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ABSTRACT

In order to understand the evolution of tangential and radial flows of Typhoon Nari (2001) during its landfall in Taiwan,
absolute angular momentum (AAM) and radial wind budgets of Nari are conducted by analyzing the MMS5 simulation results
with high spatial and temporal resolutions (2-km horizontal grid spacing and 2-min output interval). The AAM is nearly
conserved outside the eyewall and above the boundary layer while Nari is over the ocean; after landfall, the enhanced surface
friction and turbulent mixing produces mostly negative local tendencies of AAM above terrain. For the landfall storm, both
the radar observation and model simulation indicate that the radial inflows at lower levels become thicker and stronger over
land, and the sloping radial outflow jet is maximized at the midlevel above rugged topography. The midlevel radial outflows
result from supergradient accelerations of 20 - 35 m s h'! and supergradient winds of 5 - 9 m s!. The enhanced imbalance
accelerations imply that the gradient wind balance is no longer appropriate to describe tangential winds over terrain. Near the
eyewall, the supergradient winds can be as strong as 9 m s above terrain and subgradient winds up to -21 m s are found at
the surface on the lee side. The stronger force imbalances of the landfall Nari produce larger local changes of AAM and radial
momentum, leading to more quickly-evolved vortex flows and secondary circulations over Taiwan’s steep terrain.
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1. INTRODUCTION

Although there have been many observational and mod-
eling studies of tropical cyclones (TCs), our understanding
on the evolution of TC’s tangential and radial flows during
the landfall process is rather limited. Gradient-wind balance
(GWB) assumption for the tangential wind has been widely
used in theoretical studies of TCs (Shapiro and Willoughby
1982; Emanuel 1986); however, whether the GWB model is
valid to describe TC’s tangential winds at mid-levels over
terrain remains an open question.

Both sounding observations from La Seur and Hawkins
(1963) and aircraft measurements from Willoughby (1990,
1991) found that the GWB model is a good approximation to
the azimuthally-averaged tangential winds in the inner-core
region for flows above the marine boundary layer (MBL)
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and below the upper outflow layer. On the other hand, Gray
and Shea (1973) documented systematic gradient-wind un-
balanced flows in the eyewall, especially near the radius of
maximum wind (RMW).

Zhang et al. (2001) (hereafter referred to as ZLY)
performed absolute angular momentum (AAM) and radial
momentum budgets, using their high-resolution simulation
result (with horizontal grid spacing of 6 km) of Hurricane
Andrew (Liu et al. 1997), and have reconciled the controver-
sy between Gray and Shea (1973) and Willoughby (1990).
ZLY indicated that their conclusions are both correct for the
levels of observations they analyzed, because of significant
differences in the agradient forces and flows between the
layers near the top of the MBL and the layers above. How-
ever, these studies are only for oceanic TCs, and it remains
unknown whether the GWB model is still applicable when
a TC makes landfall.
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As indicated by ZLY, the GWB model for the primary
circulation is important for understanding TC’s secondary
circulation. The gradient wind imbalance is required to de-
termine the structure of secondary circulation, which would
in turn cause an intensity change of the primary circulation.
Radial inflows (outflows) increase (decrease) the magni-
tude of tangential winds in the eyewall under the constraint
of AAM conservation. On the other hand, the radial outflow
in the eyewall plays an important role in transporting the
air mass from the inner-core region outward to reduce the
central pressure, strengthen the storm, and then intensify
the tangential wind (Liu et al. 1999). While the TC vor-
tex flow over the ocean has been extensively studied in the
context of balanced dynamics, it is still uncertain how the
unbalanced forces and flows are generated and distributed
in the inner-core region as a TC encounters mountainous
topography, such as the Central Mountain Range (CMR)
in Taiwan.

Typhoon Nari struck Taiwan on 16 September 2001; it
brought heavy rainfall (with three-day-total rainfall of more
than 1400 mm), strong wind gusts, flash flood, and caused
severe economical and societal damage, including the loss
of 92 lives (Sui et al. 2002). The precipitation efficiency
of Typhoon Nari over the ocean was discussed in Sui et al.
(2005), and the flooding simulation of Nari was examined
in Li et al. (2005). Yang et al. (2008) (hereafter referred to
as Part I) conducted a quadruply nested-grid MMS5 simula-
tion with the finest grid size of 2 km for Nari and showed
that the model reproduced the kinematic and precipitation
features as well as the structural changes of Nari reason-
ably well, as verified against radar and rain-gauge observa-
tions. These included the storm track, sizes and contraction
of the eye and eyewall, spiral rainbands, rapid pressure rise
(~1.67 hPah') during landfall, and the nearly constant storm
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 referred
to as Part II) further examined the structure changes and
terrain-induced storm asymmetries after Nari’s landfall in
Taiwan by comparing the full-terrain control run with the
reduced-terrain sensitivity simulations.

In order to further understand the evolution of tangen-
tial and radial flows of Typhoon Nari upon its landfall in
Taiwan, AAM and radial wind budgets of the storm are con-
ducted in this study by analyzing the MMS5 output from Part
I with high spatial and temporal resolutions (2-km horizon-
tal grid spacing and 2-min output interval). Before landfall,
Nari’s tangential wind exhibited an evident wavenumber-1
signature, with radial inflow at lower levels and outflow at
upper levels (see Figs. 12 and 16 of Part I). After landfall, the
horizontal winds became highly asymmetric (see Figs. 13
and 15 of Part I). Both radar observation (Figs. 1c, ) and
MMS simulation (Figs. 1d, f) indicate that the radial inflow
at lower levels became thicker and stronger over land than

that off shore, and the sloping radial outflow jet was maxi-
mized at the midlevel above the rugged terrain. Note that the
simulated stronger radial wind, compared to the radar-de-
rived radial wind, is consistent with the more intense storm
intensity in the simulation (see Fig. 5 of Part I). The time
difference between Figs. 1a and b is due to the 3-h earlier
landfall time of the simulated storm, and the slightly differ-
ent orientation of the southwest sectors between the obser-
vation and simulation is to adjust for the different terrain
imposed on the simulated storm due to the landfall position
error.

The first objective of this study is to investigate the
evolution of tangential and radial flows of Nari during its
landfall in Taiwan, especially for the transition from the
more axisymmetric structures over the ocean to the asym-
metric features over mountains. The second objective is to
understand the extent that the GWB is still valid for a TC
making landfall. The third purpose is to examine the physi-
cal mechanism responsible of the sloping midlevel radial
outflow over topography. Through analyses of the AAM
and radial momentum budgets, we hope to gain insight into
how the balanced and unbalanced flows are generated and
azimuthally distributed as Nari encountered the mountain-
ous topography in Taiwan.

2. METHODOLOGY

All momentum budget calculations are based on the
governing equations used in the PSU-NCAR MMS5 model
(Dudhia 1993; Grell et al. 1995). Following ZLY, because
of the axisymmetric nature of TCs, we also discuss the evo-
lution of tangential and radial flows of Nari in the cylindri-
cal coordinate (r, 4, z), where r is the radius from the TC
center pointing outward, A is the azimuthal angle, and z is
the vertical height.

The governing equation for the radial wind in the cy-
lindrical coordinate can be written as

dau _ 19p  V*

0 p 3t tIV- 2Qcos pWecos A + Upy 6))

where

d Sy i+ V. 9 +W@ 2)
=t r oA

W, U, and V are the vertical, radial and tangential winds
in the cylindrical coordinate; € is the angular veloc-
ity of the earth; ¢ is the latitude. To separate the transla-
tion effect from storm’s dynamical processes, we define
8/8t=09/3tr+C-V as the local tendency, where C is the
TC’s translation vector, and U’ and V' are the storm-rela-
tive radial and tangential winds, respectively. Equation (1)
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Fig. 1. (a) Radar-observed radial wind (m s'; relative to TC center) at 5-km level at 1400 UTC 16 September and (b) MM5-simulated radial wind
at 1046 UTC 16 September 2001; vertical structures of (c) the observed and (d) simulated radial wind averaged in the dotted NW sector, and (e)
the observed and (f) simulated radial wind averaged in the dashed SW sector. The horizontal positions of the dotted NW and dashed SW sectors are

indicated in (a) and (b).

states that the Lagrangian radial acceleration is determined mixing (Uyg). Note that the sign error for the Coriolis effect
by the radial pressure gradient force (PGFy; Up), the centrif- by vertical motion in ZLY has been corrected in Eq. (1).
ugal force (Uy), the Coriolis force (U) including the effects The governing equation for the tangential wind in the

of vertical motion, and the effects of the PBL and turbulent cylindrical coordinate can be written as
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As in ZLY, it is more insightful to rewrite Eq. (3) in terms
of the AAM defined by

_ Jr
M=r(V+d ) @
with the form
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where f3 is the variation of the Coriolis parameter with lati-
tude and v,, represents the projections of U and V onto the
longitudinal axes. Equation (5) indicates that the Lagran-
gian derivative of AAM results from a pressure torque, a
longitudinally-oriented Coriolis torque by the vertical mo-
tion, a beta torque, and a torque due to the PBL effect and
turbulent mixing process. Note that the sign error for the
longitudinally-oriented Coriolis torque by the vertical mo-
tion in ZLY has been corrected in Eq. (5).

For Typhoon Nari, all momentum budget terms above
are obtained from the MMS5 output on the finest 2-km grid
at 2-min intervals from the 13 - 14-h (valid at 0100 - 0200
UTC 16 September) and 22 - 23-h (valid at 1000 - 1100
UTC 16 September 2001) integrations, respectively. For the
simulation period of 13 - 14 h, which is 8 - 9 h prior to
landfall, the storm is still intensifying (see Fig. 5 of Part I).
For the simulation period of 22 - 23 h, it is the first one-
hour period after storm’s landfall (the simulated Nari makes
landfall on Taiwan at r = 22 h or 1000 UTC 16 September
2001; see Fig. 4 of Part I). Each variable is transformed from
the MMS coordinate (x, y, 0) into the cylindrical coordinate
(r, A, z) with the typhoon center at the origin. When Nari
was over the ocean, the TC center is defined as the center
of minimum sea-level pressure; thus, when Nari was over
northern Taiwan, the TC center is defined as the primary
vortex circulation center at 4-km altitude (above the highest
peak of the Snow Mountain Range). The earth-relative local
tendency term (9/9¢) is calculated using the second-order
central difference with a time interval of 2 min. The terms
for PBL effect and turbulent mixing process (U;z and Vi)
are calculated as the residues from other terms in Egs. (1)
and (3); thus some numerical errors are included in these
terms as well. For axisymmetric results presented in the
next section, each budget term is averaged azimuthally and
temporally over the one-hour period. The horizontal winds
relative to the storm are obtained by subtracting out the
storm’s translation vector at an east-northeasterly speed of
3.89 m s at the 13 - 14-h period and a northeasterly speed of
3.06 m s at the 22 - 23-h period, respectively (see Table 1
and Fig. 4 of Part I).

3. AXISYMMETRIC AAM AND RADIAL MOMEN-
TUM BUDGETS OVER OCEAN

To understand the velocity and AAM features of the
oceanic Typhoon Nari, Fig. 2 shows the NE-SW (along-
track) A,B,; vertical cross sections of the temporally-av-
eraged (13 - 14 h) vertical velocity (W), radial (U") and
tangential (V") flows, and AAM of the storm (see Fig. 10
of Part I for the horizontal position of A;B, cross section).
In general, Fig. 2 displays the typical kinematic and AAM
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Fig. 2. Along-track vertical cross sections of the hourly-averaged (a)
vertical velocity (W) at intervals of 0.25 m s, (b) radial winds (/")
at 2.5 m s, (c) tangential winds (") at intervals of 5 m s, and (d)
absolute angular momentum (AAM) at intervals of 2.5 x 10° m? s of
Typhoon Nari over the ocean at the period of 0100 - 0200 UTC 16
September 2001 (r = 13 - 14 h). Horizontal winds at (b) and (c) are
storm-relative, and zero contours in (a) and (b) are omitted.
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features of an oceanic TC at its developing stage, and some
degree of asymmetry induced by storm’s internal dynami-
cal processes can be seen. For example, eyewall updraft in
the northeast quadrant (right half of Fig. 2a) is stronger and
more upright than that in the southwest quadrant (left half of
Fig. 2a); the low-level inflow (upper-level outflow) is stron-
ger and deeper (weaker and shallower) in the southwest
quadrant than that in the northeast quadrant (Fig. 2b). The
tangential wind and AAM field, on the other hand, show a
less degree of asymmetry on storm structure (Figs. 2c, d).
Figure 3 displays corresponding temporally- and azi-
muthally-averaged kinematics and AAM fields of the oce-
anic Nari. The axisymmetric tangential flow exhibits intense
flow (Vi =57 m s7') maximized at r = 20 km at the top of
MBL (Fig. 3c). The axis of RMW lies slightly outside the
slantwise updrafts (labeled as UP in Fig. 3a) in the eyewall
and slopes outward with height up to 12 km. The surface

friction causes strong vertical wind shear inside the MBL
(for levels below 1 - 1.5 km in Fig. 3c). The low-level in-
flow, peaked (> 14 m s™') at the surface near r = 30 km, turns
sharply upward into the deep updrafts in the eyewall
(Fig. 3a) and the outflow jet (> 6 m s') at upper levels
peaked near 12 km (Fig. 3b). In the outer rainband re-
gion (r > 50 km), there are midlevel radial inflows slop-
ing downward to the inner-core region, associated with the
latent cooling by sublimation and melting [see Fig. 7c of
Yang et al. (2011b)]. Sloping downdrafts (labeled as DN in
Fig. 3a) occur at the interface between the eye and eyewall.
The axisymmetric AAM shows significant inward decreas-
es with a large vertical gradient in the MBL by surface fric-
tion and outward increases in upper outflow layers by radial
advection (Fig. 3d). The secondary-circulation flow vectors
follow closely the AAM surfaces within the eyewall (r =
10 - 30 km).

Height (km)

Radius (km) 70 mis

Fig. 3. Radius-height cross sections of the hourly- and azimuthally-averaged (a) vertical velocity (W) at intervals of 0.3 m s! for updrafts with extra
contours at -0.2, -0.15, -0.1, -0.5 m s, (b) radial winds (") at 1 m s™', (c¢) tangential winds (") at intervals of 5 m s, and (d) absolute angular
momentum (AAM) at intervals of 2.5 x 10° m* s™' of Typhoon Nari over the ocean, superposed with the cross-sectional flow vectors, taken from
the 13 - 14 h integration or the period of 0100 - 0200 UTC 16 September 2001. Horizontal winds at (b) and (c) are storm-relative. The radius of
maximum wind, the axes of the eyewall updrafts and the inner-edge downdrafts are represented by RMW, UP, and DN, respectively.
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Figure 4 shows the hourly-averaged axisymmetric
AAM budget terms of the oceanic Typhoon Nari, which are
similar to those in Hurricane Andrew (see Fig. 2 of ZLY).
The Lagrangian tendency (dM/dt; Fig. 4a) represents the
sources/sinks of AAM associated with the turbulent mixing
and surface friction (mainly within the MBL), since the pres-
sure torque almost vanishes after the azimuthal averaging
and the other two terms on the right-hand side of Eq. (5) are
very small. Above the MBL, turbulent mixing decreases the
local AAM within and outside the eyewall (r = 15 - 60 km)
and slightly increases AAM inward to the eye. The MBL
(below 1 - 2 km) is a sink of the AAM as the result of fric-
tional dissipation; above the MBL and outside the region of
intense turbulent mixing, the AAM is nearly conserved with
very small Lagrangian tendency. The horizontal advection
of the AAM (M,; Fig. 4b) is opposite in sign to the vertical
advection of the AAM (My; Fig. 4c) at the inner edge of eye-
wall (r = 10 - 20 km), as expected from the conservation of

the AAM. A similar out-of-phase relationship between the
horizontal and vertical advections of horizontal momentum
is also noted by Yang and Houze (1996) (see their Fig. 10)
for deep convection within a squall-line system. The radi-
al inflow in the MBL increases the AAM of the storm by
transporting the high-AAM air in the outer region inward
(Fig. 4b), and the vertical advection further transports the
high-AAM air upward in the eyewall and outward in the
upper outflow layer (Fig. 4c). The net result is that the local
AAM tendency above the MBL is a small residue between
horizontal and vertical advections (Fig. 4d). The updraft
axis in the eyewall (labeled by UP) corresponds to negative
AAM tendency, indicating a slow spindown of tangential
flow inside the eyewall at a later time.

Figure 5 illustrates all the radial-momentum budget
terms in Eq. (1) and the extent of different balanced-wind
approximations when Nari is still over the ocean. The most
intense PGFy (U,) occurs inside the eyewall and its axis fol-
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Fig. 4. As in Fig. 3 but for the hourly- and azimuthally-averaged AAM budget of Typhoon Nari: (a) the net Lagrangian tendency due to all the
sources/sinks (dM/dt), (b) the horizontal advection (My), (c) the vertical advection (My), and (d) the local tendency (M,). (a) is contoured at 0.5, +1,
-2,-3,-5,-8,-10,and -16 x 10° m? s h''; (b) is contoured at -1,-2, 3, £5,-7,-9, £8, £10, 13, £16, and £20 x 10° m> s"' h''; (¢) is contoured at -0.5,
+1,43, 45,10, 16, and £20 x 10° m? s”' h''; (d) is contoured at +£0.25, 0.5, and +1 x 10° m? s h'!.
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lows closely that of the eyewall updraft (UP; see Figs. 3a has similar structure but with opposite sign to the PGFy
and 5a); this negative PGFy decreases rapidly with height (Fig. 5b). The sum of these two terms is the cyclostrophic
and accounts for the generation of radial inflow in the MBL force imbalance (Upz = Up + Uy; Fig. 5c). For the eye and the
that increases toward the RMW. The centrifugal force (Uy) inner edge of the eyewall (r < 20 km), U overcompensates
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Fig. 5. As in Fig. 3 but for the hourly- and azimuthally-averaged radial momentum budget (in units of m s h™') of Typhoon Nari: (a) the radial pres-
sure gradient force (PGFy, Up), (b) the centrifugal force (Uy), (c) the cyclostrophic force imbalance (Up; = Up + Ug), (d) the gradient-force imbalance
(Upge = Upg + Ue), (e) the diffusion and boundary layer effects (Uyp), and (f) the Lagrangian tendency (dU/dt). Both (a) and (b) are contoured at
intervals of 50 m s*' h'! with extra contours at £5, 10, 25 m s h'!; both (¢) and (d) are contoured at 0, £5, £10, +20, 30,40, 50, and £100 m s h*;
(e) is contoured at 0, £5, £10, 20, +30, and 50 m s™' h'!'; (f) is contoured at 0, =5, #10, +20, and £50 m s h'!.
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Up, leading to strong supercyclostrophic accelerations (Upg
> 0); conversely, small subcyclostrophic accelerations (U
< 0) occur at the outer rainband region and mostly beneath
the MBL. The degree of gradient-wind imbalance (Upgc =
Upr + Uc) is shown in Fig. 5d. Inside the RMW, because
the Coriolis acceleration (U,) is very small compared to Up
or Uy, the distribution of gradient-wind imbalance (Upgc) is
very similar to that of cyclostrophic force imbalance (Up).
After including Ug, the positive (radially outward) accel-
erations are more pronounced for the flow above the MBL
in the eye and eyewall, indicating significant supergradient
tendencies (Upge > 0). The effects of MBL and turbulent
mixing on radial winds are shown in Fig. 5e. The positive
acceleration near the surface within the MBL indicates the
slowdown of radial inflow by surface friction; strong tur-
bulent mixing in the eye and eyewall (r < 30 km) produces
negative acceleration to reduce the radial outflows at the
mid-to-upper levels. The Lagrangian acceleration (Fig. 5f)
has similar features to those of the gradient-wind imbalance
within the eyewall, and it shows positive (radially outward)
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accelerations at the inner edge of the eyewall and negative
(radially inward) accelerations below the MBL at the outer
edge of the eyewall (r = 20 - 40 km).

Figure 6 shows the effects of horizontal (radial) and
vertical advections in determining the radial Lagrangian
tendencies of the oceanic Nari at # = 13 - 14 h integration.
It is clear from Figs. 4b and 6a that radial advection acts to
slow down the low-level radial inflows in the MBL outside
the eyewall (r > 25 km) and increase radial inflows inside
the eyewall (r < 25 km); similar results are also found for
Hurricane Andrew (see Fig. 8a in ZLY). In the eyewall,
radial advection enhances the radial outflow in the upper
troposphere (Fig. 6a), whereas vertical advection reduces
the local radial outflow below the updraft axis and slightly
increases it above (Fig. 6b). The local radial tendency with
a peak magnitude of 2 m s h'! is one order of magnitude
smaller than radial and vertical advections (Fig. 6¢), and it
is much smaller than the Lagrangian tendency (cf. Figs. 5f
and 6¢). This small local tendency suggests that the oceanic
Nari’s radial flows evolve very slowly during its intensify-
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Fig. 6. As in Fig. 4 but for (a) horizontal advection
(Up), (b) vertical advection (Uy), and (c) local tendency
(U,) of the radial momentum budget of Typhoon Nari
taken from the 13 - 14 h integration or the period of
0100 - 0200 UTC 16 September 2001. (a) is contoured
at0,+1,+3,+5,£7.5,+10,and £20 m s h'!; (b) is con-
toured at 0, £3, £5, £7.5, £10, and £20 m s!' h''; (¢) is
contoured at 0, 1,42, +4, +6, and £10 m s h''.
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ing stage. The local radial tendency results in positive (out-
ward) accelerations in the upper troposphere (indicating the
strengthening of upper-level outflows) and below the MBL
inside the eye (implying the radial transport of the low-level
air from the eye to eyewall to further reduce the central pres-
sure) at this developing stage.

The acyclostrophic and agradient winds of the oceanic
phase of Nari are shown in Fig. 7. Supercyclostrophic winds
occur inside the eyewall within the troposphere (r < 30 km,
7 < 10 km in Fig. 7a), with a peak wind of 6 m s™' at the in-
ner edge of eyewall (r ~ 15 km) within the MBL. On the
other hand, weak subcyclostrophic winds are found near
the surface (z < 1 km) outside the eyewall and outer region
(r > 20 km). Similarly, supergradient winds occur inside
the eyewall with the maximum intensity of > 6 m s’ at the
low level at the inner edge of eyewall (Fig. 7b). Peak super-
gradient winds are also located near the top of the MBL
(z=1-1.5km) in the outer region. Subgradient winds main-
ly occur outside the eyewall ( > 20 km) beneath the MBL.

4. ASYMMETRIC AAM AND RADIAL MOMEN-
TUM BUDGETS OVER LAND

After the simulated storm makes landfall in north-
ern Taiwan at r = 22 h (valid at 1000 UTC 16 September
2001), the steep terrain of the Snow Mountain Range (SMR;
Fig. 8b) induces strong asymmetry on the storm structure. A
terrain-sensitivity experiment indicates that the asymmetry
is greatly reduced if Taiwan terrain is completely removed
(see Figs. 10 and 11 of Part II). Figure 8a displays Nari’s
tangential wind at z = 3 km at the time of landfall. This
AB cross section in the along-track (NE to SW) direction,
which encounters Mount Snow (the highest peak of SMR),

is chosen to show the SMR’s influence on Nari’s AAM and
radial-momentum budget fields.

Figure 9 clearly exhibits the temporally-averaged kine-
matic and AAM structures along the AB vertical cross sec-
tion during the first one-hour period (t = 22 - 23 h) after the
storm’s landfall. Although the general features of the land-
fall storm along the AB cross section in Fig. 9 are similar
to those prior to landfall in the NE-SW direction in Fig. 2,
there are several noticeable differences needed to be men-
tioned. The vertical axis of the RMW is tilted outward with
a height below 4 km over the terrain (Fig. 9¢c). The low-level
inflow was enhanced with s peak magnitude of 25 m s off
shore (Fig. 9b), due to the enhanced friction and storm retar-
dation by Taiwan’s topography (Kurihara and Bender 1982;
Yeh and Elsberry 1993a, b). The outward-sloping radial
outflow at the midlevel in the inner core over land is very
pronounced (Unx > 15 m s in Fig. 9b; its axis is labeled
by OUT), compared to its counterpart over the ocean. This
midlevel outflow jet over land is weaker and less outward-
tilted if the Taiwan terrain is totally removed (see Fig. 4 of
Part IT). Updrafts in the eyewall over land are also outward-
tilted vertically and show more cellular structures above the
terrain (Fig. 9a). The AAM surfaces are tilted outward ver-
tically in the eyewall over the terrain (r = 20 - 50 km) and
the “buckling height” of the AAM surface (the height for
the AAM with reduced vertical gradient above in the lower
levels) occurs at a higher altitude in the outer region (r >
40 km) over land than that over the ocean, indicating the
rapid spindown of tangential flow due to the enhanced sur-
face friction by the SMR topography (Fig. 9d).

Figure 10 shows the temporally-averaged AAM bud-
getterms at =22 - 23 h along the AB vertical cross section.
Positive Lagrangian tendencies of AAM above the CMR
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Fig.7. As in Fig. 3 but for (a) acyclostrophic winds (V - V. ), and (b) agradient winds (V - V,). (a) and (b) are both contoured at -8, -6,-2,-1,-0.5,

1,15,2,25,3,35,4,5,6,and 8 ms™.
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Fig. 8. (a) Horizontal cross section of storm-relative tangential wind (dark-blue solid line contoured at 5 m s') at the 3-km height taken from the
22 - 23 h integration or the period of 1000 - 1100 UTC 16 September 2001. Superposed is the mid-level-mean (o = 0.4 - 0.8) radar reflectivity
and horizontal wind vector from the 2-km grid at 1030 UTC (¢ = 22.5 h). Line AB shows the horizontal position of the vertical cross section in
Fig. 9, and thick-solid circles show the rings of » = 35 km and r = 60 km. (b) Color indicates the terrain height with extra contours at 1000, 2000,
and 3000 m.
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Fig. 10. Hourly-averaged AAM budget of Typhooh Nari along the NE-SW (AB) vertical cross section: (a) the net Lagrangian tendency due to all
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+10, 20, and 40 x 10° m*> s h''; (d) is contoured at +2.5, +5, and £10 x 10° m* s h''. The axis of the outflow jet above terrain in (b) is represented
by OUT.

are found over land, due to the positive pressure torque in- gradient wind imbalance (Upgc) pattern is still very similar
duced by tangential winds over terrain (Fig. 10a). The hori- to that of cyclostrophic force imbalance (Upg), even after
zontal advection of the AAM is largely out of phase with the storm’s landfall (Fig. 11d). Supergradient accelerations
the vertical advection of the AAM, particularly inside the (Upge > 0) are evident for the flow above the MBL inside
eyewall (Figs. 10b, ¢). Because of enhanced surface friction the eyewall off shore, because of a much larger centrifu-
and turbulent mixing over the terrain, the local tendency of gal force associated with strong tangential wind over the
AAM shows mostly negative (and some positive) accelera- PGF; within the ocean eyewall (Fig. 11d). Over land, the
tions over land; conversely, the local AAM tendency over outward-tilted pattern of supergradient acceleration is right
the ocean is very small, again indicating the near conserva- beneath the axis of the midlevel radial outflow (cf. Figs. 9b
tion of the AAM (Fig. 10d). and 11d). Figure 11e shows mostly negative radial accelera-
During the first one hour after Nari’s landfall on Tai- tions by turbulent mixing and diffusion inside the eyewall
wan, the radial flows have pronounced changes above ter- (r < 30 km) off shore, reducing the radial outflows at the
rain (cf. Figs. 2b and 9b), and the budget terms in Fig. 11 are middle-to-upper levels. Weak positive radial accelerations
used to discuss the physical mechanisms responsible for the by friction occur near the surface over land, leading to the
changes of radial flows. The negative PGFy (Up) still gen- slowdown of the low-level inflows; oscillations of positive
erates inward acceleration with a smaller magnitude at an and negative radial accelerations are found at the middle-
increasing height; its peak value is decreased (-450 m s h'! to-upper levels above terrain, due to the enhanced turbulent
over land vs. -500 m s h!' over ocean) as a result of the mixing associated with terrain-induced updrafts and down-
weaker storm intensity after landfall (Fig. 11a). The cen- drafts (Fig. 9a). The net Lagrangian acceleration in Fig. 11f
trifugal force (Ug) shows a larger magnitude off shore displays a positive (radially outward) acceleration beneath
(> 800 m s! h'') than that over land (> 500 m s' h'!), due the midlevel radial outflow over land, and also intense posi-
to stronger tangential winds off shore (Figs. 9c and 11b). tive acceleration at the low-to-middle levels inside the eye-
Strong supercyclostrophic acceleration (Upg > 0) occurs in- wall off shore.
side the eyewall off shore, and a sloping pattern of weak In order to understand the physical processes responsi-
supercyclostrophic acceleration below the radial outflow ble for the net Lagrangian radial acceleration, Fig. 12 shows

jet (labeled by OUT) is found over land (Fig. 11c). The the associated horizontal advection, vertical advection, and
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local tendency, respectively. The vertical advection produc-
es a negative acceleration below the outflow jet and positive
acceleration above the jet inside the eyewall over terrain
(Fig. 12b). On the other hand, the horizontal advection gen-
erates a reverse pattern, that is, positive acceleration below
the outflow jet and negative acceleration above the jet over
terrain (Fig. 12a). The local tendency is again one order of
magnitude smaller than the horizontal and vertical advec-
tions (Fig. 12c), and shows an increase of negative (radi-
ally inward) acceleration in the inner core over ocean and
an increase of positive (radially outward) acceleration in the
inner core over land. Comparing to Fig. 12¢ with Fig. 11d,
it is clear that the local positive acceleration inside the eye-
wall below the radial outflow jet over land is supergradient,
due to the fact that the centrifugal force is stronger than the
pressure-gradient and Coriolis forces.

Vertical distributions of radial wind, the Lagrangian
tendency, and agradient (tangential) wind are shown in
Fig. 13.Itis evident from Figs. 12b and 13a that the outward
sloping radial outflow over land is accompanied by the ver-
tical transport of positive (radially outward) Lagrangian ac-
celeration (below the outflow jet). For the radial wind over
the ocean, negative (radially inward) Lagrangian accelera-
tion is responsible for the radial wind within the MBL for
the outer region (r > 40 km), and positive Lagrangian ac-
celeration acts to slow down the MBL radial inflow inside
the eyewall (r < 40 km). Strong supergradient winds of
greater than 15 m s occur at a low level inside the eyewall
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Fig. 13. As in Fig. 11 but for (a) Lagrangian tendency (dU/dt), (b)
agradient winds (V - V,, contoured at intervals of 5 m s with an extra
contour of 2.5 m s'). Storm-relative radial winds are colored.

off shore, slightly weaker supergradient winds (> 10 m s™)
are in the upper-level outflow layer, and oscillations of
supergradient and subgradient winds are found above the
CMR (Fig. 13b). In particular, strong supergradient winds
(> 5 m s*) are found within the outward-sloping radial out-
flow jet inside the eyewall over land.

Figure 14 shows the vertical-azimuthal distribution of
temporally averaged radial-momentum budget terms at the
radius of 35 km (near the eyewall with large gradient-wind
imbalance; see Fig. 11d). Strong PGFy occurs at the low
levels with a much weaker magnitude above (Fig. 14a), and
intense centrifugal force associated with the strong tangen-
tial wind is found near 2-km height (Fig. 14b). The centrifu-
gal force overcompensates the PGFy at most of the lower
levels, leading to supercyclostrophic acceleration below
4 km (Fig. 14c). Owing to the small magnitude of the Corio-
lis acceleration, the pattern of the agradient acceleration is
very similar to the acyclostrophic acceleration (Fig. 14d).
The turbulent mixing produces positive and negative radial-
accelerations above the terrain and near the level of strong
tangential wind (near 2-km height; see Figs. 14b, e). The
boundary layer effect generates positive radial-accelerations
to slow down the low-level inflows, and this PBL-induced
positive acceleration is weaker in the northern semicircle
(mostly over ocean; see Fig. 8a) as a result of weaker sur-
face friction over the ocean (Fig. 14e). The Lagrangian ac-
celeration for radial momentum has a similar spatial distri-
bution to that of the gradient-wind imbalance (Figs. 14d,
f), except for more small-scale fluctuations associated with
turbulent mixing.

At the outer region with a principal rainband to the
west and north (i.e., r = 60 km; see Fig. 8a), the radial-
momentum budget terms have a similar vertical-azimuthal
distribution to those near the eyewall (Figs. 14a, b) but with
much weaker magnitudes (Figs. 15a, b). The PGF; is stron-
ger than the centrifugal force for most of vertical levels at r
= 60 km except for above the terrain and over the northwest-
ern quadrant where an intense rainband is located (Fig. 8a),
leading to mostly subcyclostrophic accelerations (Fig. 15c¢).
With the inclusion of the small positive Coriolis accelera-
tion, the pattern of the gradient wind imbalance is still simi-
lar to the cyclostrophic force imbalance, but with a slightly
more positive acceleration (Fig. 15d). The turbulent mixing,
again, produces positive and negative radial-accelerations,
particularly above the terrain, and the boundary layer effect
generates positive accelerations to retard the radial inflow
(Fig. 15e). The Lagrangian acceleration for the radial mo-
mentum, again, has a similar spatial distribution to that of
the gradient-wind imbalance (Figs. 15d, f).

Figure 16 illustrates the vertical-azimuthal distribu-
tions of the agradient (tangential) winds at the radii of 35
and 60 km, respectively. Near the eyewall (at the 35-km
radius; Fig. 16a), strong supergradient winds (with a peak
magnitude of 21 m s at 2-km altitude) occur at low levels
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in the northern semicircle and strong subgradient winds
(with a peak value of -24 m s') are found below 2 km in
the southeastern quadrant (on the lee side of SMR). Super-
gradient winds up to 9 m s also occur above the terrain
at the low-to-middle levels. Over the outer region (at the
60-km radius; Fig. 16b), strong subgradient winds (with a
peak magnitude of 24 m s near the surface) still occur be-
low 2 km on the lee side (also in the southeastern quadrant),
supergradient winds occur within the whole troposphere in

the northwestern quadrant (where an intense rainband was
located; see Fig. 8a), and supergradient winds up to 6 m s
are found above the terrain at the midlevel (Fig. 16b).

5. CONCLUSIONS

In this paper, we have investigated the development of
gradient-wind unbalanced accelerations and winds within
the vortex circulation of Typhoon Nari, as the storm moves
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from the ocean to northern Taiwan, through analyses of the It was found from the AAM budgets that AAM was
AAM and radial momentum budgets. The high-resolution nearly conserved outside the eyewall and above the MBL
model output (with 2-km horizontal grid spacing and 2-min for Nari at the oceanic phase; the MBL was the major sink
output interval) from Part I is used to calculate the budgets. of the AAM because frictional dissipation and turbulent
To our knowledge, this is the first study to document the mixing decreased the local AAM inside the eyewall. Af-
evolution of tangential and radial flows of a TC during the ter the storm’s landfall on northern Taiwan, the strong tan-
landfall process and to examine the physical mechanism re- gential winds produced a positive pressure torque over the
sponsible for the sloping midlevel radial outflow jet above terrain, resulting in positive Largrangian tendencies of the
steep terrain. Our findings are summarized below. AAM and the increase of tangential winds above the SMR.
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Fig. 16. Vertical cross sections of agradient winds (V - V,; contoured at
3 m s™') for the circles of (a) r = 35 km and (b) r = 60 km taken from the
22 - 23 h integration or the period of 1000 - 1100 UTC 16 September
2001. Storm-relative radial winds are colored.

The vertical advection of the AAM was largely out of phase
with the horizontal advection of the AAM, and the enhanced
surface friction and turbulent mixing over land produced
mostly negative local tendencies of the AAM.

The radial momentum budget indicates that supergradi-
ent accelerations and flows are pronounced from the bottom
of the eye to the upper outflow layer inside the eyewall for
the oceanic storm, even after being temporally and azimuth-
ally averaged. These strong supergradient accelerations and
flows result from much larger centrifugal force associated
with strong tangential wind inside the eyewall relative to
the radial pressure-gradient force. Subgradient accelerations
and flows occurred below the MBL outside the eyewall. Af-
ter Nari’s landfall on Taiwan, both radar observation and
model simulation indicate that the radial inflows at lower
levels became thicker and stronger over land, and the slop-
ing radial outflow jet was maximized at the midlevel above
the rugged topography of Taiwan. Centrifugal and Coriolis
forces overcompensated the pressure-gradient force, result-
ing in supergradient accelerations; the vertical transport of
supergradient accelerations by strong updrafts inside the

eyewall above the terrain produced the sloping midlevel ra-
dial outflows. Enhanced surface friction over land acted to
slowdown the low-level inflows. Stronger turbulent mixing
associated with terrain-induced updrafts/downdrafts gener-
ated oscillations of positive and negative radial accelera-
tions above the topography.

For the oceanic storm, the gradient wind balance may
be a good approximation for tangential wind (particularly
for the axisymmetric component) above the MBL and be-
low the upper outflow layer, and the maximum supergradi-
ent wind up to 6 m s occurred near the top of MBL in-
side the eyewall. After the storm’s landfall, the enhanced
turbulent mixing above rugged terrain and stronger surface
friction over land produced a stronger gradient-wind imbal-
ance, indicating that the GWB model is no longer appro-
priate to describe the tangential winds over terrain, even at
middle levels. Near the eyewall, a supergradient wind can
be as strong as 9 m s above the terrain and subgradient
wind up to -21 m s is found at the surface on the lee side. In
the outer region, agradient winds remain similar spatial pat-
terns relative to Taiwan’s topography (supergradient winds
above the terrain and subgradient winds on the lee side),
despite weaker magnitudes. The outward-sloping midlevel
outflow jet above terrain consists mainly of these supergra-
dient winds of 5 -9 m s

When Nari is still over the ocean and intensifying, the
local changes of the AAM and radial momentum are very
small due to the quasi-balanced nature of storm dynamics.
After Nari’s landfall in northern Taiwan, the enhanced force
imbalances produce larger local changes of the AAM and
radial momentum, leading to more quickly-evolved vortex
flows and secondary circulations above Taiwan’s steep ter-
rain.

It should be noted that the above results are obtained
primarily from analyses of model simulation of a landfall
typhoon and some model deficiencies still remain, such as
the imperfect initial and boundary conditions, the use of
2-km grid size (which is still too coarse to explicitly resolve
deep convection and turbulence above rugged terrain), and
some uncertainties in physical parameterizations. Neverthe-
less, much agreement between the simulation and observa-
tion shown in Part I and Fig. 1 suggests that the results pre-
sented herein are relevant to real landfall typhoons. Similar
evolution of the AAM and radial-momentum budgets might
have also occurred in Typhoon Morakot (2009) as it came
across Taiwan and produced heavy rainfall (Hendricks et al.
2011; Huang et al. 2011; Tao et al. 2011; Yen et al. 2011).
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