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  Abstract           The performance of spectral nudging in an investigation of the 2010 East Asia summer monsoon 
was assessed using the Weather Research and Forecasting (WRF) model, forced by 1-degree NCEP Global 
Final Analysis (FNL). Two pairs of experiments were made, spectral nudging (SP) and non-spectral nudging 
(NOSP), with fi ve members in each group. The members were distinguished by different initial times, and 
the analysis was based on the ensemble mean of the two simulation pairs. The SP was able to constrain 
error growth in large-scale circulation in upper-level, during simulation, and generate realistic regional scale 
patterns. The main focus was the model ability to simulate precipitation. The Tropical Rainfall Measuring 
Mission (TRMM) 3B42 product was used for precipitation verifi cation. Mean precipitation magnitude was 
generally overestimated by WRF. Nevertheless, SP simulations suppressed overestimation relative to the 
NOSP experiments. Compared to TRMM, SP also improved model simulation of precipitation in spatial and 
temporal distributions, with the ability to reproduce movement of rainbands. However, extreme precipitation 
events were suppressed in the SP simulations. 
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 1 INTRODUCTION 

 In recent years, regional climate model (RCM) 
studies have been greatly developed, and have become 
one of the most popular endeavors in climate modeling 
research. In general, spatial resolution of global 
climate models (GCMs) is relatively low (hundreds 
of kilometers), and regional features cannot be 
described very accurately because of their coarse 
resolutions. Downscaling is an effective means to 
overcome diffi culties of regional climate simulation 
with GCMs. Dynamical downscaling is a method for 
obtaining high-resolution climate or climate change 
information over a region of interest (McGregor, 
1997; Giorgi and Mearns, 1999), from either relatively 
coarse-resolution GCMs or global reanalysis. RCMs 
have many sources of model errors, such as numerical 
approximations and limited resolution, 
parameterization of subgrid-scale physical effects, 
and limited description of geophysical fi elds (Laprise 

et al., 2008), just as with GCMs. RCMs have to deal 
with the problem of lateral boundary conditions 
(LBCs), which are a potential external error source 
(McDonald, 1999). Recent studies have also shown 
that RCMs exhibit internal variability (IV) (Giorgi 
and Bi, 2000; Caya and Biner, 2004; Alexandru et al., 
2009). RCMs are very sensitive to circulation errors 
in fi elds that drive them (Laprise et al., 2008). When 
errors in an area persist or accumulate to a certain 
point, they contaminate other model aspects and 
degrade results elsewhere in the regional domain 
(Miguez-Macho et al., 2005). 

 It has been a challenge to balance the performance 
of RCMs, when simultaneously adding small-scale 
features and retaining large-scale features. There are 
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two common methods to address this problem. One is 
to subdivide long-term continuous integration into a 
sequence of short-term simulations in weather 
forecasting mode (Dickinson et al., 1989; Ji and 
Vernekar, 1997; Pan et al., 1999; Druyan et al., 2001; 
Qian et al., 2003; Lo et al., 2008). A problem of this 
method is that it takes a few hours to a few days for 
the driving initial and lateral boundary conditions to 
reach dynamical equilibrium. An alternative approach 
is spectral nudging (von Storch et al., 2000; Miguez-
Macho et al., 2004, 2005; Castro et al., 2005; Radu et 
al., 2008; Alexandru et al., 2009; Zahn et al., 2008; 
Kang et al., 2005; Cha et al., 2008, 2009, 2011). It is 
achieved by adding a new term to tendencies of the 
variables, which relaxes a selected part of the spectrum 
to corresponding waves from reanalysis or GCMs. 
Nudging is confi ned to upper atmospheric levels 
above the boundary layer, for prognostic fi elds like 
geopotential height, winds, and temperature. In this 
way, variability of synoptic scale circulation features 
can be maintained during integration, while allowing 
RCMs to add value at smaller scales. In this work, we 
use the spectral nudging technique of Miguez-Macho 
et al. (2005), recently implemented in the Weather 
Research and Forecasting (WRF) model. 

 The East Asian summer monsoon (EASM) is a 
distinctive component of the Asian climate system, 
which affects fl ood and drought over large parts of the 
Philippines, China, Korea, and Japan. Seasonal 
variation of heavy precipitation associated with large-
scale circulation is one of the dominant characteristics 
of the EASM. It is still a challenging task to simulate 
monsoon precipitation accurately, although our 
understanding of the EASM has improved signifi cantly 
over the past few decades. Miguez-Macho et al. 
(2004) showed that spectral nudging of long waves 
could eliminate non-physical dependence of regional 
modeling results (especially precipitation) on the 
position and the size of domain. There have been 
many studies on the impact of spectral nudging on 
modeling of EASM precipitation. Models used in 
these studies include the fi fth-generation Pennsylvania 
State University-National Center for Atmospheric 
Research Mesoscale Model (PSU-NCAR MM5) 
(Tang et al., 2010; Gao et al., 2011; Song et al., 2011), 
Seoul National University Regional Climate Model 
(SNURCM) (Lee et al., 2004; Kang et al., 2005; Cha 
et al., 2008, 2009), NCEP regional spectral model 
(RSM) (Kang and Hong, 2008) and WRF (Cha et al., 
2011). It was shown that spectral nudging can help 
improve model performance not only in simulating 

mean features, but also in capturing extreme summer 
precipitation events over East Asia. However, use of 
spectral nudging remains an open issue. Alexandru et 
al. (2009) raised concern that application of such 
nudging could suppress proper generation of fi ne-
scale features. Many previous studies focused on 
investigating downscaling of East Asian climatology 
and the special case of a 1998 severe fl ood in the 
Changjiang River basin. Here, we focus on another 
case in 2010, which saw the second most severe fl ood 
since 1955 in that basin. This case has yet to be 
studied. 

 We focus on discussing preliminary results of 
dynamically downscaling National Centers for 
Environmental Prediction (NCEP) Global Final 
Analysis (FNL) data from the summer of 2010. 
Section 2 displays basic features of atmospheric 
circulation in 2010 from NCEP reanalysis. The 
numerical model and experimental design are 
described in Section 3. In Section 4, model results are 
compared to data from the NCEP FNL and Tropical 
Rainfall Measuring Mission (TRMM), to examine the 
performance of spectral nudging on simulation of 
large scale circulation and precipitation. Section 5 
provides discussion, and conclusions follow in 
Section 6. 

 2 OBSERVED FEATURES OF EASM IN 2010 

 There were many extreme events in 2010, which 
resulted from uneven spatial and temporal distributions 
of precipitation. In Southwest China there was severe 
drought, while in the middle and lower reaches of the 
Changjiang River there was fl ooding, so we choose 
the latter to investigate whether spectral nudging can 
improve simulation of EASM circulation and 
precipitation. Basic features of atmospheric 
circulation were obtained from NCEP/NCAR 
reanalysis data (Kalnay et al., 1996). 

 To arrive at anomalies, a 30-year average from 
1971 to 2000 was used as climatology. Fig.1 shows a 
latitude-height distribution of zonal wind for 
climatology of May-June-July-August (MJJA) (a), 
and anomaly (b) in 2010. The axis of the climatological 
westerly jet at 200 hPa is near 40°N, with maximum 
speed greater than 20 m/s. In 2010 the axis had a 
slight southward displacement. There was a negative 
anomaly at mid latitudes, and positive ones in the 
subtropics and high latitudes. Results of air 
temperature are illustrated in Fig.2. The temperature 
decreased upward (and poleward) until 100 hPa, and 
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had an opposite tendency above 100 hPa. It had a 
colder pattern in layers above 100 hPa, and was 
warmer than normal years during 2010 in the 
troposphere. In the surface layer, the air temperature 
increase at mid latitudes was greater than that in the 
tropics and subtropics, which made the meridional 
temperature gradient decrease. The position and 
intensity of the West Pacifi c Subtropical High 
(WPSH) greatly infl uenced EASM climate. Figure 3 
displays 500-hPa geopotential height, for the MJJA 
climatology and that in 2010. The WPSH was 
relatively strong, and extended westward to about 
110°E in that year. 

 3 MODEL DESCRIPTION AND EXPERI-
MENTAL DESIGN 

 The WRF model with Advanced Research WRF 
(ARW) dynamic core version 3.2 (Skamarock et al., 
2008) was used. WRF is a next-generation, fully 
compressible, non-hydrostatic, prognostic model 
suitable for idealized and realistic numerical 
simulations of the atmosphere. The model uses a 
terrain-following, hydrostatic-pressure coordinate in 
the vertical, and the confi guration used here had 27 
vertical levels. Levels were unevenly distributed in 
the vertical, from the surface to 50 hPa (top of the 
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model). Over land, the model has four soil layers, and 
the unifi ed Noah land-surface model was used. The 
other physical options used include: Rapid Radiative 
Transfer Model (RRTM) longwave radiation (Mlawer 
et al., 1997) and Dudhia shortwave radiation (Dudhia, 
1989); Lin microphysical parameterization (Lin et al., 
1983; Chen and Sun, 2002); Yonsei University (YSU) 
planetary boundary layer (PBL) scheme (Noh et al., 
2003); Betts-Miller-Janjic convective parameteri-
zation (Janjic, 2000). 

 The model domain (Fig.4) was centered at 30°N 
and 120°E, with 240×180 horizontal grid points. The 
Mercator map projection was applied, with resolution 
30 km. Both spectral nudging and non-spectral 
nudging experiments were carried out. Each 
experiment had fi ve members with different initial 
conditions, spanning fi ve days centered on 1200 UTC 
24 April 2010. We hereafter call these SP and NOSP, 
respectively. In the SP experiments, we applied 
nudging only on vertical levels above the boundary 
layer, to  u  and  v  winds, temperature and geopotential 
height, but not humidity. The threshold for 
wavelengths above which the waves were nudged 
was about 1 500 km. We chose a weaker nudging 
approach (every 24 h) to maximize freedom of the 
regional model to deviate from global driving fi elds. 
Days prior to May 1 were considered a “spin-up” 
period, and ensemble means of outputs from May 1 to 
August 31 were analyzed. 

 Simulations were driven with initial conditions 
from the 1°×1° FNL, and lateral boundary conditions 
were updated every six hours. This product is from 
the Global Data Assimilation System (GDAS), which 
continuously collects observational data from the 
Global Telecommunications System (GTS) and other 
sources, for numerous analyses. Analyses are 

available on the surface and 26 pressure levels, from 
1 000 to 10 hPa. These are available from http://dss.
ucar.edu/datasets/ds083.2/. Sea surface temperature 
(SST) was obtained from daily 0.5-degree NCEP Real 
Time Global analysis (ftp://polar.ncep.noaa.gov/pub/
history/sst) and updated during simulation. 

 Variables for verifi cation included wind speed at 
850 hPa and 200 hPa, geopotential height at 500 hPa, 
and precipitation. Three-hourly TRMM 3B42 
precipitation data (Huffman et al., 2007) were used 
for precipitation validation, which have spatial 
resolution 0.25° in the latitude band 50°N–50°S. The 
dataset used for comparisons of other variables such 
as wind and geopotential height was the FNL. To 
facilitate comparison, both TRMM and FNL data 
were bilinearly interpolated on the WRF grid.  
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 Internal model variability was measured by the 
spread among ensemble members during simulation, 
using standard deviation 2

en  between the fi ve 
members, which is the same method as Alexandru et 
al. (2009). 

 2 2
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 The term  X  m  ( i ,  j ,  t ) refers to a variable X on grid 
point ( i ,  j ) at time  t  for member  m  in the ensemble, 
and  M  is the number of ensemble members. The term 
 X ( i ,  j ,  t ) is the ensemble mean, defi ned as 
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 Differences between individual simulations and 
observations for a given variable  X  at given time  t  
were obtained via the spatial root-mean-square 
difference (RMSD), computed as 

 2
obsRMSD ( )= [ ( , , ) ( , , )]

xy

m mt X i j t X i j t , 

 where the  x  y  operator refers to a simple spatial average 
over the domain. The spatially averaged and time-
averaged RMSD of departure of ensemble mean from 
observations was obtained by computing RMSDs.  

 To assess the relative magnitude of RMSD of a 
given variable in the SP and NOSP experiments, the 
square root of the domain-averaged temporal variance 
σ of variable  X  was computed as 

 2
obs= [ ( , , ) ( , , )]

xyt
X i j t X i j t    , 

 where the  x  yt  operator refers to a 4-month (MJJA) 
average over the domain. Table 1 gives the exact 
value. 

 4 RESULT 

 4.1 Large-scale variables 

 The large-scale variables wind speed at 850 hPa 
and 200 hPa, and geopotential height at 500 hPa were 
chosen for verifi cation. We selected winds at the 
foregoing levels because they represent basic features 
at low and high levels of the atmosphere, and 500 hPa 
geopotential height refl ects large-scale circulation at 
mid levels. The location and intensity of the WPSH 
strongly infl uenced the climate (especially 
precipitation) during summer monsoon season.  

 Figures 5 and 6 depict ensemble mean distributions 
for wind and geopotential height during the four-
month simulation (MJJA). There was a large bias of 
wind speed at 200 hPa simulated by NOSP in northern 

China and southern part of the domain relative to the 
NCEP FNL result, whereas for SP this bias was 
smaller. As for 850 hPa wind speed, bias was mainly 
in southern China and the South China Sea. The 
spectral nudging reduced bias, but some positive bias 
remained. Wind speed at both 850 hPa and 200 hPa 
was a little stronger than the FNL results. As for 
500 hPa geopotential height, there was negative bias 
over the South China Sea and Tibetan Plateau in the 
NOSP experiments. In the SP experiments, there was 
only negative bias over the Tibetan Plateau. Tang et 
al. (2010) also found that negative bias of 500 hPa 
geopotential height over this plateau was reduced by 
SP. Overestimation of geopotential height in the SP 
experiments was more serious in the southern part of 
the domain, but when compared with NCEP/NCAR 
reanalysis data, the bias was not large. Mean 
geopotential height in NCEP FNL was weaker than 
that in NCEP/NCAR reanalysis data, which is evident 
from Fig.3b, 6d. Despite the fact that MJJA mean 
geopotential height in SP experiments had a greater 
positive bias relative to that of FNL, domain-averaged 
temporal variance σ was much smaller relative to 
NOSP experiments (Table 1).  

 4.2 Precipitation 

 Precipitation is an important component of the 
hydrologic cycle. Correct simulation of monsoon 
precipitation requires accurate representation of 
atmospheric circulation, orography, surface 
properties, radiation processes, parameterization of 
convection and microphysical cloud processes, plus 
others. Distributions of daily mean precipitation from 
TRMM, NOSP and SP experiments are shown in 
Fig.7. Although the WRF model captured the basic 
distribution of precipitation, it had a positive bias 
corresponding to the TRMM data. Mean precipitation 
magnitude was overestimated in southern China and 
the Indochina Peninsula in both NOSP and SP 
simulations, but this bias was reduced with application 
of spectral nudging. Model overestimation of 
precipitation in South China was also reported by 
Tang et al. (2010), in which they had chosen three 

 Table 1 Domain-averaged temporal variance σ for both SP 
and NOSP simulations 

   Wind (200 hpa) 
 (m/s) 

 Wind (850 hpa) 
 (m/s) 

 Hgt (500 hpa) 
 (m) 

 Precipitation  
 (mm/day) 

 NOSP  3.2  6.8  20.4  14.4 

 SP  2.0  4.6  15.8   13.5 
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 Fig.5 MJJA mean horizontal wind fi elds (vector; units: m/s) and wind speed (shading; units: m/s) derived from NCEP FNL 
data (a); differences between NCEP FNL and ensemble mean of NOSP experiments (b); and SP experimental results 
(c); differences of ensemble mean between SP and NOSP experiments are shown in (d) 
 Left panel is for wind fi eld at 200 hPa, right one for 850 hPa. Black circles indicate areas with signifi cance at 99% confi dence level for wind speed 
difference, using  t -test. 
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 Fig.7 MJJA daily mean precipitation (units: mm/day) derived from TRMM data (a), differences between TRMM and 
ensemble mean of NOSP experiment (b), and SP experiment result (c). Differences of ensemble mean between SP and 
NOSP experiments shown in (d) 
 Black circles indicate areas signifi cant at 99% confi dence level for difference of precipitation, using  t -test. 

 Fig.6 MJJA-mean 500 hPa geopotential height (shading; units: m) derived from NCEP FNL data (a), differences between 
NCEP FNL and ensemble mean of NOSP experiment (b), and SP experiment result (c). Differences of ensemble mean 
between SP and NOSP experiments shown in (d) 
 Black circles indicate areas with signifi cance at 99% confi dence level for difference of 500 hPa geopotential height, using  t -test. 
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cases (1991, 1998, and 2003) to study the effect of SP. 
Figure 8 gives RMSD time series for daily mean 
precipitation in individual cases of NOSP and SP 
experiments. We see that RMSD varied because of 
different initial conditions. In the SP experiments, 
RMSDs were very close to each other, showing 
reduced internal model variability in these 
experiments, which is clearly evident in Fig.8c. 
Overall, RMSD in the SP experiments was smaller 
than in the NOSP experiments. 

 Seasonal translation of the rain belt during monsoon 
season is one of the main climatic characteristics in 
eastern China, which determines the basic regional 
distribution of precipitation. Droughts and fl oods in 
this part of the country are related to timing of rain 
belt shifts and duration over a particular location. To 
further validate WRF simulation ability for 
precipitation, we calculated zonally averaged 
precipitation (105°E–122°E). Figure 9 shows a time-
latitude distribution of daily precipitation, from WRF 
outputs and TRMM observation. 

 Onset of the East Asian summer monsoon was 
marked by a period of pre-monsoonal rain over South 
China and Taiwan Island in late May 2010. In June, 
rain mainly occurred in South China. The rain band 
shifted to about 30°N in July, causing heavy rainfall 
in the southern Changjiang River basin and little 
rainfall in South China. In late July to August, as 
WPSH continued to move north, the rain belt was in 
North China and the South China Sea. In late August, 
rainbands began to withdraw southward. The 
northward movement of the rain belt was not 
simulated well in the NOSP experiments, and 
precipitation over the South China Sea was too heavy 
relative to TRMM data. The rain belt lingering in the 
Changjiang River basin in mid July in the NOSP 
experiments was not captured. Moreover, mean 
precipitation in North China during August was much 
smaller relative to that of TRMM in the SP experiment. 
Pattern correlation coeffi cients between observation 
and each ensemble simulation were also calculated. 
These were only 0.29 for the NOSP experiments, and 
0.56 for the SP experiments. Wang and Yang (2008) 
also calculated these coeffi cients using WRF to 
simulate precipitation in 1998. In their study, the 
coeffi cient was 0.50 for the ensemble mean of 
simulation driven by the mean of NCEP/DOE R2 and 
ERA40 reanalysis data. After using SP, the coeffi cient 
also exceeded 0.5. Caya and Biner (2004) showed 
that most differences between a pair of simulations 
result from lack of correlation in temporal evolution 
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of the variable. 
 Figure 10 displays time series of regionally 

averaged daily precipitation rates in North China 
(32°–40°N, 105°–122°E), Changjiang River basin 
(26°–32°N, 105°–122°E) and South China (20°–
26°N, 105°–122°E) derived from TRMM, NOSP and 
SP experiments. Temporal correlation coeffi cients 
between TRMM and the two experiments are shown 
in Table 2. It is obvious that the NOSP simulation 
produced relatively larger discrepancies, while 
overestimation was suppressed in the SP experiments. 
Of the three regions, the simulated result of the NOSP 
experiments in North China was best (correlation 

coeffi cient  R =0.48), with that of the Changjiang River 
basin in second place ( R =0.42). Correlation was 
poorest between observations and NOSP experiments 
in South China ( R =0.12). Correlations between 
TRMM and the SP experiments were generally better 
than those between TRMM and NOSP experiments in 
the three regions. Mean precipitation in the Changjiang 
River basin was greater than 30 mm on 19 June and 8 
July, but the SP experiments did not reproduce these 
features in that precipitation was underestimated.  

 5 DISCUSSION 

 In conventional long-term simulation with only a 
single initialization of large-scale fi elds and frequent 
updating of lateral boundary conditions, the single 
control of boundaries is insuffi cient to prevent a 
certain amount of decorrelation of RCM-simulated 
fi elds and driving fi elds at large scales. The spectral 
nudging method can mitigate such errors. It imposes 
a known large-scale state on simulation of regional 
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 Table 2 Temporal correlation coeffi cients of three regional, 
ensemble-averaged daily precipitation time series 
relative to TRMM, in SP and NOSP experiments 

                          North China              Changjiang River basin           South China 

      NOSP            0.48                                 0.42                                0.12 

         SP               0.75                                 0.82                                0.73 
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climate with an RCM, by adding a nudging term to 
tendencies of the variables that relaxes a selected part 
of the spectrum to corresponding waves from 
reanalysis (von Storch et al., 2000). Miguez-Macho et 
al. (2005) showed that signifi cant errors in a monthly 
precipitation pattern (June, 2000) within a domain 
over North America was largely due to systematic 
distortion of large-scale fl ow interacting with the 
lateral boundaries. They found that spectral nudging 
could eliminate bias in the circulation and greatly 
improve the precipitation pattern. The WPSH is one 
of the main atmospheric systems modulating summer 
precipitation over China. Therefore, simulated 
precipitation is directly dependent on the model 
capability to capture WPSH activity and corresponding 
regional circulations (Zhong, 2006). Spectral nudging 
produces reasonable WPSH behavior during the 
summer monsoon season, and improves simulated 
precipitation. This nudging is a powerful tool for 
correcting RCM weaknesses such as internal 
variability, as seen in Fig.8. Moreover, it can reduce 
sensitivity of regional precipitation patterns to the 
choice of model domain and grid geometry, while 
adding small-scale structures (Castro et al., 2005). 
Consequently, the pattern of precipitation variability 
in the SP simulation was more consistent with TRMM.  

 6 CONCLUSION 
 In this paper, we used the WRF model to downscale 

coarse-resolution NCEP FNL data onto 30 km grids 
during the 2010 East Asia summer monsoon. Both 
spectral nudging and non-spectral nudging 
experiments were conducted, and each experiment 
had fi ve members with different initial conditions. By 
comparing ensemble means of both experiments, we 
found that application of spectral nudging in WRF 
simulation improves model downscaling skill. This 
was true not only for simulating realistic large-scale 
circulation and mean precipitation, but also for 
reproducing seasonal variability of precipitation in 
East Asia. Therefore, this high-resolution model, with 
realistic surface topography and use of nudging, was 
able to capture major features of the East Asia Summer 
Monsoon (EASM). Although SP simulations were 
constrained by the large-scale circulation, there were 
still some areas where they performed very poorly for 
precipitation. The WRF generally overpredicted mean 
precipitation magnitude. Precipitation results in the 
SP experiments improved substantially relative to the 
NOSP simulations, and seasonal movement of major 
rainbands were also reproduced. However, extreme 

precipitation events were underestimated in the SP 
simulations. 
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