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ABSTRACT

The mesoscale orographic effects on typhoon Aere’s precipitation are simulated using an Advanced
Regional Eta-coordinate Model (AREM) version 3.0. In particular, the effects of the latent heat release are
studied by two comparable experiments: with and without condensational heating. The results show that
the typhoon rainfall is tripled by the southeastern China mesoscale terrain, and the condensational heating
is responsible for at least half of the increase. One role of the latent heat release is to warm the atmosphere,
leading to a depression of the surface pressure, which then causes a larger pressure difference in the zonal
direction. This pressure gradient guides the water vapour to flow into the foothills, which in turn amplifies
the water vapour flux divergence amplified, causing the typhoon rainfall to increase eventually. The other
role of the latent heat release is to make the convection more organized, resulting in a relatively smaller rain
area and stronger precipitation.
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1. Introduction

There is little doubt that the mountains profoundly
affect the formation and development of rain systems
(Smith, 1979; Tao, 1980; Carbone et al., 1995; Buzzi
et al., 1998; Kodama and Barnes, 1997; Neiman et
al., 2002; Zang et al., 2004), especially in mountainous
countries like China. Typhoon rainstorms, one of the
originators of flooding in China, are often greatly in-
fluenced by the mesoscale terrain. In general, tropical
storms affecting China may form in the West Pacific
Ocean or South China Sea, which then move north-
westward under internal and external forces. When
typhoons land at China’s Zhejiang, Fujian, or Guang-
dong provinces, they will hit mesoscale mountains such
as Wufeng Mountain (mean elevation of about 800 m)
and Daiyun Mountain (mean elevation of about 600
m), which are orientated in a NE-SW direction and are
parallel to the coastline (Fig. 1a). The prevailing winds

associated with typhoons usually cross the mountains
from the east, and statistically cause an increase in
rainfall. Some previous works (Pauley and Smith,
1988; Fosdick and Smith, 1991; Liu et al., 2001; Posselt
and Martin, 2004) have indicated that the latent heat
release (LHR) could change the basic structures of the
synoptic systems, and may play a key role in the rain-
fall increase (Brennan and Lackmann, 2005). But to
what extent, and how LHR and typhoon precipitation
interact with each other under mesoscale orographic
effects are so far unclear. Since the influences of the
terrain and LHR are often mixed with other factors
and cannot be easily separated by the observational
data, using high resolution numerical experiments to
study the effect of LHR under mesoscale orographic
effects would significantly help our understanding and
improve typhoon rainfall forecasting (Gao et al., 1994;
Zhai et al., 1995; Zhou and Qian, 1996; Feng et al.,
2004).
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Fig. 1. Total rainfall (mm) from 0000 UTC 25 to 0000 UTC 26 August 2004 derived from (a) observation,
(b) EXP CTL and (c) EXP noterrain. (d) The rainfall difference between EXP CTL and EXP noterrain.
Terrain heights (m) in the AREM model are shaded according to the legend. The observed path of typhoon
Aere is marked by typhoon symbols. Red stands for typhoon and yellow stands for tropical storm.

Typhoon Aere, the 18th one to occur in 2004 and
second most powerful typhoon to sweep China, formed
in the eastern Philippine Sea on 19 August 2004,
moved northwestward and landed at Fuqing city at
0830 UTC 25 August. Then, guided by the north-
east wind around the southeast side of the subtropical
high pressure, it ran southwestward along the coast-
line, moved into Guangdong province and downgraded
to a tropical storm at 0600 UTC 26 August (the path
is shown with typhoon markers in Fig. 1). Under the
influence of typhoon Aere, flash floods occurred. From
0000 UTC 25 to 0000 UTC 26 August, Aere produced
more than 50 mm of precipitation at 22 observational
stations, 100 mm at 8 stations, and 200 mm at 3 sta-

tions in Fujian province. Zherong county (27.15◦N,
119.54◦E, 670.0 m), with a relatively higher eleva-
tion in this area, and being the entrance of the wa-
ter vapour inflows connected to a strong spiral cloud
band outside the typhoon eye, received the maximum
rainfall of 407 mm in 24 h. The black isolines in Fig.
1a illustrate the observed rainfall from 0000 UTC 25
August to 0000 UTC 26 August. The heavy rain cen-
ter appeared on the east side of the Wufeng Mountain
peak (ESWM), the 50 mm isoline of rainfall was ap-
proximately parallel to the mountain’s orientation, in-
dicating the terrain’s possible role in the flood event.
In this paper, based on the numerical simulations, we
take Aere as a case to examine the mesoscale terrain
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Fig. 2. Hourly rainfall (mm h−1) averaged in the region
(27◦–28◦N, 120◦–121◦E) derived from observations (solid
line), EXP CTL (solid line with +), EXP noheat (dashed
line with o), and EXP noterrain (dashed line).

effects on the typhoon rainstorm and to study the
role of LHR. The organization of this paper is as fol-
lows: section 2 is a brief description of the AREM
model (Advanced Regional Eta-coordinate Model, Yu
and Xu, 2004), section 3 examines the mesoscale oro-
graphic effects on the rainstorm, the role of LHR is
studied in section 4, and section 5 contains some con-
clusions and discussions.

2. Model description

AREM is a regional Eta-coordinate, hydrostatic
weather forecasting model. A 10′ resolution terrain
is used and treated as three-dimensional steps in the
model to decrease the errors of pressure gradient over
the mountainous areas. The model domain covers 0◦–
70◦N, 50◦–150◦E with a 12 km×12 km horizontal res-
olution and 32 uneven levels in the vertical from the
surface to 10 hPa. A two-step shape-preserving advec-
tion scheme (Yu, 1994) is used to keep a reasonable
moisture advection in the model dynamical core. The
AREM model has now been developed to version 3.0
and is widely used in research and operational fore-
casting in China and other Asian countries, and it is
proved to have a distinct advantage in precipitation
forecasting.

The model physical processes used in this work in-
clude the explicit prognostic warm cloud scheme (Xu
et al., 1998), the modified Betts convective adjust-
ment scheme (1986), a non-local diffusion boundary
layer parameterization scheme (Holtslag and Boville,
1993), a surface flux calculation by a whole exchange
coefficient method (Deardorff, 1972) and a radiation
parameterization (Benjamin and Seaman, 1985). The

model runs in the domain 15◦–40◦N, 100◦–130◦E un-
der fixed boundary conditions, and is integrated from
0000 UTC 25 August to 0000 UTC 26 August, 2004,
using the NCEP (National Centers for Environmen-
tal Prediction) 1◦ × 1◦ objective analysis data as the
initial fields.

3. Rainfall increased by mesoscale terrain

Aere moved southeastward after landing in Fujian
province, and an associated rain belt appeared on the
east side of the Wufeng and Daiyun mountains. Fig-
ure 1b illustrates the simulated precipitation from 0000
UTC 25 August to 0000 UTC 26 August in the con-
trol run (called EXP CTL). The rain belt parallels the
orientation of Wufeng and Daiyun mountains, and the
center stays in the ESWM with the maximum of 124
mm, in accordance with the observations. However,
another center with a larger rainfall than the observa-
tion forms in the valley between Wufeng Mountain and
Kuocang Mountain (hence called the Wu-Kuo valley).
We find a simulated 0.5◦ north bias in the typhoon
landing spot (figure omitted) and the blocking effect
of the Wu-Kuo valley might be responsible for this un-
realistic precipitation center.

When the terrain heights are set to zero in the ini-
tial fields (called EXP noterrain), the total rainfall is
much smaller in the ESWM (the maximum is only 40
mm), and the center also drifts to the south (Fig. 1c).
The result reveals that the precipitation in the ESWM
may be triggered by the upward motion within the ty-
phoon spiral cloud band rather than by the terrain,
but the mesoscale mountains increase the rainfall seri-
ously. The rainfall difference between EXP CTL and
EXP noterrain is shown as Fig. 1d. The maximal dif-
ference occurs in the Wu-Kuo valley, another differ-
ence center appears in the ESWM, with the maximum
value of 80 mm, and the 30 mm isoline of the rain-
fall difference parallels the mountain orientation. This
sensitivity experiment shows that the maximum pre-
cipitation is tripled by mesoscale mountains, and the
rainfall peak also rises from 5 mm h−1 to 13 mm h−1

(Fig. 2).

4. The role of latent heat release

The experiment EXP noterrain shows that the pre-
cipitation increase is huge even though the mountain
peak is lower than 1200 m. Does LHR act in this in-
crease, and how? To answer this question, only LHR is
removed from the diabatic term from the 4th to 10th
hour of integration, which is the main rain period (this
experiment is called EXP noheat). Figures 3a to c il-
lustrate the hourly precipitation at 0600–0700, 0700–
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Fig. 3. Hourly precipitation (mm h−1) in 0600–0700, 0700–0800, and 0800–0900 UTC simulated by (a)
EXP noterrain, (b) EXP CTL, and (c) EXP noheat.

(a) (b)

Fig. 4. (a) Hourly temperature (K) at 700 hPa, and (b) surface pressure difference (hPa) between the grid points
(27.5◦N, 122◦E) and (27.5◦N, 120◦E) averaged over the region (27◦–28◦N, 119◦–120◦E) simulated by EXP CTL
(solid line) and EXP noheat (dashed line).

0800 and 0800–0900 UTC in the different experiments.
We find the maximum precipitation rate in the ESWM
occurs at the moment that the water vapor transport
band arrives at the foothills. The accompanying east-
erlies climb up along the mountain slopes, carry the
water vapour to higher levels, and lead to rain. With
zero terrain height, a relatively weaker spiral rain band
exists in the East China Sea, but it has no link with
the rain belt on the land (Fig. 3a). However, with the

terrain forcing, the water vapour transport is strength-
ened, and a bridge between the rain belts over the sea
and those over the land is established, or a passage of
water vapour transport is built (Fig. 3b), and both rain
belts on the land and on the sea are active. However,
if the LHR is removed, the spiral rain band disappears
gradually with time, so does the water vapour bridge
(Fig. 3c). It seems that the mesoscale terrain forcing is
an external factor in the precipitation increase, while



NO. 1 LI ET AL. 39

(a)

(b)

Divergence                         Specific humidity 

Fig. 5. Pressure-longitude cross sections of divergence (103 s−1) and specific humidity (g kg−1) along 27.5◦N at
0700 UTC on 25 August simulated by (a) EXP CTL and (b) EXP noheat.
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Fig. 6. Height-longitude cross section of precipitation rate (mm h−1) along 28◦N at 0731 UTC 25
August retrieved by TRMM PR.

LHR is an internal factor. With the LHR, how is this
bridge constructed? Figure 4 may offer an explana-
tion. Figures 4a and b illustrate the change of tem-
perature and surface pressure with time at 700 hPa de-
rived from EXP CTL and EXP noheat. Warmed by
the latent heat release, the temperature in the mid-
dle troposphere becomes higher (the solid line in Fig.
4a), leading to a lower surface pressure and thus an
increase of the pressure difference between the source

region (the east part of the spiral water vapour band)
and sink region (the west part of the spiral water
vapour band) (the solid line in Fig. 4b). Then pressure
gradient may guide the water vapour to move to the
foothills, providing moisture for precipitation. When
the water vapour band associated with the typhoon
moves away, the water vapour supply may be cut off,
and the rain stops gradually. When LHR is removed in
the 4th integration hour, the temperature goes down
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Fig. 7. Pressure-longitude cross sections of cloud water and rain water (g kg−1) along 27.5◦N at 0700 UTC
25 August simulated by (a) EXP CTL and (b) EXP noheat.

rapidly (see the dashed line in Fig. 4a), and the surface
pressure difference decreases sharply (see the dashed
line in Fig. 4b). Meanwhile, the water vapour trans-
port band weakens or even disappears (see Fig. 3c).
Then we could say one role of the LHR is to warm the
air, thereby strengthening the ascending motion and
water vapour transport.

With the stronger ascending motions, some ele-
ments such as divergence, vertical velocity and humid-
ity are larger. Figures 5a and b are vertical distribu-
tions of divergence and specific humidity at 0700 UTC
along 27.5◦N in EXP CTL and EXP noheat, respec-
tively. In EXP CTL, the maximum values of the con-
vergence and divergence are more than twice as large
as those in EXP noheat, and the divergence center oc-
curs at a much higher level. Meanwhile, the water
vapour can be transported to a relatively higher al-
titude. But in EXP noheat, the water vapour piles
up below 800 hPa and cannot be easily transported
to the middle levels, forming a water vapour trough
in the middle troposphere. All of the above evidence
convinces us that LHR may enhance convection, lifting
the air to higher levels.

Compared with EXP noheat, the maximums of
cloud water and rain rate can also occur at higher lev-

els in EXP CTL, similar to the observations. Figure
6 is the vertical distribution of the precipitation rate
along 28◦N retrieved by the TRMM (Tropical Rain-
fall Measuring Mission) PR (Precipitation Radar). Al-
though the latitude (28◦N) and the time (0731 UTC)
of the radar scan are a little different from the pre-
cipitation center (27.5◦N) and the maximum rainfall
time (0600–0700 UTC), Fig. 6 should be able to re-
flect the basic features of the precipitation rate. The
maximum precipitation rate occurs at height of 4 km,
with the magnitude larger than 50 mm h−1. Near the
surface (about 2 km), the precipitation rate decreases
to 0.1 mm h−1 though the returning echo is interfered
with below 2 km. The corresponding distributions of
the cloud water and rain water at 0700 UTC along
27.5◦N derived from EXP CTL and EXP noheat are
illustrated in Figs. 7a and b. The maximum cloud wa-
ter appears at 600 hPa, and the top of the rain water
is a little lower than that of cloud water in EXP CTL.
The cloud and rain water are mainly concentrated in
two regions, exhibiting a smaller area and the features
of convective rain. However, in EXP noheat, the max-
imum cloud water appears at 800 hPa, and the rain
water occurs at a much lower level. Meanwhile, the
cloud and rain water have relatively homogeneous di-
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0700 UTC                       0800 UTC

Fig. 8. Pressure-longitude cross sections of the composite vectors of zonal wind (m s−1) and vertical veloc-
ity (5×102 m s−1) along 27.5◦N at 0700 UTC and 0800 UTC 25 August simulated by (a) EXP CTL and (b)
EXP noheat.

stributions and flatter tops, demonstrating the fea-
tures of stratiform rain. The results show that an-
other possible role of LHR is to organize the convec-
tion, making the rain more centralized and stronger.

Though the total and hourly rainfall is larger when
considering LHR (see Fig. 1 and Fig. 2), we find that
the rainfall on the west side of the Wufeng mountain
peak (WSWM) in EXP CTL is smaller than that in
EXP noheat (see Fig. 7), which could be explained by
Fig. 8. Figures 8a and b are the vertical distributions
of the composite vectors of zonal wind and vertical
velocity simulated by EXP CTL and EXP noheat, re-
spectively. In EXP CTL, the vertical velocity is much
stronger in the ESWM, but the easterly component
is relatively smaller, and the westerlies control the
WSWM at 0700 and 0800 UTC. However, the wind
direction is completely different in EXP noheat. Al-
though the westerlies dominate the WSWM below 800

hPa at 0700 UTC, they are replaced by easterlies at
0800 UTC; note that the easterlies have climbed over
the Wufeng mountain peak. When the transmountain
flows encounter the terrain step again, they rise and
form precipitation once more, leading to a relatively
larger rain area in the WSWM. Figure 8 also confirms
that one possible role of the latent heat is to make the
convection more organized, producing more concen-
trated and stronger precipitation in the ESWM and
reducing the rainfall in the WSWM at the same time.

5. Conclusions and discussions

Based upon the sensitivity experiments, the south-
eastern China mesoscale orographic effect is examined,
the role of LHR is studied and the interaction between
LHR and the precipitation under the mesoscale terrain
forcing is analyzed. The main conclusions are as fol-
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lows:
(1) The total rain amount on 25 August 2004 pro-

duced by the typhoon Aere is tripled by mesoscale ter-
rain in southeastern China.

(2) LHR plays a key role in the precipitation.
With the condensational heating, the convection is
strengthened, causing the decrease of the surface pres-
sure. Then the pressure gradient in the E-W direction
within the water vapour transport band guides the wa-
ter vapour to move to the windward area of Wufeng
Mountain, leading to a precipitation increase.

(3) With the LHR, the convection is more orga-
nized, producing larger vertical velocity, higher diver-
gence height and correspondingly a smaller rain area
and stronger precipitation in the ESWM. When LHR
is removed from the integration, the precipitation may
demonstrate stratiform rain features rather than con-
vective rain features.

In spite of the main conclusions above, there are
still some issues to be discussed:

(1) When we design sensitivity experiments to
study orographic effects, especially the large-scale and
higher mountains, we ought to avoid cutting the moun-
tain height in half (or other such modifications) at the
beginning of the integration, so the unbalanced initial
fields may trigger some noise and interfere with the
results. However, we do so. The Wufeng mountain
peak is not higher than 1200 m. Compared with the
deep typhoon system and the largescale rain belt, it
is relatively small. The experiment also shows that if
the mountain height is set to zero in the initial fields,
like what we do in this paper, the unbalanced fields
can basically be adjusted in two hours. Nevertheless,
we do not consider the unimaginable impacts on the
results.

(2) LHR is removed from the 4th to 10th hour in
the sensitivity experiment. If it is removed from the
beginning of the integration, the total rain amount is
much smaller, and the hourly rain peak is even smaller
than that in EXP noterrain. We also tried removing
LHR in the second and third hour of the integration,
and we found that the earlier LHR is removed, the
smaller the rainfall is. It seems that the condensa-
tional heating accumulated in the early period may
affect the later precipitation.

(3) Grid scale LHR and convective LHR are not
studied separately in this paper because of the rela-
tively small convective rainfall in the AREM model. If
the model horizontal resolution is improved and non-
hydrostatic equilibrium is used, the extent to which
LHR can increase the typhoon rainfall should be fur-
ther studied.

(4) When the LHR is removed from the integra-
tion, the intensity of the typhoon system is weak and

its track also shows a little change. Nevertheless, this
should not impact our basic conclusions.
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