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Horizontal Precipitation Structure of TCs
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Vertical Precipitation Structure of TCs

Y Wl V5N \%
3 b %} 3\ . N
g

'Melting ' 3 |

' g'rjgensatio l
0
Radius (km)

Palmen and Newton 1969

——



Formulation for TC’s Water Budget

« Continuity equation for condensed water and ice Is written

as.
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where q,, IS the total mixing ratio for clouds and precipitation;
d, Is the mixing ratio for precipitation;
V: is the terminal velocity for precipitation;
is the air density;
c Is the condensation plus deposition;
e Is the evaporation plus sublimation

Gamache, Houze, and Marks (1993) ‘



Formulation for TC’s Water Budget

* Bulk condensation (plus deposition) is defined as the
volume integral of local condensation (plus deposition):

O = J ) J. | j - dp(c — e)rdrdfdz, (2)
Th ik i

« Bulk evaporation (plus sublimation) is defined as the
volume integral of local evaporation (plus sublimation):

E= f Jmf"“‘r;a ~ ol — e)rdrdedz.  (3)
wf T L i




Formulation for TC’s Water Budget

* The volume integral of the total flux divergence of clouds
and precipitation is:

Th= J. J [ Vi-1oVulge+ g,) ) rdrdbdz, (4)
- [} Wi

« Using the divergence theorem, this term can also be
written as:
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« where T iIs the horizontal transport across the boundary
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Formulation for TC's Water Budget

* By the divergence theorem, the vertical integral
of vertical divergence of cloud flux is:

= —J‘f j t—[pnq}rdm’ﬁd
y dz
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« which is equal to the outward advection of cloud
water through the top boundary (T,.t) and

bottom boundary (T,.g)-



Formulation for TC’s Water Budget

* The net mass of precipitation exiting the budget volume
through the top and bottom boundaries is R

net-

Iy I s a .
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— J j plr, 8, z,)[w(r, 8, zp) — Vyl(r, 8, zo)]gs(r, 8, zp)rdrdf = — R+ + Rp, (7)
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* where R; Is the mass of precipitation falling into the top of

the budget volume, and Rg is the rain falling out of the
bottom of the budget volume.

* Note that if the bottom is near surface, Ry Is approximately

the area-averaged rainfall rate. ‘



Formulation for TC’s Water Budget

* The volume integral of horizontal diffusion is:

”HZ_J f J. -.DKH?"?HW;-“‘Gp:}rdfﬂrﬂdi'
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» where Dy is positive when the net diffusion is outward from
the volume.




Formulation for TC’s Water Budget

The volume integral of vertical diffusion is:

D.= j , J:. (plﬁ — [ g +qp])rdrdﬂdz

= _ﬂ(E!]E'EJ- ‘[ a_ [{}',_7{:?', 'EI'.- :r? + 4?;:{1', ﬂlg :;:F]rffrdﬁ

+ p(zp)K. f f —[q{r 0, z) + gp(r, 6, z,)]rdrd6 = Dy + Dy,
]

where D5 (positive upward) is the diffusion out of the top
surface and Dg (positive downward) is the diffusion out of
the bottom surface .

R



Formulation for TC’s Water Budget

* The steady-state bulk water budget can be expressed as:

3 o,
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CH+Rr=E+Ty+ T+ T.p
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Gamache, Houze, and"Marks (1993) ‘



Formulation for TC’s Water Budget

CH+Ry=E+Ty+ T+ Top
+ Ry + Dy + Dy+ Dy, (10)

Gamache, Houze,
and Marks (1993)

C+R=E+T+T +T +R+D+D+D+S
T H T ZCH B H B T

FiG. 1. Schematic of hurricane bulk water budget. The budget
volume is a cylinder. One sector is cut away to show the regions in
which the various processes occur. Terms are defined in section 2.




Hurricane Nobert (1984)
--- calculations from
radar data analysis




Bulk water budgets of Hurricane Nobert (1984)
from two radar-retrieval methods
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Fici. 17, Bulk water budgets by quadrant. C, E, R, and Ry are bulk condensation, evaporation, rain falling through
the bottom, and rain falling through the top, respectively, Units are 10® kilograms per hour. Arrows indicate hulk
advection through the indicated boundary. The budgets of methods 1a and 2b are shown.

Gamache, Houze, and Marks (1993)
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Full storm budgets of Hurricane Nobert (1984)
from two radar-retrieval methods

TaBLE 2. Full storm budgets for methads 1 and 2 and method 2
applied to the axisymmetric wind field. Terms in the bulk budget
described by (10) are labeled in column 1 as they are in {10}, Units
are 10 kg h™'

Method 1 Method 2 Axisymmelry
Budget term (10% kg h™') (10% kg h™") (10° kg b~

Condensation (C) 113.61 3.2 3176
Evaporation (E) : 2 16.20
Met condensation 33.56
Radial cloud advection 8 o 0.15
Radial precipitation

advection
Radial water advection

{(Tw}
Bottom ¢lowed

advection {Tyen)
Top cloud advection

(Teer)
Radial water diffusion

(D)
Bottom water diffusion

(Dg)
Top water diffusion

(D7)
Rain (Rg)
Top rain {f7)

Roia! vover Gamache, Houze,
advection 0.1
Tap vapor advection ) an d M d rkS ( 199 3 )
Bottom vapor
advection
Radial vapor diffusion
Top vapor diffusion
Boltom vapor
diffusion




Full storm budgets of Hurricane Nobert
(1984) from two radar-retrieval methods

Gamache, Houze,
and Marks (1993)

Fig. 19. Method 2 vapor budget for the annulus from 10-20 naut

ical miles { | 8-37 km) for direct comparison with Hawkins and Rub-
sam { 1968). Budgets are shown for volumes 100 mb in depth. Hor-
izontal and vertical transports are in units of 107 g s,




Hurricane Bonnie (1998)
--- calculations from
the model simulation

Braun, S. A,, 2006: High-resolution simulation of Hurricane Bonnie (1998).




Radar Reflectivity Comparison
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FiG. 1. TRMM radar reflectivity at 2 km MSL at (a)
1800 UTC 22 Aug and (b) 1050 UTC 24 Aug 1998. (c)
Simulated radar reflectivity at 2 km MSL valid 1200
UTC 23 Aug.
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Radar Reflectivity CFAD
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FIG. 2. CFADs of (a) TRMM radar reflectivity at 1800 UTC 22 Aug and (b) MMS5-simulated
reflectivity at 1200 UTC 23 Aug 1998. Contours of frequency are drawn at 0.01%, 1%, 2.5%.,
5%, 7.5%, 10%, and intervals of 5% thereafter. Shading is as follows: light shading, 1%-5%:;
medium shading, 5%-10%: and dark shading, 10%-20%. The time difference between (a) and
(b) 1s relatively unimportant since a CFAD for 24 Aug (not shown) was similar to (a) and the
simulated precipitation structure was fairly steady.
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Fia. 2. (a) Single-level histogram of radar reflectivity at 8 km for 2139 UTC. Histogram bin width is 5 dBZ. (b)
Perspective view of frequency by altitude diagram of radar reflectivity for 2139 UTC volume. Heavy line corresponds
to single-level histogram at § km shown in (a). (c) The 2139 UTC reflectivity CFAD. The bin size is 5 dBZ, and the
plot is contoured at intervals of 2.5% of data per dBZ per kilometer with the 5% dBZ ™' km ™' contour highlighted.
Horizontal dashed line at 8 km corresponds to data contained in the single-level histogram in (a). The CFAD in (c)
is truncated above 14,8 km' where the number of available data points were considered too few to be representative

* of the storm structure. See appendix A for further details.
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F1G. 3. Shading indicates time-averaged simulated radar reflectivity at (a) 40 m, (b) 2.7 km.
(c) 6.8 km. and (d) 12.0 km. with contours drawn at 15, 25, 35, and 45 dBZ (light, medium,
dark, and dotted, respectively). Contour overlays in (a), (d) are storm-relative radial velocities




FIG. 4. Shading indicates (a), (c) time-averaged simulated radar reflectivity and (b) total
cloud mixing ratio at ¥ = 0 km (see Fig. 3). Shaded contours are drawn at 10, 20, 30, and 40
dBZ (light, medium, dark, and dotted, respectively) in (a), (c) and at 0.1, 0.2, 0.4, 0.6, and 0.8

ke~! (light, medium, medium-dark. dark, and dotted) in (b). Contour overlays in (a). (b’
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FiG. 6. Azimuthally averaged water vapor budget fields showing (a) condensation, (b) horizontal flux divergence,
(c) evaporation, (d) vertical flux divergence, (e) net condensation [sum of (a) and (c)], (f) total flux divergence [sum
of (b) and (d) and approximately equivalent to the total advection], (g) divergence term, and (h) boundary layer
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The term on the left of (14) 15 net momentum tendency
(TEN), and terms on the right of { 14) are the horizontal
PGF, horizontal mean-flow flux convergence (HMF),
vertical mean-flow fAux convergence { VMF), and vertical
eddy-flux convergence by standing eddies (VEF), re-
spectively. Note from ( 12¢) that the last two terms in ( 14)

8 4 4 8
u acceleration (m s~! h™1)

Fig, 20, Momentum tendencies of large-scale area A by terms in
(14} —HMF, VMF, PGF, VEF, and TEN —during the mature stage
(1= 10=11h).

Yang and Houze (1996)
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F1G. 7. Shading indicates the cumulative percentage of the area occupied by updrafts less
than the indicated value. Contours are drawn at 10% intervals, with additional contours at
95% and 99%. Thick lines show the cumulative percentage of total condensation occurring in
updmtta ess than the indicated values. (a) Eyvewall region and (b) outer region.
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FI1G. 8. Azimuthally averaged cloud budget fields showing the (a) cloud sink, (b) horizontal flux divergence, (c)
net source, (d) vertical flux divergence, (e) boundary layer source, and (f) added water mass to offset negative
mixing ratios. The contour interval in (a) is 2 gm™" h™', with an extra contour at —1 g m™> h™'. Contour values




'a) Rainwater source
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FI1G. 9. Azimuthally averaged precipitation source terms showing (a), (c), (e) sources and (b).
rain, graupel, and snow, respectively. The contour interval is 2 gm™ h~
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a)Net microphysical source
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FIG. 10. Azimuthally averaged precipitation budget fields showing the (a) net microphysical source, (b) hori-
zontal flux dne1ge11|.,e (c) pmupltatmn fallout and vertical flux diver gence, and (d) added water mass to offset
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Fi1G. 11. Vertically integrated source
terms for (a) condensation, (b) evapora-
tion, and (c) precipitation fallout. Contour
intervals in (a). (c) are 20 kg m™2 h™! with
additional contours at 10 kg m™ h™* (light
and medium shading at 20 and 60 kg m™?
h~') The contour interval in (b) is 5 kg m™
h™" (light, medium, and dark shading at 5,
10, and 15 kg m™ h™1).
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FIG. 12. Vertically integrated source terms for (a) total rain source, (b) warm rain source
(rain source plus graupel sink), (c) cold rain source (graupel sink), and (d) graupel source.




Conclusions

* The ocean source of vapor in eyewall is very small
relative to the condensation and inward transport of
vapor, indicating that many observation studies generally
overestimated the role of ocean source by
underestimating the radial transport of moisture in the
lowest 500 m.

* This finding emphasizes the importance of the lowest
500 m of the hurricane in providing the bulk of water
supply to eyewall, while the airborne Doppler radars and
aircrafts usually have difficulty in observing the inflow in
the lowest 500 m.

* For a mature TC, the azimuthally averaged cloud
amount is consumed as fast as it is produced; Cloud
liquid water often peaks within the melting layer where
cooling by meltlng enhances condensation.

.



Conclusions (more)

* Inthe eyewall, most of the condensation occurs within
convective towers while in outer regions condensation
results from a mix of stratiform (primarily) and convective
(secondary) precipitation processes.

 The precipitation budget is dominated by production and
fallout with little precipitation from the eyewall being
transported outward into the surrounding precipitation area.

* Much of the mass that is transported outward from the
eyewall is in the form of small ice particles at upper levels
that provide seeds for additional particle growth by
deposition and aggregation.

'——wv—



Typhoon Nari (2001)
--- calculations from
the model simulation

Yang, M.-]., S. A. Braun, and D.-S. Chen, 2011: Water budget of




Track Comparison
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Landfall|

Yang, Zhang,
and Huang
(2008; JAS)
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Budget Equations

« Water vapor budget: g,

—+qV(V-V'+é—a\;V)—C+ E+B,+D,+Resd,

IS the storm-relative horizontal air motion;
IS the vertical air motion,;

IS the condensation and deposition;

IS the evaporation and sublimation;

IS contribution by PBL and turbulence,

IS the numerical diffusion term for vapor;

IS the residual term for vapor.

Braun (2006) and Yang-etal. (2011) ‘



Budget Equations
Cloud budget: q. = q,, +

8qc __v. (qcv,) _ a(ch) +0, (V ,V'+M)+ Qc+ _Qc— + Bc + Dc + ReSdC

ot

where

IS the microphysical source term;

oM IS the microphysical sink term;

IS the contribution by the PBL and turbulence;
IS the numerical diffusion term for clouds;
Qs the residual term for clouds

oz 9,

Braun (2006) and Yang-etal. (2011) ‘



Budget Equations

Precipitation budget: g, = g, + g5 + g

o(q,w) . ow), 0(a,Vr)
8; +qp(V-V+§)+ c’ﬁpz +Q,, —Q, +D, +Resd

C-E=Q,-Q_+0Q, -Q,

ne microphysical source term;
ne microphysical sink term;
ne numerical diffusion term for precipitation;
E3is the residual term for precipitation;
IS the hydrometeor terminal velocity

Braun (2006) and Yang et al. (2011) ‘

Whl=l(=




Definition of Average

« Temporal and azimuthal mean is defined as:

« Time-averaged, volumetrically integrated amount is defined as

[1= IZZBT J:z [127roroz




Typhoon Nari over the Ocean
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Track Cross Section

Oceanic Nari in the Across
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Axis-symmetric Structure of Nari over Ocean
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Typhoon Nari at the Landfall Stage
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Nari Structure over Land in along-track direction
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Nari Structure over Land in across-track direction
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Axis-symmetric Water-Vapor Budget Terms for Oceanic Nari
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Water-Vapor Budget Terms for Landfall Nari
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symmetric Liquid/Ice Water Budget Terms for Oceanic Nar
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Axis-symmetric Hydrometeor Source/Sink Terms for Oceanic Nari
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Liquid/lce Water Budget Terms for Landfall Nari in along-track direction
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Time-averaged and vertically-integrated amount of microphysical
sources and sinks
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Cond Condensation + deposition

Evap Evaporation + sublimation
_o(a,w) :
VFC o1 Vertical flux convergence

HFC Bl Horizontal flux convergence

P a(quvT) Precipitation flux divergence

Divergence term

PBL and trubulence
Numerical diffusion
Residual term

Storage term ‘



Budget Equations

« Water vapor budget equation can be written as:
Tend=Cond + Evap + HFC+ VFC + Div + Diff + PBL + Resd

Note that

o, _ N 0(a,w) ( .@)_
pral V-(q,V') p +q,\V V+8z C+E+B,+D,+Resd,

 Liquid/lce water budget equation can be written as:

Tend =Cond + Evap + HFC+ VFC + Div + Diff + PBL + P + Resd

Note that

oq,
ot

=-V-(q.V') —%Jr q. (V-V'+%—‘;V)+ Q., —Q. +B,+D, +Resd,

0 o(q,V
=-V-(q,V') - (qu)+qp(V-V'+m]+ 9, T)+Qp+—Qp+Dp+Resdp

0z 0z 15/4

C_E:Qc+_Qc—+Qp+_Qp—




Water Vapor Budgets during the Oceainc and Landfall Stages

Water Vapor Budget
(a)Ocean

Inner C‘u:r'ﬁI EN = 2.3 Outer Region HEN =5.6
—= —
Cond -32.4 Cond -67.6
Evap 10.5 Evap 36.1
HFC = 21.3 HFC = 25.7 .m
VFC = 0.8 VFC = 1.4
Div 2.2 Div -3.1
Diff = 0.0 Diff = -0.1
PBL = 1.3 PBL = 4.7
Tend -0.8 Tend -3.7
Resd -0.1 Resd -0.8

HFP = 23.
3 23.5

(b)Land

Inner Core Outer Region
HFN = 26.4 c

Cond = -48.0 Cond = -52.0
Evap 10.6 Evap = 23.5
HFC 46.2 HFC 34.4
VFC -5.3 VFC -8.0
Div -4.8 Div -2.4
Diff = -0.1 Diff = -0.4
PBL 0.1 PBL 2.3
Tend = -1.3 Tend = -2.8

Resd 0.0 Resd -0.2
HFP =




Liquid/lce Water Budgets during the Oceainc and Landfall Stages

Liquid/lce Water Budget

(a)Ocean
Inner Corﬁ FN w12 Outer Region
Cond 324 Cond = 67.6
Evap -10.5 Evap = -36.1
HFC = -0.4 HFC = 1.0
VFC 0.4 VFC 0.8
Div -1.1 Div 1.7
Diff = 0.0 Diff = 0.0
PBL 0.0 PBL 0.0
Tend -2.9 Tend -10.2
Resd = -0.1 Resd -0.9
HFP = 0.7
—

Inner QOuter Region

Cond Cond 52.0
Evap Evap = -23.5
HFC 7. HFC 5.5
VFC . VFC = 0.8
Div -1. Div -1.1
Diff . Diff 0.1
PBL K PBL 0.0
Tend -3. Tend -3.8
Resd E Resd 0.2




Precipitation Efficiency as a Function of Storm Radius
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Conclusions

* For the vapor budget, while Nari is over the ocean,
evaporation from the ocean surface is 11% of the inward
horizontal vapor transport within the 150-km radius from the
storm center, and the net horizontal vapor convergence into
the storm is 88% of the net condensation.

« The ocean source of water vapor in the inner core is a small
portion (5.5%) of horizontal vapor import, consistent with
previous studies.

« After landfall, Taiwan’s steep terrain enhances Nari's
secondary circulation significantly; the net horizontal vapor
convergence into the storm within 150 km is increased to
122% of the net condensation after landfall.




Conclusions

* Forthe condensed water budget, summation of precipitation
fallout and total flux convergence is largely out of phase with
the net microphysical source term, indicating that
precipitation particles are falling out as quickly as they are
produced.

« Warm rain processes dominate in the eyewall region, while
the cold rain processes are comparable to warm rain
processes outside of the eyewall.

 After landfall, cold rain processes are further enhanced
above the Taiwan terrain and the storm-total condensation
within 150 km from the center is increased by 22%.




Conclusions

 Precipitation efficiency, defined by either the large-scale or
microphysics prospective, is increased 10—-20% over the
outer-rainband region after landfall, in agreement with the
enhanced surface rainfall over terrain.

« Atradil greater than 60 km, the cloud microphysics
precipitation efficiency remains a constant value of 67% for
the oceanic stage of Nari and 73% for the landfall stage.

* The reason why the precipitation efficiency remains roughly
constant at these radii may be that the region outside of the
eyewall is dominated by stratiform precipitation with a
relatively constant precipitation efficiency.




