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Abstract 1 

DOTSTAR, short for Dropwindsonde 
Observations for Typhoon Surveillance near the 
Taiwan Region, is an international research 
program conducted by meteorologists in Taiwan 
partnered with scientists at the Hurricane 
Research Division (HRD) and the National 
Centers for Environmental Prediction (NCEP) of 
the National Oceanic and Atmospheric 
Administration (NOAA).  The DOTSTAR 
research team launched their typhoon 
surveillance in 2003.  During 2004, 10 missions 
for 8 typhoons were conducted successfully with 
155 dropwindsondes deployed.  In this study, 
the impact of the dropwindsonde data on tropical 
cyclone track forecasts has been evaluated with 
five models (4 operational and 1 research). 

All models, except the Geophysical Fluid 
Dynamics Laboratory (GFDL) hurricane model, 
show positive impact the dropwindsonde data 
have on tropical cyclone track forecasts.  
During the first 72 h, the mean track error 
reductions in the NCEP Global Forecast System 
(GFS), the Navy Operational Global 
Atmospheric Prediction System (NOGAPS) of 
the Fleet Numerical Meteorology and 
Oceanography Center (FNMOC) and the 
Japanese Meteorological Agency (JMA) Global 
Spectral Model (GSM), are 14, 14, and 19%, 
respectively.  The track error reduction in the 
Weather Research and Forecasting (WRF) 
model, in which the initial conditions are directly 
interpolated from the operational GFS forecast, 
is 16%.  However, the mean track improvement 
in the GFDL model is a statistically insignificant 
3%.  The 72-h average track error reduction 
from the ensemble mean of the above three 
global models is 22%, which is consistent with 

                                                 
* Corresponding author address: Chun-Chieh, Wu, 
Dept. of Atmospheric Sciences, National Taiwan 
University, No. 1, Sec. 4, Roosevelt Rd., Taipei, 106, 
Taiwan. E-mail: cwu@typhoon.as.ntu.edu.tw 

the track forecast improvement in Atlantic 
tropical cyclones from surveillance missions.  In 
all, despite the limited number of DOTSTAR 
cases in 2004, the overall added value of the 
dropwindsonde data in improving typhoon track 
forecasts over the Northwestern Pacific is 
proven.   

 
1. Introduction 

Taiwan is severely affected by typhoons 
frequently, and the loss of life and property has 
been staggering.  Prompted by the National 
Science Council's (NSC) sense of social 
responsibility and its emphasis on typhoon 
research, atmospheric scientists in Taiwan in 
July, 2002, initiated an interagency research 
project on typhoons, the “National Priority 
Typhoon Research Project.”  One key part of 
this project involves a field experiment, 
Dropwindsonde Observations for Typhoon 
Surveillance near the Taiwan Region 
(DOTSTAR), marking the beginning of an era of 
tropical cyclones surveillance in the western 
North Pacific using GPS dropwindsondes.  An 
overview of DOTSTAR is provided in Wu et al. 
(2005), and targeted observing strategies are 
discussed in Wu et al. (2006a).  The detailed 
results of this work are also shown in Wu et al. 
(2006b). 

DOTSTAR is a collaboration between 
researchers from the National Taiwan University 
(NTU) and the Central Weather Bureau (CWB), 
in partnership with scientists at the Hurricane 
Research Division (HRD) and the National 
Centers for Environmental Prediction (NCEP), 
both part of the National Oceanic and 
Atmospheric Administration (NOAA), built upon 
work pioneered by HRD to improve tropical 
cyclone track forecasts (Aberson 2003; see 
more detailed review in section 2).  To make the 
maximum use of the DOTSTAR data, they are 
transmitted and assimilated in real time into the 
numerical models of CWB, NCEP, the U.S. 
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Navy’s Fleet Numerical Meteorology and 
Oceanography Center (FNMOC), and the 
Japanese Meteorological Agency (JMA). 

With the experience gained from the 
successful first two surveillance flights for 
Typhoons Dujuan and Melor in 2003 (Wu et al. 
2005), DOTSTAR conducted 10 more 
surveillance missions for Typhoons Nida, 
Conson, Mindulle, Megi, Aere, Meari, Nock-Ten, 
and Nanmadol in 2004 and released 155 
dropwindsondes.  The observation time, 
position and intensity of the observed tropical 
cyclones are summarized in Table 1, and the 
best tracks are shown in Fig. 1.  The impact of 
the dropwindsonde data obtained during 2004 
on global numerical models from three 
operational centers (NCEP, FNMOC, and JMA) 
is evaluated.  The impact on two other regional 
models, i.e. the GFDL hurricane model (Kurihara 
et al. 1998; Wu et al. 2000) and the Weather 
Research and Forecasting model (WRF, 
Skamarock et al. 2005), are also discussed.  
Note that the CWB global model is not used due 
to the problem with its tracking TCs. 

 

2. Background of NOAA Hurricane 
Surveillance 

In 1982, HRD began research flights to 
explore possible improvements to numerical 
tropical cyclone track forecasts that result from 
the assimilation of dropwindsonde observations 
made in the data-sparse TC environment.  
From 1982 to 1996, the crews of NOAA's WP-3D 
aircraft operated by the Aircraft Operations 
Center (AOC), made dropwindsonde 
observations in the environments of TCs for 19 
synoptic times.  The observations, coupled with 
the improved modeling and data assimilation, 
helped the Environmental Modeling Center 
(EMC) of NCEP to reduce track forecast errors 
significantly (Burpee et al. 1996; Tuleya and 
Lord 1997).  According to Burpee et al. (1996), 
the increase of observational data made 
statistically significant contributions to the 
operational numerical model forecasts 
(improvement by 16%-30% for 12-60-h 
forecasts).  Additionally, the data have been 
used in research, such as identifying beta gyres 
and their effects on TC motion (Franklin et al. 
1996). 

These encouraging results led to the 
development of a new generation of Global 
Positioning System (GPS) dropwindsondes and 
the purchase by NOAA of a Gulfstream-IV (G-IV) 
jet aircraft that flies higher and covers a larger 
area than a P-3, enabling data to be acquired 

throughout the troposphere and over a larger 
geographical area than previously available.  
Since 1997, the G-IV has made dropwindsonde 
observations when a TC threatens coastal areas 
of the U.S. in the Atlantic basin, Hawaii, or 
southern California.  Along with these 
enhancements, new satellite measurements and 
improved understanding of the atmosphere have 
resulted in further reduction in TC track error in 
the operational NOAA models. 

With the use of the GPS dropwindsondes, 
the accuracy of wind observations is greatly 
enhanced as compared to previous technology 
(Hock and Franklin 1999).  The first-year result 
with the G-IV surveillance in 1997 revealed that 
GPS dropwindsonde observations improved the 
Geophysical Fluid Dynamics Laboratory (GDFL) 
track and intensity forecasts by as much as 32% 
and 20%, respectively, in the period within 48 h 
of projected landfall (Aberson and Franklin 
1999). 

Recently, a strategy for identifying potential 
dropwindsonde release locations (targets) to 
optimize the likelihood that the additional 
observations would impact the global model TC 
track forecasts has been developed (Aberson 
2003).  This strategy employs estimates of 
initial condition uncertainty and potential error 
growth from the NCEP operational global 
ensemble forecasting system and ensures 
adequate sampling of the target regions.  
During 2003, thirteen missions were conducted.  
The dropwindsonde data improved the 24- and 
48-h NCEP global model track forecasts by an 
average of 18% to 32% through five days.  
Over the last three years, the missions have 
improved the critical 36 to 60-h global model 
track forecasts by more than 20%.  These 
forecast times are critical to issuing watches or 
warnings to alert the public to the threat of TCs.  
Some evidence suggests that the 
dropwindsondes produce larger forecast 
improvements for strong or rapidly intensifying 
storms (Aberson, personal communication 
2005). 

The improvements have increased year by 
year as the sampling technique has been refined 
and are approaching the values seen in Burpee 
et al. (1996).  The annual percentage 
improvements to the NCEP Global Forecast 
System (GFS) range from 10% to 30% for 5-day 
track forecasts (Aberson 2004). 

 

3. The Model Descriptions  
To evaluate the impact of dropwindsonde 



 
3

data on numerical forecasts, three global models 
[The NCEP GFS, the FNMOC NOGAPS, and 
the JMA GSM] and two regional models [NCEP 
GFDL hurricane model and WRF model] are 
used.  The data from the 10 DOTSTAR 
missions were assimilated into the global models 
in real time (the control runs, i.e., GFS-D, 
NOGAPS-D, and GSM-D 1 ).  The denial 
experiments (without the dropwindsonde data, 
i.e., GFS-N, NOGAPS-N, and GSM-N) are 
retrospective reruns. 

The two regional models (GFDL and WRF) 
were run with the initial and boundary conditions 
provided by the GFS-D for the control (i.e., 
GFDL-D and WRF-D), and by the GFS-N for the 
denial runs (GFDL-N and WRF-N). 

a.  NCEP GFS 
 The NCEP GFS (Surgi et al. 1998) is 

an operational global data assimilation and 
model system providing forecasts four times per 
day.  During 2004, the horizontal resolution was 
spectral triangular 254 (T254) with a Gaussian 
grid of 768 x 384, or roughly equivalent to 0.5 x 
0.5 degree latitude/longitude grid spacing; the 
vertical coordinate extends from the surface to 
about 2.7 hPa with 64 unequally spaced sigma 
levels on a Lorenz grid.  The NCEP Global Data 
Assimilation System (GDAS) is composed of a 
quality control algorithm, a vortex relocation 
procedure, an analysis procedure, and the 
NCEP GFS itself (Aberson, 2003). 

b.  FNMOC NOGAPS model 
NOGAPS (Hogan and Rosmond 1991) is a 

global forecast system with a spectral 
representation in the horizontal plane and a 
finite-difference approximation in the sigma 
vertical coordinate.  The operational NOGAPS 
has a resolution of T239 with 30 vertical levels.  
The model top extends to 1 hPa with higher 
resolutions concentrated near the surface and 
the top boundaries.  The data quality is 
controlled using the techniques described by 
Baker (1992).  The observations that typically 
go into the data assimilation system are 
described by Goerss and Phoebus (1992) and 
include all of the meteorological data available 
up to 9 h after the analysis time. 

The background used in the NOGAPS data 
analysis is typically the most recent 6-h forecast 
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reached JMA due to some technical problems in 
data transmission.  Therefore, only the five 
cases with the dropwindsonde data in GSM are 
examined. 

valid at the analysis time.  NOGAPS, like the 
GFS, uses a three-dimensional variational (3-D 
VAR) assimilation scheme on a Gaussian grid. 

c.  JMA GSM 
The JMA GSM has a horizontal resolution 

on a Gaussian grid of T213 with 40 sigma levels 
from the surface to 0.4 hPa. (The corresponding 
transform grids are spaced about 0.5625 degree 
in both longitude and latitude)  The JMA 
3D-VAR data assimilation system is run four 
times a day.  Typhoon bogus data are 
embedded in the first guess fields of surface 
pressure, temperature, and wind.  A more 
detailed description of the model can be found in 
JMA’s website 
(http://www.jma.go.jp/JMA_HP/jma/jma-eng/jma
-center/nwp/outline-nwp/index.htm). 

d.  GFDL hurricane model 
The GFDL hurricane model is a 

limited-area gridded model developed 
specifically for hurricane prediction.  It includes 
18 sigma levels and uses a horizontal 
finite-difference method with three nested grids.  
The two inner grids move to follow the storm, 
and the resolution of the inner domain is 1/6 
degree.  The GFDL hurricane model includes 
convective, radiative and boundary layer 
parameterizations and has a specialized method 
for initializing the storm circulation such that the 
storm circulation in the global analysis is 
replaced with the sum of an environmental flow 
and a vortex generating by nudging the fields in 
a separate run of the model to an idealized 
vortex based upon a few observed parameters, 
including the maximum wind, radius of maximum 
wind and outer wind radii.  The environmental 
flow is the global analysis modified by a filtering 
technique which removes the hurricane 
circulation.  A more detailed description of the 
GFDL hurricane model can be found in Kurihara 
et al. (1993, 1995, 1998). 

e.  WRF model 
The previous four models are all for 

operational use.  The WRF model is a 
next-generation mesocale numerical weather 
prediction system designed to cater to both 
operational forecasting and atmospheric 
research needs.  It features multiple dynamical 
cores, a 3D-VAR data assimilation system, and a 
software architecture allowing for computational 
parallelism and system extensibility (Skamarock 
et al. 2005).  A single mesh with 54 km 
horizontal resolution (161 x 121 grid points in 
East-West and North-South) and 31 sigma 
layers vertical resolution (from the surface to 10 
hPa) is used in this study. 
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4. Results 

a.  Data impact on analyses 
Figure 2a shows the difference between 

the control and denial GFS (GFS-D and GFS-N) 
925-250-hPa deep-layer mean (DLM) winds for 
Typhoon Meari at 1200 UTC 25 September, 
2004.  Major differences are seen at the 
dropwindsonde locations, with a maximum 
difference of about 4 m s-1 to the south of Meari 
where the 4th through 7th dropwindsondes were 
released.  On the other hand, the difference in 
DLM wind between the NOGAPS-D and 
NOGAPS-N (Fig. 2b) is smaller, with a maximum 
of about 1.5 m s-1 to the east of Meari, near the 
8th and 9th dropwindsondes.  Thus, the largest 
impact on the analysis is near the 
dropwindsonde locations in both models.  
However, the different data assimilation 
schemes in each model generate different 
impact patterns.  More detailed discussions of 
these differences are presented in Huang et al. 
(2006). 

 
b.  Impact of the dropwindsonde data on the 
typhoon track predictions in global models  
(1)  NCEP GFS 

The impact of the dropwindsonde data on 
NCEP GFS track forecasts for all ten DOTSTAR 
missions in 2004 are shown in Table 2.  The 
dropwindsonde data lead to mean track error 
reductions of up to 27% through 72 h, and an 
average improvement of 14%.  Due to the 
limited number of cases, only the improvements 
at 42 and 48 h are statistically significant at the 
90% confidence level (paired test with one-sided 
distribution, Larsen and Marx 1981). 

Of the 10 cases, the Typhoon Meari at 
1200 UTC 25 September, 2004 has the largest 
track forecast improvement, and the Typhoon 
Mindulle case at 1200 UTC 29 June, 2004 has 
the largest forecast degradation.  Figure 3 
shows the GFS track forecasts from both the 
control and denial runs for the Meari case.  
Both the control and denial runs over-predict 
westward motion during the first 12 h and has a 
southward bias through 24 h.  These biases 
lead to less interaction between Meari and an 
approaching mid-latitude trough, and thus the 
model cannot predict the recurvature of Meari 
near Okinawa.  Nevertheless, a greatly 
improved track forecast is provided by the 
control run as compared to the denial run.  The 
mechanics of this improved forecast is 
presented in Huang et al. (2006). 

For the Mindulle case, neither the control 
nor the denial run predict the sudden northward 
swerve of the storm at about 24 h (Fig. 4).  The 
control run has a more westward track than the 
denial run, substantially degrading the forecast.  
Further work is needed to investigate why the 
dropwindsonde data have a negative impact in 
this particular case. 
(2)  NOGAPS 

A similar comparison has also been done 
using NOGAPS (Table 2).  The average track 
errors of NOGAPS are generally much larger 
than those from the GFS.  The dropwindsonde 
data contribute to a modest improvement in 
NOGAPS track predictions, though only the 6-h 
forecast differences are statistically significant at 
the 90% confidence level. 
(3)  JMA GSM 

Due to some since-resolved technical 
problems in data transmission, the JMA only 
received the dropwindsonde data for the first five 
cases of 2004, and only these five cases are 
examined.  The dropwindsonde data have a 
substantial positive impact on the track forecasts 
through 72 h (Table 2), and the average 
improvement during the first 72 h is 19%.  Due 
to the limited number of cases, only the forecasts 
at 12, 18, 30 and 54 h are statistically significant 
at the 90% confidence level. 
(4)  The model ensemble mean 

The ensemble mean of various model 
forecasts (Burpee et al. 1996; Zhang and 
Krishnamurti 1997; Goerss 2000) is frequently 
used in track forecast and is also a very 
convenient reference for typhoon forecasters.  
The ensemble mean of the three global models 
is calculated both with and without the 
dropwindsonde data to assess their impact.  
The impact from the dropwindsonde data is 
larger in the ensemble mean than in each 
individual model, as reported in Burpee et al. 
(1996), and many of the forecasts are 
statistically significant at the 90 % confidence 
level. 

Figure 5 shows scatter diagrams and the 
(least square root) fit lines of all forecast errors 
(from 6 to 72 h) for both the control and denial 
experiments of the GFS, NOGAPS, GSM and 
the ENS (three-model ensemble), respectively.  
Most of the points, as well as the regression line, 
are located to the upper left of the diagonal line, 
indicating that the model forecasts with the 
dropwindsonde data generally have smaller 
errors than the denial runs, especially for points 
with large track errors.  In addition, Fig. 5d 
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clearly indicates a further enhancement of the 
positive impact by ENS with more points shifted 
to the upper-left side of the plot.  Further, the 
regression line for the ENS is shifted to the left of, 
and has a larger slope than, the lines from the 
constituent models. 

 
b.  Impact of the dropwindsonde data to the 
regional models 
(1)  GFDL hurricane model 

The impacts of the dropwindsonde data on 
the GFDL hurricane and WRF mesoscale 
models are shown in Table 2.  In the first 48 h, 
the impact of the dropwindsonde data on the 
GFDL hurricane model forecasts is generally 
negative, though none of the differences are 
significant.  The impact of the drowindsonde 
data becomes positive by 48 h, with a substantial 
improvement of 15-25 % thereafter; the 72-h 
improvement is statistically significant.  The 
average track error reduction in the GFDL 
hurricane model with the use of the 
dropwindsonde data is an insignificant 3%.  
Note that errors in GFDL models are smaller 
than the other models which could be one 
reason for forecast degradation. 

Like results in the GFS model, the 
dropwindsonde data has the most positive 
impact on the track prediction of Typhoon Meari 
(Fig. 6).  In the control run, the model forecasts 
the interaction of an approaching mid-latitude 
trough very well, and the recurvature point of 
Meari is very close to that indicated in the best 
track of JTWC, though the eastward translational 
speed is slightly underestimated afterwards.  
The track error is reduced to a large extent due 
to the assimilation of the dropwindsonde data, 
and the GFDL hurricane model provides the best 
Meari forecast among all models used in this 
study. 

On the other hand, Typhoon Megi is the 
case in which the dropwindsonde data has the 
largest negative impact on the GFDL model (Fig. 
7).  The track from the control run predicts too 
much eastward motion, thus leading to a track 
error of about 200 km at 48 h.  To understand 
why the dropwindsonde data generally degrades 
the GFDL model forecasts, the DLM wind from 
the dropwindsonde data and the GFDL-N and 
GFDL-D DLM wind analysis are compared (Figs. 
8a, b).  The DLM wind difference between the 
dropsindsondes and the control run is very small, 
but the maximum DLM wind difference between 
dropwindsonde soundings and the model 
analysis interpolated to the sounding locations is 
to the east of Megi (14.8 and 14.2 m s-1 for 

GFDL-N and GFDL-D, respectively).  The root 
mean square error (RMSE) of the DLM wind 
different among the 16 soundings is 6.7 (6.8) m 
s-1 for GFDL-N (GFDL-D).  A similar 
comparison is also performed with the GFS (Figs. 
8c, d).  The maximum and the RMSE DLM wind 
difference in GFS-D is much smaller than that in 
GFS-N (the maximum RMSE DLM difference is 
4.7 (2.0) m s-1 in GFS-D and 11.3 (5.4) m s-1 in 
GFS-N).  

This indicates that the dropwindsonde 
information does not seem to be affecting the 
initial condition of the GFDL hurricane model, 
thus lessening any forecast impact.  This result 
appears consistent with the recent hurricane 
surveillance program in the western Atlantic 
conducted by NOAA (Aberson 2003; Aberson 
and Etherton 2006).  An optimal way of 
appropriately combining the dropwindsonde data 
with the GFDL vortex is needed in order to 
improve the impact of the dropwindsonde data, 
such as the method suggested in Chou and Wu. 
(2006).  
(2)  WRF model 

The impact of the dropwindsonde data on 
the WRF model is shown in Table 2.  The 
dropwindsonde data reduce the track error 
modestly within the first 72 h, and this result is 
similar to that of the GFS (Table 2).  This 
consistent result is not surprising since the initial 
and boundary conditions are directly interpolated 
from the forecast of the appropriate GFS run.  
Moreover, as a second set of runs in WRF, the 
dropwindsonde data are also assimilated directly 
into the WRF model using its 3D-VAR system 
(Baker et al. 2004), and the overall impact is 
roughly the same (not shown).  A detailed 
investigation on how different data assimilation 
schemes affect the impact of data in mesoscale 
models (MM5 and WRF) is presented in Huang 
et al. (2006). 

 
5. Conclusions 

Since 2003, DOTSTAR has successfully 
made routine surveillance observations for 
tropical cyclones within range of the Astra jet 
over the western North Pacific.  Throughout 
2005, DOTSTAR has successfully completed 19 
missions in 15 typhoons and deployed 313 
dropwindsondes.  Similar runs for the cases 
during the 2005 season have not yet been 
completed.  Five models (4 operational and 1 
research models) were used to evaluate the 
impact of dropwindsonde data on TC track 
forecasts during 2004.  All models, except the 
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GFDL hurricane model, show positive impact 
from the dropwindsonde data on tropical cyclone 
track forecasts.  In the first 72 h, the mean track 
error reductions in three operational global 
models, NCEP GFS, NOGAPS and JMA GSM, 
are about 14, 14, and 19%, respectively, and the 
mean track error reduction of the ensemble of 
the three global models is 22%.  The track error 
reduction in the Weather Research and 
Forecasting (WRF) model in which the initial 
conditions are directly interpolated from the 
operational GFS analysis is 16%.  Only very 
little mean track improvement (3%) is shown in 
the GFDL model, probably because the 
dropwindsonde data information is affected by 
the model’s vortex initialization scheme. 

Further research on the impact of 
dropwindsonde data on numerical models, and 
on optimal deployment strategies for the data, is 
ongoing.  A new method of identifying sensitive 
areas to target observations for tropical cyclone 
prediction based on the adjoint model has been 
proposed (Wu et al. 2006).  Moreover, a 
detailed physical examination of targeted 
dropwindsonde and of data assimilation 
schemes for the Meari and Conson cases is 
ongoing (Huang et al. 2006).  In addition, the 
optimal combination of dropwindsonde data and 
bogus vortices in the model initializations is also 
proposed (Chou and Wu 2006). 

DOTSTAR surveillance missions are 
planned through 2008 and are being coordinated 
with the THORPEX Pacific Area Regional 
Campaign in 2008 (Thorpe and Shapiro, 
personal communication 2005).  As the 
DOTSTAR research team continues to gather 
important data and gain valuable experience, 
future typhoon observations will reach full 
maturity, enabling significant progress in both 
academic research and typhoon forecasting.  It 
is hoped that DOTSTAR will shed light on 
typhoon dynamics, enhance typhoon track 
forecast accuracy, place Taiwan at the forefront 
of international typhoon research, and make a 
significant contribution to the study of typhoons 
in the northwestern Pacific and East Asia region. 
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Table 1.  DOTSTAR synoptic surveillance missions conducted in 2004.  The initial position and 
intensity are from the JTWC best-track, and the intensity is indicated as TY for typhoon or TS for 
tropical storm. The model evaluation column lists the model used for assessing the impact of the 
dropwindsonde observations on the numerical forecasts.  A is the NCEP GFS, N is NOGAPS, J is 
JMA, G is GFDL, and W is WRF model. 

 

Table 2.  Track forecast verification from all models through 72 h.  Forecast times in which the 
forecast error differences are statistically significant at the 90% confidence level are shown in bold.  
The “Improvement” indicates the difference (in both km and %) between the control and the denial run, 
with positive (negative) values representing improved (degraded) track forecasts with the assimilation 
of the dropwindsonde data. 
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Fig. 1.  Locations of the 10 missions conducted in 2004, and the tracks (every 24 h) of the typhoons in 
which missions were conducted.   The number within the square represents the mission. 
 

 

Fig. 2.  The deep-layer-mean (925-250-hPa) wind (shaded) and asymmetric wind (vector) differences 
between analyses with and without assimilation of the dropwindsonde data in (a) NCEP GFS and (b) 
FNMOC NOGAPS.  The black dots indicate the location and order of the dropwindsonde data being 
assimilated. 
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Fig. 3.  The JTWC best track (typhoon symbols), the GFS-N (circles) and GFS-D (dots) forecast 

tracks of Typhoon Meari initialized at 1200 UTC 25 September, 2004.  Track errors are shown in the 

bottom of the figure.  TKE is the track error (km) and IMP is the track error improvement (km and %). 

 

 
Fig. 4.  As in Fig. 3, but for Typhoon Mindulle initialized at 1200 UTC 29 June, 2004. 
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Fig. 5.  Scatter plots of model track forecast errors with and without dropwindsonde data during the 

first 72 h, every 6 h.  (a) GFS, (b) NOGAPS, (c) GSM and (d) global model ensemble mean forecasts.  

The regression line and equation are shown.  NP is the number of the points in each figure. 

 

Fig. 6.  As in Fig. 3, but for GFDL and Typhoon Meari initialized at 1200 UTC 25 September, 2004. 
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Fig. 7.  As in Fig. 3, but for Typhoon Megi initialized at 1200 UTC 16 August, 2004.  

 

Fig. 8.  The deep-layer-mean (925-250-hPa) wind comparison of the sounding from dropwindsonde 

(green wind barb) and the model analysis (black wind barb, interpolated to the location of the 

sounding): (a) GFDL-N, (b) GFDL-D, (c) GSM-N and (d) GFDL-D.  The dot point means the location 

where the biggest DLM difference appears.  The values draw on the upper left corner show the value 

of the maximum DLM difference and the root mean square error (RMSE) among all dropwindsondes. 


