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Formulation for TCôs Water Budget

ÅContinuity equation for condensed water and ice is written 
as:

where qw is the total mixing ratio for clouds and precipitation; 

qp is the mixing ratio for precipitation;

VT is the terminal velocity for precipitation;

is the air density;

c is the condensation plus deposition;

e is the evaporation plus sublimation
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Formulation for TCôs Water Budget

ÅBulk condensation (plus deposition) is defined as the 

volume integral of local condensation (plus deposition): 

ÅBulk evaporation (plus sublimation) is defined as the 

volume integral of local evaporation (plus sublimation):



Formulation for TCôs Water Budget

ÅThe volume integral of the total flux divergence of clouds 

and precipitation is: 

ÅUsing the divergence theorem, this term can also be 

written as:

Å where TH is the horizontal transport across the boundary 



Formulation for TCôs Water Budget

ÅBy the divergence theorem, the vertical integral 
of vertical divergence of cloud flux is:

Åwhich is equal to the outward advection of cloud 
water through the top boundary (TzcT) and 
bottom boundary (TzcB).



Formulation for TCôs Water Budget

ÅThe net mass of precipitation exiting the budget volume 

through the top and bottom boundaries is Rnet: 

Åwhere RT is the mass of precipitation falling into the top of 

the budget volume, and RB is the rain falling out of the 

bottom of the budget volume. 

ÅNote that if the bottom is near surface, RB is approximately 

the area-averaged rainfall rate.



ÅThe volume integral of horizontal diffusion is:

Åwhere DH is positive when the net diffusion is outward from 

the volume. 

Formulation for TCôs Water Budget



ÅThe volume integral of vertical diffusion is:

where DT (positive upward) is the diffusion out of the top 

surface and DB (positive downward) is the diffusion out of 

the bottom surface . 

Formulation for TCôs Water Budget



ÅThe steady-state bulk water budget can be expressed as:

Åor

Formulation for TCôs Water Budget
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Formulation for TCôs Water Budget

Gamache, Houze, 
and Marks (1993)
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Hurricane Nobert (1984)
--- calculations from

radar data analysis 



Gamache, Houze, and Marks (1993)

Bulk water budgets of Hurricane Nobert (1984) 

from two radar-retrieval methods



Full storm budgets of Hurricane Nobert (1984) 

from two radar-retrieval methods

Gamache, Houze, 
and Marks (1993)



Full storm budgets of Hurricane Nobert 

(1984) from two radar-retrieval methods

Gamache, Houze, 
and Marks (1993)



Hurricane Bonnie (1998)
--- calculations from

the model simulation 

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

Part II: Water budget. J. Atmos. Soc., 63 , 43ï64.
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Yang and Houze (1996)



Vertical Velocity CFAD

Eyewall Outer region



Cloud sink HFD

Net source VFD

PBL Negative water source



Rainwater source Rainwater sink

Graupel source Graupel sink

Snow source Snow sink



Net microphysical source HFD
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Conclusions
ÅThe 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.

ÅThis 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.

ÅFor 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 melting enhances condensation.



Conclusions (more)

ÅIn the 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.

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

ÅMuch 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.



Typhoon Nari (2001)
--- calculations from

the model simulation 

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

Typhoon Nari (2001). Mon. Wea. Rev., in press.



Track Comparison

Simulation 

time (hr)
12 24 36 48 60 72 84

Track error 

(km)
43.3 61.2 26.8 13.4 12 8.5 104.8

Yang, Zhang, 
and Huang
(2008; JAS)

Oceanic

StageLandfall

Stage



3-day rainfall (09/16~09/18)

OBS 2km MM56km MM5



Budget Equations

ÅWater vapor budget: qv

where            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.
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Budget Equations
ÅCloud budget: qc = qw + qi

where

is the microphysical source term;

is the microphysical sink term;

is the contribution by the PBL and turbulence; 

is the numerical diffusion term for clouds;

is the residual term for clouds
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Budget Equations
ÅPrecipitation budget: qp = qr + qs + qg

where

is the microphysical source term;

is the microphysical sink term; 

is the numerical diffusion term for precipitation;

is the residual term for precipitation;

is the hydrometeor terminal velocity
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Definition of Average

ÅTemporal and azimuthal mean is defined as:

ÅTime-averaged and vertically integrated amount is defined as:

ÅTime-averaged, volumetrically integrated amount is defined as
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Typhoon Nari over the Ocean
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Oceanic Nari in the Across-Track Cross Section
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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 

Condensation  

+ Deposition

Evaporation 

+ Sublimation

Net Condensation

Flow Divergence
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Convergence
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Convergence

Total Flux

Convergence
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Water-Vapor Budget Terms for Landfall Nari in across-track direction 

Condensation  

+ Deposition

Evaporation 

+ Sublimation

Net Condensation

Flow Divergence  
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