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1.  SUMMARY 

 

The goal of this project is to improve the weather forecast skill and capability of climate 

simulation of the global forecast system (GFS) at Central Weather Bureau (CWB).  In 

this project, we propose to incorporate NCEP prognostic cloud scheme (PCW) into the 

GFS and evaluate its performance against operational moist schemes (OPS).  Note that, 

however, by considering strong coupling between the PCW and NCEP simplified 

Arakawa-Shubert scheme with momentumn friction (SASM) in natural, the NCEP 

SAS convective scheme which was proposed to be included next year has also been 

incorporated in advance.  The evaluations with PCW were conducted with a single 

column model (SCM) of the GFS forced by the large-scale conditions from the observed 

conditions of ARM, TOGA COARE and GATE column environment as well as under 

full-coupled GFS.  The evaluation of the PCW coupled with the SAS scheme with the 

full-coupled version of the GFS has also been under ongoing in advance.   

 

Up to date, we have completed tasks in implementation of PCW as required in the project 

including: 

 

1. Completed the implementation of NCEP PCW, SAS and SASM into GFS 

operational model both in SCM and full-coupled versions.  

2. Completed SCM tests for PCW scheme. 

3. Conducted short-range (five days) weather forecast experiments with (1) 

using CWB forecasting model to evaluate the impact on forecasted 

precipitation and cloudiness as well as Typhoon forecast. 

 

The following are the ongoing tasks and will be continued to the next year: 

 

1. Conducting SCM tests to evaluate the model capability with the PCW and 

SAS with momentumn effect schemes. 

2. Conducting multi-year runs to evaluate the model capability for long-term 

climate simulation with the PCW and SAS as well as SASM schemes. 
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In general, the short-range weather forecast results showed no significant difference 

among the versions except the sea level pressure and precipitation rates with the SAS 

are relatively weaker than the others.  Specifically, over Eastern Equatorial Pacific 

ITCZ/SPCZ and in the subtropical western Pacific, the SAS simulates relatively 

higher SLP with lower precipitation rates.  Even though, the model with the SAS 

simulates marginal realistic temperatures, relative humidity and 500 hPa geopotential 

height.   

 

Results presented here are mainly for the task for multi-year climate runs using OPS 

moist schemes against those with NCEP PCW only (PCW), PCW+SAS (SAS) and 

SASM.  With the PCW, it is indicating that the grid-scale processes create very strong 

rain re-evaporation resulting in much colder and moister environments than that of 

OPS.  For the climate simulations, model with the SAS and PCW produce too strong 

convections with weaker grid-scale precipitation (and too little large-scale clouds).  

With little model clouds presented, the model produces very weak vertical gradient of 

longwave and shortwave radiative effects with the PCW as well as the SAS version. 

Detail diagnostic to unveil these issues is ongoing in particular on the interaction 

between radiation and cloud processes.  
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2. INTRODUCTION 

 

Clouds representation in GCMs remains a big uncertainty. The difficulty mainly is due to 

clouds physical processes covering a wide range of temporal-spatial scales.  In particular, 

with processes that the main effects of the cloud-related quantities crucial for a GCM 

including: the sources and sinks of cloud condensate including condensation 

evaporation/sublimation, conversion into precipitation/fallout; the phase of the 

condensate and many others etc (e.g., Houze 1997). Thus any advanced GCMs should 

consider cloud scheme including the generation/dissipation of convective and non-

convective clouds and the precipitation formed in them and the most importantly, provide 

the radiation process with the necessary information to compute the cloud-radiation 

effects. The cloud scheme should also closely link to the convection more explicitly with 

predicted cloud related quantities such as, at least, the grid-mean cloud water and 

condensate. 

 

The operational CWB GFS cloud scheme is a diagnostic-designed in the GFS.  In general, 

the current cloud scheme simulates reasonable weather and climate. Nevertheless, the 

effort to upgrade the cloud scheme from the diagnostic integrating to the prognostic-

oriented approaches is desirable. The attempt is to closely link the parametrization of 

clouds to that of convection which is crucial for the generation and dissipation of the 

cloud systems. 

 

The current convective scheme used in the GFS is a concept of the classical AS scheme 

(hereafter GFSAS) while the cloud scheme is followed a diagnostic-oriented grid-scale 

condensation method.  In the cloud scheme, supersaturation is simply removed through 

the condensation of excessive water vapor. The saturated water vapor is condensed to 

liquid water and the latent heat is released to the local vertical adjacent layer. The 

condensed water falls to the layer beneath and re-evaporates until relative humidity there 

reaches 100%.  Such that, the treatment of the clouds is over simplified and offers no 

direct coupling to the convective process. 
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A prognostic cloud water (PCW) scheme (Zhao and Carr, 1998) of the Eta model at the 

NCEP is implemented and evaluated into the GFS at CWB. In this scheme, cloud water 

and cloud ice are prognostically calculated in both stratiform and convective precipitation 

parameterizations. This is done by adding one predictive variable, either the cloud water 

or ice mixing ratio depending on the temperatures, to represent cloud properties. Note 

that, the vertical advection of the cloud mixing ratio is ignored assuming that for large-

scale models in which the vertical motion is relatively weak and approximate balance 

between the small gravitational fall speed of cloud particles and the model  large -scale 

vertical motion is assumed.  

 

Illustrated in Fig. 1a, inputs of condensation are from large-scale processes and 

convective processes. In such a way, it offers a direct link between convective core and 

the stable cloud system. The scheme produces either cloud water or ice, depending on the 

cloud substance at and above the grid point at current and previous time steps, and on the 

temperature. Evaporation of cloud is allowed. Precipitation is diagnostically calculated 

directly from the cloud water/ice mixing ratio illustrated in Fig. 1b. Both frozen and 

liquid precipitation can be prognostically produced, enabling this scheme to predict 

precipitation type. 

 

 

(a) 
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(b) 

Fig. 1 Illustration of the NCEP cloud and precipitation scheme. 

 

The strength of this precipitation scheme is that all condensed water goes into clouds and 

then precipitation is produced from clouds when condensed water/ice becomes sufficient. 

This allows only part of the condensed water/ice to fall as precipitation and the rest to 

stay in the atmosphere as nonprecipitating clouds and advect with the air.  In addition, 

the large-scale condensation method based on relative humidity, changes of temperature, 

moisture, and pressure that is more thermodynamically and hydrologically consistent 

with the model. Furthermore, the inclusion of ice-phased clouds makes calculations of 

condensation/deposition and precipitation, as well as latent heating release, more realistic. 

This explicit cloud prediction model has been shown a significant improvement in the 

model precipitation forecasts with NCEP Eta model. Diagnostic studies suggest that the 

inclusion of cloud ice is important in transferring water vapor to precipitation and in the 

enhancement of latent heat release; the latter subsequently affects the vertical motion 

field significantly with the NCEP Eta model. More detail is referred to Zhao and Carr 

(1998). This scheme with NCEP SAS have been incorporated and tested with the 

operational GFS.  
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3. RESULTS FROM MULTI-YEAR RUNS 

 

We perform several multi-year experiments to examine the performance of GFS 

operational forecast system with operational schemes of convection/cloud schemes 

(OPS) and OPS convection scheme plus NCEP PCW (PCW) scheme as well as with 

NCEP PCW+SAS (SAS).  

 

a. Sea level pressures and surface precipitation rates 

 

The monthly January and July mean sea level pressure (SLP) with OPS, PCW and 

SAS schemes show in general similar geographical distribution without significant 

different among the versions (Figs. 3.1).  For the case with PCW and SAS, the SLP in 

general is much realistic in terms of its magnitude over subtropical oceans than the 

OPS.  However, the geographical distribution of the subtropical high is not improved 

compared to NCEP reanalysis (not shown) in Northwestern Pacific for July and the 

SLP is too high over Asia landmass.  

 

 (a) (b) 

Figure 3.1  The sea level pressure simulated with OPS (upper panels), PCW (middle) and SAS (lower 
panels).  The left panels are for January (a) and right panels are for July (b). 
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  (a)    (b)   (c) 

Figure 3.2  The January monthly mean  total precipitation rates (panel a), convective precipitation rates 
(panel b) and grid-scale precipitation (panel c) with OPS (top),  NCEP PCW (middle) and with NCEP SAS 
(lower). 

 
    (a) (b)  (c) 
 
Figure 3.3  The July monthly mean total precipitation rates (panel a), convective precipitation rates (panel b) 
and grid-scale precipitation (panel c) with OPS (top),  NCEP PCW (middle) and with NCEP SAS (lower). 
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Figures 3.2 and 3.3 show simulated January and July multi-year monthly-mean 

precipitation rates using versions of OPS and PCW as well as SAS schemes with GFS, 

respectively.   In general, for both Jan and July, the total precipitation rates are 

enhanced with PCW and SAS schemes compared to the OPS. The precipitation is 

mainly contributed from their convective rainfall components. The grid-scale 

precipitation rates, on the other hand, reduce significantly from PCW scheme to SAS 

scheme by about 15~20% in all seasons.   No significant changes in grid-scale 

precipitation between the PCW and OPS versions.   

 

From observations, it is suggested that the grid-scale precipitation rates could 

contribute up to 40~50% in the Tropics (e.g., Houze, 1997).  However, all the versions 

fail to produce stratiform rain in particular over eastern equatorial Pacific ITCZ/SPCZ 

and in the Western Pacific warm pool regions.   None of the schemes can simulate a 

50-50% precipitation rates between the convective and grid-scale contribution in 

Tropics. 
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Figure 3.4 The zonally average vertical cross section of temperatures with CWB OPS (left and right 
upper panels), PCW (middle left panels) and SAS + PCW (right middle panels). The lower panels are for 
the difference between OPS to PCW and SASA, respectively. 
 

 
 
Figure 3.5 The zonally average vertical cross section of relative humidity (RH) with CWB OPS (left and 
right upper panels), PCW (middle left panels) and SAS + PCW (right middle panels). The lower panels are 
for the difference between OPS to PCW and SAS, respectively. 
 

b. Humidity and Temperature fields 

 

The model with PCW and SAS schemes produce much colder (up to 5 K) tropical 

climate than that from the OPS version for both Jan (and July) monthly mean shown 

in Fig. 3.4.  The lower stratosphere is, on the other hand, much warmer/moister than 

that with PCW and OPS (Fig. 3.4 and Fig. 3.5).  Note that, for short-range weather 

forecast experiments, the SAS version simulated more realistic temperatures and 

relative humidity compared to that of OPS and PCW (Fig. 3.6).  It is suggested that, 

the model physical errors growth for longer climate runs compared to the five-day 

forecasts implying the physical parameterization might have imbalance in between.   
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Figure 3.6  The temperatures and 500 hPa geopotational height simulated with OPS convective scheme + 
NCEP PCW (upper panel a and c) and with NCEP SAS + NCEP PCW (lower panel b and d). 
 

c. Diabatic heating rates 

 

Shown in Fig. 3.7a, are the model simulated January and July zonal average convective 

heating rates.  The vertical structures are similar between OPS and that with the PCW 

scheme.  The heating rates with PCW version, however, indicate feature of double ITCZ 

across the equator. The convective heating rates with SAS, on the other hand, produces 

much stronger convective heating with a factor of 2~3 than that of OPS and PCW (Fig. 

3.7b).   The feature of the abnormal intensive convection simulated with SAS produces 

fairly strong convective drying (Fig. 3.8).  For the grid-scale cloud heating rates, the SAS 

somehow produces fairy strong cooling (and moistening) in Tropics.  This might be due 

to strong rain and/or cloud water/ice re-evaporative cooling which is stronger than that 

 T   5day fcst – 
analysis 
    zonal-mean profile 

 RH  5day fcst – 
analysis 
     zonal-mean profile 

         3-d fcst experiment 
    5day fcst monthly mean 
          (2004/6-2004/7) 

ops 

micro 

sas 
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with OPS and PCW for January (and July, not shown).  This strong cooling might be a 

result of excessive detrainment resulting from strong SAS convection.   

 

 

 (a)  (b) 
Figure 3.7 The zonally average vertical cross section of convective heating rates with CWB OPS (left 
and right upper panels), PCW (left/middle panels) and SAS + PCW (right/middle panels).  The difference 
is at bottom panels. 
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Figure 3.8 The zonally average vertical cross section of convective drying rates with CWB OPS (left and 
right upper panels), PCW (middle panels) and SAS + PCW (left and right middle panels). The difference is 
at bottom panels. 
 
 

 

 
Figure 3.9  The zonally average vertical cross section of grid-scale heating rates with CWB OPS (left 
and right upper panels), PCW (middle panels) and SAS + PCW (left and right middle panels). 
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Figure 3.10  The zonally average vertical cross section of grid-scale moistening rates with CWB OPS (left 
and right upper panels), PCW (middle panels) and SAS + PCW (left and right middle panels). 
 
 

It is possible that, for an intensive convection, the convection might expel out 

excessive rain/snow as well as cloud liquid and ice into the large-scale environment.  

If the environment would be drier, through rain re-evaporation for large amount of 

snowfall and//or rainfall falling can therefore produce strong grid-scale moistening 

and cooling if the environment.  However, the grid-scale cloudiness do not increase 

even the model simulates much more moisture in the air. We currently are looking 

into this issue through inspecting the large-scale rain re-evaporation relative humidity 

critical value, which might be responsible for this.   

 

Another critical issue we have is that, with SAS scheme, the model produces very 

small amount of cloudiness making merely no vertical gradient both in shortwave and 

longwave cloud radiation. Specifically, with SAS, the model produces fairly small 

amount of cloudiness resulting in very weak cloud radiative effects (Fig. 3.9 and Fig. 

3.10). 
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 (a)  (b) 
 
Figure 3.11  The zonally average vertical cross section of net cloud radiative effectse (a) and shortwave 
(b) radiative effect with CWB OPS (left and upper panels), SAS (middle panels) and their difference (left 
and right lower panels). 
 

 

We speculate that with SAS, the model simulates too strong convection, expelling out 

excessive amount of cloud liquid and ice into environment producing grid-scale 

cooling and moistening.  The net diabatic heating indicates more net warming over 

subtropical areas but exhibits more net cooling in Tropics (Fig. 3.12) compared to the 

OPS.  It is clear from looking at regional heating rates budgets shown in Fig. 3.14, 

with the SAS, the strong grid-scale cooling basically is coupled to intensive 

convective heating.  The net moistening rates show somewhat more moistening in the 

middle and upper troposphere (Fig. 3.13).   

 

The model with the SAS scheme, however, does not have increase cloudiness with 

more moisture released from the rain re-evaporation. In addition, the model produces 
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effectively no cloud that no counter balancing between the radiation and convection. 

We do not know, at this stage, that the deficiency is caused by misused RH critical 

values and/or the inconsistency between the convective and cloud schemes cloud 

properties and radiation scheme. 

 

Figure 3.12  The zonally average vertical cross section of net diabatic heating rates for January (a) and 
July (b) with CWB OPS (upper panel), SAS (middle panel) and their difference (left and right lower 
panels). 
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 (a) (b) 

Figure 3.13  The zonally average vertical cross section of net diabatic moisteing rates for January (a) and 
July (b) with CWB OPS (upper panel), SAS (middle panel) and their difference (left and right lower 
panels). 
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Figure 3.14  The area average vertical cross profiles of convective (blue), grid-scale (green), longwave 
radiative (black), shortwave (red) abd PL heating rates for July  with CWB OPS (left panels) and with the 
SAS (right panels). 
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4.  DISCUSSION 

 

The NCEP PCW and SAS (which was proposed to be included in our next year 

project) schemes have been implemented into the CWB GFS.  Sensitivity experiments 

have been conducted to evaluate the performance of the schemes with the GFS both 

for typhoon tracks prediction and weather forecast as well as for long term climate 

simulations.  For the five days short-range weather forecast, the model with PCW 

scheme simulated slightly better forecast scores for 500 hPa height and marginal 

realistic temperatures and relative humidity fields than that of OPS and PCW+SAS.   

The model simulations were not changed much between the PCW and the OPS 

versions except that the PCW produced colder temperatures and moister fields.  For 

the typhoon case, the SAS scheme, however, failed to maintain typhoon  intensity 

and structure after 48 hours.   

 

In order to evaluate the model performance for climate simulations with the PCW and 

SAS schemes with the GFS, several multi-year simulations have been conducted.  The 

climate (and perpetual run for 150 days, not shown) with five years runs forced by 

annual SSTs showed that the model climate with the PCW and SAS schemes drifted 

to much colder and moister climate states relative to the GFS operational model 

simulation.  The model with SAS simulated convective heating/drying rates 2~3 

factors stronger than those with PCW and OPS versions.  The associated convective 

rain rates increased about 10~15 %, while the grid-scale precipitation rates decreased 

with 10%.  With the PCW we found that the model simulated very strong grid-scale 

cooling and moistening implying possible excessive cloud top detrainment, strong 

rain re-evaporation cooling and moistening; this is in particular true for the PCW 

coupled with SAS scheme.  The model also produced little diagnostic cloudiness for 

radiation scheme resulting in little cloud radiative effect and thus resulting in 

imbalance between the convection and radiation in the model.  It is suggested that this 

imbalance might bring the model into much colder and moist state.   
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5. FUTURE PLAN 

 

The evaluations with PCW were conducted with a single column model (SCM) of the 

GFS forced by the large-scale conditions from the observed conditions of ARM, 

TOGA COARE and GATE column environment as well as full-coupled climate runs. 

The inclusion of the NCEP SAS scheme with momentumn (SASM) effect was not in 

our original proposed task this year.  However, by considering strong coupling 

between the PCW and SAS in natural, the NCEP simplified Arakawa-Shubert 

scheme with momentumn friction (SAS) convective scheme has also been incorporated 

in advance.  We need to perform diagnostic studies with the SASM by adjusting 

model cloud parameters within observational uncertainties to improve 

cloud/convective model performance in the GFS.  Find the best set of parameters with 

the acceptable forecast error with SCM experiments.  

 

In the meantime, we will utilize the SCM version of GFS with PCW and SAS 

schemes to look into in more detail on PCW and cloud-radiation interaction to 

identify the causes responsible for the current deficiencies found so far; i.e., too cold 

in model climate and too little cloudiness.  We will then repeat short-term forecast and 

3-year climate simulation experiments and evaluate their performance against 

observations with the revised PCW, SAS schemes. 
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Analyses and Modeling of local Weather over Taiwan 

and the Adjacent Oceans 

1. 計畫摘要：  

 本研究計畫的主要目的是去了解局部環流、地形抬升、阻擋及日變化以及與大尺度

季風環流之交互作用對臺灣及其沿海地區的天氣和氣候的影響，以及怎樣把這種影響攷慮

在常規天氣預報中。作為計畫實施的第一步，我們將利用中央氣象局地面觀測站、自動氣

象站、自動雨量站及衛星資料進行診斷分析，以期進一步了解不同季節下臺灣及沿海地區

中小尺度的天氣特性。本研究計畫的重點是研究梅雨、夏季和秋季期間的局部環流以及全

島各地區的雲量和降雨的日變化及分佈。臺灣沿海地區上空的雲量分佈與日變化將運用同

步衛星資料來確定。 

 

 以上分析結果可用來評估中尺度模式系統（局裏區域模式）在模擬不同大尺度天氣

背景下的地形影響環流以及與大尺度氣流的相互作用。對可能的模式誤差進行診斷分析。

並要探索提高模式預報的可用地表參數。透過分析與數值模擬，我們將進一步了解地形效

應及局部環流等區域作用在不同季節下對臺灣及沿海地區之風場、雲、雨分佈的影響。 

 

 此外，我們將通過比較雨量資料和衛星資料來探索運用衛星資料探測雨量日變化的

可行性。 

 

2. Results of the project for the current year (2nd year): 

 

 During the first year, the focus was on the diagnosis of the island-

scale airflow and weather including the effects of island-induced circulation 

on the rainfall, cloudiness and circulations over the island and the adjacent 

coastal areas. Our analyses have focused on the Mei-Yu, summer, and the autumn 

seasons using the data from 1998-2002.  The analyses were completed and were 

reported to CWB last year.  The progress of the project during this year is 

summarized below: 

 

a. Give a seminar at CWB on June 10, 2005: 

 

 “Island induced circulations over the Island of Hawaii during HaRP”  

 

The seminar is based on a manuscript (Yang et al., 2005) that has been 

accepted for publication by the Monthly Weather Review. The ABSTRACT of the 

seminar is given below: 

 

    

    

    

AbstractAbstractAbstractAbstract    



 

The MM5/LSM (Chen and Duhia 2001) is used to simulate the diurnal 

island-scale circulations over the island of Hawaii during the Hawaiian Rain 

Band Project (HaRP, 11 July – 24 August 1990). The model is initialized with 

the NCEP/NCAR reanalysis data. The 30〃 resolution (1 km) vegetation type, 

soil type, and vegetation fraction from the US Geological Survey (USGS) Land 

Use Land Cover level II data for Hawaii and the soil survey of the island of 

Hawaii were used.  Because of the low resolution of the NCAR/NCEP reanalysis 

(2.5o×2.5o), the soil moisture cannot be generated from the reanalysis data 

for the Hawaiian island chain. Furthermore, the soil moisture depends on the 

local weather conditions in the past. To solve this problem, MM5/LSM was run 

for two months prior to the HaRP period with the initial soil moisture 

specified according to the soil type. During this two-month period, the soil 

moistures and soil temperatures are updated daily from the 24-h forecast of 

the previous day. The soil moistures and soil temperatures after two-month 

simulations are used to initialize LSM for our HaRP simulations. 

 

The diurnal variations of the land-sea thermal contrast at the land 

surface and the 

planetary boundary layer at Hilo, the evolution of the diurnal circulation 

cells on the windward side, the thermally driven diurnal winds, and the wake 

circulations on the lee side are well simulated. The simulated diurnal 

variations in rainfall are also in good agreement with observations. 

 

Sensitivity tests show that with better surface conditions in the model 

coupled with 

OSU-LSM, the simulated thermal forcing over land is improved. The improvements 

in 

simulated ground temperature, land-sea thermal contrast and mixing ratio lead 

to better 

simulation of the strength of land/sea breezes over island. 

 

b. Preliminary findings: 

 

The primary task during the second year is to work with CWB staff to 

diagnose the performance of the CWB regional models in simulating island 

induced circulations during the diurnal cycle.  From our on-going work on the 

diurnal cycles of the island induced circulations and airflow, it is apparent 

that adequate resolution of the island terrain, proper treatment of the land 

surface properties with an advanced land surface model is need to properly 

simulate the island induced circulations and afternoon rain showers in the 

subtropics. 
 



The current NFS at CWB has three nested domains: 

 

        Domain 1 : 221 x 127 x 30  with a 45 km horizontal resolution 

        Domain 2: 181 x 193 x 30   with a 15 km horizontal resolution 

        Domain 3:   91 x 121 x 30   with a 5 km horizontal resolution 
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Figure 1   The surface analyses for Domain 3 of the NFS system during July-

August 2003 (a) 0800LST; (b) 1400LST; (c) 2000LST; (d) 0200 LST. 



Figure 1 shows the surface winds for Domain 3 of the NFS system during 

July-August 2003.    From these figures, it is apparent that the analyzed 

surface winds over land are weaker than over the ocean especially at night.  

The surface winds upstream off the southwestern coast of Taiwan are weaker 

with more significant flow deceleration during the nighttime, especially in 

the early morning, than during the daytime.   Along the northwestern coast, 

the southwesterly flow along the western coast is the strongest after midnight 

(Fig. 1c).  However, the main deficiency in the analyses is the lack of 

thermally diurnal driven land/sea-breeze circulations over the island.  During 

the summer months, our analyses from the surface data last year show 

pronounced land/sea-breeze circulations with significant diurnal variations in 

winds (Figs. 2 , 5, 8), rainfall (Figs. 3, 6, 9) and high cloud cover (Figs. 4, 

7, 10) during the warm season (May-October) especially during the summer 

months (Figs 5, 6 7).  It is apparent that the island-induced local 

circulations are not properly resolved by the NFS analyses during the summer.  

This problem also exists for other seasons as well (not shown). 

 

Since the diurnal local circulations are not included in the initial 

conditions of the NFS system, it is clear that to realistic simulate the 

island flow response and diurnal variations of island-scale weather under 

different synoptic flow would require proper treatment of land surface forcing 

during the diurnal cycle. 

 

 
Figure 2. Mean (1997-2002) winds and wind steadiness at select times during 

the summer. Half barbs are 0.5 m s-1, full barbs are 1.0 m s-1, and 

pennants are 5.0 m s-1. Terrain contour is 1000 meters. 



 

 
 

Figure 3. Hourly rainfall frequencies (%) for selected times during the summer 

for 1997-2002. 1000-meter terrain contour is drawn. 

 
Figure 4. Frequencies (%) of brightness temperatures below 235 K during 

the summer for 1997-2002. Terrain contour is 1000 meters. 



 
 

Figure 5. Mean (1997-2002) winds and wind steadiness at select times during 

the Mei-Yu. Half barbs are 0.5 m s-1, full barbs are 1.0 m s-1, and pennants are 

5.0 m s-1. Terrain contour is 1000 meters. Wind steadiness is also plotted. 

 

 
 

Figure 6. Hourly rainfall frequencies (%) for selected times during the Mei-Yu 

for 1997-2002. 1000-meter terrain contour is drawn. 



 

 
 

Figure 7. Frequencies (%) of brightness temperatures below 235 K during the 

Mei-Yu for 1997-2002. Terrain contour is 1000 meters. 

 

 

 
Figure 8. Same as Fig. 2, but for autumn. 

 



 
 

Figure 9. Same as Fig. 3, but for autumn. 

 

 

 

 

 
 

Figure 10. Same as Fig. 4, but for autumn. 

 

 



The surface parameterization in NFS is based on similarity theory (Louis, 

1979, 1982) 

and the TKE boundary layer scheme (Businger, 1973) is used.  Surface roughness, 

wetness, soil temperature and planetary albedo are prescribed.   A careful 

examination of the surface parameters used by NFS suggest that there is room 

for improvements for the lower land surface conditions used in operational NFS 

that would result in better forecasts of the island induced circulations and 

the location and rainfall amount from afternoon rain showers during the warm 

season (May-October) over Taiwan.  Furthermore, the surface fluxes estimated 

are rather crude and could be improved with an advanced surface model such as 

NOAH that is implemented in MM5/WRF (F. Chen and Duhia 2001) and NCEP Regional 

Spectral Model (Zhang et al. 2005a,b). 

 

 A comparison of the surface winds from QuickScat with NFS analyses seems 

to suggest the winds within the Taiwan Strait in NFS analyses are weaker than 

QuikScat winds (Fig. 11), especially in the morning pass (Fig. 11b).  Note 

that QuikScat winds have a 0.250 resolution where as NFS has a 5-km resolution.  

We would expect stronger winds within the Strait with better resolution.  It 

is apparent that inclusion of QuikScat winds in the NFS data would improve the 

analyses of the surface winds in the open ocean.   More comparison and 

statistics between the NFS and QuiScat winds will be given in another CWB 

report by Mr. Huang (2005) who is visiting us for a five-month period (August-

December).         
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Fig. 11a  Mean surface winds during July-August 2003 from QuikScat data  at 

1800 LST 

 

 

 

 

 



 

 

 

 

 

 

 

(b) 

 

 

 
 

 

 

Fig. 11b Same as Fig. 2a but for 0600 LST 

 

 

 

 

 

 



 

 

Since CWB plans to shift the model basis to WRF, it is decided that 

instead of finding ways to improve the land surface process and surface lower 

boundary conditions used in current operational NFS, we will diagnose the 

performance of the experimental WRF model runs at CWB using the observational 

data collected at CWB during the summer months.   The USGS vegetation fraction, 

land use and soil type used by MM5/WRF over the Taiwan area seem to be 

reasonable as stated in our mid-term report.   

 

  According to my collaborator at CWB, Dr. S.-C. Lin, for current CWB 

experimental WRF runs, the option 1 boundary layer physics (YSU scheme) and 

the option 1 land surface physics (thermal diffusion scheme)  with 5 soil 

layers are employed.  Model sensitivity tests with different land surface 

models (e.g., NOAH  LSM), boundary layer schemes and initial soil conditions 

will be needed in the future (Yang et al., 2005). 

 

            CWB has tested the WRF model for the Taiwan area and the high 

resolution WRF model data during July-August 2005 are available for future 

collaboration. We also have archived all the surface data over Taiwan during 

summer 2005 to compare with model results. 

 

             Archiving of global model output that is used to drive the 5-km 

WRF model was also requested during this two months period and be made 

available to this project.  The global model output will be needed in the 

future for model sensitivity tests. 

 

  In addition to summer 2005, we also have collected surface wind, 

rainfall, temperature, dew point, surface pressure data from all stations 

during May-October for 2003, 2004 and 2005. 
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1. Introduction and objectives 

 
Continuing advances in computing power are allowing atmospheric prediction models to 

be run at progressively finer scales of resolution, using increasingly more sophisticated 

physical parameterizations and numerical methods. The representation of cloud 

microphysical processes is a key component of these models, and during the past decade 

both research and operational numerical weather prediction (NWP) models have started 

using more complex microphysical schemes originally developed from high-resolution 

cloud resolving models (CRMs)1.  Cloud resolving models, which are run at horizontal 

resolutions on the order of 1-2 km or less, explicitly simulate complex dynamical and 

microphysical processes associated with deep, precipitating atmospheric convection.  

Because operational NWP models are run at coarser resolutions, the effects of 

atmospheric convection must be parameterized, leading to large sources of error that most 

dramatically impact quantitative precipitation forecasts (QPF).  A recent report to the 

United States Weather Research Program (USWRP) Science Steering Committee 

specifically calls for the replacement of implicit cumulus parameterization schemes with 

explicit bulk schemes as part of a community effort to improve QPF) (Fritsch and 

Carbone 2002). 

 

Many current NWP models are still using either implicit cumulus parameterization or a 

very simple explicit cloud scheme.  But it is expected that all (national and international) 

operational centers will use the high-resolution numerical model with an explicit 

microphysical scheme for weather forecast in the near future. 

 

A sophisticated cloud microphysics parameterization (Tao et al. 2003a) has been 

implemented into a high-resolution non-hydrostatic weather research and forecast system 

(WRF). This cloud microphysics scheme has been extensively tested and applied for 

various clouds/cloud systems in different geographic locations. It includes a 

parameterized two-category liquid water scheme (cloud water and rain), and a 

                                                 
1 Tao and Simpson (1993) scheme was implemented into two regional scale models, the Penn State 
University/NCAR Mesoscale Model Version 5 (MM5), the Oklahoma University Advanced Regional 



parameterized three-category ice scheme (cloud ice, snow and hail/graupel). The snow, 

hail/graupel and rain are heavier particles that fall relative to the cloud updraft with 

appreciable terminal velocities. These precipitation particles (rain, snow and graupel/hail) 

ultimately fall to the ground as rainfall and/or snowfall that is one of the most important 

factors for determining the QPF. 

 

The performance of the cloud microphysics parameterization on precipitation and rainfall 

in the WRF has been investigated.  Specifically, we have (1) implemented 3ICE scheme 

into the WRF, (2) tested the linkage between the sophisticated 3ICE scheme and WRF, (3) 

tested the model performance (i.e., 2ICE, 3ICE options, and water budget balance), (4) 

selected cases (over USA or Taiwan) for testing the performance of the microphysics in 

WRF, and (5) write report on status of the coupled WRF- Goddard microphysics and 

make recommendations for future research. 

 
2. Methodology 

 

Figure 1 depicts the widely used two-class liquid (cloud water and rain droplet) and three-

class ice (cloud ice, snow and graupel/hail) microphysics schemes.  The shapes of liquid 

and ice are assumed to be spherical.  The warm cloud microphysics assume the 

population of water particles is bimodal, consisting of small cloud water droplets whose 

terminal velocity is minute compared to typical vertical air velocities and large rain 

droplets that obey certain size distributions, based on limited observations. Condensation, 

evaporation, and auto-conversion/collection processes (from small cloud droplets to large 

rain droplets) are parameterized. The ice microphysics assume three types of particles: 

small cloud ice whose terminal velocity is also minute compared to typical vertical air 

velocities, snow whose terminal velocity is about 1-3 m s-1, and large size graupel or hail 

with faster terminal velocities.  Graupel has a low density and a high intercept (i.e., high 

number concentration).  In contrast, hail has a high density and a small intercept.  

Generally speaking, the choice of graupel or hail depends on where the clouds or cloud 

systems developed.  For tropical clouds, graupel is more representative than hail. For 

                                                                                                                                                  
Prediction System (ARPS) and CWB non-hydrostatic forecast system (NFS) to study the precipitation 
processes associated with various types of convective systems. 



midlatitude clouds, hail is more representative. More than 30 transfer processes between 

water vapor, liquid and ice particles are included.  They are the growth of ice crystals by 

riming, the aggregation of ice crystals, the formation of graupel and hail, the growth of 

graupel and hail by the collection of super-cooled rain drops, the shedding of water drops 

from hail, the rapid growth of ice crystals in the presence of super-cooled water, the 

melting of all forms of ice, deposition and the sublimation of ice.  Only large rain droplets, 

snow and graupel/hail fall towards the ground as precipitation.  

 

A two-class liquid and three-class ice (3ICE) microphysics scheme that was developed 

and coded by Tao and Simpson (1989, 1993), Tao et al. (1989) and modified by Tao et al. 

(2003 a and c) was implemented into the CWB non-hydrostatic high resolution NWP.  

The ice scheme was mainly based on Lin et al. (1983) with additional processes from 

Rutledge and Hobbs (1984).  However, the microphysics scheme implemented into wrf 

has several modifications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Representation of the two liquid water and three-class ice scheme used in many 
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cloud-resolving models and regional scale models. 

 

The first modification is the option to choose either graupel or hail as the third class of ice 

(McCumber et al. 1991).  Graupel has a low density and a large intercept (i.e., high 

number concentration).  In contrast, hail has a high density and a small intercept (low 

number concentration). These differences can affect not only the description of the 

hydrometeor population, but also the relative importance of the microphysical-dynamical-

radiative processes.  Second, a (ice-water) saturation technique was implemented  (Tao et 

al. 1989): This saturation technique is basically designed to ensure that supersaturation 

(subsaturation) cannot exist at a grid point that is clear (cloudy).  This saturation 

technique is one of the last microphysical processes to be computed.  It is only done prior 

to evaluating evaporation of rain and snow/graupel/hail deposition or sublimation. The 

third difference is that all microphysical processes (transfer rates from one type of 

hydrometeor to another) that do not involve melting, evaporation and sublimation, are 

calculated based on one thermodynamic state.  This ensures that all these processes are 

treated equally.  The opposite approach is to have one particular process calculated first 

modifying the temperature and water vapor content (i.e., through latent heat release) 

before the second process is computed. The fourth difference is that the sum of all the 

sink processes associated with one species will not exceed its mass.  This ensures that the 

water budget will be balanced in the microphysical calculations. In addition, the ice 

scheme has the option to be just a two-ice scheme (cloud ice and snow).  This option may 

be needed for coarse resolution simulations/NWP (i.e., > 5 km grid size).  The two-class 

ice scheme could be very important for winter and frontal convection.  

 

McCumber et al. (1991) evaluated the performance of several different ice 

parameterizations through the use of a cloud-resolving model (Goddard Cumulus 

Ensemble, GCE, model).  Their results suggested that the use of three ice classes 

produces better simulations than two ice classes or ice-free conditions, and for the 

tropical cumuli, the optimal mix of the bulk ice hydrometeors is cloud ice-snow-graupel. 

On the other hand, the optimal mix of the bulk ice hydrometeors is cloud-snow-hail for 



the mid-latitude squall systems (Tao et al. 1995). Appendix A describes the microphysics 

in details. 

 

The conversion of cloud ice to snow in the 3ICE schemes was recently modified to reduce 

over-estimated and unrealistic graupel amount in the stratiform region (Tao et al. 2003a 

and b). Various assumptions associated with saturation technique were also revisited and 

examined.   Lang et al. (2005) have simulated two types of convective cloud systems that 

formed in two distinctly different environments observed during TRMM LBA. Two 

additional modifications of 3Ice scheme were made in order to capture observed   radar 

reflectivity.  The first modification is to eliminate the dry growth of graupel in the bulk 

3ICE microphysics scheme that effectively removed the unrealistic presence of high-

density ice in the simulated anvil. The second modification is to reduce the excessive 

snow by lowering the collection efficiency of cloud water by snow and resulted in further 

agreement with the radar observations.  The transfer of cloud-sized particles to 

precipitation-sized ice appears to be too efficient in the original scheme. 

 

3.  Results   

 

3.1 Microphysical  Schemes 

 

Three major subroutines involving the 3ICE scheme were implemented into the WRF.  

The first one is to set all (pre-determined) coefficients required for the 3ICE scheme.  Its 

name is Consat_s and is only called at the initial time. The second one, Fallflux, is to 

calculate the terminal velocity of precipitating particles (rain, snow and graupel/hail).   

The third one, SaticeL_S, is the main core of microphysical scheme, and includes all 

transfer processes between all water species (water vapor, cloud, rain, cloud ice, snow and 

graupel/hail). The latent heat release that affects the temperature is also included.  This 

routine also includes the water budget calculation too. In addition, we developed WRF 

post processing software to calculate radar reflectivity.   

 
3.2 Link the WRF and 3ICE scheme 

 



Since the basic unit, coordinate, and temperature between WRF (MKS, sigm-z coordinate 

and temperature) and 3ICE microphysics (cgs, z-coordinate and potential temperature) are 

different, additional variables, the air density, the Exner function and the density-

weighted function (Fv) needed for terminal velocity, are generated for the linkage 

between WRF and microphysical scheme.  We have performed offline tests for testing the 

values of each variable.  The results indicated that the magnitude of these new variables is 

almost identical as those from cloud-resolving models.  Table 1 lists all these parameters 

generated and their respective unit. 

 
 3ICE Microphysics 

(CGS unit) 
WRF 

(MKS unit) 
Cloud water (qc) g/g kg/kg 

Rain (qr) g/g kg/kg 
Cloud ice (qi) g/g kg/kg 

Snow (qs) g/g kg/kg 
Graupel/Hail (qg) g/g kg/kg 
Fall Speed of Rain cm/s (range between 1 to 20 

m/s) 
Sigma-z 

Fall Speed of snow cm/s (range between 0.2 to 2-3 
m/s) 

Sigma-z 

Fall speed of graupel cm/s (range between 0.5 to 4-5 
m/s) 

Sigma-z 

Temperature (pt) K (potential temperature) K (temperature) 
Water Vapor (q) g/g kg/kg 

Pressure (p0) Microbar (1 mb=1.e3 microbar) mb 
PI (Exner function) (P/Psfc)**R/Cp < 1. 

It has larest value at surface (or 
k=30) 

Non-dimensional 

Air density (rho) g/cm**3 (< 1.5.e-3) Kg/m**3 
FV = Sqrt (rho/rho(at surface). It 

has largest value at surface. 
Non-dimensional < 1. 

 
Non-dimensional 

 
Table 1: The units of Goddard microphysics and WRF. 

 
3.3 Water Budget 

 

In the Goddard 3ICE scheme implemented into WRF, the sum of all sink processes 

associated with one species will not exceed its mass.  This ensures that the water budget 

will be balanced in the microphysical calculations.  Figure 2 shows the temperature and 

water budget of Goddard 3ICE scheme (water vapor, cloud water, rain, cloud ice, snow 

and graupel).  Note that sign of temperature and water vapor change is opposite.  This is 



because the loss/gain of water vapor through condensation or deposition (evaporation or 

sublimation) can release/absorb heat (warm/cool atmosphere).  The change of water vapor 

is opposite to the change of all hydrometeors. The bottom two panels show the total water 

change before and after the microphysical calculations. These results indicated that the 

water budget is balanced.  These results also suggested that the unit conversion between 

of Microphysics and WRF is correct. 

 

Fig. 2 Temporal variations of water species.  DPT is the temperature change due to 
latent heat release (i.e., condensation/deposition heating) or absorption 
(evaporation/sublimation cooling).  Dqv is the water vapor change due to microphysics.  
D(qc+qr+qi+qs+qg) is the hydrometeor change.   The bottom two panels show the DQ 
(qv+qc+qr+qi+qs+qg) is total water change before and after the microphysical 
calculations. 
 

3.4 Cloud Species 



 

Typically, the maximum value of raindrop is about one order larger than the maximum 

value of cloud water (in mature cloud/cloud system).  Cloud ice has less value than snow 

and snow is small compared to graupel.  Figure 3 shows the vertical distribution of 

domain-mean averaged mixing ratios of cloud water, rain, cloud ice, snow and hail. The 

rain and snow mass are the largest.  The vertical distribution of snow and hail bears a 

resemblance in the structure of the results of Lin et al. (1983), which was for a 

midlatitude thunderstorm.  The hail profile is characteristics by low values in 

midtroposphere that extend downward to about 850 mb due to the relative large fall 

speeds. The results again are quite similar to those from CRMs (i.e., McCumber et al. 

1991). 



Fig. 3 Vertical distribution of horizontal dmain-mean cloud water (Qc), rain (Qr), 

cloud ice (Qi), show (Qs) and graupel (Qg).  

 

3.5 Selection of Cases 

 

(a) A Midlatitude Mesoscale Convective system case 

 

The International H2O project (IHOP_2002) was conducted over southern Kansas, 

Oklahoma, and northern Texas for six weeks during May and June of 2002 (13 May to 25 

June 2002).  Its focus was to obtain atmospheric water vapor profiles and relate them to 

convection initiation (CI), atmospheric boundary layer development (ABL) and 

quantitative precipitation forecasting (QPF).  The IHOP site covered a larger domain than 

the ARM CART site, and a suite of instruments were deployed in addition to the standard 

parameters available for model validation from the ARM CART.  Three GSFC lidars [the 

Goddard Laboratory for Observing Winds (GLOW), the Holographic Airborne Rotating 

Lidar Instrument Experiment (HARLIE), and the Scanning Raman Lidar (SRL)] 

participated in IHOP to measure water vapor mixing ratio profiles, wind profiles, 

boundary layer development, precipitable water and aerosol-cloud optical parameters.  A 

number of specific flights were also dedicated to look at soil moisture-ABL development 

relationships.  IHOP_2002 can provide the data needed to examine the interaction 

between land surface processes, the PBL and CI. 

 

Multiple nested domains were constructed with grid resolutions of 27, 9, 3 and 1 km, 

respectively; the corresponding numbers of grid points are 136 x 100 x 31, 160 x 148 x 

31, 250 x 226 x 31 and 241 x 247 x 31. Time steps of 100, 100/3 (33.333), 100/9 (11.111) 

and 100/27 (3.704) second were used in these nested grids, respectively. The largest 

domain covers the almost whole USA.  The finest domain covers the entire IHOP region 

and the immediate vicinity.  The computational performance test indicates that about 60%, 

30%, 7% and 3% of computation occurs at the 1, 3, 9 and 27 km domain, respectively.  

The model was initialized from NOAA/NCEP global analyses (2.5o by 2.5o).  Time-



varying lateral boundary conditions were provided at 6-h intervals.  The model was 

integrated, respectively, from 00 UTC June 12 to 12 UTC June 13 2002. 

 

The Kain-Fritsch (KF) cumulus parameterization scheme was used for the coarse grid 

mesh (27 and 9 km). The KF scheme is based on Kain and Fritsch (1990, 1993), and it 

utilizes a simple cloud model with moist updrafts and downdrafts, including the effects of 

detrainment, entrainment, and relatively crude microphysics.  In the 3 and 1 km grid 

domain, the Kain-Fritsch parameterization scheme was turned off.  The WRF 

atmospheric radiation model includes longwave (infrared) and shortwave (visible) 

parameterizations that interact with the atmosphere.  The shortwave scheme uses a broad 

band two-stream (upward and downward fluxes) approach for the radiative flux 

calculations (Dudhia 1989).   The shortwave radiation scheme takes into account the 

effect of the solar zenith angle, clouds having their own albedo and absorption coefficient, 

and clear air (scattering and water vapor absorption). The longwave scheme is based on 

Mlawer et al. (1997), and it isa spectral-band scheme using the correlated-k method.  It 

uses a pre-set table to accurately represent longwave processes due to water vapor, ozone, 

CO2 and trace gases as well as accounting for cloud optical depth. The planetary 

boundary layer parameterization used in IHOP simulation Mellor- Yamada Level 2 

turbulence closer model through full range of atmospheric turbulent regimes. The vertical 

mixing of horizontal wind, potential temperature, mixing ratio of water vapor, cloud 

water and cloud ice are parameterized.  Also, the surface heat and moisture fluxes (from 

both ocean and land) are computed from similarity theory (Monin and Obukhov 1954).  

The land surface model is based on Chen and Dudhia (2000).  This is a 4-layer soil 

temperature and moisture model with canopy moisture and snow cover prediction.  It 

includes root zone, and other vegetation effects, drainage, and runoff.  It will provide 

sensible and latent heat fluxes to boundary layer scheme. 

 



 

 

Fig. 4 Nested configuration used by the IHOP simulations.  Horizontal resolutions for 

domains 1, 2, 3 and 4, are 27, 9, 3 and 1 km, respectively.  

 

A two-class ice cloud microphysics scheme (Dudhia 1989) was used for the resolvable 

scale convection  (27 and 9 km grid).  This scheme allows for simple ice-phase processes.  

Cloud water becomes cloud ice and rainwater becomes snow when the temperature is 

below the freezing point.   For the 3 and 1 km grid mesh domain, the Goddard 

microphysical scheme is used. 

 
 

 

 

 

 

 

 

 

Fig. 5 Observed Radar Derived Surface Precipitation (Source: NOAA/NCEP) 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Eighteen-hourly accumulated rainfall simulated by the WRF in four different 

domains. (Top two panels are from 27 and 9 km grid mesh domain; the bottom two 

panels are from 3 and 1 km grid mesh domain. Note that the color bar has different 

scales between top and bottom panels.) 

 

Figure 5 shows the observed radar derived surface rainfall.  Two major rainfall bands 

mainly elongated from northwest to southeast direction.  The maximum accumulated 

rainfall reaches to 100 mm over the 18-hour time.  Figure 6 shows the WRF simulated 

rainfall in four different domains. As expected, the intensity of precipitation is the 

strongest in the finest grid (1 km grid mesh) domain, and weakest in the coarser grid (27 

km grid mesh) domain. Generally speaking, the WRF simulated the right distribution of 

precipitation events for this IHOP case. The WRF simulated maximum rainfall is over 

100 mm and is in good agreement with observation. However, the model results show 



that the one of major precipitation events is elongated in the north-south direction. We are 

in the process to get more observational data for model validation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Eighteen-hourly accumulated rainfall simulated by the WRF with Goddard 2ICE 

and 3ICE-graupel. (Left two panels are 2ICE scheme in the 3 and 1 km grid mesh domain; 

the right two panels are3ICE-graupel from 3 and 1 km grid mesh domain.) 

 

Figure 7 shows the accumulated rainfall simulated by the WRF using the other two 

Goddard microphysical scheme  options, 2ICE and 3ICE -graupel.  As expected, the 

results from 3ICE-graupel microphysics show more spread of rainfall compared to those 

from 3ICE-hail scheme.  Also as expected, the 2ICE scheme simulated less precipitation 

compared to those of 3ICE-hail and 3ICE-graupel scheme. The results again are quite 

similar to those from CRMs.  Interestingly, the 2ICE scheme simulated rainfall pattern is 

closer to that from 3ICE-hail than from 3ICE-graupel scheme.  Because this IHOP case is 



a summer continental thunderstorm case, the 3ICE-hail is perhaps more appropriate than 

the other two microphysical scheme.  More detailed comparison will be performed after 

we obtained additional observational data. 

 
(b) A Typhoon Case over Taiwan 

 

A Typhoon case is also selected for testing the performance of Goddard Microphysical 

scheme that was implemented into the WRF.  The Goddard 3ICE-hail microphysical 

scheme is used for comparison with other two WRF microphysical schemes; WSM 2ICE 

and WSM 3ICE scheme in WRF.   

 

the Track of Typhoon Mindulle 

 
 

Fig. 8  The track of Typhoon Mindulle. 
 

 
 
 



Fig. 9 Nested configuration used by the Typhoon simulation.  Horizontal resolutions for 

domains are 45, 15 and 5 km, respectively. 

 

中央氣象局颱風警報發布概況表中央氣象局颱風警報發布概況表中央氣象局颱風警報發布概況表中央氣象局颱風警報發布概況表 

名稱 敏督利(MINDULLE) 

編號 0407 

生成地點 關島西北方海面  

侵(近)台日期 2004年7月1日  

發佈時間 海上:2004年6月28日17時30分      陸上:2004年6月29日23時30分  

解除時間 海上:2004年7月3日11時30分      陸上:2004年7月2日23時30分  

發佈報數 39  

最大強度 中度  

近中心最大風速 45.0 (公尺/秒)  

侵台路徑分類 4  

登陸地段 花蓮  

動態 形成後偏西移動，30 日轉北朝臺灣東部移動，於7 月1 日22 時
40 分左右在花蓮市南方約20公里處登陸，次日上午由淡水河口
附近出海，朝北北東方向進入東海。  

災情 受颱風外圍環流及2 日至4 日颱風北上期間引進的強烈西南氣流
影響，東部、中南部地區連日豪雨造成嚴重災情，多處道路坍

方，並引發中部山區嚴重土石流。此次颱風及七二水災共計造

成33 人死亡、12 人失蹤，僅農林漁牧損失就高達89 億元以上。  
 

Table 2  The list of Typhoon forecast and warning associated with Typhoon Mindulle 

from CWB. 

 

The track of Typhoon Mindulle was shown in Fig. 8.  It made landfall on Eastern Taiwan 

on July 1 2004.  It caused significant damage (33 death and 12 missing plus $89 billion 

NT) over East, South and Central Taiwan.  Table 2 shows the CWB Typhoon forecast 

and warning associated with Typhoon Mindulle.  Figure 9 shows the WRF model 

configuration for Typhoon Mindulle simulation.  Three nested domains were constructed 

with grid rsolutions of 45, 15 and 5 km, respectively, for the Typhoon Mindulle 

simulation. The largest domain covers the almost whole Asia (80o – 160o E, Equator to 50 

o N).  The second domain covers the entire Taiwan region and the immediate vicinity (see 



Fig. 9).  The second domain also covers the Typhoon Mindulle track shown in Fig. 8.  

The PBL, radiation, surface processes and turbulence used in IHOP case were also 

applied in this Typhoon case.  The Goddard 3ICE-Hail was used for testing. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Time series of observed radar reflectivity associated with Typhoon Mindulle. 

 

Figure 10 shows the radar reflectivity at 08, 14, 20 July 1, 02, 08, 20 July 2 and 02, and 

08 July 3 2004. The major rainfall reached to east cost Taiwan on July 1, moved to south 

of Taiwan night of July 02 and lasted to morning of July 3 2004.  Also eye is not shown 

in radar reflectivity.   Southerly flow brought a lot moisture could enhance the heavy 

precipitation that caused a lot damages in the southern and central Taiwan. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 WRF simulated surface rainfall using three different microphysical schemes 

(Goddard 3ICE-hail, WSM 2ICE and WSM 3ICEscheme).  Top four panels show the 

2ICE scheme, middle WSM 3ICE and bottom Goddard 3ICE-hail.   Left panels show the 

simulated rainfall at 06 UTC July 1, middle left at 18 UTC July 1, middle right at 06 

UTC July 2 and left at 18 UTC July 2 2004. 

  

The preliminary results indicated that the results from both 3ICE schemes are much better 

than those from the 2ICE scheme.  The results from Goddard 3ICE microphysical scheme 

agree with observation only better near at end of model integration than those from WSM 

3Ice scheme.   

 

3.6 CWB Visits 



 

The PI, W.-K. Tao, has visited the CWB and worked with Ms. Chang on June 6, 9 and 10 

2005.  He presented a formal talk to CWB and the title of talk is �A Coupled fvGCM-

GCE Modeling System, A 3D Cloud-Resolving Model and A Regional Scale Model?  In 

this talk, I presented: (a) A brief review on GCE model and its applications on 

precipitation processes (microphysical and land processes),  (b) The Goddard MMF and 

the major difference between two existing MMFs (CSU MMF and Goddard MMF), and 

preliminary results (the comparison with traditional GCMs), (c) A discussion on the 

Goddard WRF version (its developments and applications), and (d) The characteristics of 

the four-dimensional cloud data sets (or cloud library) stored at Goddard. 

 

During the visit to CWB, Tao has provided the sophisticated ? -water and 3-ice 

microphysics scheme? to Co-I. of the proposal, Ms. Chang of CWB.  He also provided all 

information of the 2-water and 3-ice microphysics scheme to Ms. Chang.   Tao also 

visited the CWB Satellite Center and discussed with the Director on in using the four-

dimensional cloud data sets to improve forecast rainfall using radar data and satellite 

observation. 

 

The PI has also visited the CWB and worked with Ms. Chang on November 14 and 15 

2005.  He and Ms. Chang discussed the Typhoon case and the midlatitude MCS case.  

They also discussed future works needed for CWB WRF development and improvement. 

  

4. Future works 

  

The potential cases for testing the new microphysics in the WRF have been discussed and 

selected. In addition, cloud microphysical processes, heat fluxes from the surface, 

planetary boundary layer and radiative transfer processes should interact with each other.  

How these processes interact under different large-scale environmental conditions and 

seasons should be a main focus of modeling studies in the future. The following lists the 

specific model testing and improvements we plan to do in the next few years: 

 



a. Continue testing the sophisticated cloud microphysics parameterization for heavy 

precipitation events (i.e., frontal system, local heavy rainfall, typhoon) 

b. Examine the sensitivity of grid size on the microphysical parameterization and its 

predicted rainfall 

c. Link the cloud microphysics with radiative processes and examine the impact of 

cloud-radiation on the diurnal variation of precipitation processes and rainfall 

intensity 

d. Examine the impact of cloud microphysics on model dynamic, the planetary 

boundary layer and surface processes 

e. Start performing semi-real time forecast using this new cloud microphysical 

parameterization for quantitative prediction forecast (QPF) 

f. Use observation (rain gauge and radar) to validate and improve the microphysics  
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6. Appendix (Microphysics) 

 

(a) Two Liquid Water and Three Ice (3ICE) Microphysical scheme 

 

The cloud microphysics include a parameterized Kessler-type two-category liquid water 

scheme (cloud water and rain), and parameterized Lin et al. (1983) three-category ice-

phase schemes (cloud ice, snow and hail/graupel).  The shapes of liquid and ice are 

assumed to be spherical.  Size distributions of rain (qr), snow (qs) and graupel (or hail) 

are taken to be inverse-exponential with respect to diameter (D) such that 

 

    N(D) = NOexp(−λD)           (A1) 

 

where N(D) is the number of drops of diameter between D and D+ δD   in unit volume of 

space, No is the value of N(D) for D=0 (called intercept parameter), and 

 
λ = (

πρ xNO

ρqx
)0.25

 is the slope of the particle size distribution. The density and mixing 

ratio of the hydrometeors are  ρx  and qx, respectively. The typical intercept parameters 

used in the GCE model for rain, snow and graupel (hail) are 0.08 cm-4, 0.04 cm-4, and 

0.04 cm-4 (0.0004 cm-4), respectively.  The density for rain, snow and graupel (hail) are 

1 g cm-3, 0.1 g cm-3, and 0.4 g   cm-3 (0.917 g cm-3), respectively.  The cloud ice has a 

single size (mono-disperse) where its diameter and density are assumed to be 2 x 10-3 cm 

and 0.917 g cm-3, respectively.  The values of these parameters are based on limited 

observational data. 

 

The predictive equations for cloud water (qc), rain (qr), cloud ice (qi), snow (qs) and 

graupel/hail (qg) are: 

 

 
ρ ∂qc

∂t
= −

∂
∂x

ρuqc−
∂
∂y

ρvqc−
∂
∂z

ρwqc+ ρ (c− ec) − Tqc+ Dqc
 

(A2) 



 

 
ρ ∂qr

∂t
= −

∂
∂x

ρuqr −
∂
∂y

ρvqr −
∂
∂z

ρ (w−Vr)qr + ρ (−er + m− f ) − Tqr + Dqr
 

(A3) 

 

 
ρ ∂qi

∂t
= −

∂
∂x

ρuqi −
∂
∂y

ρvqi −
∂
∂z

ρwqi + ρ (di − si) − Tqi + Dqi
 

(A4) 

 

 
ρ ∂qs

∂t
= −

∂
∂x

ρuqs−
∂
∂y

ρvqs−
∂
∂z

ρ(w− Vs)qs+ ρ (ds− ss− ms+ fs) − Tqs+ Dqs
 

(A5) 

 

 
ρ

∂qg

∂t
= −

∂
∂x

ρuqg −
∂
∂y

ρvqg −
∂
∂z

ρ(w− Vg)qg + ρ(dg− sg− mg + f g) − Tqg+ Dqg
 

(A6)
 

 

where Vr, Vs and Vg  are the fall speeds of rain, snow and graupel, respectively, and 

m=ms+mg, and f=fs+fg.  The cloud water and cloud ice will move with the surrounding 

air.  The terms Tqc, Tqr, Tqi, Tqs and Tqg are microphysical transfer rates between 

hydrometeor species, and their sum is zero.  They are defined as: 

 

  Tqc = −(Psacw+ Praut + Pracw+ Psfw+ Dgacw+ Qsacw+ Qgacw) − Pi hom   

   + Pimlt− Pidw (A7) 

 

  Tqi = −(Psaut+ Psaci+ Praci + Psfi+ Dgaci+ Wgaci) + Pihom − Pimlt + Pidw (A8) 

 

  Tqr = Qsacw+ Praut+ Pracw+ Qgacw− (Piacr + Dgacr+ Wgacr+ Psacr+ Pgfr)  (A9) 

 

  Tqs = Psaut+ Psaci+ Psacw+ Psfw+ Psfi+ δ 3Praci + δ 3Piacr + δ 2Psacr 

   −[Pgacs+ Dgacs+ Wgacs+ Pgaut+ (1− δ 2)Pracs] (A10) 

 

  
Tqg = (1− δ 3)Praci + Dgaci+ Wgaci+ Dgacw+ (1− δ 3)Piacr + Pgacs+ Dgacs

 



   +Wgacs+ Pgaut+ (1− δ 2)Pracs+ Dgacr+ Wgacr+ (1− δ 2)Psacr+ Pgfr (A11) 

 

where 

 

  Wgacr = Pwet− Dgacw− Wgaci− Wgacs. 

 

For T > 273.16 oK 

 

  Psaut= Psaci= Psacw= Praci = Piacr = Psfi = Psfw= Dgacs= Wgacs 

  = Dgacw= Dgacr = Pgwet= Pracs= Psacr= Pgfr = Pgaut= Pimlt = 0 . (A12)
 

 

For T < 273.16 oK 

 

  Qsacw= Qgacw= Pgacs= Pidw= Pihom = 0 . (A13) 

 

 δ 2  is defined as 1 for a grid box which has qr and qs < 1 x 10-4 g g-1, and otherwise is 

defined as zero.   δ 3 is defined as 1 for a grid box which has qr < 1 x 10-4 g g-1, and 

otherwise is defined as zero (see Lin et al., 1983).  Dgaci, Dgacr and Dgacs (Wgaci, Wgacr  

and Wgacs) are production rates for dry (wet) growth of hail. PCND is the growth rate of cloud 

water by the condensation of supersaturated vapor. PDEP, PSDEP, PGDEP are the growth rates of 

cloud ice, snow and graupel by the deposition of supersaturated vapor, respectively. PREVP is 

the growth rate of vapor by the evaporation of rain. PMLTS and PMLTG are the growth rates of 

vapor by the evaporation of melting snow and liquid water from the surface of graupel, 

respectively. PIMLT is the growth rate of cloud water by the melting of cloud ice. PGMLT, PSMLT, 

and PRACS are the growth rates of rain by the melting of snow and graupel and accretion of 

snow, respectively. PIDW, PIACR, and PIHOM are the growth rates of cloud ice by the deposition 

of cloud water, accretion of rain, and homogeneous freezing of cloud water, respectively. 

PSACW, PSFW, and PSACR are the growth rates of snow by the accretion and deposition of cloud 

water and accretion of rain, respectively. PGACR, PGACW, and PGFR are the growth rates of 



graupel by the accretion of rain and cloud water and freezing of rain, respectively. The 

explicit formulation of these hydrometeor transformations can be found in Lin et al. (1983). 

 

(b) New Saturation Techniques 

 

When supersaturated conditions are brought about, condensation or deposition is required 

to remove any surplus of water vapor.  Likewise, evaporation or sublimation is required 

to balance any vapor deficit when subsaturated conditions come about in the presence of 

cloud.  As the saturation vapor pressure is a function of temperature, and the latent heat 

released due to condensation, evaporation, deposition, and sublimation modifies the 

temperature, one approach has been to solve for the saturation adjustment iteratively.  

Soong and Ogura (1973), however, put forth an method that did not require iteration but 

for the water-phase only. 

 

Tao et al. (1989) adopted the approach of Soong and Ogura (1973) and modified it to 

include the ice-phase.  For temperatures over T0 (0 oC), the saturation vapor mixing ratio 

is the saturation value over liquid water.  For temperatures below T00 (it typically ranges 

from -30 to -40 oC), the saturation vapor mixing ratio is the saturation value over ice.  

The saturation vapor mixing ratio between the temperature range of T0 and T00 is taken 

to be a mass weighted combination of water and ice saturation values depending on the 

amounts of cloud water and cloud ice present. Condensation/deposition or 

evaporation/sublimation then occurs in proportion to the temperature.  Another approach 

is based on a method put forth by Lord et al. (1984) which weights the saturation vapor 

mixing ratio according to temperature between 0C and T00. Condensation/deposition or 

evaporation/sublimation is then still proportional to temperature. One other non-iterative 

technique treats condensation and deposition or evaporation and sublimation sequentially.  

Saturation adjustment with respect to water is allowed first for a specified range of 

temperatures followed by an adjustment with respect to ice over a specified range of 

temperatures.  The temperature is allowed to change after the water phase before the ice 

phase is treated (this third saturation technique is termed the "new saturation technique").  

All three approaches are available within the model. 



 

The adjustment scheme will almost guarantee that the cloudy region (defined as the area 

which contains cloud water and/or cloud ice) is always saturated (100% relative 

humidity).  This permits subsaturated downdrafts with rain and hail/graupel particles but 

not cloud-sized particles.   

 

(c) Modification of Conversion of Cloud Ice to Snow in 3ICE schemes 

 

An important process in the budget for cloud ice is the conversion of cloud ice to snow as 

the ice crystals grow by vapor deposition in the presence of cloud water, usually referred 

to as the Bergeron process and designated PSFI (production of snow from ice) by Lin et 

al. (1983.  The formulation generally used in the parameterization is independent of 

relative humidity, which causes ice to be converted to snow even when the air is 

subsaturated with respect to ice. One alternative formulation is to simply multiply the 

original formula by a relative-humidity dependent factor so that PSFI diminishes as the 

relative humidity approaches the ice saturation value. A second alternative formulation is 

derived directly from the equation for depositional growth of cloud ice (Rutledge and 

Hobbs 1984) used in the model. This formulation causes PSFI to diminish as the relative 

humidity approaches the ice saturation value, but also ensures physical consistency with 

the parameterization of depositional growth of cloud ice. The two alternative 

formulations produce relatively similar results since simulated ice clouds over the tropical 

oceans often have vapor mixing ratios near the ice saturation value so that PSFI is very 

small. An increase in cloud-top height and a substantial increase in the cloud ice mixing 

ratios, particularly at upper levels in the cloud, using the new formulation of PSFI with 

this new modification. 

 



7. Appendix (modeled radar reflectivity (dBz) program) 
                           
          SUBROUTINE  Radar_dBz (IHAIL,itaobraun, DBZ,  
     1             ptwrf, qrwrf, qswrf, qgwrf, 
     2             rho_mks, pi_mks, p0_mks, 
     3             ids,ide, jds,jde, kds,kde,                   
     4             ims,ime, jms,jme, kms,kme,                   
     5             its,ite, jts,jte, kts,kte) 
 
     real DBZ(ims:ime,jms:jme,kms:kme) 
CJJS 
      real dpt(ims:ime,jms:jme,kms:kme) 
      real qrn(ims:ime,jms:jme,kms:kme) 
      real qcs(ims:ime,jms:jme,kms:kme) 
      real qcg(ims:ime,jms:jme,kms:kme) 
c 
CJJS in MKS 
      real  rho_mks(ims:ime, kms:kme, jms:jme) 
      real  pi_mks(ims:ime, kms:kme, jms:jme) 
      real  p0_mks(ims:ime, kms:kme, jms:jme) 
c 
CJJS     
      common/size/ tnw,tns,tng,roqs,roqg,roqr 
CJJS 
      real dpt(ims:ime,jms:jme,kms:kme) 
      real qrn(ims:ime,jms:jme,kms:kme), 
     1             qci(ims:ime,jms:jme,kms:kme) 
      real qcs(ims:ime,jms:jme,kms:kme), 
     1             qcg(ims:ime,jms:jme,kms:kme) 
 
      real P0(ims:ime,jms:jme,kms:kme),  
     1             PI(ims:ime,jms:jme,kms:kme), 
      real RHO(ims:ime,jms:jme,kms:kme),  
 
      real PT(ims:ime,jms:jme), QR(ims:ime,jms:jme), 
     3  QS(ims:ime,jms:jme),    QG(ims:ime,jms:jme), 
     4  TAIR(ims:ime,jms:jme) 
   
   
   Call CONSAT_S (IHAIL,itaobraun) 
 
      UCOR=3071.29/TNW**.75 
      UCOS=687.97*ROQS**.25/TNS**.75 
      UCOG=687.97*ROQG**.25/TNG**.75 
      UWET=4.464**.95 
 
 
CJJS  convert from mks to cgs, and move from WRF grid to GCE grid 
      do k=kts,kte 
         do j=jts,jte 
         do i=its,ite 
         rho(i,j,k)=rho_mks(i,k,j)*0.001 
         p0(i,j,k)=p0_mks(i,k,j)*10.0 
         pi(i,j,k)=pi_mks(i,k,j) 
         dpt(i,j,k)=ptwrf(i,k,j) 
         qrn(i,j,k)=qrwrf(i,k,j) 
         qcs(i,j,k)=qswrf(i,k,j) 
         qcg(i,j,k)=qgwrf(i,k,j) 
         enddo !i 
         enddo !j 
      enddo !k 
 
 
      DO 1000 k=kts,kte 
         tb0=0. 
         DO 100 j=jts,jte 
         DO 100 i=its,ite 
            PI0=PI(i,j,K) 
            R00=RHO(i,j,K) 
            PT(I,J)=DPT(I,J,K) 



            QV(I,J)=DQV(I,J,K) 
            QR(I,J)=QRN(I,J,K) 
            QS(I,J)=QCS(I,J,K) 
            QG(I,J)=QCG(I,J,K) 
            TAIR(I,J)=(PT(I,J)+TB0)*PI0 
               A1=1.E6*R00*QR(I,J) 
               A2=1.E6*R00*QS(I,J)  
               A3=1.E6*R00*QG(I,J)  
               A11=UCOR*(MAX(1.E-5,A1))**1.75 
               A22=UCOS*(MAX(1.E-5,A2))**1.75 
              A33=UCOG*(MAX(1.E-5,A3))**1.75 
             ZDRY=MAX(1.,A11+A22+A33) 
             DBZ(I,J,K)=10.*LOG10(ZDRY) 
            IF (TAIR(I,J).GE.273.16) THEN 
               A44=A11+UWET*(A22+A33)**.95 
               ZWET=MAX(1.,A44) 
               DBZ(I,J,K)=10.*LOG10(ZWET) 
            ENDIF 
  100    CONTINUE 
 1000  CONTINUE 
 
       return 
       end 
 
      SUBROUTINE CONSAT_S (IHAIL,itaobraun) 
CJJS#include <parame.incl> 
CJJS!     INCLUDE 'param1.inc' 
 
c        itaobraun=0   ! tao's original 
c        itaobraun=1   ! scott's 
 
Cjjs      common/bt/ dt,d2t,rijl2,dts,f5,rd1,rd2,bound,al,cp,ra,ck(8) 
      common/bt/ rd1,rd2,al,cp 
 
      COMMON/CONT/ C38,C358,C610,C149,C879,C172,C409,C76,C218,C580,C141 
 
      common/b3cs/ ag,bg,as,bs,aw,bw,bgh,bgq,bsh,bsq,bwh,bwq 
 
      common/size/ tnw,tns,tng,roqs,roqg,roqr 
 
      COMMON/BTERV/ ZRC,ZGC,ZSC,VRC,VGC,VSC 
 
      COMMON/BSNW/ ALV,ALF,ALS,T0,T00,AVC,AFC,ASC,RN1,BND1,RN2,BND2, 
     1   RN3,RN4,RN5,RN6,RN7,RN8,RN9,RN10,RN101,RN10A,RN11,RN11A, 
     2   RN12,RN12A(31),RN12B(31),RN13(31),RN14,RN15,RN15A,RN16,RN17, 
     3   RN17A,RN17B,RN17C,RN18,RN18A,RN19,RN19A,RN19B,RN20,RN20A,RN20B, 
     4   BND3,RN21,RN22,RN23,RN23A,RN23B,RN25,RN25A(31),RN30A,RN30B, 
     5   RN30C,RN31,BETA,RN32 
   
      common/rsnw1/ rn10b,rn10c,rnn191,rnn192,rn30,rnn30a,rn33,rn331, 
     1   rn332 
 
      DIMENSION A1(31),A2(31) 
      DATA A1/.7939E-7,.7841E-6,.3369E-5,.4336E-5,.5285E-5,.3728E-5, 
     1   .1852E-5,.2991E-6,.4248E-6,.7434E-6,.1812E-5,.4394E-5,.9145E-5, 
     2   .1725E-4,.3348E-4,.1725E-4,.9175E-5,.4412E-5,.2252E-5,.9115E-6, 
     3   .4876E-6,.3473E-6,.4758E-6,.6306E-6,.8573E-6,.7868E-6,.7192E-6, 
     4   .6513E-6,.5956E-6,.5333E-6,.4834E-6/ 
      DATA A2/.4006,.4831,.5320,.5307,.5319,.5249,.4888,.3894,.4047, 
     1   .4318,.4771,.5183,.5463,.5651,.5813,.5655,.5478,.5203,.4906, 
     2   .4447,.4126,.3960,.4149,.4320,.4506,.4483,.4460,.4433,.4413, 
     3   .4382,.4361/ 
 
      integer itaobraun   
      real cn0   
C     ****************************************************************** 
CJJS 
      al = 2.5e10 
      cp = 1.004e7 
      rd1 = 1.e-3 
      rd2 = 2.2 
CJJS 



 
 
      CPI=4.*ATAN(1.) 
      CPI2=CPI*CPI 
      GRVT=980. 
      CD1=6.E-1 
      CD2=4.*GRVT/(3.*CD1) 
      TCA=2.43E3 
      DWV=.226 
      DVA=1.718E-4 
      AMW=18.016 
      ARS=8.314E7 
      SCV=2.2904487 
      T0=273.16 
      T00=238.16 
      ALV=2.5E10 
      ALF=3.336E9 
      ALS=2.8336E10 
      AVC=ALV/CP 
      AFC=ALF/CP 
      ASC=ALS/CP 
      RW=4.615E6 
      CW=4.187E7 
      CI=2.093E7 
      C76=7.66 
      C358=35.86 
      C172=17.26939 
      C409=4098.026 
      C218=21.87456 
      C580=5807.695 
      C610=6.1078E3 
      C149=1.496286E-5 
      C879=8.794142 
      C141=1.4144354E7 
C***   DEFINE THE COEFFICIENTS USED IN TERMINAL VELOCITY 
C***   DEFINE THE DENSITY AND SIZE DISTRIBUTION OF PRECIPITATION 
C**********   HAIL OR GRAUPEL PARAMETERS   ********** 
      if(ihail .eq. 1) then 
         ROQG=.9 
         AG=SQRT(CD2*ROQG) 
         BG=.5 
         TNG=.002 
      ELSE 
         ROQG=.4 
         AG=351.2 
c        AG=372.3 ! if ice913=1 6/15/02 tao's 
         BG=.37 
         TNG=.04 
      ENDIF 
C**********         SNOW PARAMETERS        ********** 
cccshie 6/15/02 tao's 
c      TNS=1. 
c      TNS=.08 ! if ice913=1, tao's 
      TNS=.16 ! if ice913=0, tao's 
      ROQS=.1 
c      AS=152.93   
      AS=78.63   
c      BS=.25 
      BS=.11 
C**********         RAIN PARAMETERS        ********** 
      AW=2115. 
      BW=.8 
      ROQR=1. 
      TNW=.08 
C***************************************************************** 
      BGH=.5*BG 
      BSH=.5*BS 
      BWH=.5*BW 
      BGQ=.25*BG 
      BSQ=.25*BS 
      BWQ=.25*BW 
C**********GAMMA FUNCTION CALCULATIONS************* 



      GA3B  = gammagce(3.+BW) 
      GA4B  = gammagce(4.+BW) 
      GA6B  = gammagce(6.+BW) 
      GA5BH = gammagce((5.+BW)/2.) 
      GA3G  = gammagce(3.+BG) 
      GA4G  = gammagce(4.+BG) 
      GA5GH = gammagce((5.+BG)/2.) 
      GA3D  = gammagce(3.+BS) 
      GA4D  = gammagce(4.+BS) 
      GA5DH = gammagce((5.+BS)/2.) 
CCCCCC        LIN ET AL., 1983 OR LORD ET AL., 1984   CCCCCCCCCCCCCCCCC 
      AC1=AW 
CJJS 
      AC2=AG 
      AC3=AS 
CJJS 
      BC1=BW 
      CC1=AS 
      DC1=BS 
      ZRC=(CPI*ROQR*TNW)**0.25 
      ZSC=(CPI*ROQS*TNS)**0.25 
      ZGC=(CPI*ROQG*TNG)**0.25 
      VRC=AW*GA4B/(6.*ZRC**BW) 
      VSC=AS*GA4D/(6.*ZSC**BS) 
      VGC=AG*GA4G/(6.*ZGC**BG) 
C     **************************** 
c     RN1=1.E-3 
      RN1=9.4E-15 ! 6/15/02 tao's 
      BND1=6.E-4 
      RN2=1.E-3 
c     BND2=1.25E-3 
c     BND2=1.5E-3 ! if ice913=1 6/15/02 tao's 
      BND2=2.0E-3 ! if ice913=0 6/15/02 tao's 
      RN3=.25*CPI*TNS*CC1*GA3D 
      ESW=1. 
      RN4=.25*CPI*ESW*TNS*CC1*GA3D 
c     ERI=1. 
      ERI=.1  ! 6/17/02 tao's ice913=0 (not 1) 
      RN5=.25*CPI*ERI*TNW*AC1*GA3B 
c     AMI=1./(24.*4.19E-10) 
      AMI=1./(24.*6.E-9) ! 6/15/02 tao's 
      RN6=CPI2*ERI*TNW*AC1*ROQR*GA6B*AMI 
c     ESR=1. ! also if ice913=1 for tao's 
      ESR=.5 ! 6/15/02 for ice913=0 tao's 
      RN7=CPI2*ESR*TNW*TNS*ROQS 
      ESR=1. 
      RN8=CPI2*ESR*TNW*TNS*ROQR 
      RN9=CPI2*TNS*TNG*ROQS 
      RN10=2.*CPI*TNS 
      RN101=.31*GA5DH*SQRT(CC1) 
      RN10A=ALS*ALS/RW 
CJJS 
       rn10b=alv/tca 
       rn10c=ars/(dwv*amw) 
CJJS 
      RN11=2.*CPI*TNS/ALF 
      RN11A=CW/ALF 
c     AMI50=1.51e-7 
      AMI50=3.84e-6 ! 6/15/02 tao's 
c     AMI40=2.41e-8 
      AMI40=3.08e-8 ! 6/15/02 tao's 
      EIW=1. 
c     UI50=20. 
      UI50=100. ! 6/15/02 tao's 
      RI50=2.*5.E-3 
      CMN=1.05E-15 
      RN12=CPI*EIW*UI50*RI50**2 
 
      DO 10 K=1,31 
         Y1=1.-A2(K) 
         RN13(K)=A1(K)*Y1/(AMI50**Y1-AMI40**Y1) 
         RN12A(K)=RN13(K)/AMI50 



         RN12B(K)=A1(K)*AMI50**A2(K) 
         RN25A(K)=A1(K)*CMN**A2(K) 
   10 CONTINUE 
 
      EGW=1. 
      RN14=.25*CPI*EGW*TNG*GA3G*ag 
      EGI=.1 
      RN15=.25*CPI*EGI*TNG*GA3G*ag 
      EGI=1. 
      RN15A=.25*CPI*EGI*TNG*GA3G*ag 
      EGR=1. 
      RN16=CPI2*EGR*TNG*TNW*ROQR 
      RN17=2.*CPI*TNG 
      RN17A=.31*GA5GH*sqrt(ag) 
      RN17B=CW-CI 
      RN17C=CW 
      APRI=.66 
      BPRI=1.E-4 
      BPRI=0.5*BPRI ! 6/17/02 tao's 
      RN18=20.*CPI2*BPRI*TNW*ROQR 
      RN18A=APRI 
      RN19=2.*CPI*TNG/ALF 
      RN19A=.31*GA5GH*sqrt(ag) 
      RN19B=CW/ALF 
c 
       rnn191=.78 
       rnn192=.31*ga5gh*sqrt(ac2/dva) 
c 
      RN20=2.*CPI*TNG 
      RN20A=ALS*ALS/RW 
      RN20B=.31*GA5GH*sqrt(ag) 
      BND3=2.E-3 
      RN21=1.E3*1.569E-12/0.15 
      ERW=1. 
      RN22=.25*CPI*ERW*AC1*TNW*GA3B 
      RN23=2.*CPI*TNW 
      RN23A=.31*GA5BH*SQRT(AC1) 
      RN23B=ALV*ALV/RW 
 
 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
cccshie with scott braun's help, insert "pidep" and change "betah",  
ccc        "c0" in routine      "consat" (2d), "consatrh" (3d) 
ccc        if ( itaobraun.eq.1 ) --> betah=0.5*beta=-.46*0.5=-0.23;   cn0=1.e-6 
ccc        if ( itaobraun.eq.0 ) --> betah=0.5*beta=-.6*0.5=-0.30;    cn0=1.e-8 
 
       if (itaobraun .eq. 0) then     ! tao's original 
         cn0=1.e-8 
         beta=-.6 
       elseif (itaobraun .eq. 1) then ! scott's 
c        cn0=1.e-8  ! special, if still use tao's 
c        beta=-.6   ! special, if still use tao's 
         cn0=1.e-6 
         beta=-.46 
       endif 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c      CN0=1.E-6 
c      CN0=1.E-8 ! 6/15/02 tao's 
c      BETA=-.46 
c      BETA=-.6  ! 6/15/02 tao's 
 
      RN25=CN0 
      RN30A=ALV*ALS*AMW/(TCA*ARS) 
      RN30B=ALV/TCA 
      RN30C=ARS/(DWV*AMW) 
      RN31=1.E-17 
 
      RN32=4.*51.545E-4 
c 
      rn30=2.*cpi*tng 
      rnn30a=alv*alv*amw/(tca*ars) 
c 



      rn33=4.*tns 
       rn331=.65 
       rn332=.44*sqrt(ac3/dva)*ga5dh 
c 
 
      RETURN 
      END 
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Summary 

 The major objectives of the proposed study are to: (a) perform a more complete 
analysis of the preliminary Penn State/NCAR MM5 model results of supertyphoon Bilis 
(2000) and typhoon Toraji (2001), compare the differences of track deflections and flow 
structures near the CMR during the passages of these two typhoons, and (b) apply the 
findings of Lin et al. (2005) with nondimensional control parameters to these two cases.   
During the first half of the project period, we have finished the analysis of track 
deflections and flow structure of Bilis (2000) during its passage over CMR.  In the 
second half of the project period, we continued the analysis of simulated result of Toraji 
and compare its flow structure near the CMR during the passage with Bilis.  In addition, 
the findings of Lin et al. (2005) with nondimensional control parameters are applied to 
Bilis and Toraji. 
 The MM5 predicted the track of each storm reasonably well.  Bilis was stronger and 
had a relatively faster forward motion, which helped make the track continuous as it 
crossed the CMR.  The use of a "bogus" vortex in the initialization process helped to 
produce a storm closer to the observed strength.  Bilis is a classic example of a typhoon 
crossing Taiwan with a continuous track.  For comparison, we also studied typhoon 
Toraji, a typical typhoon having a discontinuous track.  Toraji was weaker and had a 
relatively slower forward speed, which prevented the original low center from surviving 
the trip across the CMR and forced more air parcels to go around the northern tip of the 
CMR. As a result, it produced a vortex and a secondary low center on the lee.  Potential 
vorticity banners on the north side of the CMR acted to organize the secondary low and 
the lee vortex.  With time, the low-level circulation extended into the upper levels, 
completing the formation of the secondary center.  Remnants of the initial center crossed 
over the CMR and were entrained into the secondary center.   
 Nondimensional control parameters for track continuity and deflection from idealized 
studies are calculated for Bilis and Toraji. The results are consistent with the theory 
proposed in Lin et al.  For tropical cyclones (TCs) approaching Taiwan from the 
southeast, we apply the conceptual model proposed by Lin et al. for continuous and 
discontinuous tracks.  For continuous tracks over the CMR, the blocking effect on outer 
circulation of the vortex is weak and the vorticity advection around the northern tip is 
strong due to an intense TC.  Weak TCs tend to be totally blocked by the CMR. 
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1.  Introduction 
 There are a number of past studies concerning the orographic influence on the tracks 
of tropical cyclones (TCs) passing over not only Taiwan but also the islands of Cuba, 
Hispa鎴ola and Puerto Rico in the Caribbean, and Luzon in the Phillipines.  Lin (1993) 
and Wu and Kuo (2000) provided reviews of previous work on typhoons affecting 
Taiwan.  Brand and Blelloch (1974) and Wang (1980) found that some typhoons took a 
cyclonic track when passing over Taiwan.  Stronger typhoons tended to have a 
continuous track (Fig. 1a).  On the contrary, weaker typhoons tended to ump? over the 
island by forming a secondary circulation center on the lee side, with the original center 
being blocked by the terrain, making the track discontinuous (Fig. 1b).  The secondary 
center may develop and eventually replace the parent typhoon.  Chang (1982) verified 
these observational studies with one of the first idealized modeling studies of typhoons 
striking Taiwan.  Further idealized simulations (Bender et al. 1985, 1987; Yeh and 
Elsberry 1993 a,b; Huang and Lin 1997; Lin et al. 1999, 2002) have been made over the 
years.  A drawback of these studies is the failure to resolve the fine-scale terrain features 
of Taiwan, which may dictate how and where mesoscale lows will form in the lee of the 
CMR. 
 In recent years, a few real case modeling studies have been made.  For example, Wu 
(2001) used the GFDL hurricane model to study the interaction of Typhoon Gladys with 
the Taiwan terrain.  Gladys experienced a southward deflection and deceleration upon 
approach to Taiwan similar to that seen in some of the idealized studies (e.g. Lin et al. 
1999).  After crossing Taiwan, Gladys accelerated to the northwest.  The weakening 
during landfall was underestimated and was due mainly to the cutoff of the source of 
water vapor in the boundary layer as the storm approached Taiwan.  Though the 
orographic precipitation was underpredicted, the overall distribution and the locations of 
the precipitation maxima were well simulated.  The location of the secondary mesolows 
also matched observations fairly well.  The mesolow located east of the mountains was 
shown to be caused by downslope adiabatic warming (foehn) associated with the 
circulation of Gladys, and helped to pull the low center slightly southwestward when it 
crossed Taiwan.  A potential vorticity (PV) budget analysis showed that condensational 
heating plays a significant role in the evolution of PV as the storm crosses Taiwan.  
Surface dissipation of PV was important when Gladys was crossing over Taiwan.  Lin et 
al. (2002) adopted Naval Research Laboratory's (NRL) Coupled Ocean–Atmosphere 
Mesoscale Prediction System (COAMPS) model to simulate Supertyphoon Bilis (2000) 
to examine the dynamics of orographic rainfall and track deflection associated with the 
storm as it passed over the CMR of Taiwan.  The track of the model typhoon was found 
to be discontinuous, while the observed track was continuous.  This is likely due to the 
lack of implanting a ogus? vortex  at the initialization time, causing the storm to be too 
weak at landfall.  The model storm and the observed storm were deflected northward 
before landfall, and then back southward afterward, consistent with previous studies.  
Jian et al. (2005) performed numerical simulations of Typhoon Dot (1990), which had a 
discontinuous track, and found that the merge of the adiabatically-induced low and the 
secondary vortex formed by vorticity stretching on the lee side dominated the low-level 
development of the surface vortex while the midlevel cyclone was still located on the 
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upstream of CMR. This low-level vortex then coupled vertically with the midlevel vortex 
after passing over the CMR and redeveloped to a mature typhoon.  In this study, we will 
focus on studying the control parameters and mechanisms responsible for track deflection 
and discontinuity, and the organization of secondary low and lee vortex. 
 Supertyphoon Bilis (2000) and Typhoon Toraji (2001) are chosen for this study.  Bilis 
was near supertyphoon strength when it hit the southeast coast of Taiwan and was typical 
of typhoons with continuous tracks seen in previous studies.  Typhoon Toraji was of 
moderate intensity and had a slower translation speed as it hit central Taiwan.  Toraji was 
a typical typhoon having a discontinuous track over Taiwan.  The goal of this study is to 
use high resolution numerical modeling to investigate the dynamics of track deflection by 
a mesoscale mountain.   This report is organized as follows.  Section 2 will discuss 
the synoptic and mesoscale environments and the configuration of the MM5 model 
simulations.  Section 3 will describe briefly the model characteristics and experiment 
design.  In Section 4, we will discuss model results and investigate the mechanisms 
causing a continuous and discontinuous track.  In section 5, we will briefly review the 
control parameter theory for track continuity and deflection for TCs passing over Taiwan 
proposed by Lin et al. (2005), and evaluate the applicability of their theory to 
supertyphoon Bilis and typhoon Toraji.  Concluding remarks are made in section 6.  
 
 
2. Synopses of Observations of Bilis and Toraji 
2.1 Bilis 
 Bilis (2000) formed as a tropical depression northwest of Yap Island at 1200 UTC 18 
August (8/18/12Z) 2000.  It followed an almost straight northwesterly track approaching 
Taiwan and was a very intense Category 5 typhoon with a minimum pressure of 915 mb 
as it made landfall on the southeast coast of Taiwan near Tai-Tung (121.4 oE, 23.1 oN) 
around 8/22/14Z 2000.  The best track from the Joint Typhoon Worming Center(JTWC) 
is shown in Fig. 2.  The storm produced a maximum wind of 70 ms-1 and heavy rainfall 
of 949 mm in 20 h measured at Yu-Li in northeast Taiwan. Several people died or were 
seriously injured by mudslides triggered by the heavy rainfall.  Just before landfall, Bilis 
turned northward and followed a cyclonic track across the island, which is similar to 
many previously observed and simulated TCs passing over Taiwan (Fig. 1a).  A well-
defined eye was noted with Bilis as it approached Taiwan, as can be seen on satellite 
imagery (Lin et al. 2002).  After the landfall over Taiwan it weakened rapidly. It then 
continued to move westward and made landfall on the southeast coast of China around 
8/23/12Z.  The high terrain of the CMR helped to significantly weaken Bilis.  Figure 3a 
shows the observed synoptic environment across eastern Asia and the northwestern 
Pacific Ocean at 8/22/00Z 2000 from Taiwan  CWB. Another tropical system, Tropical 
Storm Kaemi, was near the central coast of Vietnam, and made landfall 12 h later and 
dissipated inland on the Indo-China Peninsula.  North and northeast of Bilis there was a 
persistent, but spatially small, area of high pressure systems that moved generally 
westward.  These high-pressure systems, along with Tropical Storm Kaemi and the north 
Pacific high, tended to help advect or steer Bilis northwestward toward Taiwan.  There 
were no significant mid-latitude frontal features in the area to influence the track and 
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rainfall of Bilis.  The 500 mb chart (Fig. 3b) shows an upper-level high pressure centered 
halfway between Taiwan and Japan, with general ridging extending to the east and west.  
This persistent feature helped to steer Bilis to the northwest toward Taiwan, and also to 
shield Bilis from the trough to the north. 
 Figure 4 shows the CWB mesoscale analysis, which can provide a good indication as 
to what happened at landfall.  At 8/22/13Z (Fig. 4a), Bilis was approaching the southeast 
coast of Taiwan.  In the northern lee of the CMR, latent heating and adiabatic warming 
created an area of lower pressure.  This low pressure in the lee persisted during the next 3 
h (Figs. 4b and 4c) as the center crossed the CMR.  An inverted ridge (trough) was 
produced to the northeast (northwest) of the CMR before Bilis passed over the CMR 
(Figs. 4a and 4b) due to orographic forcing.  Only after the center emerges off the western 
coast was a closed secondary center evident in the lee of Taiwan (Fig. 4d).   

2.2 Toraji 

 Toraji was upgraded from a tropical storm status at 7/27/18Z 2001 when its center 
was located approximately 700 km southeast of the southern tip of Taiwan.  Toraji 
formed in a weakening subtropical ridge.  Initially the TC moved westward and then 
followed a general northwesterly to north-northwesterly track (Fig. 5) similar to that of 
Bilis but slightly to the north and slower.  Maximum intensity was reached a few hours 
prior to landfall.  The maximum wind was about 49 ms-1 and the minimum pressure 
reported was 960 mb when Toraji made landfall on the southeast coast of Taiwan 
7/29/18Z.  The initial center of Toraji moved into the CMR and filled in while a new 
center formed on the northwest coast.  The new center moved out into the Taiwan Strait 
by 7/30/06Z.  The interaction with the CMR and the reformation of the center left Toraji 
disorganized as it crept toward China, as can be seen on satellite and radar imagery (not 
shown).  The maximum rainfall recorded was 686 mm in 35 h in southwest Taiwan.  The 
death toll from Toraji was 72, and caused the most destruction in Taiwan in nearly four 
decades since Typhoon Gloria left 312 dead in its wake in 1963.  Most of the deaths were 
due to landslides and mudslides triggered by the heavy orographic rainfall.  The surface 
synoptic conditions at 7/29/00Z 2001 are shown in Fig. 6. An area of weak high pressure 
is located south and east of Toraji, with general ridging extending north to Japan.  
Another area of weak high pressure is also located over northern China.  A low pressure 
with a trailing cold front is moving northeastward to the east of China.  However, the 
front does not appear to have much influence on Toraji.  At 500 mb (Fig. 6b), a ridge in 
excess of 590 dm is located to the south of Japan, and to the northeast of Toraji.  Toraji 
appears to be steered around the western periphery of this ridge.  There is an extension of 
the ridge to the north of Toraji. 
 The track differences of Toraji versus Bilis can be seen in the CWB mesoanalyses 
(Fig. 7).  A low and a mesovortex have already formed in the lee of Taiwan before Toraji 
made landfall (Fig. 7a).  There was no mesovortex formed during the landfall of Bilis 
(Fig. 4a).   The primary storm center crosses the CMR and weakens, while the secondary 
low and vortex center begins to strengthen (Figs. 7b and 7c).  By 7/29/23Z (Fig. 7d), the 
secondary center has taken over as the main center of Toraji. 
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3. Model Description and Experiment Design 
 The Penn State/NCAR MM5.v3 model is adopted for this study.  The model solves 
the fully compressible, nonhydrostatic governing equations in the  -z vertical coordinates.  
Details of the model can be found in Duhdia (1996) and Grell et al. (1994).  The 1 km 
resolution terrain and land use data used in this study provides a much higher terrain 
resolution than that used in most previous studies.  The National Center for 
Environmental Prediction (NCEP) operational analysis with a resolution of 2.5°x 2.5° 
latitude-longitude and 15 standard pressure layers is used for model initialization and for 
boundary conditions during model integration.  The Bilis experiment was integrated for a 
period of 48 h from 8/21/12Z to 8/23/12Z 2000.  The Toraji experiment was run for a 
period of 48 h from 7/28/12Z to 7/30/12Z 2001. Because the initial data is too coarse to 
properly capture a tropical cyclone, the vortices are removed from the analysis and bogus 
vortices of 70 ms-1 and 55 ms-1, for Bilis and Toraji respectively, are implanted using the 
bogussing scheme of Low-Nam and Davis (2001). 
 Three nested horizontal domains are designed for the simulations (Fig. 8a).  Domain 
1 has 200 x 200 grid points with 21-km grid resolution.  Domain 2 has 199 x 199 grid 
points with 7-km grid resolution.  Domain 3 has 265 x 244 grid points with 2.33 km grid 
resolution.  The terrain for domain 3 is shown in Fig. 8b.  There are 33 stretched   levels 
used with higher resolution in the boundary layer.  The top of the model is at 50 mb.  The 
time steps for domains 1, 2, and 3 are 30 s, 10 s, and 4 s, respectively. The Blackadar 
scheme (see Grell et al. 1994) is used to parameterize the planetary boundary layer (PBL) 
processes including surface fluxes and friction (Zhang and Anthes 1982).  The Goddard-
Lin-Farley-Orville (1983) scheme (Tao and Simpson 1993) is used to parameterize the 
microphysical processes in all domains.  For domain 1, the Betts-Miller (1993) scheme is 
used to parameterize the sub-grid scale convection, while no cumulus parameterization is 
used at 7 and 2.3 km resolution simulations.   

4.  Simulation Results of Bilis and Toraji 
4.1 Bilis 
 The simulated typhoon Bilis had a continuous track across Taiwan, as analyzed by 
CWB.  Figure 9 shows the sea level pressure center and the 700, 500, and 300 mb 
geopotential height centers at 3 h intervals.  Also shown are the observed 6 hourly 
positions of Bilis.  Both of the tracks start at 8/22/06Z 2000.  The timing and track of the 
simulated typhoon was very close to observations.  The simulated storm, like the 
observed storm, took a cyclonic track over the CMR.  By the time of landfall, the 
minimum pressure was near 930 mb, close to the observed pressure of around 920 mb as 
analyzed by the Japan Meteorological Agency (JMA).  The lower-, mid-, and upper-level 
storm centers remain vertically stacked during and after passage over Taiwan.  One can 
also examine the vertical coherent structure of the storm via east-west vertical cross 
sections through the storm center of horizontal wind speed and PV (Figs. 10a-c). These 
east-west vertical cross sections were plotted at 3 h intervals while Bilis was crossing 
Taiwan.  Figure 10a shows the vertical cross section through the center when it was still 
located east of Taiwan, at 8/22/12Z 2000.  The vertical structure of the storm is quite 
coherent with upper- and lower-level PV maxima and a shaft of weaker winds (the eye) 



 8

extending the depth of the troposphere.  At 8/22/15Z (Fig. 10b), the center is located over 
the CMR.  The eastern flank of PV remains vertically stacked, with the lower level PV 
slightly weakened by the CMR.  One dramatic impact of the CMR on Bilis was the 
destruction of the western flank of the PV, which lost its vertical coherent structure.  The 
upper-level PV was advected farther to the west, compared to the extrapolated position; 
the middle level PV was weakened due to reduced low-level circulation; and the low-
level PV was severely weakened over the eastern slope due to orographic blocking. The 
asymmetry of the PV affected by the CMR at this time (Fig. 10b) appears to contribute to 
the disappearance of the eye on a satellite picture (not shown). Of note is a tongue of PV 
between 850 and 900 mb extending westward from the CMR.  If the storm were weaker 
and/or slower, as in typhoon Toraji, this tongue of PV would help spawn a new low level 
center.  At 18Z (Fig. 10c), it is evident that this did not occur, as the lower level and 
upper level PV maxima are once again coupled vertically.  However, the eye is no longer 
an identifiable feature from satellite imagery.  The CMR has weakened the system, with 
lower winds and amounts of PV being associated with the typhoon. 
 Figures 10d-f depict east-west cross sections of total water mixing ratio ( wq ), 

potential temperature, and wind vectors at identical locations as in Figs. 10a-c.  At 
8/22/12Z (Fig. 10d), the eye wall is clearly evident based on the shaded regions on either 
side of the center.  These shaded regions correlate with higher PV regions (Fig. 10a).  It is 
interesting to note that the total water mixing ratio shows a vertical upright structure, 
while the PV shows distinct outward tilt structure. Due to orographic forcing, they do not 
coincide 100%. The western eyewall convection is larger than the eastern eyewall 
convection due to orographic enhancement, leading to the slight distortion of the PV 
toward the west.  At 15Z (Fig. 10e), wq  has decreased around the center, due to the 

disruption of the circulation by the CMR.  A corresponding decrease in PV is seen in Fig. 
10b, due to less latent heat release and frictional effects.  However, the upslope wind over 
western slope produced clouds and possibly rainfall, which helps increase the PV there 
(Fig. 10b). By 18Z (Fig. 10f), wq  is the largest over the CMR, due to orographic forcing.  

The wq  on the west side of the circulation is significantly reduced.  We will examine the 

upper and lower level height centers in greater temporal detail. Figure 11 shows the 
pressure and vector wind fields at the surface, 700 mb and 300 mb at 8/22/14Z, 15Z, 16Z, 
and 17Z. At 8/22/14Z 2000, the center of Bilis is making landfall in southeast Taiwan.  
All of the surface pressure center, 700 mb and 300 mb geopotential height centers are 
located at the same location.  An hour later (15Z), the primary centers remain vertically 
stacked in southeast Taiwan.  A weak center is located to the west of the CMR at the 
surface and 700 mb, likely from adiabatic warming. However, there is no evidence of a 
closed circulation developing in that area.  At 16Z, slight acceleration of the centers is 
evident.  The surface and 700 mb centers are now located on the west side of the CMR.  
The 500 mb (not shown) and 300 mb centers appear to be lagging slightly, still located 
over the CMR.  By 17Z, the centers are once again perfectly stacked in the vertical.  It 
could be argued that there was a modification or redevelopment of the centers, slightly 
ahead of the original centers.  However, the acceleration of the low-level center as it 
passed over the CMR is consistent with previous studies (Yeh and Elsberry 1993a,b 
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among others).  Basically, the low centers crossed the mountain continuously without 
much disturbance.  
 Similar features can be found by looking at streamlines at the same levels.  At 
8/22/14Z and 15Z (Fig. 12), the circulation centers of the original cyclone at different 
levels are co-located as Bilis makes landfall.  There is no evidence of new circulation 
centers forming on the lee side of the CMR but the 700 mb center is elongated toward the 
west.  By 16Z, the surface and 700 mb centers are all located west of the CMR. The 300 
mb circulation center, like the height center, is located over the CMR.  Much like the 
geopotential height centers (not shown), low and mid level circulation centers accelerated 
toward the west as they crossed the CMR.  By 17Z, the circulation centers are vertically 
coupled and in the same location as the height centers.  One way to determine the 
mechanisms of track deflection and reformation is to look at the horizontal distribution of 
PV, especially at lower levels.  The low-level PV can be generated and redistributed in a 
number of ways:  from latent heat release, the friction associated with orographic 
blocking of the high terrain, and/or adiabatic warming of the downslope flow.  Smith and 
Smith (1995) found that a vortex approaching an isolated mountain wraps a pair of 
vorticity banners into its circulation after it passes over the mountain.  The potential 
vorticity production on the lee side as the cyclone approaches the mountain is explained 
by the transition from an irrotational flow regime to the regime of flow over a mountain 
with wakes through wave breaking.  For a low Froude number, nonrotating, uniform flow, 
Schar and Durran (1997) found that the generation of leeside vorticity is due to the 
vertical tilting of baroclinically generated horizontal vorticity upstream at earlier stage 
and due to potential vorticity generation at later stage.  Lin et al. (1999) showed that the 
increase in surface vorticity and the contraction of the cyclone scale on the lee side can be 
explained by the generation of new PV due to wave breaking associated with the severe 
downslope wind and hydraulic jump.  PV can also be generated from vorticity streamers 
through the gaps in the higher terrain of the CMR via stronger flow around the peaks of 
the CMR or via increased gap flow in the Taiwan Strait.   
 For Bilis, the adiabatic warming was especially intense.  Figure 13 shows the 850 mb 
geopotential height and temperature fields at 8/22/14Z, 15Z, 16Z, and 17Z.    
Downstream of the northern CMR, the air is 6-8 K warmer than on the upstream side.  
This warming has caused a distortion in the height field, with lower heights in the same 
area of adiabatic warming.  As the center crosses the CMR, the center takes a cyclonic 
turning and produces adiabatic warming on the west side, i.e. lee side of the outer 
circulation. The resultant height drop in the area of the adiabatic warming appears to be 
partially responsible for the northward jog of the center as it crossed the CMR.  Further 
insight can be gathered by looking at backward trajectories from the time when the 
circulation became well established on the west side of the CMR. The backward 
trajectories are calculated from the path of a parcel based on the model-derived winds.  
The result represents the approximate path a parcel took to get to its final destination.  
Backward parcel trajectories were examined at 0.9, 0.8, 0.7, and 0.6 sigma levels, going 
backward 6 h from 8/22/17Z 2000.  Parcels at the lowest levels ( 9.0=σ ) to the south of 
the circulation center (parcels 3 and 4, Fig. 14a) went around the north side of the CMR, 
while parcels on the north side of the circulation center (parcels 1 and 2) traveled over the 
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CMR.  At σ=0.8 and 0.7 (Figs. 14b and 14c), all parcels traveled over the central CMR.  
At σ=0.6 (Fig. 14d), the southern 3 parcels originated from the east of Taiwan, and 
traveled over the CMR.  The northern most parcel traveled around the northern portion of 
the CMR, then climbed up the east slope of the CMR before turning cyclonically around 
the circulation center.  Parcel 2 exhibits a troichoidal motion throughout its history, 
indicating that the circulation center maintained itself (i.e. it was continuous) at this level.  
All parcels at each level originated from near the surface. 
 Figure 15 shows the 850 mb geopotential height and PV for the hours when Bilis was 
crossing the CMR.  At 8/22/14Z the center is making landfall, and the high PV near the 
center is easy to identify (Fig. 15a).  Areas of negative PV are located on the eastern 
slope of the CMR, due to friction produced by strong blocking against the CMR.  On the 
west slope of the CMR, cyclonic vorticity associated with vorticity stretching over the lee 
(western) slope, adiabatic warming, and downstream advection of the latent heat released 
over upslope (Lin et al. 1999) created a broad area of positive PV.  Flow through the 
mountain gaps between mountain peaks creates alternate areas of positive and negative 
PV banners downstream.  An impressive PV banner extended from the north of Taiwan, 
as the air went around the northern portion of the CMR.  The large PV streamer 
ultimately becomes wrapped up into the center once it passes over the CMR (Fig. 15d).  
The entrainment of this PV streamer into the circulation may help draw the center back to 
the south after it crosses the CMR and is a topic of future research.  
 
4.2 Simulation results of Toraji 
 The forward speed of Toraji was slower and the intensity was weaker than that of 
Bilis, allowing a more complicated interaction with the CMR.  Unlike Bilis, the storm 
structure did not remain vertically coherent on its path over the CMR, resulting in a 
discontinuous track.  The simulated Toraji behaved similarly to the real Toraji.  Figure 16 
shows the observed typhoon Toraji track and the model simulated sea level pressure 
center, and the 700 mb, 500 mb, and 300 mb geopotential height centers at 3 h intervals.  
The centers remain vertically coherent until making landfall in central Taiwan and new 
low-level centers form on the west side of the CMR, to the south of the extrapolated path.  
This secondary center soon becomes the dominant center, while the old low level center 
weakens and dissipates.  The upper level centers dissipate as the old primary low level 
centers die, and reform over the new low level center.  This will be shown later. 
 The vertical cross sections also portray the center reformation on the lee side.  At 
7/29/12Z 2000, the storm has robust vertical orientation, with the upper-level center 
located over the lower-level PV maximum (Fig. 17a).  During the next two 3 h 
increments (left panels of Figs. 17b and 17c), the center retains its vertical structure as it 
comes ashore.  During this period, a new secondary low-level center is generated in the 
lee of the CMR.  The right panels of Figs. 17b and 17c are cross sections through the new 
secondary center.  A PV maximum at the low levels was present to the west of the CMR, 
a product of adiabatic warming from the downslope flow and the generation of a 
secondary vortex, as the outer circulation of Toraji went around the northern CMR.  In 
addition, an area of lighter winds was present just above the low-level PV, with stronger 
winds to the west in the Taiwan Strait.  By 7/29/21Z (Fig. 17d), a low-level PV 
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maximum and low-level circulation became established west of the CMR, while the 
upper-level PV maximum remained over the CMR.  At 7/30/00Z (Fig. 17e), the new 
center has extended in the vertical, coupled with the remnant higher-level PV to the east 
being all that remains of the old upper level center.  Note that the cross section at this 
time is to the north of Taiwan. Thus, for a weaker typhoon, the low-level PV is destroyed 
by the interaction with the CMR. When the low-level support vanishes, the mid and 
upper level PV gradually weakens.  As the outer circulation impinges on the CMR, a new 
low-level PV center forms on the lee side, ultimately takes over as the new center, and 
couples with the remnant of the upper-level PV.   
 Figure 18 shows total water mixing ratio (qw), potential temperature, and wind vector 
fields on the same cross section of Fig. 17.  When the center is offshore (Fig. 17a), the 
distribution of qw is asymmetric with greater concentrations above the CMR, 
corresponding with the tilt of the PV toward the west.  By the end of the next 3 h (Fig. 
17b), the greatest qw are in the eastern eyewall, with lesser concentrations over the CMR.  
The convection on the western eyewall has been disrupted significantly, allowing the 
greatest latent heat release, and resulting PV, to be concentrated on the eastern eyewall.  
At the time of landfall (Fig. 18c), higher qw was located almost entirely over the CMR.  
At 7/29/21Z (Fig. 18d), concentrations of qw remain greatest over and above the CMR, 
keeping the highest PV in that area.  Little if any concentrations of qw are associated with 
the new low-level center to the west of the CMR (right panel, Fig. 18d).  By 7/30/00Z 
(Fig. 18e), the highest qw remained in the layer of 300 to 500 mb, supporting an eastward 
extension of PV in that layer.  Lower concentrations of qw are now associated with the 
secondary center, helping to extend the PV maximum to greater altitudes due to latent 
heating.  
 In order to investigate the reformation mechanism of the secondary low and vortex of 
Toraji, we take a closer look at the evolution of the height centers as the storm crossed 
the CMR.  At 7/29/17Z (Fig. 19), Toraji makes landfall in central Taiwan.  The lower- 
and upper-level centers are still co-located at this time.  However, a new surface low has 
formed to the west of the CMR.   Note that the surface flow started to circle around the 
secondary low on the lee side due to more flow going around the northern tip of the CMR, 
but the wind blew straight through over the surface secondary vortex.  This agrees with 
the mechanism proposed by Lin et al. (2005) that the secondary vortex on the lee side is 
mainly produced by vorticity advection.  At 19Z, the primary centers still have good 
vertical coherence, now over the CMR.  The secondary low has strengthened, now having 
a weak circulation at the surface and a weak wake vortex at 700 mb.  The upper-level 
lows weakened significantly at this time.  At 21Z, the secondary circulation has 
strengthened further, while the primary center continues to weaken.  The secondary 
center now extends to 500 mb (not shown).  By 23Z, the surface secondary center has 
taken over the original cyclone.  
 The reformation process shows up even more clearly in the streamline plots (Fig. 20).  
At 7/29/17Z, the streamline centers were all just off the central east coast of Taiwan.  At 
the surface, there is significant curvature to the streamlines on the west side of the CMR 
where the secondary center forms.  At 19Z, the primary streamline centers have just come 
onshore.  On the lee side a closed center at the surface has just formed, while the 
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circulation at 700 mb (and to a lesser extent the 500 mb center) has significantly 
elongated to the west, toward, and over the new circulation.  At 21Z, the secondary 
streamline center has become dominant at the surface and 700 mb.  At 500 mb (not 
shown), the center is roughly halfway between the primary and secondary centers.  The 
300 mb center remains over the CMR with the primary center with little reflection of the 
secondary center at that level.  By 23Z, the new center becomes coupled with upper-level 
centers. 
 For Toraji, the area of downslope winds, as depicted by the 850 mb temperature field 
(Fig. 21), was not as extensive as for Bilis due to the weaker winds associated with it.  At 
7/29/17Z, the typhoon was making landfall.  A large area of adiabatic warming was 
present off the northwest coast with a smaller area of adiabatic warming located at the 
southeastern corner of the CMR to the south of the center.  The deformation of the 
geopotential height field was greater for Toraji than in Bilis.  Over time, the area to the 
northwest became the focus for the formation and development of the secondary 
circulation center. 
 The parcels for Toraji behaved in a different fashion.  Figure 22 shows 6 h backward 
trajectories for parcels ending at 7/29/21Z 2001.  At lower levels (Figs. 22a and 22b), the 
parcels tended to go around the northern portion of the CMR.  Parcels 3 and 4 traveled in 
a slight cyclonic path before ascending over the CMR, around the circulation of the 
primary center.  Once over the CMR, the trajectories curved sharply toward the 
secondary center.  Parcel 2 had the shortest path of all, as it was very near the secondary 
center after crossing the CMR.  Parcel 1 initially orbited the primary center but quickly 
was drawn into the secondary center once the primary center made landfall.  At middle 
levels (Figs. 22c and 22d) the parcels initially wrapped around the primary circulation but 
then became entrained into the secondary circulation.  As in Bilis, the parcels originated 
at low levels.  Once the parcels crossed the CMR, convection released latent heat, raising 
the potential temperature.  On the lee side of the CMR, the parcels remained at a higher 
level due to their higher potential temperature. 
 Similar to Bilis, a banner of PV at 850 mb was present extending from the north tip of 
the CMR as Toraji made landfall at 7/29/17Z (Fig 23a).  The primary difference is that 
the PV banner extended more northwesteard than for Bilis.  The PV banner was also 
located closer to the area of greatest adiabatic warming.  By 21Z (Fig 23c), the PV banner 
has wrapped into the secondary circulation center and by 23Z (Fig. 23d) it has become 
the primary center.  The combination of adiabatic warming and the vorticity banner 
appear to have generated a PV maximum on the lee side of the northern CMR, helping to 
generate the secondary center, which ultimately became dominant. 
 
5.  Mechanisms of Track Continuity and Deflection 
5.1 A review of control parameters for track continuity and deflection 
 Based on idealized simulations of westward-moving cyclones over a north-south 
oriented mesoscale mountain range, Lin et al. (2005; denoted as LCHH hereafter) found 
that the cyclone track becomes discontinuous (continuous) and the cyclone experiences 
more (less) deflection with a combination of small (large) values of Vmax /Nh, U/Nh, R/Ly, 
U/fLx, and Vmax /fR, and a large (small) value of h/Lx, where Vmax is the maximum 
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tangential wind, N the Brunt-Vaisala frequency, h the mountain height, U  the basic wind 
speed, R the radius of Vmax, f the Coriolis parameter, Lx and Ly the horizontal scales of the 
mountain in x and y directions, respectively.  The parameter U/Nh can be viewed as the 
Froude number of the basic flow.  For TCs, U may be taken as the forward translation 
speed.  In fast moving TCs, U/Nh is large and the track tends to be continuous.  For 
slowly (faster) moving TCs, U/Nh is small (large), and the track tends to be discontinuous 
(continuous).  The parameter Vmax /Nh can be physically regarded as the vortex Froude 
number of the airstream associated with the typhoon tangential circulation.  This number 
measures the ability of a tropical cyclone circulation to pass over a mountain.  When Vmax 

/Nh is large, more parcels within the TC circulation are able to cross over the mountain.  
With a weaker TC, the parcels cannot make it across the mountain, and the flow is 
blocked.  In the case of Taiwan, the parcels tend to flow around the CMR.  In this 
situation, the center either goes around the mountain or it reforms on the lee side, 
depending on the where the TC impinges on the mountain.  The parameter R/Ly is a ratio 
of the size of the TC versus the length of the mountain chain.  A smaller TC encounters a 
stronger orographic blocking and thus a discontinuous track is resulted when R/Ly is 
small.  When R/Ly is moderate to large, as in larger TCs, the track tends to be continuous 
since the air parcels are able to be advected around the northern tip of CMR, in Taiwan  
case.  Control parameters U/fLx and Vmax /fR represent Eulerian and Lagrangian Rossby 
numbers, respectively, and h/Lx represents the mountain slope steepness.  
 Under the situation with discontinuous track, a mesoscale cyclone develops on the lee 
side of the mountain range and eventually replaces the parent cyclone, as has been 
observed in reality.  Dynamically, this implies that strong (weak) orographic blocking 
will lead the cyclone track to be discontinuous (continuous).  Orographic blocking will 
result in greater deflection of the moving cyclone to the left or right.  In cases featuring 
very strong blocking, with very small values of Vmax /Nh, U/Nh, R/Ly, U/fLx, and Vmax /fR, 
and a very large value of h/Lx, a westward-moving cyclone will tend to be deflected 
southward.   
 Although in principle, all the above six nondimensional parameters play roles in 
controlling the track deflection and continuity for cyclones crossing over a mesoscale 
mountain, LCHH found that the track continuity is controlled more by Vmax /Nh and R/Ly 
and the degree of deflection is controlled more by U/Nh for TCs over Taiwan  CMR.    
Figure 24 shows continuous and discontinuous tracks in the parameter space of (U/Nh, 
Vmax/fR, h/Lx, R/Ly) vs. Vmax/Nh, based on idealized simulations with a simple model 
performed in LCHH.   
 
5.2 Application of control parameters for track continuity and deflection to Bilis an 
Toraji 

Based on the numerical simulations of Bilis and Toraji, the dimensional flow parameters 
are estimated to be (Vmax, U, N, R) = (a) ( 1 60 −ms , 1 8 −ms , 1 01.0 −s , km 60 )  for Bilis; and 
(b) ( 1 50 −ms , 1 9.5 −ms , 1 01.0 −s , km 50 ) for Toraji.  The orographic parameters are 
assumed to be: (h, Lx, Ly) = (3 km, 80 km, 240 km) and 15108.5 −−= sxf .  Based on these 
dimensional parameters, we obtain: (Vmax/Nh, U/Nh, R/Ly, Vmax/fR) = (a) (2.0, 0.27, 0.25, 
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17.2) for Bilis; and (b) (1.67, 0.20, 0.21, 20.6) for Toraji.  The steepness of CMR is h/Lx 
= 0.0375.   
 Compared with the regime diagram of ( NhV /max , NhU / ) (see Fig. 24a) proposed by 

LCHH, clearly Bilis belongs to the regime of continuous track, while Toraji belongs to 
the regime of discontinuous track. Note the estimated vortex Froude number ( NhV /max ) 

is 1.67 for Toraji, which falls very close to the upper boundary of the critical zone of 
6.1/max =NhV .  In addition, the estimated Vmax/fR exceeds the parameter space laid out 

for idealized numerical simulations performed in LCHH.  This is due to the fact that as 
latent heating effects were not included in that study, simulated cyclone vortices were 
prescribed with relatively large radii of maximum wind (R), in order to ensure barotropic 
stability with the simulated vortex.  In general, the simulated results appear to be 
consistent with the theory proposed in LCHH.  As seen in the low-level vector wind field 
(Fig. 21c), the remnant of the low-level vortex of Toraji was blocked, dissipated, and a 
new one formed on the lee side.  For convenience, we have also denoted Bilis and Toraji 
by ? and ? in the parameter space of Fig. 24, based on estimated nondimensional  
control parameters.  In addition, based on the above estimated control parameters and the 
flow regimes proposed by LCHH, Bilis and Toraji will turn to north upstream (east) of 
CMR.  This is consistent with observations. 

6.  Summary 
 MM5 is used to simulate Supertyphoon Bilis (2000) and Typhoon Toraji (2001) and 
investigated the dynamics of track deflection caused by the CMR of Taiwan.  The MM5 
predicted the track of each storm reasonably well.  For Bilis, the center made landfall in 
southeast Taiwan and made a cyclonic track over the CMR, similar to that found in 
previous studies.  Bilis was stronger in strength and had a relatively faster forward 
motion. This helped to preserve the vertical integrity of the cyclone center as it crossed 
the CMR and to make the track continuous.  The use of a "bogus" vortex in the 
initialization process helped to produce a storm closer to the observed strength.  Bilis is a 
classic example of a typhoon crossing Taiwan with a continuous track.  
  For comparison, we also studied typhoon Toraji, a typical typhoon having a 
discontinuous track.  Toraji was weaker and had a relatively slower forward speed, which 
prevented the original low center from surviving the trip across the CMR, and forced 
more air parcels to go around the northern tip of CMR.  This produced a lee vortex and 
generated downslope winds north of the center and a secondary low center.  From the 
streamline and geopotential height analyses, one can clearly see a new low level center 
forming in northwest Taiwan even before the primary center made landfall.  PV banners 
on the north side of the CMR acted to organize the secondary low and the lee vortex.  
Over time, the low-level circulation extended into the upper levels, completing the 
formation of the secondary center.  Remnants of the initial upper-level center crossed 
over the CMR and were entrained into the secondary center. 
 The formation of the secondary low was examined for Toraji.  The first step in the 
low formation is from the adiabatic warming, which occurs in the lee of the CMR.  This 
warming produced an area of lower heights to the north of the original typhoon center 
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and west of the CMR.  For a weaker TC, such as Toraji, the pressure depression 
generated by the adiabatic warming can be of a magnitude similar to that of the primary 
center.  As the primary center impinges on the CMR, it is weakened, and the secondary 
low is allowed to take over.  For Toraji, the entrainment of PV banners from the north 
side of the CMR into the secondary circulation center appears to help make it the 
dominant center over time.  More research is needed to see if this process occurs in other 
typhoons.  In Bilis, the strength and forward speed prevented the formation of a 
significant secondary low. 
 Based on the numerical simulations of Bilis and Toraji, the nondimensional flow 
parameters are estimated to be: (Vmax/Nh, U/Nh, R/Ly, Vmax/fR) = (a) (2.0, 0.27, 0.25, 17.2) 
for Bilis; and (b) (1.67, 0.20, 0.21, 20.6) for Toraji.  The steepness of CMR is h/Lx = 
0.0375.  Compared with the regime diagram of ( NhV /max , NhU / ) proposed by LCHH, 

clearly Bilis belongs to the regime of continuous track, while Toraji belongs to the 
regime of discontinuous track. In general, the simulated results appear to be consistent 
with the theory proposed in LCHH.  In addition, based on the above estimated control 
parameters and the flow regimes proposed by LCHH, Bilis and Toraji will turn to north 
upstream (east) of CMR.  This is also consistent with observations.   
 For TCs approaching Taiwan from the southeast, LCHH proposed a conceptual 
model for continuous and discontinuous tracks which is shown in Fig. 25.  For a 
continuous track (Fig. 25a), the circulation remains vertically coupled at all levels.  Weak 
secondary lows may form in the lee of the CMR, but the primary circulation remains 
intact after crossing the CMR.  The kinetic energy associated with the original center is 
sufficiently high to allow the center to cross the CMR remaining intact.  For continuous 
tracks over the CMR, the blocking effect on the outer circulation of the vortex is weak 
and the vorticity advection around the northern tip is strong as a result of an intense TC.  
TCs with moderate intensity will tend to have a discontinuous track (Fig. 25b).  With 
these TCs, the blocking is moderate.  The original center weakens as it crosses the CMR 
while a new center forms in the lee of the CMR from adiabatic warming and PV 
advection.  Weak TCs tend to be totally blocked by the CMR (Fig. 25c).  The primary 
low weakens and dissipates as it impinges on the CMR.  A combination of adiabatic 
warming from downslope winds and the formation of vorticity filaments as the low-level 
flow is deflected around the north side of the CMR help to generate a stronger secondary 
low on the northwest slope of the CMR, which ultimately becomes the primary low 
center.  Bilis appears to be most similar to the schematic in Fig. 25a, while Toraji falls 
somewhere between Figs. 25b and 25c.  
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Fig. 1:  (a) Paths of selected typhoons that had a continuous track around Taiwan.  Also 
shown is the terrain of Taiwan, with contours every 1000 m. (b) Paths of selected weak 
typhoons that had a discontinuous track over Taiwan.  The original centers were blocked 
by the Central Mountain Range, replaced by secondary centers on the lee side. (Adapted 
from Wang 1980) 
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Fig. 2:  Track of Supertyphoon Bilis (2000) from the Joint Typhoon Warning Center 
(JTWC).  
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Fig. 3:  (a) Surface analysis, and (b) 500 mb geopotential height field for Supertyphoon 
Bilis at 8/22/00Z 2000. 
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Fig. 4:  Surface analysis for Bilis (2000) from the Central Weather Bureau (CWB). Times 
are indicated on the figures. 
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Fig. 5:  Track of Typhoon Toraji (2001) from the JTWC. 
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Fig. 6:  (a) Surface analysis, and (b) 500 mb geopotential height field by CWB for Toraji 
at 7/29/00Z 2001. 
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Fig. 7:  Surface analysis for Toraji (2001) from the CWB. Times are indicated on the 
maps. 
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Fig. 8:  (a) Domain configuration.  Domain 1 (D1) has 200x200 grid points with 21 km 
grid resolution, Domain 2 (D2) has 199x199 grid points with 7 km grid spacing, and 
Domain 3 (D3) has 265x244 grid points with 2.3 km grid spacing.  (b)  Terrain (contour 
interval 500m) used for domain D1.  Shaded areas are above 2000 m. 
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Fig. 9:  Observed track (TC symbols) and center tracks from the model simulations for 
Bilis.  The surface, 700 mb, 500 mb and 300 mb centers are denoted by stars, squares, 
circles and triangles, respectively.  Observed track is every 6 h; model tracks every 3 h.  
All of the tracks start at 8/22/06Z 2000. 
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Fig. 10:  East-west cross sections of horizontal wind speed (shaded) and PV (contours, 
PVU) through the primary storm center for Typhoon Bilis (2000) at (a) 12Z, (b) 15Z, and 
(c) 18Z 29 July 2000. Panels (d)-(f) are on the same cross sections, as in (a)-(c), 
respectively, but show the total water mixing ratio ( wq shaded, in 1 −kgg ), θ  (K, thin 

lines), freezing level (thick dashed line), and wind vectors for typhoon Bilis at (d) 12Z, (e) 
15Z, and (f) 18Z 22 August 2000. 
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Fig. 11:  Simulated sea level pressure and wind vectors for typhoon Bilis at surface (1st  
column), 700 mb (2nd column), and 300 mb (3rd column) for 8/22/14Z (1st row), 15Z (2nd 
row), 16Z (3rd row), and 17Z (4th row) 22 August 2000.   



 29

 
 
 
 Fig. 12: Same as Fig. 11 except for streamlines.     
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Fig. 13:  Simulated 850 mb height (contours), temperature (shaded, K), and wind vector 
field for typhoon Bilis at (a) 14Z, (b) 15Z, (c) 16Z, and (d) 17Z 22 August 2000. 
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Fig. 14: Simulated backwards trajectories starting from 8/22/17Z August 2000 for Bilis.  
The heights are σ= (a) 0.9, (b) 0.8, (c) 0.7, and (d) 0.6.  Narrower (wider) ribbon denotes 
air parcel at lower (higher) level. 
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Fig. 15: Simulated 850 mb geopotential height, PV, and vector wind fields for typhoon 
Bilis at (a) 14Z, (b) 15Z, (c) 16Z, and (d) 17Z 22 August 2000.  
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Fig. 16:  Observed track (TC symbols) and center tracks from the model simulations for 
Toraji.  The surface, 700 mb, 500 mb and 300 mb centers are denoted by stars, squares, 
circles and triangles, respectively. Observed track is every 6 h; model tracks every 3 
h;both start at 7/29/06Z 2001.  Outlined symbols indicate two centers co-existing 
simultaneously.    
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Fig. 17:  East-west cross sections through the primary (center and left panels) and 
secondary centers (right panels) of horizontal wind speed (shaded) and PV (contours, 
PVU) for Typhoon Toraji at  (a) 12Z, (b) 15Z, (c) 18Z, (d) 21Z 29 July and (e) 00Z 30 
July 2001.  Note that the secondary center at earlier time, (b)-(d), develops into the 
primary center at 7/30/00Z 2001 (e). 
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Figure 17.  (Cont).   
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Fig. 18:  Same as Fig. 17 except for total water mixing ratio (qw, shaded, in g kg-1), 
potential temperature (K, thin lines), freezing level (thick dashed line), and wind vectors. 
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Figure 18.  (Cont). 
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Fig. 19:  Simulated sea level pressure and wind vectors for typhoon Toraji at surface (1st  
column), 700 mb (2nd column), and 300 mb (3rd column) for 7/29/17Z (1st row), 19Z (2nd 
row), 21Z (3rd row), and 23Z (4th row) 2001.   
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Fig. 20:  Same as Fig. 19 except for streamlines.  
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Fig. 21:  850 mb height (contours), temperature (shaded, K), and wind vector fields for 
typhoon Toraji at  (a) 17Z, (b) 19Z, (c) 21Z, and (d) 23Z 29 July 2001. 
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Fig. 22:  Backward trajectories from 7/29/21Z 2001 for typhoon Toraji at σ=  (a) 0.9, (b) 
0.8, (c) 0.7, and (d) 0.6.  Thinner ribbons are lower; wider ribbons are higher. 
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Figure 23.  850 mb geopotential height, PV, and wind vectors at (a) 17Z, (b) 19Z, (c) 21Z, 
and (d) 23Z 29 July 2001. 
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Fig. 24: Continuous (triangles) and discontinuous (circles) tracks in the parameter 
spaces of (U/Nh, Vmax/fR, h/Lx, R/Ly) vs. Vmax/Nh, based on idealized simulations of 
Lin et al. (2005).  The proposed critical zone for cyclone track continuity is denoted 
by the gray-shaded block.  Bilis and Toraji are denoted as B and T, respectively, in 
the parameter spaces. 
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Fig. 25:  A conceptual model depicting three different responses of a westward 
propagating cyclone to orographic forcing by the CMR:  (a) weak blocking:  the cyclone 
is deflected slightly northward upstream of the CMR, and deflected back to the south 
after crossing the CMR, leading to a continuous track; (b) moderate blocking:  the 
cyclone is deflected northward upstream of the CMR, while a secondary vortex forms in 
the lee of the CMR due to adiabatic warming and vortex stretching of the outer 
circulation of the cyclone, leading to a discontinuous track; and (c) strong blocking:  
similar to (b) except the cyclone is deflected to the south and a secondary cyclone is 
developed at the northwest slope of the CMR. This leads to a discontinuous track.  The 
strength of the blocking by the CMR is dependent on the intensity and forward speed of 
the cyclone.  (Adapted from Lin et al. 2005) 


