF, vertical mean flux, VEF, vertical eddy flux, and PGF, pressure gradient force). The
length of the arrow is proportional to the layer-averaged tendency produced by each budget term. A dot is
for the tendency <0.5 m s~ " h™'. H and L indicate approximate locations of centers of mesoscale high-
and low-pressure perturbations, respectively. (b) Same as in Figure 43a except for net momentum
tendency. Adapted from Yang and Houze [1996].
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