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Abstract 

Regional climate models can successfully simulate tropical cyclones and typhoons. 

This has been shown and was evaluated for hindcast studies of the past decades. 

But often global and regional weather phenomena are not simulated at the observed 

location or occur too often or seldom even though the regional model is driven by 

global reanalysis data which constitute a near-realistic state of the global 

atmosphere. Therefore, several techniques were developed to make the regional 

model follow the global state more closely. One is spectral nudging, which is applied 

for horizontal wind components with increasing strength for higher model levels in 

this study. 

 

The aim of this study is to show the influence this method has on the formation of 

tropical cyclones (TC) in regional climate models. Two ensemble simulations (each 

with five simulations) were computed for SE Asia and the Northwestern Pacific for 

the typhoon season 2004, one with spectral nudging and one without. First of all, 

spectral nudging reduced the overall TC number by about a factor of two. But the 

number of tracks which are similar to observed best track data (BTD) was highly 

increased. Also, spatial track density patterns were found to be more similar when 

using spectral nudging. The tracks merge after a short time for the spectral nudging 

simulations and then follow the BTD closely; for the no nudge cases the similarity is 

largely reduced. A comparison of seasonal precipitation, geopotential height, and 

temperature fields at several height levels with observations and reanalysis data 

showed overall a smaller ensemble spread, higher pattern correlations and reduced 

root mean square errors and biases for the spectral nudged simulations. Vertical 
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temperature profiles for selected TCs indicate that spectral nudging is not inhibiting 

TC development at higher levels. Both the Madden-Julian-Oscillation and monsoonal 

precipitation are reproduced realistically by the regional model, with results slightly 

closer to reanalysis data for the spectral nudged simulations. Based on this RCM 

hindcast study of a single typhoon season spectral nudging seems to be favorable 

since it has mostly positive effects on typhoon formation, location, and general 

circulation patterns in the generation areas of TCs. 
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1. Introduction 

Homogeneous long-term climate data is essential for the assessment of changes in 

extreme events like typhoons, which are known to be associated with heavy 

precipitation and wind speeds. Such data is provided by global reanalyses, which 

often are too coarse to depict regional phenomena realistically. One way to achieve 

more regional detail is the dynamical regionalization using a regional climate model 

(RCM). Many RCM studies simulating tropical cyclones (TC) were conducted (see 

e.g. Cha et al., 2011,  Kanamitsu et al., 2010, Feser and von Storch, 2008b, 

Camargo et al., 2007, Knutson et al., 2007, Walsh and Watterson, 1997), showing 

the ability of RCMs in reconstructing TC numbers, tracks, or intensities. Also many 

RCM studies exist for SE Asia (among others Zhong, 2006, Kang et al., 2005, Lee et 

al., 2004, Suh and Lee, 2004). But it was also shown that RCMs may deteriorate the 

large spatial scales when large-scale forcing is only supplied from global climate 

model data via the lateral boundaries (von Storch et al., 2000, Miguez-Macho et al., 

2004, Waldron et al., 1996). Therefore, many RCM simulations nowadays use a 

spectral nudging technique which prevents the RCM to alter the global spatial scales 

too much in comparison to the input data (e.g. Kanamitsu et al., 2010, Knutson et al., 

2007, Castro et al., 2005). Spectral nudging has also been applied successfully to 

RCM studies for SE Asia (Cha et al., 2011, Song et al., 2011, Yhang and Hong, 

2011, Tang et al., 2010, Cha and Lee, 2009, Feser and von Storch, 2008a; 2008b).  

 

What remains to be shown is the effect spectral nudging has on typhoon formation 

and associated large-scale circulation patterns. Some sensitivity experiments for a 

single typhoon case were shown in Feser and von Storch (2008a), but this case 
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study can not give answers for longer time periods. Additionally the impact of spectral 

nudging on meteorological fields both in the vicinity of TC generation and a larger-

scale circulation is of particular interest. For this article, in addition to typhoon 

numbers and tracks, also large-scale circulation patterns and vertical atmospheric 

profiles were analysed in order to identify the effect on the middle and upper 

troposphere. Therefore, we simulated the typhoon season 2004 for several 

realizations both with and without spectral nudging and compared them to satellite 

data as well as to different reanalyses.  

 

2. Model, Data, and Methods 

The regional climate model used for this study is the COSMO-CLM (CCLM, 

www.clm-community.eu; Rockel et al., 2008; Steppeler et al., 2003). Since 2005 it is 

the community model of the German climate research. So far this non-hydrostatic 

RCM has been used for simulations on terms of up to several hundred years with 

spatial resolutions between 1 and 60 km. In this study, 0.5 degrees (~55 km) were 

selected, which corresponds to about 55 km. The model was run using the global 

NCEP-NCAR reanalyses I (Kalnay et al., 1996; Kistler et al, 2001, hereafter called 

NCEP, at a horizontal resolution of T62 (~210 km)) as boundary and initial 

conditions.  

 

In CCLM, spectral nudging after von Storch et al. (2000) is implemented. Practically, 

the regional model solution is altered after the model computed a time step by adding 

an additional spectral nudging term. For this purpose, the regional model solution is 

transferred into spectral space via a Fourier transformation and the large spatial 

scales are selected by their wave numbers; the same is done for the global 
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reanalysis input data. Then the nudging term is determined, it depends on the 

difference for large spatial scales between the regional and global result. This term 

can be positive or negative and ‘nudges’ the regional model solution so that it 

becomes more similar to the large-scale input field. The nudging term is then added 

to the RCM result and the whole solution is transferred back to physical space. In this 

analysis the spectral nudging terms were added every third time step. The results are 

comparable to those when spectral nudging is used at every time step, but less 

computation time is needed. The regional spatial scales are left unchanged; the 

nudging is adopted only for large spatial scales and for higher model layers (above 

850 hPa and with increasing strength towards higher levels as in Fig. 3 of von Storch 

et al., 2000) so that the regional processes close to the surface are not disturbed. In 

this study, the spectral nudging was applied only for the horizontal wind components. 

The wave numbers chosen for nudging were i=12 and j =9 which correspond to 

spatial scales of about 500 to 660 km; all weather phenomena larger than this were 

nudged. Standard parameterizations were selected and the Tiedtke convection 

scheme (Tiedtke, 1989) was used. The CCLM uses the SST from the NCEP 

reanalyses after interpolation to the high-resolution grid. 

 

10 regional ensemble simulations were computed, 5 with (SN) and 5 without (NN) 

nudging. The only difference between the simulations is their starting date 

(consecutive days at the begin of March 2004, see Table 1). The model domain is 

presented in Figure 1. It was chosen to include the main typhoon generation regions 

in the North-Western Pacific. Therefore, TCs should mainly develop inside of the 

model domain and not enter the domain via its lateral boundaries. Due to the large 

domain, the internal model variability should be large as well (Alexandru et al., 2007). 
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It describes the model's ability to generate several possible atmospheric states for 

the same lateral boundary conditions. Spectral nudging reduces this internal model 

variability (Weisse and Feser, 2003) and thus leads to less differences between 

individual ensemble members and a smaller ensemble spread. The period analysed 

in this article is April-December 2004 which was quite an active typhoon season with 

29 typhoons observed in the Western North Pacific. 

 

To assess the distance between typhoons, both for simulated RCM and reference 

best track data (BTD) tracks, a great circle distance was computed with relaxed 

conditions. Both tracks had to be nearer than 500 km or less at least for 10% of the 

longest track's length (defined as 'overlapping'). If several CCLM tracks 

corresponded to the same BTD track, then only one track was counted to be 

overlapping. As a reference, BTD from the Japan Meteorological Agency (JMA) were 

used, as a former study of the authors (Barcikowska et al., 2011) proved their 

suitability in comparison to other BTD. For evaluation purposes observations and 

reanalysis data were used: TRMM satellite precipitation data (horizontal resolution 

0.25˚ (~28 km)); ERA-Interim (Dee et al., 2011, horizontal resolution T255 (~80 km) 

and NCEP CFSR reanalysis data (Saha et al., 2010, horizontal resolution 0.5˚ (~55 

km)). 

 

A simple tracking algorithm (Feser and von Storch, 2008a) was applied to track TCs, 

searching for minimum sea level pressure and maximum wind speed in a distance 

around the track. To reduce small-scale noise and to extract weather patterns which 

have the size of typhoons, a digital band pass filter (Feser and von Storch, 2005) was 

applied to sea level pressure (SLP). The tracking criteria, which were the same for all 
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simulations, included that the minimum pressure had to be at least once below 995.5 

hPa, and below -6.5 hPa for filtered SLP, and the maximum wind speed had to 

exceed 18 m/s. The tracking algorithm is calibrated to find tracks associated with 

typhoons, so that the result is comparable to BTD. But of course the tracking is, like 

other tracking algorithms, highly subjective and returns more or less track numbers 

dependent on how relaxed or strict the settings are chosen. 

 

3. Results 

First, the analysis will concentrate on the climatology of the simulated typhoon 

season. Large-scale precipitation fields, vertical temperature anomalies and the 

Madden-Julian oscillation (MJO) were analysed. Figure 2 shows hourly averaged 

summer precipitation for 2004. The CFSR analysis depicts the equatorial western 

Pacific monsoon and the Indian monsoon over the Bay of Bengal. The East Asia 

monsoon is visible for Southern China, Japan, and Korea, but slightly weaker. The 

RCM simulations generally show similar patterns, though the CCLM-NN ensemble 

mean has increased precipitation over the equatorial Pacific and at the West coast of 

the Philippines. This is reduced by applying spectral nudging; also the precipitation 

along the coast of Myanmar and over the Bay of Bengal is increased and becomes 

closer to the reanalysis. 

 

The MJO is presented in Figure 3 by zonal wind speed at a height of 200 hPa for 

summer 2004. Shown are again the CFSR reanalyses, CCLM-NN, and CCLM-SN as 

ensemble mean are compared. In the beginning of July a well-defined easterly 

propagating disturbance of westerly winds is visible in the reanalysis. This is a phase 

of strong and fast propagating MJO. It is also detectable in both regional model 
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ensemble means. Anyhow, it is weaker for the NN case and for SN the strength is 

much closer to CFSR. 

 

After the evaluation of the RCM climatology the regional simulation of typhoons is 

now brought into focus. The total track number and the number of tracks which 

match JMA best tracks for each RCM simulation is given in Table 1. Thereby it is 

obvious that spectral nudging leads to overall smaller track numbers, without nudging 

most simulations show twice as many tracks. We would like to point out that the 

number of tracks is a result of the tracking algorithm settings, for stricter settings 

track numbers found in all simulations would be reduced. Therefore, we do not draw 

any conclusions from the track numbers. But, even though the number of tracks 

found for the NN cases are quite high, they do not fulfil the great circle distance 

criteria compared to BTD as often as the SN simulations. In fact, for most simulations 

the NN ensemble shows only half or less of the overlapping tracks found for the SN 

ensemble.  

 

Spatial track densities were computed and compared to the one of the JMA BTD 

(Table 1, last column). Pattern correlations between individual runs and BTD reveal 

slightly higher values (about 8%) for the spectral nudging ensemble. Figure 4 shows 

cumulated TC numbers for BTD and CCLM runs for each grid point, normalized by 

their mean spatial density fields. Overall the spatial density pattern of the SN 

ensemble mean is closer to BTD than the NN ensemble which shows a more 

outspread pattern. The individual CCLM ensemble members are shown as white 

contour lines for the value 3 on top of the shaded ensemble means. A higher 
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ensemble similarity occurs for the SN ensemble, the contour lines are close to each 

other. This is in contrast to the NN simulations which show a larger variability. 

 

For typhoons found in at least 4 ensemble members for both ensembles the track 

patterns are presented in Figure 5. Three typhoons were found in all SN ensemble 

members and in 4 NN ensemble members. The SN tracks merge after a short while 

and then follow the observed track closely. The NN tracks do not converge and show 

quite differing paths which are for most cases far from the observed track. A more 

systematic picture for all typhoons of the 2004 typhoon season is given by Figure 6. It 

shows the difference (km) of simulated TC track points compared to BTD for CCLM-

NN (left) and CCLM-SN (right). The size of the circles reflects the numbers of track 

point which were classified into distance intervals of 100 km. The colours are 

different for each CCLM ensemble member. Three typhoons were not tracked in any 

of the RCM simulations. Five typhoons were only found for SN, two only for the NN 

runs. The figure shows a widely spread distribution for the NN differences, extending 

between 0-100 and 700-800 km. For the SN runs the numbers of tracks which fit the 

overlapping criteria with the BTD tracks defined before are much higher (bigger 

circles). The track differences converge towards smaller distance intervals of 100 and 

200 km and become less frequent towards larger distance intervals. This pattern 

suggests that the tracks shown in Figure 5 are representative for all simulated 

typhoons in the typhoon season 2004. 

 

To evaluate the quality of the regional simulations seasonal atmospheric fields were 

compared to observational data. Before, the RCM fields were interpolated to the 

reference grids. Table 2 shows comparison results between ERA-Interim or TRMM 
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and CCLM data for summer temperature at a height of 2 meters and for seasonal 

(JJA) precipitation sums. For temperature, all simulated fields are very close to the 

reanalyses, the only difference between both ensembles is a smaller bias ensemble 

spread and root mean square error (rmse) ensemble spread for the SN ensemble. 

The precipitation fields show much larger biases and rmse, the values for SN are 

systematically smaller than for the NN runs, also the pattern correlations (PCs) are 

increased. Comparisons for temperature and geopotential height at 200 and 850 hPa 

between the ensemble members and CFSR reanalyses are given in Tables 3 and 4. 

Thereby larger similarities were found for higher atmospheric layers. Again, the SN 

runs show a smaller ensemble spread and higher PCs, and for most parts smaller 

biases and rmse. This means that if only one regional simulation is feasible, in 

general a SN realisation will be closer to the reference data (note that this is the high-

resolution NCEP CFSR, not the coarse NCEP I which was used as input for the RCM 

simulations) than a NN simulation. 

 

To understand the effect spectral nudging has both on surface and higher 

atmospheric layers vertical temperature anomalies profiles for the most intense 

phase of typhoon Tingting are presented in Figure 7. The plots show vertical 

temperature anomalies averaged over the radial distance from the TC centre. 

Thereby the most intense phase was chosen as the phase with maximum TC wind 

speed (plus and minus one day) along Tingting’s track for each simulation, this 

means that often different dates were taken. This was done in order to extract the 

most intense typhoon period, not accounting for a possible faster or slower typhoon 

development or a small displacement in the individual realizations. The CFSR 

reanalysis shows the warm core and relatively colder adjacent areas around it. For 
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the regional simulations the ensemble mean was plotted as shaded colours with 

isolines for each ensemble member on top of it. The typhoon was found in 4 

ensemble members of CCLM-SN, but in only 2 members of CCLM-NN. Even for 

these two members larger differences are visible, but the ensemble mean is still quite 

similar to CFSR. As can be seen, spectral nudging decreases the ensemble spread 

also in this case, the isolines of the 4 ensemble members are very close to each 

other. The RCM simulations show temperature anomalies that extend down to the 

surface in contrast to the CFSR reanalysis. This is even more obvious for the SN 

cases. The temperature anomalies are even a little more extreme for SN than for NN. 

This indicates that SN does not inhibit typhoon development in this case study. A 

comparable result was found for typhoons Songda and Megi, while for Namtheun the 

NN members showed slightly stronger anomalies (also stronger than CFSR, not 

shown).  

 

Horizontal wind fields for typhoon Songda are presented in Figure 8. The left panel 

shows the CFSR reanalysis with a well-developed typhoon including an eye and the 

eye wall. The middle and right part of the figure depict the RCM results for the NN 

and SN ensemble, respectively. The underlying shaded pattern is the first ensemble 

member, while the other members are given as contour lines of 10 (solid lines) and 

18 m/s (dotted lines). The intention to choose the first ensemble members nos. 10 

and 20 as shaded patterns, no matter which quality they would have, was that 

normally when running an RCM simulation there would be no ensemble, but only a 

single run. Therefore there would not be a chance to choose e.g. the best-fitting 

simulation. For the SN cases, the contour lines are close to each other and resemble 

the underlying pattern which reflects the large similarity between all SN simulations. 

12 



In comparison to the reanalysis the typhoon location is quite similar, wind speed is 

weaker, but an eye and eye wall evolve. Cha et al. (2011) recently showed that 

spectral nudging can reduce typhoon intensities due to disturbing the TC 

development process especially at higher model levels, since spectral nudging is 

normally applied here with more strength than for lower levels. This effect may also 

take place here, leading to reduced typhoon near-surface wind speeds for the 

typhoon intensification phase. For the peak phase SN shows higher wind speeds 

than the NN simulations (not shown). 

 

The NN runs show very differing patterns. Even though some intense typhoons were 

simulated they are all located at different places and none of them resembles the 

reanalysis. This is also shown by the contour lines which are distributed over the 

whole area. The same can be seen for precipitation fields of typhoon Ma-on, given in 

Figure 9. While the SN ensemble shows again a small ensemble spread and large 

similarity to the reanalysis (though shifted slightly to the South), the NN runs are very 

different and most of them are not close to the CFSR reanalysis. There is one 

simulation (shown as contour lines) which shows high precipitation values 

comparable to CFSR, shifted to the southwest, but the other ones do not show any 

high precipitation. When running a long simulation without nudging the chance would 

be small to pick the simulation which would be nearest to observations. This is in 

accordance with earlier results of Weisse and Feser (2003) and Alexandru et al. 

(2009) which showed that the internal RCM variability is reduced by applying spectral 

nudging. 
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4. Summary and Conclusions 

This article examined the effect of spectral nudging on TC development in RCMs.  

Ensemble studies were computed using either spectral nudging or a standard forcing 

via the lateral RCM boundaries. The greatest impact was found for the number, 

location and path of TCs. Spectral nudging decreases the total TC number, but in 

contrast the similarity of the remaining TC tracks with BTD is enhanced. This also 

leads to larger pattern correlations with BTD for TC spatial densities and associated 

atmospheric patterns. The tracks of the spectral nudged simulations converge shortly 

after their appearance and then stay close to the BTD paths, this is in contrast to the 

non-nudged simulations which show large deviations. For most SN ensemble 

members a higher pattern correlation and a reduced bias and root-mean-square error 

was found for precipitation, near-surface temperature, and for both temperature and 

geopotential height at higher levels. The ensemble spread is reduced for the spectral 

nudging cases. A comparison of vertical temperature profiles for several typhoons did 

not show large differences between the two ensembles, indicating that SN did not 

inhibit the vertical TC development for these cases. But these were only selected 

case studies and this should be studied in more detail since Cha et al. (2011) 

reported reduced TC intensities and disturbed TC intensification processes caused 

by SN. Large-scale circulation patterns like monsoonal precipitation or the Madden-

Julian oscillation were not disturbed, but became slightly closer to high-resolution 

reanalysis data for the SN runs. 

 

The added value of regional climate modelling and the use of spectral nudging 

depend strongly on the type of application (Feser et al., 2011). For hindcasts that aim 

at a description of the past atmospheric state it is desirable to reconstruct TCs and 
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the according circulation patterns as realistic as possible. Simulated TCs will on 

average be closer to observations or high-resolution reanalysis data when using 

spectral nudging. Since spectral nudging mainly improves the location of TCs this 

leads to larger similarities for typhoon tracks and related atmospheric patterns in 

comparison to observations. Also general circulation patterns become closer to 

observations or to high-resolution reanalyses, not just for higher model levels but in 

addition close to the surface. For TC sensitivity studies that deal with analysing TC 

intensification processes spectral nudging may not be suitable. Thus, we recommend 

the application of spectral nudging for hindcast studies that should stay close to 

observed values, like e.g. the generation of multi-decadal, regional, and 

homogeneous data sets that may be used for statistical analysis of changes in storm 

climate. 
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Figure Captions List 

 

Figure 1 Model domain and surface elevation (m) of the RCM ensemble simulations 

for Southeast Asia and the Northwestern Pacific. The grid distance is 0.5 x 0.5 

degrees which corresponds to about 55 x 55 km. 

 

Figure 2 Total hourly averaged precipitation [mm] for JJA 2004 for NCEP CFSR 

(left), CCLM-NN ensemble mean (middle) and CCLM-SN ensemble mean (right). 

 

Figure 3 Hovmöller diagram of the Madden-Julian oscillation represented by zonal 

wind speed [m/s] at a height of 200hPa for JJA 2004, averaged from 5ºS to the 

equator. Shown are NCEP CFSR (left) as well as CCLM-NN (middle) and CCLM-SN 

(right) ensemble means. 

 

Figure 4 TC spatial densities (TC occurrence per year and grid point; normalized by 

the mean spatial density fields) for BTD, CCLM-NN, and CCLM-SN. For CCLM the 

ensemble mean is shown is shaded, the individual simulations are shown as white 

contour lines for the value 3. 

 

Figure 5 Tracks of Typhoon Namtheun 200410 (left), Songda, 200418 (middle), and 

Ma-on 200422 (right), as given by best track data of JMA (black), RCM simulations 

with (red) and without (blue) spectral nudging. 

 

Figure 6 Difference of simulated TCs compared to BTD for the year 2004 for CCLM-

NN (left) and CCLM-SN (right). The y-axis shows the individual TC IDs, those TCs 
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which were not tracked in either NN or SN simulations were omitted (3, 11, 26). The 

size of the circles on the x-axis gives the number of track points classified into 

distance intervals of 100 km. The different colours depict the individual CCLM 

ensemble members. 

 

Figure 7 Vertical temperature anomalies [K] averaged over the radial distance [km] 

from the TC center for typhoon Tingting at its stage with maximum near-surface wind 

speed plus and minus one day for NCEP CFSR (left), and each of the CCLM-NN 

(middle) and CCLM-SN (right) simulations. Shown are isolines for plus and minus 1 

K. For CCLM the shaded areas show the ensemble mean and isolines are depicted 

for all ensemble members which included the typhoon at that time in a circular 

distance to JMA BTD of no more than 550 km (2 members for CCLM-NN and 4 for 

CCLM-SN). 

 

Figure 8 Horizontal 10m wind speed fields (m/s) for typhoon Songda (200418), on 

September 1st 2004, 0:00. From left: CFSR reanalysis, CCLM-NN, CCLM-SN. For 

CCLM the first simulation (simulation nos. 10 and 20) of each ensemble is shaded, 

the other simulations are shown as contour lines: 10 m/s as solid lines, 18 m/s as 

dotted lines. 

 

Figure 9 Precipitation (daily sum, mm) for typhoon Ma-on (200422) on October 8, 

2004, close to Japan. From left: CFSR reanalysis, CCLM-NN, CCLM-SN. For CCLM 

the first simulation (simulation nos. 10 and 20) of each ensemble is shaded, the other 

simulations are shown as contour lines: 40 mm as solid lines, 120 mm as dotted 

lines. 

23 



Tables 

 

Table 1  

The table shows the regional climate simulation ID, if spectral nudging was used, the 

simulation start date, the total track number and the number of tracks which match 

JMA best tracks. The last column shows the spatial pattern correlation between 

spatial track densities of the individual CCLM simulations and the JMA BTD. The 

simulations were all started at 12:00 a.m., the only difference between simulations 

10-14 (without spectral nudging) and between runs 20-24 (with spectral nudging) is 

the starting date.  

Simulation ID Spectral Nudging Start Date Total Track Number Overlapping Tracks PC SPD 
 

10 No 03/01/2004 66 12 0.50 
11 No 03/02/2004 65 10 0.59 
12 No 03/03/2004 65 9 0.61 
13 No 03/04/2004 64 7 0.55 
14 No 03/05/2004 62 10 0.57 

 
20 Yes 03/01/2004 40 21 0.67 
21 Yes 03/02/2004 31 20 0.61 
22 Yes 03/03/2004 31 22 0.64 
23 Yes 03/04/2004 29 19 0.66 
24 Yes 03/05/2004 28 20 0.64 
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Table 2 

Comparison to observation data: Seasonal (JJA) summed precipitation of RCM 

compared to TRMM data and seasonal (JJA) averaged near-surface temperature 

compared to ERA-Interim reanalysis. Shown are pattern correlations (PC), bias and 

root-mean square errors (RMSE). 

Simulation ID PC TOT_PREC BIAS Precip RMSE Precip PC T_2M BIAS T_2M RMSE T_2M 
  

10 0.58 94.16 434.50 0.99 -0.29 1.22 
11 0.58 88.51 422.53 0.99 -0.28 1.24 
12 0.58 86.58 437.33 0.99 -0.16 1.05 
13 0.60 89.94 437.07 0.99 -0.15 1.07 
14 0.57 90.13 437.95 0.99 -0.09 1.01 
  

20 0.67 49.34 316.23 0.99 -0.24 1.03 
21 0.66 49.07 320.40 0.99 -0.25 1.04 
22 0.68 48.80 311.53 0.99 -0.25 1.04 
23 0.67 48.76 316.58 0.99 -0.25 1.05 
24 0.68 48.57 315.10 0.99 -0.24 1.05 
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Table 3  

Comparison to high-resolution reanalysis data: Seasonal (JJA) mean RCM 

temperature at 200 and 850 hPa compared to NCEP CFSR reanalysis. Shown are 

pattern correlations (PC), bias and root-mean square errors (RMSE). 

 

Simulation ID PC T 200hPa BIAS T200 RMSE T200 PC T850 BIAS T850 RMSE T850 
  

10 0.89 0.64 1.14 0.90 -0.65 2.00 
11 0.89 0.73 1.22 0.89 -0.59 2.01 
12 0.92 0.50 0.97 0.91 -0.49 1.82 
13 0.92 0.45 0.95 0.90 -0.42 1.80 
14 0.91 0.53 1.02 0.90 -0.36 1.81 
  

20 0.94 0.16 0.71 0.91 -0.54 1.75 
21 0.94 0.16 0.70 0.91 -0.55 1.75 
22 0.94 0.15 0.71 0.91 -0.54 1.75 
23 0.94 0.15 0.70 0.91 -0.54 1.75 
24 0.93 0.15 0.71 0.91 -0.55 1.75 
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Table 4 

Comparison to high-resolution reanalysis data: Seasonal (JJA) mean RCM 

geopotential height at 200 and 850 hPa compared to NCEP CFSR reanalysis. Shown 

are pattern correlations (PC), bias and root-mean square errors (RMSE). 

 

Simulation ID PC FI200hPa BIAS FI200 RMSE FI200 PC FI850 BIAS FI850 RMSE FI850 
  

10 0.99 -8.06 23.68 0.88 -13.06 21.42 
11 0.99 -13.06 28.76 0.88 -17.78 24.48 
12 0.99 -0.64 18.52 0.88 -8.62 19.90 
13 0.99 -1.39 18.26 0.88 -10.37 19.76 
14 0.99 1.70 23.95 0.84 -8.87 22.58 
  

20 1.00 1.15 15.64 0.97 -3.18 9.85 
21 1.00 1.03 15.51 0.97 -3.18 9.81 
22 1.00 0.87 15.59 0.97 -3.04 9.86 
23 1.00 0.94 15.55 0.97 -3.10 9.85 
24 1.00 0.99 15.63 0.97 -3.14 9.82 
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Figures 

 

 

Figure 1 Model domain and surface elevation (m) of the RCM ensemble simulations 

for Southeast Asia and the Northwestern Pacific. The grid distance is 0.5 x 0.5 

degrees which corresponds to about 55 x 55 km.
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Figure 2 Total hourly averaged precipitation [mm] for JJA 2004 for NCEP CFSR 

(left), CCLM-NN ensemble mean (middle) and CCLM-SN ensemble mean (right). 
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Figure 3 Hovmöller diagram of the Madden-Julian oscillation represented by zonal 

wind speed [m/s] at a height of 200hPa for JJA 2004, averaged from 5ºS to the 

equator. Shown are NCEP CFSR (left) as well as CCLM-NN (middle) and CCLM-SN 

(right) ensemble means. 
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Figure 4 TC spatial densities (TC occurrence per year and grid point; normalized by 

the mean spatial density fields) for BTD, CCLM-NN, and CCLM-SN. For CCLM the 

ensemble mean is shaded, the individual simulations are shown as white contour 

lines for the value 3. 
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Figure 5 Tracks of Typhoon Namtheun 200410 (left), Songda, 200418 (middle), and 

Ma-on 200422 (right), as given by best track data of JMA (black), RCM simulations 

with (red) and without (blue) spectral nudging. 
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Figure 6 Difference of simulated TCs compared to BTD for the year 2004 for CCLM-

NN (left) and CCLM-SN (right). The y-axis shows the individual TC IDs, those TCs 

which were not tracked in either NN or SN simulations were omitted (3, 11, 26). The 

size of the circles on the x-axis gives the number of track points classified into 

distance intervals of 100 km. The different colours depict the individual CCLM 

ensemble members. 
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Figure 7 Vertical temperature anomalies [K] averaged over the radial distance [km] 

from the TC center for typhoon Tingting at its stage with maximum near-surface wind 

speed plus and minus one day for NCEP CFSR (left), and each of the CCLM-NN 

(middle) and CCLM-SN (right) simulations. Shown are isolines for plus and minus 1 

K. For CCLM the shaded areas show the ensemble mean and isolines are depicted 

for all ensemble members which included the typhoon at that time in a circular 

distance to JMA BTD of no more than 550 km (2 members for CCLM-NN and 4 for 

CCLM-SN). 
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Figure 8 Horizontal 10m wind speed fields (m/s) for typhoon Songda (200418), on 

September 1st 2004, 0:00. From left: CFSR reanalysis, CCLM-NN, CCLM-SN. For 

CCLM the first simulation (simulation nos. 10 and 20) of each ensemble is shaded, 

the other simulations are shown as contour lines: 10 m/s as solid lines, 18 m/s as 

dotted lines. 
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Figure 9 Precipitation (daily sum, mm) for typhoon Ma-on (200422) on October 8, 

2004, close to Japan. From left: CFSR reanalysis, CCLM-NN, CCLM-SN. For CCLM 

the first simulation (simulation nos. 10 and 20) of each ensemble is shaded, the other 

simulations are shown as contour lines: 40 mm as solid lines, 120 mm as dotted 

lines. 
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