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Abstract
A tropical cyclone (TC), or typhoon in the western North Pacific Ocean, is an efficient
“water” engine which quickly converts the horizontal convergence of water vapor into
condensate and then falls out into the ocean or ground surface as rainfall. In this review
article, the framework of typhoon’s water budget, using both the observational data and
numerical simulation outputs, is formulated. Outputs from model simulations of Typhoons
Nari (2001) and Morakot (2009) with high spatial and temporal resolutions (1–2 km grid
size and 2-min data interval) are used to examine the vapor and condensate budgets and to
discuss the respective budget changes during landfall. Typhoons Nari and Morakot are
chosen to represent a small axisymmetric TC and a large asymmetric TC, respectively. The
maximum 72-h rainfall over Taiwan is 1430 mm for Nari and more than 2000 mm for
Morakot. After landfall, the precipitation efficiency (PE) for both TCs was increased, in
agreement with the enhanced surface rainfall over the rugged terrain on Taiwan Island. In
particular, at the time of intense rainfall (50–60 mm h-1), the PE of Morakot reached an
extreme value of 95–100% over southwestern Taiwan, which caused the land- and
mud-slides and severe flooding throughout southern Taiwan, leaving 695 people dead or
missing.
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1. Introduction
Tropical cyclone (TC), which is called hurricane in the Atlantic Ocean and typhoon in
the Pacific Ocean, is one of the most devastating storms in nature. The major energy sources
for TCs are the sensible and latent heat fluxes from the underlying warm ocean surface
during the developing stage and the tremendous release of latent heat associated with heavy
precipitation during the intensifying and mature stages. Thus, an improved understanding of
the distribution and intensity of condensation and evaporation (i.e., the water budget), which
determines the dispersal of latent heating, is required for better predicting the intensification
and maintenance of TCs.
One important factor in evaluating the water budget in a TC is local efficiency of the
storm in producing precipitation from condensation. Since precipitation is seldom produced
with perfect efficiency from condensation or three-dimensional convergence of water vapor
into the storm, accurate formulation of budgets of water vapor and condensate is required to
better estimate the distribution and magnitude of latent heating.
The vapor budgets of TCs have been studied for more than six decades. Riehl and
Malkus (1961) calculated the water budget of Hurricane Daisy (1958) using the flight-level
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data and certain bulk estimations. The water budgets of the inner cores of Hurricanes Hilda
(1964) and Inez (1966) were also computed by Hawkins and Rubasm (1968) and Hawkins
and Imbembo (1976), respectively, with measurements collected during aircraft penetrations.
Gamache et al. (1993) was the first one to examine the budgets of water vapor and
condensate with three-dimensional radar and aircraft flight-level data. It was found that
most of the vapor entered the budget volume through the bottom surface (at 500-m level),
and it greatly exceeded the low-level horizontal convergence at 1-km height.
Malkus and Riehl (1960) were the first modeling study to calculate TC’s water budget.
They indicated that the ratio of the moisture source from the ocean to the net horizontal
import of moisture into a tropical cyclone (TC) was less than 10%. Despite the small
percentage, the ocean moisture source plays an important role in the generation and
maintenance of TCs.
Kurihara (1975) examined the water vapor budget of a simulated axisymmetric TC and
found that the dominant budget terms were the total (horizontal plus vertical) advection and
condensation. Calculating the volume-integrated budget within 500-km radius, Kurihara
indicated that the evaporation from the ocean surface was 20% of the condensation and 25%
of total advection, respectively. For the inner core region, ocean evaporation was very small
compared to either condensation or advection. For the outer region, on the other hand,
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evaporation from the ocean surface supplied substantial moisture and latent heat fluxes to
the atmosphere, ultimately resulting in large horizontal transport of moisture into the inner
core.
Zhang et al. (2002) calculated thermodynamic budgets from a 6-km grid simulation of
Hurricane Andrew (1992) and expressed the budgets in advective form. They indicated that
horizontal advection tended to transport drier air from the outer region into the core in the
marine boundary air, and transport moist air from the eye to the eyewall within the
low-level outflow above the boundary layer. Within the eyewall, the moisture transport by
vertical advection was larger than that by horizontal advection.
There are many studies of water vapor budgets of TCs; on the other hand, only a few
studies have been conducted for the condensed water budgets of TCs. Using radar data,
Marks (1985) estimated that 60% of the inner-core rainfall of Hurricane Allen (1980) was
classified as stratiform rainfall and that the water vapor convergence into the eyewall was
more than twice the volumetric rainfall. Marks and Houze (1987) divided the radar echo
area of Hurricane Alicia (1983) into two regions (the eyewall and the outer stratiform
precipitation area), and found that 62% of the rain within the radar volume fell in the
stratiform region. They further estimated that the condensation in the stratiform region was
thrice the water mass transport outward from the eyewall, indicating the dominance of
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in-situ production of water.
Houze et al. (1992) analyzed the microphysical structure of Hurricane Norbert (1984).
Graupel particles were found to fall out quickly from eyewall convective updrafts. Lighter
ice particles generated in the eyewall updrafts remained suspended above the melting level
much longer and were transported around the storm and outward. Outside the eyewall
region, they underwent aggregation and fell through the melting level in a stratiform
rainband.
Gamache et al. (1993) computed the hydrometeor budget of Hurricane Norbert (1984)
using the three-dimensional kinematics data from dual-Doppler radar and aircraft
flight-level data and the thermodynamic information determined from retrieval technique.
They showed that the net condensation (heating) determined from three-dimensional water
budget were approximately twice as much as that based upon the axisymmetric assumption,
indicating how misleading the assumption of axisymmetry can be for an asymmetric TC
like Norbert.
Braun (2006) calculated the water budget from a 2-km grid simulation of Hurricane
Bonnie (1998). He indicated that a large fraction of the condensation in the eyewall
occurred in convective hot towers while condensation in the outer region occurred more
often in weaker updrafts in stratiform precipitation areas. For the mature stage of Bonnie,
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cloud condensate was consumed as rapidly as it was produced. Cloud droplets were
maximized at the top of boundary layer and within the melting layer, where cooling
resulting from melting enhanced condensation. Snow particles ejected outward from the
eyewall seeded the outer regions and increased stratiform precipitation development locally
by the microphysical processes of vapor deposition and aggregation.
Typhoon Nari struck Taiwan on September 16, 2001, bringing heavy rainfall (with
three-day-total rainfall of more than 1400 mm), strong wind gusts, and flash floods. It
caused severe economic and societal damages, including the loss of 92 human lives. Yang et
al. (2008; hereafter Part I) conducted a quadruply nested-grid model simulation for Nari
with the finest grid size of 2 km and showed that the model reproduced reasonably well the
kinematic and precipitation features. These include the storm track, the size and contraction
of the eye and eyewall, the spiral rainbands, the rapid pressure rise (~1.67 hPa h-1) during
landfall, and the nearly constant intensity after landfall. In addition, the model captured the
rainfall distribution and some local maxima associated with Taiwan’s orography. Yang et al.
(2011a; hereafter Part II) further examined the structure changes and terrain-induced storm
asymmetries after Nari’s landfall on Taiwan by comparing the full-terrain control run with
the reduced-terrain sensitivity simulations.
To better understand the evolution of clouds and precipitation in Typhoon Nari during
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its landfall on Taiwan, Yang et al. (2011b; hereafter Part III) examined budgets for vapor,
cloud, and precipitation by analyzing the model output from Part I with high spatial and
temporal resolutions (2-km horizontal grid size and 2-min output interval). The first
objective of Part III is to investigate the evolution of the water vapor, cloud, and
precipitation budgets during Nari’s landfall on Taiwan, especially for the transition from the
more axisymmetric structure over ocean to the highly-asymmetric structure above
mountains. The second objective is to understand what portions of the heavy rainfall from
Nari were produced in-situ, i.e., locally generated by condensation and melting, and what
portions of rainfall were produced by moisture transported from the surrounding oceanic
environment.
Typhoon Morakot was the deadliest TC to impact Taiwan in recorded history. It brought
catastrophic damage to Taiwan, leaving 619 people dead, 76 others missing, causing
roughly $16.4 billion NTD ($547 million USD) in agricultural losses alone. The storm
produced a huge amount of rainfall, peaking at 2,855 mm in 4 days (near the world record
for the peak accumulated rainfall of a landfalling TC), and triggered enormous mudslides
and severe flooding throughout southern Taiwan. One mudslide buried the entire village of
Shiaolin, killing approximately 500 people in the village alone (Wu and Yang, 2011). This
slow moving storm also caused widespread damage in China, leaving nine people dead and
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causing $8.9 billion RMB ($1.3 billion USD) in damage. Nearly 6,000 homes were
destroyed and 136,000 more were reported to have sustained damage in China. The storm
also caused severe flooding in the northern Philippines and killed 26 people. The water
budget for Morakot has been conducted to understand the physical mechanisms responsible
for the devastating rainfall, using similar approaches discussed in Part III, except for using
higher spatial resolution (nested down to 1-km horizontal grid size) to resolve the intense
convective cells embedded within typhoon rainbands (Yang et al. 2012).
Under the constraint of model deficiencies and physics uncertainties, the physical
insights and understanding gained from this review article on water budget may help us
improve the microphysical parameterization and better predict rainfalls for TCs in the
future.
2. Budget formulation
The bulk water budget of a weather system (TC in this article) is an accounting of the
total condensation, deposition, evaporation, sublimation, precipitation, and storage (net time
change or tendency in the total mass of suspended condensate) within the volume being
studied, as well as the advective transports and diffusion of water and ice across the outer
boundaries of the study volume. Thus, the term bulk condensation (evaporation) will refer
to the total water condensed or deposed (evaporated or sublimated) within the volume of the
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weather system where the net value of condensation is positive (negative). Net condensation
will refer to the difference, i.e., condensation (or deposition) minus evaporation (or
sublimation).
Due to the rotation nature of TCs, we will discuss the water budget of a TC in
cylindrical coordinate (r, λ, z), where r is the radius from the TC center pointing outward, λ
is the azimuthal angle, and z is the vertical height axis. While a TC is over ocean, its center
is defined as the center of minimum sea-level pressure; while a TC makes landfall (the
Taiwan Island for example), the TC center is defined as the primary vortex circulation
center above terrain (above the highest mountain peak).
As in Gamache et al. (1993), Braun (2006), and Part III, the governing equation for
water vapor (qv) in a TC-following framework can be written as





qv
 (qv w)
 q v   V '  w  C  E  B v  D v  Resd v .
   ( q v V ' ) 
t
z
z

(1)

Similarly, the equation for cloud (qc = ql + qi) can be written as





q c
 ( qc w)
   ( q c V ' ) 
 q c   V ' w  Qc   Qc   Bc  Dc  Resd c ,
z
t
z

(2)

and the equation for precipitation (qp = qr + qs + qg) can be written as
q p
 (q p w)
 (q pVT )
   (q p V ' ) 
 q p    V ' w  
 Q p   Q p   D p  Resd p ,
t
z
z 
z


(3)

where qv, qc, qp are the water vapor, cloud, and precipitation mixing ratios; V ' is the
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storm-relative horizontal air motion; w and VT are the vertical air and hydrometeor
terminal velocities; Qc  , Qc  , Q p  , and Q p  are the cloud and precipitation
microphysical source (+) and sink (–) terms; C is the condensation (plus deposition); E is
the evaporation (plus sublimation); C  E  Qc   Qc   Q p   Q p  ; Bv and Bc are the
contributions from the planetary boundary layer parameterization and vertical turbulent
diffusion to the vapor and cloud budgets; and Dv , Dc , and D p are numerical diffusion
terms for vapor, cloud, and precipitation, respectively. Microphysical source and sink terms
can be output directly from the microphysical parameterization scheme in a mesoscale
model or estimated from the radar and/or aircraft observations with certain assumptions.

Resdv , Resd c and Resd p are the residual terms of the vapor, cloud and precipitation
budgets, respectively, due to numerical errors in the model finite-difference formulation
(including the spatial central-differencing error, temporal leapfrog-differencing error,
interpolation error, and errors in the calculation of microphysical source and sink terms).
The first two terms on the right-hand side of Eqs. (1)–(3) are the horizontal and vertical flux
convergence terms (including the minus sign), so a flux convergence (divergence) gives a
positive (negative) change in the respective mixing ratio field. The third term on the
right-hand side of Eqs. (1)–(3) is the change in the mixing ratio field due to the
three-dimensional airflow divergence following the storm motion. Parameter names and
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mathematical formulations of budget terms are given in Table 1.
While performing the water-budget calculations, several definitions of averages are
used as in Braun (2006) and Part III. First, the temporal and azimuthal mean is defined as

[]

T2 2
1
2 ( T2 T1 ) T 0
1

 

 [ ]t , (4)

the time-averaged and vertically integrated amount is defined as
[ˆ] 

T2 ZT
1
 [ ]zt
( T2 T1 ) T Z
1
B

 

,

(5)

and the time-averaged, volumetrically integrated amount is defined as
[] 

ZT R2



Z B R1

[ ]2rrz ,

(6)

where T1 and T2 are the beginning and ending times for the budget calculation; ZB and ZT
are the heights of the lowest and uppermost vertical levels of the analysis volume; and R1
and R2 are the radial limits of integration. For Typhoon Nari with more axisymmetric
structure, the typhoon circulation can be separated into two distinct components: the inner
core (R = 0–50 km) including the eye and eyewall, and the outer rainband region (R =
50–150 km) including the rainbands and stratiform precipitation area. The analysis periods
for Nari are 13–14 h for the oceanic stage and 23.5–24.5 h for the landfall period. For
Typhoon Morakot with highly asymmetric features, on the other hand, the typhoon
circulation is difficult to be separated into two distinct components; thus the whole storm
with a larger radius of 240 km is used in the volume integral. The analysis periods for
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Morakot are 25–26 h for the oceanic stage and 55.5–56.5 h for the landfall period.
The units of the quantities derived from Eqs. (4)–(6) are kg m-3 h-1, kg m-2 h-1, and kg
h-1, respectively. Each water budget term in Eqs. (1)–(3) is averaged using Eq. (6) for
different regions inside the storm. All values are then normalized by the storm-total
condensation (between R = 0 to R = 150 km for Nari and between R = 0 to R = 240 km for
Morakot) and then multiplied by 100. All calculated water budget terms (with definitions
given in Table 1) are discussed in the next session. Thus for each analyzed region (either
inner core or outer rainband region), the water vapor budget described in Eq. (1) can be
expressed using the budget terms defined in Table 1 as
Tend = Cond + Evap + HFC + VFC + Div + Diff + PBL + Resd, (7)
and the balance between these terms in the vapor budget is illustrated in Figure 1. Similarly,
the water condensate (cloud and precipitation) budget described by combining Eqs. (2) and
(3) can be expressed using the budget terms defined in Table 1 for each region as
Tend = Cond + Evap + HFC + VFC + Div + Diff + PBL + P + Resd. (8)
3. Spatial distribution of vapor budget terms

Figure 2 shows the azimuthally and temporally (13–14 h) averaged water vapor budget
terms while Nari was still over ocean. Condensation and deposition [C in Eq. (1)] are the
major sinks of water vapor, and evaporation and sublimation [E in Eq. (1)] are the major
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sources of water vapor. Most of the condensation occurs within the eyewall, within areas of
mesoscale updrafts in outer rainbands, and near the top of boundary layer (Fig. 2a).
Evaporation of cloud and rain occurs mostly along the inner edge of the eyewall, in outer
rainbands, near the top of the boundary layer, and near the melting layer at z = 5 km (Fig.
2c). The net microphysical sink term for water vapor [C–E in Eq. (1)] is shown in Fig. 2e,
and indicates the net loss of water vapor by net condensation and deposition within the
eyewall and outer rainbands.
Due to the highly-incompressible nature of air motion, the horizontal vapor flux
convergence is nearly out of phase with the vertical vapor flux convergence (Figs. 2b,d). In
other words, the strong low-level radial inflow transports highly moist air parcels from the
surrounding oceanic environment inward to the eyewall (Fig. 2b), and then the deep
updrafts within the eyewall transport the moisture upward (Fig. 2d). Total vapor flux
convergence in Fig. 2f, which is the summation of the horizontal and vertical vapor flux
convergences, is largely compensated by the net microphysical sink term [C–E in Eq. (1)] in
Fig. 2e. The near balance between the total vapor flux convergence and net microphysical
sink results in a very small vapor tendency (not shown). The divergence term shows
horizontal flow convergence within the boundary layer and vertical flow divergence within
the eyewall (Fig. 2g). The boundary layer parameterization and vertical diffusion produce
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oscillations of small positive and negative changes of vapor in the lowest 3 km (Fig. 2h).
After Nari’s landfall on Taiwan, asymmetric features of vapor budget are different
from the axisymmetric structures over the ocean. Figure 3 displays the temporally-averaged
water vapor budget fields in the along-track (A2B2) vertical cross section (the horizontal
position of A2B2 cross section is shown in Fig. 4 of Part III). Condensation maxima are
within the northeastern eyewall near the coast and in the updrafts along the mountain slopes
(Figs. 3a). On the other hand, evaporation occurs mainly within the downdrafts over the
mountain area (Figs. 3c), although its peak magnitude is much weaker than that of
condensation. By adding these two terms together, net condensation yields a net loss of
vapor within the coastal eyewall, and a net loss of vapor within the updrafts and a net gain
of vapor within the downdrafts over the mountain area (Fig. 3e). Because of enhanced flow
convergence and divergence after the storm’s landfall, vapor flux convergence over land
(Figs. 3b,d) is stronger than that over ocean (Figs. 2b,d; note the contour-interval
differences between Figs. 2b,d and 3b,d). Again, horizontal vapor flux convergence is out of
phase with vertical vapor flux convergence (Figs. 3b,d). Total vapor flux convergence is
again opposite in sign to the net condensation (Figs. 3e,f), consistent with the axisymmetric
results over the ocean (Figs. 2e,f). Vapor change due to flow divergence over land produces
loss and gain of water vapor below 5 km (Fig. 3g). Boundary layer processes and vertical

14

diffusion produce enhanced positive and negative changes of water vapor over the rugged
terrain (Fig. 3h), compared to those over ocean (Fig. 2h).
The vertically-integrated and time-averaged source terms [as defined in Eq. (5)] for
total rain, warm rain, and cold rain at the over-ocean and landfall stages of Nari are shown
in Figure 4. During the oceanic stage, warm rain processes dominate in the eyewall region
(Fig. 4b), while cold rain processes (mainly the melting of graupel particles to produce
raindrops) are comparable to the warm rain processes outside of the eyewall (Fig. 4c). After
landfall, the total rain source is significantly increased by the enhanced moisture
convergence over the northwestern coast and orographic lifting above the northern Central
Mountain Range (CMR; see Fig. 4d). Warm rain processes increase and still dominate in the
eyewall region after landfall (Fig. 4e); above the northern CMR, cold rain processes are
enhanced (Fig. 4f), resulting in increased rainfall over the terrain by the melting of graupel
particles.
4. Volume-integrated budgets of vapor and condensate

Figure 5 illustrates diagrams of the volume-integrated water vapor budget terms
[calculated using the definition in Eq. (6)] in the oceanic period (13–14 h) and landfall
period (23.5–24.5 h), respectively. The two blocks in each diagram indicate the inner-core
area (r < 50 km) and the outer-rainband region (50 km < r < 150 km). After Nari’s landfall,
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the storm-total condensation within 150-km radius is increased from 7.41 × 1011 kg h-1 to
9.06 × 1011 kg h-1, approximately a 22% enhancement. When Nari is still over ocean, the
vapor source from the underlying ocean in the inner core is only 5.5% (1.3/23.5) of the
inward vapor flux across the eyewall; while over the outer-rainband region, evaporation
from the ocean is 15% (4.7/31.3) of the horizontal convergence of the inward vapor flux
from the surrounding environment beyond 150 km radius. In other words, the ocean vapor
source within the 150-km radius from the storm center is 10.9% [(1.3+4.7)/(23.5+31.3)] of
the inward vapor transport. This finding indicates that the ocean vapor source is only a
small percentage of the total water vapor import, consistent with previous estimates in
Malkus and Riehl (1960), Kurihara (1975), and Braun (2006). For the whole storm within
150

km

from

the

center,

the

net

horizontal

vapor

convergence

(46.9%=31.3%+23.5%–2.3%–5.6%) into the storm is 87.8% (46.9/53.4) of the net
condensation (53.4%=32.4%+67.6%–10.5%–36.1%), indicating the high efficiency of the
horizontal vapor transport to supply nearly all of the net condensation. After Nari’s landfall,
the boundary layer vapor source decreases significantly because of the reduced moisture
fluxes over the rugged terrain (0.1% vs. 1.3% over the inner core; 2.3% vs. 4.7% over the
outer region).
Condensation within the inner core accounts for 32.4% of storm-total condensation for
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the oceanic stage, but increases to 48.0% of total condensation during the landfall stage,
which is consistent with the enhanced convection and precipitation within the inner core
right after Nari’s landfall (see Fig. 3 of Part II). The low-level inward vapor flux
convergence (HFP) and upper-level outward vapor flux divergence (HFN) for the inner-core
region are significantly increased after landfall. To be specific, the inward (outward) vapor
transport across the inner-core boundary at the lower (upper) levels is increased by more
than three (ten) times after landfall (72.6% vs. 23.5% for HFP at low levels; 26.4% vs. 2.3%
for HFN at upper levels). This result occurs because the lower-level (upper-level) radial
inflow (outflow) is deeper and stronger with more moist air after landfall (see Figs. 2 and 4
in Part II). Because of the enhanced low-level convergence and upper-level divergence after
landfall, the net horizontal vapor convergence (80.6%=40.2%+72.6%–26.4%–5.8%) into
the storm within the 150-km radius is 122.3% (80.6/65.9) of the net condensation
(65.9%=48.0%+52.0%–10.6%–23.5%) after landfall.
Figure 6 shows the corresponding total condensate (cloud and precipitation) budget for
Nari prior to and after landfall. Surface precipitation within the inner core accounts for
23.6% of storm-total condensation over the ocean, but increases to 32.2% over land. This
precipitating portion is similar to the net condensation (32.4% – 10.5% = 21.9% over ocean;
48.0% – 10.6% = 37.4% over land), implying that water condensate is precipitated out as
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quickly as it is produced in-situ (Braun 2006). The low-level inward flux convergence (HFP)
and upper-level outward flux divergence (HFN) are increased after landfall, again due to the
fact that the storm’s secondary circulation is stronger after landfall (see Figs. 4 and 5 in Part
II).
Figure 7 displays the budgets of water vapor and total condensate of Typhoon Morakot
while Morakot is still over ocean. Because Morakot is a bigger storm than Nari, a larger
radius of 240 km is used (instead of 150 km for Nari), resulting a stronger storm-total
condensation of 2.28 × 1012 kg h-1 (7.41 × 1011 kg h-1 for Nari). Owing to the broader and
highly asymmetric circulation embedded in a large intra-seasonal oscillation (ISO; Hong et
al. 2010), Morakot has stronger horizontal convergence of water vapor (HFC = 49.7% of
total condensation; but only 21.3% + 25.7% = 47.0% for Nari), producing more percentage
of rainfall (P = 65.47% of total condensate; but only 23.6% + 38.9% = 62.5% for Nari).
After Morakot’s landfall on Taiwan (Fig. 8), the horizontal transport of water vapor into the
storm from the surrounding environment outside 240-km radius is further increased (HFP =
71.91% of total condensation after landfall but only 51.69% prior to landfall), due to the
enhanced flow convergence over the CMR.
5. Precipitation efficiencies

There are several ways to define and calculate the precipitation efficiency (Doswell et
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al. 1996; Ferrier et al. 1996; Li et al. 2002; Sui et al. 2005, 2007). One way is to define the
efficiency from a microphysical perspective (the cloud microphysics precipitation efficiency
or the CMPE), i.e., the ratio of total precipitation with respect to total condensation. Another
more commonly-used way is to define the efficiency from a large-scale vapor budget
perspective (the large-scale precipitation efficiency or the LSPE), i.e., the ratio of total
precipitation with respect to total vapor transport into a large-scale area. The LSPE can be
directly calculated from the observation data within a sounding network; the CMPE, on the
other hand, can only be obtained from the output of a model. Sui et al. (2005; 2007) showed
that these two efficiencies are equivalent if the averaging area is large enough or the
averaging time period is long enough.
Using the budget terms defined in Table 1, the CMPE and LSPE can be calculated as
CMPE 
LSPE 

P
, (9)
Cond

P
. (10)
HFP  VFP

Figure 9 displays the changes of CMPE and LSPE of Typhoon Nari as a function of storm
radius. Both efficiencies are increased over land for r > 60 km. In the inner core (r < 50 km),
condensation is increased by a greater magnitude than precipitation after landfall
(condensation is increased from 32.4% to 48.0% but precipitation is only increased from
23.6% to 32.2%; see Fig. 6), resulting in a smaller CMPE. At radii greater than 60 km, the
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CMPE remains a constant value of 67% while Nari is over ocean and 73% while the storm
is over Taiwan island. In general, the LSPE is about 10–20% less than the CMPE except
inside the eye (r < 15 km) where both efficiencies are very small, since the net inward vapor
transport across the volume surface is much larger than the in-situ production of net
condensation inside the analysis volume.
For Morakot case, Fig. 10 clearly shows a nearly perfect CMPE (95–100%) at time of
heavy rainfall (54 mm h-1 near 1700 UTC 8 August 20009) over the steep-terrain region (a
rectangular area with the size of 500 km by 100 km) of CMR where the severe landslide
occurred a few hours later and buried the entire village of Shiaolin. The time evolution of
CMPE averaged over this area correspond very well to the temporal fluctuation of rainfall
rate, indicating that precipitation is produced with an almost prefect efficiency locally. This
nearly-prefect precipitation efficiency probably could explain the reason why Morakot had a
near world record of accumulated rainfall of a TC (2,855 mm in 4 days), causing severe
land- and mud-slides over the southwestern Taiwan.
6. Conclusions

In this review article, high-resolution model outputs (with horizontal grid size of 1–2 km
and data interval of 2 min) from convection-resolving simulations of Typhoons Nari (2001)
and Morakot (2009) are used to examine the vapor and condensate budgets and the budget
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changes before and after their landfall on Taiwan. All budget terms are directly derived from
the model except for a small residual term. For Nari with a smaller radius (150 km) and
axisymmetric structure, storm circulation is divided into the inner-core and outer-rainband
regions, respectively. For Morakot with a larger radius (240 km) and asymmetric structure,
the whole vortex circulation within the storm radius is used in the volume calculation.
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 and results in stronger horizontal
vapor import at lower levels and more cloud ice and snow export to outer regions at upper
levels across the inner core. Thus the net horizontal vapor convergence into the storm within
150 km is increased to 122% of the net condensation after landfall.
For the microphysical processes of Nari, warm rain processes dominate in the eyewall
region, while the cold rain processes are comparable to warm rain processes outside of the
eyewall. After Nari’s 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%.
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In the eyewall, the low-level (upper-level) inward (outward) vapor flux convergence
(divergence) is increased by more than three (ten) times after landfall, due to the fact that
the low-level (upper-level) radial inflow (outflow) is stronger and deeper with more moist
air after the storm’s landfall.
Because of a bigger storm radius (240 km for Morakot vs. 150 km for Nari), Morakot
has a storm-total condensation three times that of Nari (2.28 × 1012 kg h-1 for Morakot but
7.41 × 1011 kg h-1 for Nari). Also owing to the highly asymmetric circulation embedded in a
large-scale intra-seasonal oscillation, Morakot has stronger horizontal convergence of water
vapor, producing more percentage of rainfall out of total condensation, than Nari.
Note that the exact magnitude of water-budget term may be sensitively dependent on the
microphysics scheme used in the model. However, for the vapor budget, major balance exits
between the total vapor flux convergence and the net vapor loss by net condensation and
deposition. Similarly for the water condensate budget, total flux convergence of water
condensate and precipitation fallout are mainly compensated by the net source of condensed
water.
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. At radii greater than 60 km, the cloud microphysics
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precipitation efficiency remains a constant value of 67% for the oceanic stage of Nari and
73% for the landfall stage. For Morakot case, the temporal fluctuation of precipitation
efficiency is highly in phase with surface rainfall rate. In particular, an almost perfect
precipitation efficiency (95–100%) is found at the time of heavy rainfall on the steep-terrain
region over southwestern Taiwan where the severe landslide occurred a few hours later and
then buried the entire village of Shiaolin. This nearly-prefect precipitation efficiency
probably could explain the reason why Morakot had a near world record of accumulated
rainfall of a TC (2,855 mm in 4 days).
It should be mentioned that the conclusions presented above are obtained by budget
calculations of two tropical cyclone cases from the numerical simulations in which some
model deficiencies and physics uncertainties still exist. More water budget studies for
landfall tropical cyclones over steep terrain are required in the future in order to generalize
the results and conclusions found in this paper.
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Figures Captions

Figure 1: Schematic of bulk water budget of a tropical cyclone. The budget volume is a
cylinder. One sector is cut away to show the regions in which different microphysical
processes occur. The vapor balance in the budget volume can be expressed by Eq. (7).
Figure 2: Azimuthally and temporally (13–14 h) averaged water vapor budget fields of (a)
condensation (plus deposition), (b) horizontal flux convergence, (c) evaporation (plus
sublimation), (d) vertical flux convergence, (e) net condensation [sum of (a) and (c)],
(f) total flux convergence [sum of (b) and (d)], (g) divergence term, and (h) boundary
layer source and vertical diffusion term. Contour values in (a), (e), and (f), are 2.5 g
m-3 h-1 intervals with extra contours at ±1 g m-3 h-1. Contour values in (b) and (d) are
20 g m-3 h-1 intervals with extra contours at ±10 g m-3 h-1. Contour values in (c) and (g)
are 0.5 g m-3 h-1 intervals. Contour values in (h) are 1 g m-3 h-1. In (b), (d), and (h),
only the lowest 5 km are shown to improve readability since values above these levels
are generally small. Solid (dashed) lines indicate positive (negative) values (from
Yang et al. 2011b).
Figure 3: As in Fig. 2 but for the along-track vertical cross section of temporally (23.5–24.5
h) averaged fields. Contour values in (a), (e), and (f) are 15 g m-3 h-1 intervals, with
extra contours at ±2.5 g m-3 h-1. Contour values in (b) and (d) are at –100, –25, 25, and
100 g m-3 h-1. Contour values in (c), (g), and (h) are 2.5 g m-3 h-1 intervals, with extra
contours at ±1 g m-3 h-1. In (b), (d), and (h), only the lowest 5 km are shown to
improve readability since values above these levels are generally small. Solid (dashed)
lines indicate positive (negative) values (from Yang et al. 2011b).
Figure 4: Vertically-integrated and time-averaged source terms for total rain source (a, d),
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warm rain source (b, e), and cold rain source (c, f). Left panels are for source terms
averaged at 13–14 h, and right panels are for source terms averaged at 23.5–24.5 h.
Contour values are 20 kg m-2 h-1 interval with extra contours at 10 kg m-2 h-1 (from
Yang et al. 2011b).
Figure 5: Water vapor budget over the (a) ocean and (b) land. The left portions of the
diagram represent the inner core area (eye and eyewall, r < 50 km) while the right
portions are for the outer region (50 km < r < 150 km). Parameter names are provided
in Table 1. All values are normalized by the total condensation within r < 150 km. The
nonnormalized values can be obtained by dividing by 100 and multiplying by the total
condensation, which is 7.41 × 1011 kg h-1 over the ocean and 9.06 × 1011 kg h-1 over
land, respectively. Inward (outward) thin arrow represents the HFP (HFN) to each
region, and the inward (outward) open arrow represents the HFP (HFN) to the whole
storm within 150 km radius. The vapor balance in each region can be expressed by Eq.
(7) (from Yang et al. 2011b).
Figure 6: As in Fig. 5 but for total condensate (cloud plus precipitation) budget over the (a)
ocean and (b) land. The water balance in each region can be expressed by Eq. (8)
(from Yang et al. 2011b).
Figure 7: (a) Water vapor and (b) total condensate (cloud plus precipitation) budgets of
Typhoon Morakot over ocean during 0000–0100 UTC 7 August 2009. The box
represents the entire storm within 240-km radius. Parameter names are provided in
Table 1. All values are normalized by the total condensation within r < 240 km. The
nonnormalized values can be obtained by dividing by 100 and multiplying by the total
condensation, which is 2.28 × 1012 kg h-1. Inward (outward) open arrow represents the
HFP (HFN) to (from) the whole storm from (to) the environment beyond 240-km
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radius. The vapor and condensate balances within the storm can be expressed by Eqs.
(7) and (8).
Figure 8: As in Fig. 7 but for the Morakot landfall period Taiwan during 0730–0830 UTC 8
August 2009. The total condensation of Typhoon Morakot at this time period is 1.63 ×
1012 kg h-1.
Figure 9: Change of (a) cloud microphysics precipitation efficiency (CMPE) and (b)
large-scale precipitation efficiency (LSPE) as a function of TC radius. Dashed line is
for the time-averaged (13–14 h) result during the oceanic stage and solid line is for the
time-averaged (23.5–24.5 h) result during the landfall stage (from Yang et al. 2011b).
Figure 10: Time series of the simulated rainrate (solid line; scaled on the left axis) and
calculated CMPE (dashed line; scaled on the left axis) over a rectangular area with the
size of 50 km by 100 km on southwestern CMR during the Morakot landfall period at
1200–1800 UTC 8 August 2009.
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Table 1. Water budget parameter names.
Name

Term

Description/comment

Cond

C

Condensation and deposition

Evap

E

Evaporation and sublimation

HFP

   (qx V ' )  0 Inward-directed (positive) horizontal flux convergence

HFN

   (qx V ' )  0 Outward-directed (negative) horizontal flux convergence

HFC

HFP + HFN

VFP



 ( q x w)
0
z

Positive vertical flux convergence

VFC



 (qx w)
z

Vertical flux convergence

Div

qx   V ' w
z

P



 (q pVT )
z

Net horizontal flux convergence



Divergence term
Precipitation flux

Diff

Dx

Numerical diffusion

PBL

Bx

Boundary layer source and vertical (turbulent) diffusion

Tend

qx
t

Storage term

Resd

Resd x

Residual term

31

Figure 1: Schematic of bulk water budget of a tropical cyclone. The budget volume is
a cylinder. One sector is cut away to show the regions in which different
microphysical processes occur. The vapor balance in the budget volume can be
expressed by Eq. (7).
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Figure 2: Azimuthally and temporally (13–14 h) averaged water vapor budget fields
of Typhoon Nari of (a) condensation (plus deposition), (b) horizontal flux
convergence, (c) evaporation (plus sublimation), (d) vertical flux convergence, (e) net
condensation [sum of (a) and (c)], (f) total flux convergence [sum of (b) and (d)], (g)
divergence term, and (h) boundary layer source and vertical diffusion term. Contour
values in (a), (e), and (f), are 2.5 g m-3 h-1 intervals with extra contours at ±1 g m-3 h-1.
Contour values in (b) and (d) are 20 g m-3 h-1 intervals with extra contours at ±10 g
m-3 h-1. Contour values in (c) and (g) are 0.5 g m-3 h-1 intervals. Contour values in (h)
are 1 g m-3 h-1. In (b), (d), and (h), only the lowest 5 km are shown to improve
readability since values above these levels are generally small. Solid (dashed) lines
indicate positive (negative) values (from Yang et al. 2011b).
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Figure 3: As in Fig. 2 but for the along-track vertical cross section of temporally
(23.5–24.5 h) averaged fields. Contour values in (a), (e), and (f) are 15 g m-3 h-1
intervals, with extra contours at ±2.5 g m-3 h-1. Contour values in (b) and (d) are
at –100, –25, 25, and 100 g m-3 h-1. Contour values in (c), (g), and (h) are 2.5 g m-3 h-1
intervals, with extra contours at ±1 g m-3 h-1. In (b), (d), and (h), only the lowest 5 km
are shown to improve readability since values above these levels are generally small.
Solid (dashed) lines indicate positive (negative) values (from Yang et al. 2011b).
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Figure 4: Vertically-integrated and time-averaged source terms of Typhoon Nari for
total rain source (a, d), warm rain source (b, e), and cold rain source (c, f). Left panels
are for source terms averaged at 13–14 h, and right panels are for source terms
averaged at 23.5–24.5 h. Contour values are 20 kg m-2 h-1 interval with extra contours
at 10 kg m-2 h-1(from Yang et al. 2011b).
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Figure 5: Water vapor budget of Typhoon Nari over the (a) ocean and (b) land. The
left portions of the diagram represent the inner core area (eye and eyewall, r < 50 km)
while the right portions are for the outer region (50 km < r < 150 km). Parameter
names are provided in Table 1. All values are normalized by the total condensation
within r < 150 km. The nonnormalized values can be obtained by dividing by 100 and
multiplying by the total condensation, which is 7.41 × 1011 kg h-1 over the ocean and
9.06 × 1011 kg h-1 over land, respectively. Inward (outward) thin arrow represents the
HFP (HFN) to each region, and the inward (outward) open arrow represents the HFP
(HFN) to the whole storm within 150 km radius. The vapor balance in each region
can be expressed by Eq. (7) (from Yang et al. 2011b).
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Figure 6: As in Fig. 5 but for total condensate (cloud plus precipitation) budget of
Typhoon Nari over the (a) ocean and (b) land. The water balance in each region can
be expressed by Eq. (8) (from Yang et al. 2011b).
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Figure 7: (a) Water vapor and (b) total condensate (cloud plus precipitation) budgets
of Typhoon Morakot over ocean during 0000–0100 UTC 7 August 2009. The box
represents the entire storm within 240-km radius. Parameter names are provided in
Table 1. All values are normalized by the total condensation within r < 240 km. The
nonnormalized values can be obtained by dividing by 100 and multiplying by the total
condensation, which is 2.28 × 1012 kg h-1. Inward (outward) open arrow represents the
HFP (HFN) to (from) the whole storm from (to) the environment beyond 240-km
radius. The vapor and condensate balances within the storm can be expressed by Eqs.
(7) and (8).

38

Figure 8: As in Fig. 7 but for the Morakot landfall period Taiwan during 0730–0830
UTC 8 August 2009. The total condensation of Typhoon Morakot at this time period
is 1.63 × 1012 kg h-1.
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Figure 9: Change of (a) cloud microphysics precipitation efficiency (CMPE) and (b)
large-scale precipitation efficiency (LSPE) of Typhoon Nari as a function of radius.
Dashed line is for the time-averaged (13–14 h) result during the oceanic stage and
solid line is for the time-averaged (23.5–24.5 h) result during the landfall stage (from
Yang et al. 2011b).
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Figure 10: Time series of the simulated rainrate (solid line; scaled on the left axis) and
calculated CMPE (dashed line; scaled on the left axis) over a rectangular area with the
size of 50 km by 100 km on southwestern CMR during the Morakot landfall period at
1200–1800 UTC 8 August 2009.
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