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ABSTRACT

Although there have been many observational and modeling studies of tropical cyclones (TCs), the un-

derstanding of TCs’ budgets of vapor and condensate and the changes of budgets after TCs’ landfall is still

quite limited. In this study, high-resolution (2-km horizontal grid size and 2-min data interval) model output

from a cloud-resolving simulation of Typhoon Nari (2001) is used to examine the vapor and condensate

budgets and the respective changes of the budgets after Nari’s landfall on Taiwan. All budget terms are

directly derived from the model except for a small residual term. For the vapor budget, while Nari is over the

ocean, evaporation from the ocean surface is 11% of the inward horizontal vapor transport within 150 km of

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 signifi-

cantly and produces stronger horizontal vapor import at low levels, resulting in a 22% increase in storm-total

condensation. Precipitation efficiency, defined from either the large-scale or microphysics perspective, is

increased 10%–20% over the outer-rainband region after landfall, in agreement with the enhanced surface

rainfall over the complex terrain.

1. Introduction

Malkus and Riehl (1960) 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 mois-

ture source plays an important role in the generation and

maintenance of TCs (Riehl and Malkus 1961; Kurihara

1975; Hawkins and Imbembo 1976; Zhang et al. 2002).

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 a 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 conden-

sation or advection. For the outer region, on the other

hand, evaporation from the ocean surface supplied sub-

stantial moisture and latent heat fluxes to the atmo-

sphere, ultimately resulting in a 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 in-

dicated 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 bound-

ary layer. Within the eyewall, the moisture transport by
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vertical advection was larger than that by horizontal ad-

vection.

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 (r , 110 km) 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 (r , 40 km) fell in the stratiform region

(r . 20 km). They further estimated that the condensa-

tion in the stratiform region was 3 times the water mass

transport outward from the eyewall, indicating the

dominance of the in situ production of water.

Gamache et al. (1993) conducted a detailed water

budget study using dual-Doppler radar and aircraft data

collected for Hurricane Nobert (1984). Based on a large

value of the estimated vapor diffusion across the bottom

boundary (;500 m) of the analysis volume, they esti-

mated that approximately 40% of the vapor converging

into the budget volume (r , 37.5 km) had evaporated

from the ocean surface, an amount significantly larger than

that found in previous studies.

Braun (2006) computed 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, cloud condensate was consumed as rapidly as it

was produced. Cloud droplets were maximized at the top

of the boundary layer and within the melting layer, where

cooling from melting enhanced condensation. Snow

particles ejected outward from the eyewall seeded the

outer regions and increased stratiform precipitation de-

velopment locally through the microphysical processes of

vapor deposition and aggregation.

Typhoon Nari struck Taiwan on 16 September 2001,

bringing heavy rainfall (with 3-day-total rainfall of more

than 1400 mm), strong wind gusts, and flash floods. It

caused severe economic and societal impacts, including

the loss of 92 human lives (Sui et al. 2002). Because of the

tremendous rainfall and the severe disaster produced by

Nari, several studies have focused on Nari by utilizing

observations and modeling. For example, the precipitation

efficiency of Typhoon Nari over the ocean was discussed in

Sui et al. (2005), and the flooding caused by Nari was ex-

amined in Li et al. (2005). Yang et al. (2008, hereafter

YZH) conducted a quadruply nested–grid fifth-generation

Pennsylvania State University–National Center for At-

mospheric Research Mesoscale Model (MM5) 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 h21)

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. (2011) further exam-

ined the structure changes and terrain-induced storm

asymmetries after Nari’s landfall on Taiwan by com-

paring the full-terrain control run with the reduced-

terrain sensitivity simulations.

To better understand the evolution of clouds and

precipitation in Typhoon Nari during its landfall on

Taiwan, budgets for vapor, cloud, and precipitation are

conducted in this study by analyzing the MM5 output

from YZH with high spatial and temporal resolutions

(2-km horizontal grid size and 2-min output interval). The

first objective of this study is to investigate the evolution

of the water vapor, cloud, and precipitation budgets dur-

ing Nari’s landfall on Taiwan, especially for the transition

from the more axisymmetric structure over the ocean to

the highly asymmetric structure over the mountains.

The second objective is to understand what portions

of the heavy rainfall from Nari were produced in situ, that

is, locally generated by condensation and melting, and

what portions of rainfall were produced by moisture

transported from the surrounding oceanic environ-

ment. The third purpose is to examine whether the

precipitation efficiency is indeed increased after Nari’s

landfall on the mountainous island of Taiwan. Through

the analyses of water vapor, cloud, and precipitation

budgets, we gain physical insights into how vapor,

clouds, and precipitation were generated within Nari

and how microphysical processes were modified as Nari

encountered the mountainous topography of Taiwan.

Under the constraints of model deficiencies and physics

uncertainties, the physical insights and understanding

gained from this water budget study based on model

diagnostics may help improve the microphysical pa-

rameterization of TCs in the future.

2. Model simulation

a. Model description

In this study, we analyze the control simulation results

from the finest 2-km grid of the simulation described in

YZH. The 2-km grid simulation, having 271 3 301 3 32

grid points on the (x, y, s) grid and covering a horizontal
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area of 540 km 3 600 km, was performed by using the

initial and lateral boundary conditions provided by the

output of the 6-km grid, which was obtained by running

the triply nested domains separately (54, 18, and 6 km).

The 2-km grid simulation uses the 3-ice microphysics

scheme of Reisner et al. (1998), which solves for the

mixing ratios of water vapor qy, cloud water ql, cloud

ice qi, rainwater qr, snow qs, and graupel qg. (See YZH

for a detailed description of the model design and

setup.)

Two stages of Nari’s development are chosen for the

present study: an ocean stage during 13–14 h of the sim-

ulation (0100–0200 UTC 19 September 2001, with few

influences from land) and a landfall stage during 23.5–

24.5 h (1130–1230 UTC 19 September 2001, with half of

Nari’s circulation over Taiwan). These times are 8 h prior

to and 1.5 h after landfall, respectively. Most fields are

averaged hourly from output at 2-min intervals to show

more persistent mesoscale structures by reducing small-

scale temporal fluctuations.

b. Simulated structures

Color shading in Fig. 1 indicates the time-averaged

(13–14 h) simulated radar reflectivity at 40 m, 3 km,

7 km, and 12 km, respectively, during the oceanic stage.

Intense precipitation occurs within the eyewall, and

a principal rainband is located to the west and north of the

eyewall. Strong radial inflow with a peak intensity of

226 m s21 is near the surface (Fig. 1a) and radial

outflow with a peak value of 14 m s21 is found at the

upper levels (Fig. 1d). Strong convective updrafts occur

inside the inner core, and relatively weaker but wider

mesoscale updrafts are in the principal rainband (Figs.

1b,c).

Figure 2a shows the vertical structure of time-averaged

(13–14 h) simulated radar reflectivity across Nari along

FIG. 1. Color shading indicates time-averaged (13–14 h) simulated radar reflectivity at

(a) 40 m, (b) 3 km, (c) 7 km, and (d) 12 km on the 2-km grid. Contour overlays in (a) and

(d) are storm-relative radial velocities drawn at 2 m s21 intervals. Contours in (b) and (c) are

vertical velocities drawn at 0.5 m s21 intervals with the 0 contour omitted. Solid (dashed) lines

indicate positive (negative) values. The straight line A1B1 in (b) indicates the horizontal po-

sition of the vertical cross sections in Fig. 2.
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the A1B1 (cross track) cross section, which clearly dis-

plays the outward-tilted eyewall and rainbands farther

outward from the center. Deep updrafts with a peak

intensity of 3.5 m s21 occur in the eyewall; weaker up-

drafts (downdrafts) are at upper (lower) levels in the

outer rainbands (Fig. 2b). At lower levels, the radial

inflow in the northwestern quadrant (left half of Fig. 2c)

is deeper and stronger than that in the southeastern

quadrant (right half of Fig. 2c). Radial outflow with peak

values of 10–12 m s21 occurs at upper levels while strong

midlevel outflow can be seen in the northwestern quad-

rant (left half of Fig. 2c). Abundant supercooled liquid

water (with ql . 2 g kg21) associated with deep updrafts

is found inside the eyewall (Fig. 2b).

Because Typhoon Nari maintained a quasi-axisymmetric

structure while it was over the ocean, it is more meaningful

to look at the azimuthally averaged structures of Nari in

terms of its kinematics, cloud, and precipitation fields

(Fig. 3). The average tangential wind is maximized at

r 5 20 km, with a peak intensity of slightly greater than

55 m s21 at the top of boundary layer (Fig. 3a). Radial

velocities are primarily inward at lower levels and out-

ward at upper levels, with most of the inflow concentrated

in the boundary layer (Fig. 3b). Updrafts reach an altitude

of 13 km within the vertically tilted eyewall, and down-

drafts occur at the interface between the eye and eyewall

(Fig. 3c). Inside the eyewall, the atmosphere is moistened

by the upward transport of moisture from deep updrafts,

and a similar amount of moistening is also found below

5 km inside the eye; on the other hand, strong drying by

mesoscale downdrafts is found in the outer-rainband re-

gion with r . 60 km (Fig. 3d). Cloud water is maximized

FIG. 2. (a),(c) Color indicates the time-averaged (13–14 h) simulated radar reflectivity and (b) blue

shading indicates cloud water mixing ratio along the A1B1 cross section (see Fig. 1 for the horizontal

position). Thick contours in (a) and (b) are vertical velocity drawn at 1 m s21 intervals with the 0 contour

omitted and extra contours at 60.5 m s21. Thin contours in (b) are cloud ice mixing ratio drawn at

0.1 g kg21 intervals. Red line in (b) is the 08C isotherm. Contours in (c) are storm-relative radial velocity

at 2 m s21 intervals. Solid (dashed) lines indicate positive (negative) values.
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within the eyewall, near the top of boundary layer, and

near the melting layer at z 5 5 km; cloud ice is maximized

at the altitude of 12 km (Fig. 3e). The rainwater maxi-

mum is below and slightly inward of the graupel maxi-

mum in the eyewall, indicating a large production of

raindrops by the melting of graupel particles. Another

pair of rainwater and graupel maxima is in the outer

rainbands. Snow peaks near a 10-km altitude in the eye-

wall, approximately 3–4 km higher than graupel (Fig. 3f).

After landfall, Taiwan’s steep terrain imposes a large

degree of asymmetry on Nari’s kinematic and precipitation

structures (Fig. 4). A terrain-sensitivity experiment in-

dicates that the asymmetry is greatly reduced if Taiwan’s

terrain is totally removed (see Figs. 10 and 11 of Yang et al.

2011). Low-level radial inflow is stronger than that seen

over the ocean, especially near the coast, because of the

enhanced flow convergence and storm retardation caused

by increased friction (Fig. 4a; note that the contour interval

is 4 m s21 in Fig. 4a but 2 m s21 in Fig. 1a). Vertical up-

drafts and downdrafts are also enhanced over the island,

with more cellular structures associated with flow over the

small ridges and valleys within the Central Mountain

Range (CMR; see Figs. 4b,c). Greater upper-level radial

outflow and inflow variations are found during landfall

(Fig. 4d).

Because of the strong asymmetry of Nari’s structure

after landfall, it is less representative to show the sym-

metric fields at this time. Instead, we will illustrate Nari’s

asymmetric structures from the time-averaged (23.5–

24.5 h) simulation results in two vertical cross sections,

that is, A2B2 (along track) and C2D2 (cross track) cross

sections, respectively.

In the A2B2 cross section, which cuts through the major

peak (Mount Snow) in the northern CMR, the tangential

FIG. 3. Azimuthally and temporally (13–14 h) averaged fields for (a) tangential velocity, 5 m s21 intervals;

(b) radial velocity, 2 m s21 intervals; (c) vertical velocity, 0.5 m s21 intervals with the 0 contour omitted and 0.25 and

20.1 m s21 contours added; (d) water vapor mixing ratio departure from the domain-averaged value, 0.5 g kg21

intervals; (e) cloud water and ice mixing ratios, 0.25 g kg21 intervals with an extra contour at 0.01 g kg21 and shading

indicating cloud liquid water .0.01 g kg21; and (f) rain (shading), snow (thin contours), and graupel (thick contours)

mixing ratios, 0.3 g kg21 intervals with an extra contour at 0.01 g kg21.
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wind is stronger near the coast (peaking near 60 m s21)

than over land (;55 m s21) (Fig. 5a) as a result of stronger

convergence of absolute angular momentum near the

coast and enhanced friction by terrain over land. Intense

radial inflow occurs at lower levels and outflow at upper

levels near the coast and over the ocean. Sloping radial

outflow occurs at midlevels above the northern CMR,

transporting hydrometeors outward to broaden the sur-

face precipitation area (Fig. 5b). Updrafts are stronger

(peaked at 5 m s21) and more upright near the coast, but

weaker (peaked at 2–4 m s21) and outward tilted over the

terrain. Several peaks of updrafts and downdrafts are

found above the mountain, which are produced by the

strong rotational winds impinging on the steep CMR (Fig.

5c). Copious moisture (with qy . 16 g kg21) is pushed

upward to 2-km altitude by the flow over the terrain (Fig.

5d). Abundant cloud water droplets (gray shading) are

over the CMR, while over the coast and ocean, cloud

water droplets are at much higher altitudes. Cloud ice is

located primarily above a 10-km altitude, with more ice

particles above the deep updrafts near the coast (Fig. 5e).

More rain occurs above the northern CMR compared to

over the coast and ocean (Fig. 5f). Similarly, abundant

graupel particles are found at altitudes of 5–8 km over the

steep terrain and above rainwater maxima.

In the C2D2 cross section, which cuts through the small

hill over Keelung, some noticeable structural differences

from the A2B2 cross section are found. Tangential winds

are stronger (peaking near 57 m s21) near the coast than

those (;49 m s21) above the small hill (Fig. 6a), likely

because the air over the hill is coming off of the island and

has experienced significant friction. In addition to the

low-level radial inflow and upper-level outflow, intense

radial outflow is also found at midlevels, suggesting more

shallow updrafts and midlevel detrainment (Fig. 6b). Deep

updrafts and downdrafts are found in the eyewall and

FIG. 4. Color shading indicates time-averaged (23.5–24.5 h) simulated radar reflectivity at

(a) 40 m, (b) 3 km, (c) 7 km, and (d) 12 km on the 2-km grid. Contour overlays in (a) and

(d) are storm-relative radial velocities drawn at 4 m s21 intervals. Contours in (b) and (c) are

vertical velocities drawn at 2 m s21 intervals with the 0 contour omitted and extra contours of

20.5 and 0.5 m s21 added. Solid (dashed) lines indicate positive (negative) values. The straight

lines A2B2 and C2D2 in (b) indicate the horizontal position of the vertical cross sections in

Figs. 5 and 6, respectively.
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above the small hill (Fig. 6c). Highly moist air (with qy .

19 g kg21) is located inside the eye (Fig. 6d). Cloud water

mixing ratios peak at midlevels within the eyewall, with ice

abundant at upper levels (Fig. 6e). Large rain mixing ratios

occur in the northwestern quadrant (left half of Fig. 6f),

compared to the southeastern quadrant (right half of Fig. 6f).

Similarly, greater graupel mixing ratios are found in the

northwestern quadrant than the southeastern quadrant.

3. Budget formulation

All water budget calculations are based on the gov-

erning equations used in MM5 (Dudhia 1993; Grell et al.

1995). Following Liu et al. (1999), Zhang et al. (2000,

2001), and Braun (2006), we will discuss the water budget

of Nari in cylindrical coordinates (r, l, z), where r is the

radius from the TC center pointing outward, l is the azi-

muthal angle, and z is the vertical height axis. While Nari

is over ocean, the TC center is defined as the center of

minimum sea level pressure; while Nari is over Taiwan

island, the TC center is defined as the primary vortex

circulation center at 4-km altitude (above the highest

peak of Mt. Snow).

As in Braun (2006), the governing equation for water

vapor qy in a TC-following framework can be written as

›q
y

›t
5 2$ � (q

y
V9) 2

›(q
y
w)

›z
1 q

y
$ �V9 1

›w

›z

� �

2 C 1 E 1 B
y

1 D
y

1 Resd
y
. (1)

FIG. 5. Vertical cross section (A2B2) of temporally (23.5–24.5 h) averaged fields for (a) tangential velocity, 5 m s21

intervals; (b) radial velocity, 4 m s21 intervals with the 0 contour omitted; (c) vertical velocity, 2 m s21 intervals with

the 0 contour omitted and 21 and 1 m s21 contours added; (d) water vapor mixing ratio, 2 g kg21 intervals with

a thick contour for 16 g kg21; (e) cloud water and ice mixing ratios, 0.1 g kg21 intervals with an extra contour at

0.01 g kg21 for cloud ice and shading for cloud liquid water; and (f) rain (shading), snow (thin contours), and graupel

(thick contours) mixing ratios, 0.25 g kg21 intervals with an extra contour at 0.01 g kg21 for snow mixing ratio,

0.5 g kg21 intervals with an extra contour at 0.01 g kg21 for graupel mixing ratio.
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Similarly, the equation for cloud (qc 5 ql 1 qi) can be

written as

›qc

›t
5 2$ � (qcV9) 2

›(qcw)

›z
1 qc $ �V9 1

›w

›z

� �

1 Qc1
2 Qc2

1 Bc 1 Dc 1 Resdc, (2)

and the equation for precipitation (qp 5 qr 1 qs 1 qg)

can be written as

›qp

›t
5 2$ � (qpV9) 2

›(qpw)

›z
1 qp $ �V9 1

›w

›z

� �

1
›(qpVT)

›z
1 Qp1

2 Qp2
1 Dp 1 Resdp,

(3)

where qy, qc, and qp are the water vapor, cloud, and

precipitation mixing ratios, respectively; V9 is the storm-

relative horizontal air motion; w and VT are the vertical

air and hydrometeor terminal velocities, respectively;

Qc1, Qc2, Qp1, and Qp2 are the cloud and precipitation

microphysical source (1) and sink (2) terms; C is the

condensation and deposition; E is the evaporation and

sublimation. We have

C 2 E 5 Qc1
2 Qc2

1 Qp1
2 Qp2

.

The By and Bc are the contributions from the planetary

boundary layer parameterization and vertical turbulent

diffusion to the vapor and cloud budgets, respectively;

and Dy, Dc, and Dp are numerical diffusion terms for va-

por, cloud, and precipitation, respectively. Microphysical

source and sink terms are output directly from the Reisner

et al. (1998) microphysical parameterization code. The

Resdy, Resdc, and Resdp terms 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 er-

ror, temporal leapfrog-differencing error, interpolation

FIG. 6. As in Fig. 5 but for C2D2 vertical cross section.
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error, and errors from setting negative mixing ratios to

zero). So residual terms in this study are different from the

‘‘zero’’ terms in Braun (2006), which specifically represent

the artificial source terms associated with setting negative

mixing ratios to zero. 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) creates 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. Each term in Eqs.

(1)–(3) except for the residual term is output directly from

MM5. Parameter names and mathematical formulations

of budget terms are given in Table 1.

While performing the water budget calculations, sev-

eral definitions of averages are used as in Braun (2006).

First, the temporal and azimuthal mean is defined as

[ ] 5
1

2p(T2 2 T1)

ðT
2

T
1

ð2p

0
r[ ] ›l ›t, (4)

the time-averaged and vertically integrated amount is

defined as

[ˆ ] 5
1

(T2 2 T1)

ðT
2

T
1

ðZ
T

Z
B

r[ ] ›z ›t, (5)

and the time-averaged, volumetrically integrated

amount is defined as

[ ] 5

ðZ
T

Z
B

ðR
2

R
1

[ ]2pr ›r ›z, (6)

where T1 and T2 are the beginning and ending times for

the analysis (13 and 14 h while Nari is over ocean; 23.5

and 24.5 h while Nari is over land); ZB and ZT are the

heights of the lowest and uppermost half-s levels of the

model domain; and R1 and R2 are the radial limits of

integration. The typhoon circulation of Nari can be sep-

arated into two distinct components: the inner core (R 5

0–50 km) including the eye and eyewall, and the outer-

rainband region (R 5 50–150 km) including the rainbands

and stratiform precipitation area (see Fig. 1). Thus R1 and

R2 are 0 and 50 km for the inner core and 50 and 150 km

for the outer region, respectively.

The units of the quantities derived from Eqs. (4)–(6)

are kg m23 h21, kg m22 h21, and kg h21, respectively.

Each water budget term in Eqs. (1)–(3) is averaged using

Eq. (6) from R 5 0 to R 5 50 km for the inner-core re-

gion, and from R 5 50 km to R 5 150 km for the outer-

rainband region. All values are then normalized by the

storm-total condensation between R 5 0 and R 5 150 km

and then multiplied by 100. All calculated water budget

terms (with definitions given in Table 1) are discussed in

the next section. Thus for each analyzed region (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 5 Cond 1 Evap 1 HFC 1 VFC 1 Div

1 Diff 1 PBL 1 Resd. (7)

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 5 Cond 1 Evap 1 HFC 1 VFC 1 Div

1 Diff 1 PBL 1 P 1 Resd. (8)

4. Result

a. Water vapor budget

Figure 7 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 sources of

water vapor. Most of the condensation occurs within

the eyewall, within areas of mesoscale updrafts in outer

TABLE 1. Water budget parameter names.

Name Term Description/comment

Cond C Condensation and deposition

Evap E Evaporation and sublimation

HFP 2 $ � (qxV9) . 0 Inward-directed (positive)

horizontal flux convergence

HFN 2 $ � (qxV9) , 0 Outward-directed (negative)

horizontal flux convergence

HFC HFP 1 HFN Net horizontal flux convergence

VFP 2
›(q

x
w)

›z
. 0 Positive vertical flux convergence

VFC 2
›(qxw)

›z
Vertical flux convergence

Div qx $ �V9 1
›w

›z

� �
Divergence term

P
›(q

p
V

T
)

›z
Precipitation flux

Diff Dx Numerical diffusion

PBL Bx Boundary layer source and

vertical (turbulent) diffusion

Tend
›qx

›t
Storage term

Resd Resdx Residual term
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rainbands, and near the top of the boundary layer (Fig. 7a).

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

5 km (Fig. 7c). The net microphysical sink term for water

vapor [C–E in Eq. (1)] is shown in Fig. 7e, and indicates

the net loss of water vapor by net condensation and de-

position within the eyewall and outer rainbands.

Because of the highly incompressible nature of air

motion, the horizontal vapor flux convergence is nearly

out of phase with the vertical vapor flux convergence

(Figs. 7b,d). In other words, the strong low-level radial

FIG. 7. Azimuthally and temporally (13–14 h) averaged water vapor budget fields of (a) condensation (plus de-

position), (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 at 2.5 g m23 h21 intervals,

with extra contours at 61 g m23 h21. Contour values in (b) and (d) are at 20 g m23 h21 intervals, with extra contours

at 610 g m23 h21. Contour values in (c) and (g) are at 0.5 g m23 h21 intervals. Contour values in (h) are 1 g m23 h21.

In (b),(d), and (h), only the lowest 5 km are shown to improve readability since values above these levels are gen-

erally small. Solid (dashed) lines indicate positive (negative) values.
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inflow transports highly moist air parcels from the sur-

rounding oceanic environment inward to the eyewall

(Figs. 3b, 7b), and then the deep updrafts within the

eyewall transport the moisture upward (Figs. 3c, 7d). The

total vapor flux convergence in Fig. 7f, which is the sum-

mation of the horizontal and vertical vapor flux conver-

gences, is largely compensated by the net microphysical

sink term [C–E in Eq. (1)] in Fig. 7e. The near balance

between the total vapor flux convergence and net micro-

physical sink results in a very small vapor tendency (not

shown). The divergence term shows horizontal flow con-

vergence within the boundary layer and vertical flow di-

vergence within the eyewall (Fig. 7g). The boundary layer

parameterization and vertical diffusion produce oscilla-

tions of small positive and negative changes of vapor in

the lowest 3 km (Fig. 7h).

After Nari’s landfall on Taiwan, asymmetric features

of the vapor budget are different from the axisymmetric

structures over the ocean. Figure 8 displays the tempo-

rally averaged (23.5–24.5 h) water vapor budget fields

along the A2B2 vertical cross section. Condensation

maxima are within the northeastern eyewall near the

coast and in the updrafts along the mountain slopes (Figs.

5c, 8a). On the other hand, evaporation occurs mainly

within the downdrafts over the mountain area (Figs. 5c,

8c), 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. 8e). Because of enhanced flow con-

vergence and divergence after the storm’s landfall, vapor

flux convergence over land (Figs. 8b,d) is stronger than

that over ocean (Figs. 7b,d; note the contour interval

differences between Figs. 7b,d and 8b,d). Again, hori-

zontal vapor flux convergence is out of phase with vertical

vapor flux convergence (Figs. 8b,d). Total vapor flux

convergence is again opposite in sign to the net conden-

sation (Figs. 8e,f), consistent with the axisymmetric re-

sults over the ocean (Figs. 7e,f). Vapor change due to

flow divergence over land produces the loss and gain

of water vapor below 5 km (Fig. 8g). Boundary layer

processes and vertical diffusion produce enhanced posi-

tive and negative changes of water vapor over the rugged

terrain (Fig. 8h), compared to those over the ocean

(Fig. 7h).

b. Condensed water budget

Figure 9 displays the azimuthally and temporally

(13–14 h) averaged budget terms of condensed water

(cloud and precipitation) for the period over ocean. The

net source of condensed water in Fig. 9a, which is the

summation of net condensation and evaporation [C–E

in Eq. (1)], is opposite in sign to the net sink of water

vapor in Fig. 7e. Again, because air motion is nearly

incompressible, the horizontal flux convergence of con-

densed water is out of phase with the vertical flux con-

vergence (Figs. 9b,d). The precipitation fallout term

indicates a large fallout of raindrops and graupel particles

inside the eyewall (Fig. 9c). Fallout outside of the eyewall

is enhanced across the melting layer and in the locations

of large rain and graupel mixing ratios in the outer rain-

bands (Figs. 3f, 9c). The boundary layer parameterization

and vertical diffusion produce oscillations of positive and

negative changes of cloud and precipitation in the lowest

3 km (Fig. 9e). Summation of precipitation fallout and

total flux convergence (Fig. 9f) is mostly out of phase with

the net source term of condensed water (Fig. 9a), in-

dicating that the condensed water is falling out as rapidly

as it is produced during the over-ocean stage.

Sources and sinks of rain, graupel, and snow are

shown in Fig. 10. The collocation between the rain

source (Fig. 10a) and graupel sink (Fig. 10d) near the

melting layer (z 5 5 km) indicates that the melting of

graupel particles contributes significantly to the production

of raindrops. Collision and coalescence of cloud droplets

accounts for the rain production beneath the melting layer

within the eyewall (Fig. 10a), and collection of raindrops

by snowflakes occurs in the mid-to-upper levels (Fig. 10b).

The maximum of the graupel source is located at a lower

height than that of the snow source (Figs. 10c,e), owing to

the larger fall speeds of graupel particles. Melting of

snowflakes also produces raindrops (Fig. 10f), although

this rain production is much less than that from the melting

of graupel particles (Fig. 10d). Although there was no in

situ microphysics observation for Typhoon Nari, observa-

tional studies of Black and Hallett (1986) for Hurricane

Irene (1981), Houze et al. (1992) for Hurricane Nobert

(1984), and McFarquhar and Black (2004) for Hurricane

Emily (1987) all indicated a strong association between

large raindrops and the melting of graupel particles. Thus,

it is possible that graupel melting could contribute signifi-

cantly to heavy rainfall in Typhoon Nari.

There are some noticeable differences in the rain

source–sink terms between this study using the Reisner

et al. (1998) scheme and the study of Braun (2006) using

the Goddard microphysics scheme (Tao and Simpson

1993). The rain source term (mainly the accretion of

supercooled cloud droplets by raindrops and the auto-

conversion of cloud droplets to raindrops) in Fig. 10a

extends to higher levels above the melting level, com-

pared to that in Braun (2006, see his Fig. 9a), mainly due

to the assumed availability of abundant supercooled

cloud droplets at midlevels (5–10 km) in the Reisner

et al. scheme. Also, the rain sink term in Fig. 10b is much

weaker than that in Braun (2006, see his Fig. 9b) below
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the melting level, probably because of a much moister

environment for Nari than for Bonnie.

The temporally (23.5–24.5 h) averaged cloud and pre-

cipitation budget fields during the landfall stage along the

A2B2 cross section are shown in Fig. 11 and are consistent

with characteristics during the over-ocean stage. The net

microphysical source (Fig. 11a) corresponds well to the

time-averaged cloud (Fig. 5e) and rainwater (Fig. 5f)

mixing ratios. The precipitation fallout (Fig. 11c) resembles

closely the mixing ratio fields of graupel and rain (Fig. 5f).

Horizontal flux convergence (Fig. 11b) is stronger than (but

of opposite sign to) vertical flux convergence (Fig. 11d).

The boundary layer source and vertical diffusion term are

very small (not shown). Precipitation fallout and total flux

convergence (Fig. 11e) are largely opposite in sign to the

net microphysical source (Fig. 11a), implying that a net

balance exists between the generation of cloud and pre-

cipitation and their loss.

FIG. 8. As in Fig. 7 but for the A2B2 vertical cross section of temporally (23.5–24.5 h) averaged fields. Contour

values in (a),(e), and (f) are at 15 g m23 h21 intervals, with extra contours at 62.5 g m23 h21. Contour values in

(b) and (d) are at 2100, 225, 25, and 100 g m23 h21. Contour values in (c),(g), and (h) are at 2.5 g m23 h21

intervals, with extra contours at 61 g m23 h21. In (b),(d), and (h), only the lowest 5 km are shown to improve read-

ability since values above these levels are generally small. Solid (dashed) lines indicate positive (negative) values.
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c. Vertically integrated sources and sinks

The vertically integrated and time-averaged source

terms for total rain, warm rain, and cold rain during the

over-ocean and landfall stages, respectively, of Nari are

shown in Fig. 12. During the oceanic stage, warm rain

processes dominate in the eyewall region (Fig. 12b), while

cold rain processes (mainly the melting of graupel parti-

cles to produce raindrops) are comparable to the warm

rain processes outside of the eyewall (Fig. 12c). After

landfall, the total rain source is significantly increased by

the enhanced moisture convergence over the northwest-

ern coast and orographic lifting above the northern CMR

(Fig. 12d). Warm rain processes increase and still domi-

nate in the eyewall region after landfall (Fig. 12e); above

the northern CMR, cold rain processes are enhanced

(Fig. 12f), resulting in increased rainfall over the terrain

by the melting of graupel particles (Fig. 5f).

The vertically integrated and time-averaged source

terms of condensation, evaporation, and precipitation

fallout during the oceanic and landfall stages, respec-

tively, are shown in Fig. 13. When the storm is over ocean,

intense condensation occurs within the eyewall, and

weaker condensation and deposition are in the principal

rainband (Fig. 13a). Evaporation and sublimation are

weaker, but occur over regions much wider than the inner

core and outer rainbands, including the surrounding

subsaturated areas (Fig. 13b). The horizontal distribution

of the precipitation fallout term (Fig. 13c) corresponds

well to the simulated radar reflectivity field (see the color

shading in Figs. 1a–c). After the storm’s landfall, peak

values of condensation and evaporation are much stronger

FIG. 9. Azimuthally and temporally (13–14 h) averaged cloud and precipitation budget fields of (a) net source

(condensation, deposition, evaporation, and sublimation), (b) horizontal flux convergence, (c) precipitation fallout,

(d) vertical flux convergence, (e) boundary layer source term, and (f) precipitation fallout and total flux convergence

[sum of (b),(c), and (d)]. Contour values in (a),(c), and (f) are at 2.5 g m23 h21 intervals, with extra contours at

61 g m23 h21. Contour values in (e) are 1 g m23 h21 intervals, with extra contours at 60.25 g m23 h21. Contour

values in (b) and (d) are at 610, 65, 63, 61, and 0 g m23 h21. Solid (dashed) lines indicate positive (negative)

values.
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(by 2–4 times) than those prior to landfall (Figs. 13d,e),

corresponding to enhanced precipitation fallout (Fig. 13f)

and stronger radar echoes (Figs. 4b,c) on the north-

western side of the island.

d. Volume-integrated budgets

Figure 14 displays diagrams of the volume-integrated

water vapor budget terms in the two 1-h periods: the

over-ocean period of 13–14 h and the landfall period of

23.5–24.5 h. 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, the

storm-total condensation within a 150-km radius is in-

creased from 7.41 3 1011 kg h21 to 9.06 3 1011 kg h21,

approximately a 22% enhancement. When Nari is still

over the 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; 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 a 150-km

radius. In other words, the ocean vapor source within the

150-km radius from the storm center is 10.9% [(1.3 1

4.7)/(23.5 1 31.3)] of the inward vapor transport. This

finding supports previous estimates, which indicate that

the ocean vapor source is only a small percentage of the

total water vapor import, consistent with previous studies

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% 5

31.3% 1 23.5% 2 2.3% 2 5.6%) into the storm is 87.8%

(46.9/53.4) of the net condensation (53.4% 5 32.4% 1

67.6% 2 10.5% 2 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

FIG. 10. Azimuthally and temporally (13–14 h) averaged precipitation source terms showing (a),(c),(e) sources and

(b),(d),(f) sinks for rain, graupel, and snow, respectively. Contour values are at 620, 610, 65, 63, 61, 60.5, and

60.25 g m23 h21. Solid (dashed) lines indicate positive (negative) values.
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reduced moisture fluxes over the rugged terrain (0.1%

versus 1.3% over the inner core; 2.3% versus 4.7% over

the outer region).

Condensation within the inner core accounts for 32.4%

of the storm-total condensation for the oceanic stage, but

increases to 48.0% of the total condensation during the

landfall stage, which is consistent with the enhanced

convection and precipitation within the inner core right

after Nari’s landfall. The low-level inward vapor flux

convergence (HFP) and upper-level outward vapor flux

divergence (HFN) for the inner-core region are signifi-

cantly increased after landfall. To be specific, the inward

(outward) vapor transport across the inner-core bound-

ary at the lower (upper) levels is increased by more than 3

times (10 times) after landfall (72.6% versus 23.5% for

HFP at low levels; 26.4% versus 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 (Figs. 5b,d). Because of the

enhanced low-level convergence and upper-level di-

vergence after landfall, the net horizontal vapor con-

vergence (80.6% 5 40.2% 1 72.6% 2 26.4% 2 5.8%)

into the storm within the 150-km radius is 122.3%

(80.6/65.9) of the net condensation (65.9% 5 48.0% 1

52.0% 2 10.6% 2 23.5%) after landfall.

Figure 15 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 the storm-total condensation over

the ocean, but increases to 32.2% over land. This

precipitating portion is similar to the net condensation

(32.4% 2 10.5% 5 21.9% over ocean; 48.0% 2 10.6% 5

37.4% over land), implying that water condensate is pre-

cipitated out as quickly as it is produced in situ (Braun

FIG. 11. The A2B2 vertical cross section of temporally (23.5–24.5 h) averaged cloud and precipitation budget fields

of (a) net source (condensation, deposition, evaporation, and sublimation), (b) horizontal flux convergence, (c)

precipitation fallout, (d) vertical flux convergence, and (e) precipitation fallout and total flux convergence [sum of

(b),(c), and (d)]. Contour values in (a) and (e) are at 15 g m23 h21 intervals, with extra contours at 62.5 g m23 h21.

Contour values in (b) and (d) are at 650, 620, 610, and 65 g m23 h21. Contour values in (c) are at 620, 610, 65,

and 62 g m23 h21 intervals.
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2006). The HFP and HFN are increased after landfall,

again because the storm’s secondary circulation is stronger

after landfall (Figs. 5b,c). Note that the HFN of conden-

sate from the inner core to the outer region is quite small

(1.2% over ocean and 9.2% over land), probably because

Typhoon Nari (2001) was only a category 2 on the Saffir–

Simpson hurricane scale prior to landfall and then quickly

weakened to tropical-storm strength after landfall on

Taiwan (see Fig. 5 of YZH). The relatively weaker outflows

of Nari at the upper level (only up to 6 m s21 at 12 km; see

Fig. 3b) produce a smaller flux of water and ice from the

eyewall to outer-rainband region, compared to other in-

tense TCs with stronger storm intensities and stronger

upper-level outflows.

e. Precipitation efficiencies

There are several ways to define and calculate the

precipitation efficiency (Doswell et 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

FIG. 12. Vertically integrated and time-averaged source terms for (a),(d) total rain source,

(b),(e) warm rain source, and (c),(f) cold rain source. Panels (a)–(c) are for source terms av-

eraged at 13–14 h and (d)–(f) are for source terms averaged at 23.5–24.5 h. Contour values are

at 20 kg m22 h21 intervals, with extra contours at 10 kg m22 h21.
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[the cloud microphysics precipitation efficiency (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 per-

spective [the large-scale precipitation efficiency (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 equi-

valent if the averaging area is large enough or the aver-

aging time period is long enough.

Using the budget terms defined in Table 1, the CMPE

and LSPE can be calculated as

CMPE 5
P

Cond
, (9)

FIG. 13. As in Fig. 12 but for (a),(d) condensation plus deposition, (b),(e) evaporation

plus sublimation, and (c),(f) precipitation fallout. Contour values in (a),(c),(d), and (f) are at

30 kg m22 h21 intervals, with extra contours at 10 kg m22 h21. Contour values in (b) and (e)

are at 10 kg m22 h21 intervals, with extra contours at 5 kg m22 h21.
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LSPE 5
P

HFP 1 VFP
. (10)

Figure 16 displays the changes of CMPE and LSPE 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. 15), resulting in a smaller

CMPE. At radii greater than 60 km, the CMPE remains

at 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. The

reason why the CMPE remains roughly a constant value

beyond the 60-km radius is not clear. One possible ex-

planation is that outside of the inner-core precipitation

region, stratiform precipitation dominates and has a fairly

constant precipitation efficiency. More studies are re-

quired to investigate this issue further.

FIG. 14. Water vapor budget over (a) ocean and (b) land. The lhs of the diagram represents

the inner-core area (eye and eyewall, r , 50 km) while the rhs is 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 3 1011 kg h21 over the ocean and

9.06 3 1011 kg h21 over land, respectively. The 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 a 150-km radius. The vapor balance in each region can be expressed by Eq. (7).
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5. Conclusions

In this study, high-resolution (2-km horizontal grid size

and 2-min data interval) output from a cloud-resolving

simulation of Typhoon Nari (2001) is used to examine the

vapor and condensate budgets and the budget changes

before and after Nari’s landfall on Taiwan. All budget

terms are directly derived from the model except for

a small residual term. The storm circulation is divided into

two parts, the inner-core and outer-rainband regions, re-

spectively. To our knowledge, this study is the first one to

examine the changes of TCs’ vapor and water budgets

from over ocean to landfall on the steep terrain and to

discuss the increase of TCs’ precipitation efficiency after

landfall from the water budget perspective.

For the vapor budget, while Nari is over the ocean,

evaporation from the ocean surface is 11% of the inward

horizontal vapor transport within a 150-km radius from

the storm center, and the net horizontal vapor conver-

gence 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 in-

creased to 122% of the net condensation after landfall.

For the condensed water budget, summation of pre-

cipitation fallout and total flux convergence is largely out

of phase with the net microphysical source term, in-

dicating that precipitation particles are falling out as

quickly as they are produced. Collision and coalescence of

cloud droplets accounts for the major portion of the pro-

duction of raindrops within the eyewall, while melting of

graupel particles also contributes significantly to the pro-

duction of raindrops. Thus, 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 of the center is increased by 22%. In the

eyewall, the low-level (upper level) inward (outward) va-

por flux convergence (divergence) is increased by more

than 3 times (10 times) after landfall, because the low-level

FIG. 15. As in Fig. 14 but for total condensate (cloud plus pre-

cipitation) budget over (a) ocean and (b) land. The water balance

in each region can be expressed by Eq. (8).

FIG. 16. Change of the (a) CMPE and (b) 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.
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(upper level) radial inflow (outflow) is stronger and deeper

with more moist air after the storm’s landfall.

The exact magnitude of the water budget term may be

sensitively dependent on the microphysics scheme used in

the model. However, for the vapor budget, major balance

exists 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 from either the large-

scale or microphysics perspective, is increased 10%–20%

over the outer-rainband region after landfall, in agree-

ment with the enhanced surface rainfall over terrain. At

radii greater than 60 km, the cloud microphysics precip-

itation efficiency remains at 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 is not clear. One possible

explanation is that the region outside of the eyewall is

dominated by stratiform precipitation with a relatively

constant precipitation efficiency. Further investigation on

this issue is required in future studies.

It should be mentioned that the above conclusions are

obtained by budget calculations of a tropical cyclone

case from a numerical simulation 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 to generalize the

results found in this study.
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