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Abstract

A quantitative analysis of torrential rainfall associated with typhoon Haitang (2005) is carried out using a modified moist ageostrophic Q
vector and data from Weather Research and Forecasting (WRF) model simulation. Four major factors determining the ascending
motion associated with torrential rainfall have been studied: large-scale and convective condensational heating, topographic lifting
and friction. The results show that the convective condensational heating plays a major role in the torrential rainfall process, and the
large-scale condensational heating is secondary before the landfall of typhoon Haitang, and vice versa after the landfall. The topographic
lifting affects the formation of rainfall, whereas the topographic friction has important impacts on torrential rainfall after the landfall.
The rainfall amounts forced by the topographic friction and lifting have similar horizontal distributions, but the magnitudes of the for-
mer are 2–3 times larger than those of the latter. The rainfall amounts forced by topography (lifting and friction) and modified moist
ageostrophic Q vector have different horizontal distributions, and the magnitudes of the former are 2–5 times larger than those of
the latter. Synthetic analysis shows that the typhoon rainfall may be motivated by modified moist ageostrophic Q vector and enhanced
further by the topographic effects.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

The landfall of typhoons induces torrential rainfall and
causes severe natural disasters, which leads to heavy losses
of human lives and local economy. The quantitative precip-
itation forecast (QPF) of typhoon landfall faces a large
challenge [1–4]. Since the torrential rainfall is associated
with strong ascending motion, the Q vector that is the forc-
ing of vertical velocity (x) equation has been paid much
attention by meteorological research communities and is
an efficient and advanced tool for diagnosing vertical
motion [5]. It has been widely used for diagnosis and fore-

cast of various weather systems [6,7] since its introduction
by Hoskins et al. [8]. The analysis of Q vector can also be
applied to diagnose torrential rainfall associated with the
typhoon landfall. Deng and Yang [9] carried out a diagnos-
tic analysis of anomalous intensification of rainfall from
typhoon Jeff (8506) with quasi-geostrophic Q vector.
Huang et al. [10] also conducted an analysis of torrential
rainfall associated with the landfall of typhoon Doug
(9405) over northern China and found that the torrential
rainfall was intimately related to the convergence of
quasi-geostrophic Q vector at 700 hPa. Li et al. [11] calcu-
lated frontogenetical function of quasi-geostrophic Q vec-
tor of convective development of typhoon Herb (9608)
associated with the torrential rainfall over southwestern
Hebei. Yao et al. [12–14] studied the same rainfall case with
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the moist ageostrophic Q vector and showed that the moist
ageostrophic Q vector at 800 hPa could be used to examine
the evolution of the torrential rainfall. Guo et al. [15] ana-
lyzed torrential rainfall in Yunnan Province caused by a
westward-propagating low depression system associated
with typhoon Imbudo (0307) in 2005, and revealed a corre-
lation between heavy rainfall and the convergence of moist
ageostrophic Q vector. Yan and Cai [16] performed a diag-
nostic analysis of torrential rainfall in typhoon Rananim
(0414) with the moist ageostrophic Q vector, and found
that the area of negative values of divergence of moist age-
ostrophic Q vector at 850 hPa is highly correlated with the
heavy rainfall area in the next 12 h. Yang et al. [17] studied
torrential rainfall over Fujian Province caused by typhoon
Aere (0418), and showed that the typhoon rainfall was
located over intersection between convergence and diver-
gence of moist ageostrophic Q vector in the lower tropo-
sphere. Recently, we [18] modified moist ageostrophic Q
vector by including convective condensational heating.
Many studies [19–37] have proved that partition of Q vec-
tor is a very useful tool for studying weather processes and
structures.

In addition to dynamic and thermodynamic effects on
rainfall, topography significantly affects rainfall processes
[38,39]. Lin et al. [40] showed that the torrential rainfall
was mainly caused by topography rather than dynamics.
Chiao and Lin [41] carried out numerical simulations to
study topographic effects of tropical storm Rachel on rain-
fall, and found that terrain enhanced the convergence and
convective development which intensified rainfall. Duan
and Chen [42] revealed that wet condition and topogra-
phy-induced meso-scale convective system (MCS) led to
torrential rainfall in typhoon Fitow (0114). Niu et al. [43]
showed that windward could enhance rainfall whereas lee-
ward could suppress rainfall. Recently, Ji et al. [44] from
their numerical experiments found that during typhoon
Rananim (0414), topography enhanced the rainfall by
40% over eastern Zhejiang Province. Colle [45] showed that
the exclusion of terrain could only reduce rainfall amount
by 10–30%, indicating a secondary role of terrain in deter-
mining rainfall over northeastern US in Hurricane Floyd
(1988). Li et al. [46] showed that the rainfall was initially
induced by spiral cloud bands inside the typhoon rather
than the terrain during the landfall of typhoon Aere
(0418). In a previous study [47], the rainfall amount caused
by modified moist ageostrophic Q vector and topography
was calculated, and the causes of asymmetric distributions
of rainfall associated with typhoon Haitang (2005) were
analyzed. In this study, modified moist ageostrophic Q vec-
tor was partitioned and topographic effects were examined
to study the torrential rainfall associated with typhoon
Haitang (2005).

2. Typhoon Haitang (2005) and its numerical simulation

Typhoon Haitang (2005) formed over the Pacific Ocean
northeast to Guam at 0000 UTC 12 July 2005 and propa-

gated westward while intensifying. It made the landfall
over Yilan, Taiwan Island at 0650 UTC 18 July and
crossed Taiwan Strait, then made another landfall over
Huangqi, Lianjiang, Fujian Province at 0910 UTC 19 July.
Afterward, it moved northwestward within Fujian Prov-
ince, and finally entered Jiangxi Province through northern
Fujian Province. Fig. 1 shows cumulative rainfall amounts
of P50 mm over the period of 24 h in 27 stations located in
Fujian and Zhejiang provinces (26.5oN–30oN, 119oE–
122oE) during the landfall of typhoon Haitang (2005)
(0000 UTC 19 July–0000 UTC 20 July 2005). Among them,
rainfall amounts reached 100 mm in a 24-h period in 18 sta-
tions, 200 mm in 10 stations and 250 mm in 9 stations. The
maximum rainfall amounts of 411 and 384 mm over the
period of 24 h occurred over 28.11oN, 120.95oE and
27.85oN, 121.18oE, respectively.

Weather Research and Forecasting (WRF) model is a
new meso-scale model developed by US meteorological
communities. It has been shown that WRF model is capa-
ble of simulating typhoon Haitang (2005) during the land-
fall with the location error of 20 km [47]. With a linear
interpolation technique, the outputs from numerical simu-
lations were matched to the observational stations, which
showed rainfall amounts of 50 mm and more in 24 stations,
100 mm in 17 stations, 200 mm in 9 stations, and 250 mm
in 3 stations over the period of 24 h. The maximum rainfall
amounts of 402 and 353 mm over the period of 24 h
occurred over 28.38oN, 121.35oE and 28.08oN, 121.26oE,
respectively. This demonstrates that the model simulates
location and intensity of rainfall well. Thus, the areas with
the rainfall amount of P50 mm (shaded area in Fig. 1)
were analyzed in this study, and the data over this area
were averaged. Results showed that the rainfall amount
increased gradually from 0000 UTC to 0400 UTC 19 July
before the landfall of typhoon Haitang (2005), and
decreased from 0400 UTC to 0700 UTC 19 July when
the typhoon made the landfall, then increased and reached
its maximum of 8.8 mm h�1 around 1500 UTC 19 July
2005, and finally dissipated quickly after.

3. Calculation of condensational heating and modified moist

ageostrophic Q vector

Total condensation heating associated with typhoon
rainfall (H) consists of large-scale (Hs) and convective
(Hc) condensational heating. Hs can be calculated based
on Ding [48] and Yue et al. [18], whereas Hc can be calcu-
lated based on Kuo [49,50] and Yue et al. [18]. The calcu-
lations obtained in this study showed that the evolution of
total condensational heating was intimately associated with
that of hourly cumulative rainfall amount (Figs. 2 and 3).
Convective condensational heating mainly accounted for
total condensational heating from 0100 UTC to 0800
UTC 19 July, and large-scale condensational heating
became larger than convective heating from 0900 UTC to
1900 UTC 19 July, and large-scale and convective conden-
sational heating became equally important after 2000 UTC
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19 July 2005. The magnitude of Hc was 2–5 times larger
than that of Hs before the landfall of the typhoon. The
magnitude of Hs was about twice larger than that of Hc
in 11 h after the landfall. The comparison between convec-

tive condensational heating and hourly cumulative rainfall
amount indicated that the maximum convective condensa-
tional heating appeared before the landfall whereas maxi-
mum rainfall amount occurred after the landfall.

Q vector represents contributions from dynamic and
thermodynamic processes, and a modified moist ageo-
strophic Q vector (Q*) contains large-scale and convective
condensational heating. Thus, Q* vector has been analyzed.

Following Ref. [18], Q* vector in p-coordinate can be
expressed as
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� �R=CP ; Q�x , Q�x are zonal and meridional
components of Q* vector, respectively; the others are con-
ventional physical variables. The ageostrophic x equation
can be written by

Fig. 1. Cumulative rainfall amount (mm) from 0000 UTC 19 July to 0000 UTC 20 July 2005 (a) and numerical simulations (b and c). The areas with more
than 50 mm rain filed in a 24 h period are shaded.

Fig. 2. Area-averaged hourly cumulative rainfall amount (mm) from 0000 UTC 19 July to 0000 UTC 20 July 2005.

Fig. 3. Time series of area-averaged total (H), large-scale (Hs), and
convective condensational (Hc) heating rates (10�2 m2 s�3) in air column
(1000–100 hPa).
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If diabatic heating is excluded, the modified moist Q vec-
tor becomes dry Q vector [51]. Thus, the modified moist
ageostrophic Q vector contains contributions from dry age-
ostrophic Q vector, and large-scale and convective conden-
sational heating. Unlike reported in [37], dry ageostrophic
Q vector (QD) is partitioned in natural coordinate (Fig. 4)
into two components: QD

s and QD
n . QD

s is along the iso-
therm line or along the direction of isotherm wind, which
is quasi-geostrophic. QD

n is perpendicular to the isotherm
line, which is ageostrophic [19–25,27–31,33–35,37]. Fur-
thermore, moist ageostrophic Q vector (Q*) can be parti-
tioned into Q�s and Q�n. Q�s includes QD

s and Hs whereas
Q�n includes QD

n and Hc.
In Fig. 4, n is a unit vector along rh, and n ¼ rh

jrhj. When
n rotates 90� counterclockwise to obtain unit vector s,

s ¼ k� n, QD
n ¼

QD�rh
jrhj

� 	
n, QD

s ¼
QD�ðk�rhÞ
jrhj

ðQ�rhÞ
jrhj

h i
. For con-

venience, Q� ¼ Q�T . The vertical velocity and rainfall
amount forced by Q�T , Q�s , and Q�n are calculated, respec-
tively, as previously described [47].

The ascending motion forced by Q* vector and hourly
cumulative rainfall amount were found to be highly corre-
lated (Figs. 2 and 5). Hourly cumulative rainfall amount
increased as the ascending motion strengthened before
0400 UTC 19 July 2005. Then, hourly cumulative rainfall
amount reached its minimum when vertical motion
between 700 and 500 hPa changed from weak ascending

motion to descending motion (�0.05 Pa s�1) during the
landfall. The rainfall amount reached its maximum around
1500 UTC 19 July while the ascending motion showed its
maximum of �0.35 Pa s�1 at 650 hPa at 1600 UTC 19 July.
It should be noticed that ascending motion does not dom-
inate throughout the troposphere during its life span.
Instead, descending motion may appear in the mid-tropo-
sphere during the landfall.

We observed that the evolution and vertical structure of
x�n (Fig. 5) was similar to that of x* (Fig. 5), indicating that
x�n plays a primary role in determining x* while x�s is sec-
ondary, which also reveals that meso-scale component
serves as a main factor in forcing ascending motion
whereas large-scale component plays a diminishing role.
Horizontal distributions of 24-h cumulative rainfall
amount forced by Q�T , Q�s , and Q�n (Fig. 6) show that the
rainfall amount forced by Q�s is much weaker than that
forced by Q�n so that horizontal distribution of rainfall
amount forced by Q�T is determined by that forced by Q�n .

4. Effects of topography

As aforementioned, effects of topography (WTF) on the
typhoon rainfall are from lifting and friction. Thus, vertical
velocity induced by topography is the sum of lifting-
induced (WT) and friction-induced (WF) vertical velocity,
which can be, respectively, calculated based on Ref. [47].
Correspondingly, the rainfall due to topography is com-
prised of the rainfall due to lifting and friction. Fig. 7
shows the topography-forced ascending motion during
the landfall of typhoon Haitang (2005). The ascending
motion (��0.5 Pa s�1) did not change much before the
landfall, and increased to �2 Pa s�1 around 1800 UTC 19
July 2005 after the landfall. The evolution of the ascending
motion forced by topography was similar to that of hourly
cumulative rainfall amount (Fig. 2) only after the landfall.
The lifting-induced ascending motion kept its magnitude
(��1 Pa s�1) during the landfall, while the friction-induced
vertical motion showed a significant evolution. The fric-
tion-induced descending motion (�0.5 Pa s�1) appeared
before the landfall whereas the friction-induced verticalFig. 4. Partition of QD.

Fig. 5. Area averaged x* (a), x�s (b), and x�n (c) (contour: Pa s�1), and corresponding Q* vector (10�10 m hPa�1 s�3).
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motion became an ascending motion after the landfall and
increased its intensity with time. The magnitudes of fric-
tion-induced ascending motion were larger than those of
lifting-induced ascending motion after 1200 UTC 19 July
2005. The horizontal distributions of 24-h cumulative rain-
fall amounts forced by topographic lifting and topographic
friction were similar, but the maximum friction-induced
rainfall amount could be 2–3 times larger than the maxi-
mum lifting-induced rainfall amount (Fig. 8). Therefore,
topographic friction has made more contribution to 24-h
cumulative rainfall amount than topographic lifting made.

5. Discussion

5.1. Roles of modified moist ageostrophic Q vector and

topographic forcing in rainfall

Both modified moist ageostrophic Q vector and topo-
graphic forcing show impacts on the ascending motion
and rainfall of typhoon Haitang (2005). To examine their
relative importance, the 24-h cumulative rainfall amounts
produced by both topographic forcing (Fig. 9) and the

modified moist ageostrophic Q vector (Fig. 6) are calcu-
lated. The differences in the rainfall amount between the
modified moist ageostrophic Q vector and topographic
forcing show that the rainfall amount forced by topogra-
phy is larger than that forced by modified moist ageo-
strophic Q vector and that the centers of rainfall amount
induced by topography are located in the coastal areas of
Zhejiang Province whereas those forced by the modified
moist ageostrophic Q vector are located in central Zhe-
jiang. The area-averaged hourly cumulative rainfall
amounts forced by the modified moist ageostrophic Q vec-
tor and topographic forcing (Fig. 10) reveal that the latter
is 2–5 times larger than the former. Relatively, the topo-
graphic contributions to the rainfall of typhoon Haitang
(2005) are more than those from the modified moist ageo-
strophic Q vector.

Although the rainfall amount forced by topography is
larger than that forced by the modified moist ageostrophic
Q vector (Fig. 10), topography-forced vertical velocity does
not show a strong variation (Fig. 7), while the simulated
hourly cumulative rainfall amount displays a significant
variation (Fig. 2) before the landfall. During this period,

Fig. 7. Area-averaged lifting-induced (WT), and friction-induced (WF) vertical motions and their sum (WTF). The units are Pa s�1.

Fig. 6. Cumulative rainfall amounts (mm) forced by 2r �Q�T (a), 2r �Q�s (b), and 2r �Q�n (c). Areas with the rainfall amount of P50 mm in 24 h are
shaded.
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the vertical velocity forced by the modified moist ageo-
strophic Q vector exhibits a strong variation (Fig. 5), which
is similar to the variation of rainfall amount (Fig. 2). Spe-
cifically, the strong ascending motion leads to large rain-
fall, and the rainfall becomes weak during the landfall,
which is caused by the descending motion in the mid and
lower troposphere (500–700 hPa). After the landfall, effects
of topography on vertical motion are similar to the effects
of Q* vector. What roles do they play in torrential rainfall
during the landfall? It is well known that the environmental
conditions surrounding the typhoon change quite rapidly
while topography remains unchanged. Topography affects
the rainfall through its interaction with typhoon. Combin-

ing the previous analytical results, we think that the mod-
ified moist ageostrophic Q vector that represents physical
processes may be a factor triggering the formation of tor-
rential rainfall of typhoon Haitang (2005) whereas topo-
graphy may enhance the rainfall through local nonlinear
processes. Topographical effects on torrential rainfall may
play a dominant role.

5.2. Comparison of the rainfall diagnosis with the simulated

results

To examine the ability of diagnostic tool for producing
rainfall amount, the horizontal distribution of 24-h cumu-
lative rainfall amount and the area-averaged hourly cumu-
lative rainfall amount forced by the modified moist
ageostrophic Q vector and topographic forcing are com-
pared with those simulated by the WRF model. The hori-
zontal distributions of 24-h cumulative rainfall amounts
simulated by the model and calculated by the modified
moist ageostrophic Q vector and topographic forcing are
similar (Fig. 11), but the magnitudes of rainfall simulated
by the model are significantly larger than those calculated
by the modified moist ageostrophic Q vector and topo-
graphic forcing (Fig. 12).

As shown in Fig. 12, the rainfall amount forced by the
modified moist ageostrophic Q vector and topographic
forcing is significantly smaller than that simulated by the
model, which is consistent with the results from the previ-
ous studies [52–54]. As aforementioned in Section 2, the
simulated rainfall amount is similar to the observed rainfall
amount (Fig. 1). Thus, diagnostic analysis cannot depict
simulated rainfall completely. The reasons may include:
(1) cloud microphysical processes intimately associated
with precipitation are not included in the diagnostic analy-
sis. (2) Although the modified moist ageostrophic Q vector
contains information of atmospheric dynamics and ther-

Fig. 8. Cumulative rainfall amounts (mm) forced by topographic lifting (a) and topographic friction (b). Areas with the rainfall amount of P50 mm in
24 h are shaded.

Fig. 9. Cumulative rainfall amounts (mm) produced by both topographic
lifting and topographic friction. Areas with the rainfall amount of
P50 mm in 24 h are shaded.
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modynamics, some important processes such as evapora-
tion are not included and some assumptions are used in
derivation of the vector. (3) Although the amounts of rain-
fall forced by topography are much larger than those
forced by Q* vector (Fig. 10) and topography has signifi-
cant impacts on torrential rainfall and its horizontal distri-
butions (Figs. 9 and 11), only the linear effects of
topography on rainfall are counted in this quantitative
diagnostic analysis. The nonlinear interaction between
topography and local atmosphere and its effects on rainfall
development remain unknown, and are not included in the
calculations here, as indicated by Lin et al. [55] that the
measurements of winds at certain locations partially pro-
vide information of interaction between topography and
weather system. (4) Topography used in this study may
be much smoother than the real topography and atmo-
spheric stability parameter has been averaged in the calcu-
lation, which may underestimate the ascending motion. (5)
Rainfall rate is assumed to be a constant when the rainfall
amount is calculated, which may lead to underestimation
of rainfall amount.

Fig. 10. Area-averaged hourly cumulative rainfall amounts (mm) forced by the modified moist ageostrophic Q vector (RQ) and topographic forcing
(RTF).

Fig. 11. Cumulative rainfall amounts (mm) simulated by the model
(background) and calculated by the modified moist ageostrophic Q vector
and topographic forcing (contour) from 0000 UTC 19 July to 0000 UTC
20 July 2005.

Fig. 12. Area-averaged hourly cumulative rainfall amounts (mm) simulated by the model (RM) and calculated by the modified moist ageostrophic Q

vector and topographic forcing (RQTF).
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6. Conclusions

A quantitative analysis of torrential rainfall associated
with typhoon Haitang (2005) is carried out using a modi-
fied moist ageostrophic Q vector and data from Weather
Research and Forecasting (WRF) model simulation. The
results include:

1. WRF can simulate the rainfall of typhoon Haitang
(2005) well, including the magnitudes and locations of
torrential rainfall, and a decreasing tendency of rainfall
onward from the coastal areas.

2. The condensational heating is highly correlated with
the rainfall. The convective condensational heating is
dominant before the landfall due to the fact that the
convective condensational heating rate is 2–5 times lar-
ger than the large-scale condensational heating rate.
After the landfall, the large-scale condensational heat-
ing rate is about twice larger than the convective con-
densational heating rate. The large-scale and
convective condensational heatings are equally impor-
tant during the landfall. The maximum convective con-
densational heating occurs before the landfall whereas
the maximum large-scale condensational heating
appears after the landfall.

3. The diagnostic analysis of the modified moist ageo-
strophic Q vector shows that the descending motion
could appear in the mid-troposphere during the land-
fall, which reduces the rainfall. The ascending motion
is intimately associated with the rainfall. Meso-scale
forcing plays a more important role in determining
the ascending motion associated with the torrential
rainfall in such a way that large-scale forcing role is
secondary.

4. The topography-induced vertical motion has little
change before the landfall, and shows evolution after
the landfall. The topographic lifting always produces
an ascending motion. The topographic friction gener-
ates the descending motion before the landfall and
yields the ascending motion with intensity stronger
than that of the lifting-induced ascending motion after
the landfall.

5. The rainfall amount forced by topographic friction is 2–
3 times larger than that forced by topographic lifting.
The topography-forced rainfall amount is 2–5 times lar-
ger than the rainfall amount forced by the modified
moist ageostrophic Q vector.

6. The rainfall may be triggered by the forcing from the
modified moist ageostrophic Q vector and enhanced fur-
ther by the topographic effects.

It should be noticed that we referred the rainfall of
P50 mm in the period of 24 h as the torrential rainfall in
this study. In our future work, the rainfall at the levels of
50–100 mm, 100–250 mm, and >250 mm in the period of
24 h and the different physical processes responsible for
these rainfalls will be explored.
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