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Synoptic systems influence the
effectiveness of spectral nudging in high-
resolution simulations of extreme

precipitation
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Spectral nudging (SN) is an effective numerical technique that prevents the background field from
deviating excessively from the boundary conditions in regional climate modeling. This study
investigates the effectiveness of SN in convection-permitting model simulations of three typical
events of warm-season extreme precipitation in South Korea. The case studies show that SN
improves extreme precipitation simulations by keeping synoptic circulations more consistent with
observations. Trajectory analysis also shows that SN influences the moisture transport and local
ascent that trigger extreme precipitation. However, the extent of the improvement depends on the
synoptic condition and the domain size. The influence of SN generally increases with increasing
domain size, especially for events driven by the developing upper-level trough with strong baroclinic
instability compared to those influenced by surface processes. SN is also found to be more effective in
events whose dominant wave scales fall between the domain size and the cut-off wavelength used for
SN. Based on a series of sensitivity experiments, it is proposed that the most effective configuration for
simulating extreme precipitation events is to apply SN to a domain approximately 3000 km wide.

Extreme precipitation events have a profound impact on human society,
leading to catastrophic flooding, which is often accompanied by loss of life
and destruction of property. In South Korea, extreme precipitation has been
ranked as the second leading cause of fatalities and the primary cause of
financial losses among natural disasters in the past decades'. Therefore,
research to improve the understanding and prediction of extreme pre-
cipitation is imperative. Extreme precipitation events that occur in mid-
latitude regions, including South Korea, originate from multi-scale weather
systems. The major types include tropical cyclones (TCs), extratropical
cyclones (ETCs), and local or mesoscale convection””. Each type of extreme
precipitation event has regional and seasonal characteristics®’.

Extreme precipitation events in East Asia occur mainly during the
warm-season owing to the influence of the East Asian summer monsoon
and TCs. Precipitation types not directly connected with TCs account for

approximately 80% of the extreme precipitation on a sub-daily scale®. Park
et al” reported that such extreme precipitation mostly involves transient
ETCs and the quasi-stationary front. The ETC is an important synoptic
weather system in the mid-latitudes as it facilitates the poleward transport of
heat and momentum and is often accompanied by heavy precipitation and
strong surface winds’™"". Although ETCs exhibit diverse characteristics,
some travel along the front while others propagate as relatively isolated
features, they are generally associated with baroclinic instability and a
moisture-rich environment'*"". Similar environmental conditions can be
observed during extreme precipitation events that do not involve ETCs.
These include abrupt surface low development and moisture pathway,
formed by remote effect of TCs or local convective instability, between large-
scale continental and oceanic highs, and extreme precipitation events
occurring at local scale®.
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Such complex extreme precipitation events have been observed in
South Korea and various methodologies have been employed to study them.
A rapid development of extreme precipitation has often been investigated
using high-resolution regional climate model (RCM). High-resolution
RCM is particularly useful for studying extreme precipitation events on a
regional scale'®"”. Researchers also use it to examine the characteristics and
projected changes in extreme precipitation under various climate scenarios,
including future warming and counterfactual non-warming conditions™".
In such modeling, spectral nudging (SN) has been widely used to prevent the
model background flows from deviating from the boundary conditions™"*”.
This approach involves the retention of circulation at wavelengths longer
than a specified threshold, thereby bringing the large-scale circulations in
the model closer to the observations™***. However, the nudging variables and
coefficients used in SN are often chosen subjectively”". The optimal
domain size for SN is also uncertain, although the size and location of the
domain influence the simulation performance. In general, as the domain
size increases, the influence of lateral boundary conditions becomes more
dispersed, while the internal model dynamics and physical parameterization
become more pronounced””.

Given the significance of SN in regional climate modeling, this study
aims to investigate its effects on the simulation of extreme precipitation
events in South Korea. To address this research objective, series of sensitivity
experiments are carried out for three extreme precipitation events with
different background synoptic conditions. Those extreme events, named
according to the year and month of occurrence, are listed in Table S1. Briefly,
the 202108 event is characterized by the expanded Western North Pacific
Subtropical High (WNPSH) and an upper-level trough and its westward tilt
are indications of baroclinicity (Fig. la). This event is accompanied by
strong moisture transport along a quasi-stationary front between the
transient ETC in the northwest and the WNPSH in the southeast (Fig. 1b).
The 202007 event is caused by a strong ETC traveling eastward from eastern
China. During this event, a well-defined circular low pressure developed
(Fig. 1c). Unlike the 202108 event, this event was characterized by strong
moisture transport by the ETC itself (Fig. 1d). The 201009 event developed
between continental and oceanic highs without a synoptic-scale ETC
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(Fig. 1e). A narrow, zonally oriented, and intense moisture transport is
organized along the surface front (Fig. 1f). According to a self-organizing
map clustering analysis™*, the selected extreme events cover approximately
45% of warm-season extreme precipitation events in South Korea that are
not directly associated with TCs, making them reasonable cases for studying
the target region and season. The 202108 event is classified as a heavy rainfall
event caused by a local disturbance at the edge of the WNPSH, the 202007
event is classified as an extratropical cyclone originating from eastern China,
and the 201009 event is classified as an event associated with a moisture
pathway between continental and oceanic highs.

The sensitivity experiment is designed to analyze how the effects of SN
depend on the synoptic condition of extreme precipitation events and the
domain size. Experiments are conducted with and without SN, denoted ON
and OFF, respectively. Three different domain sizes (Fig. S1), from
Domainl to Domain3, are also considered. These experiments, labeled
D1_ON,D1_OFF,D2_ON, D2_OFF,D3_ON and D3_OFF, are conducted
for three extreme precipitation events with five ensemble members (see
Methods). The results are analyzed in terms of model performance in
capturing the observed precipitation features. Not only the location and
intensity of extreme precipitation but also the synoptic conditions such as
moisture transport, ETC, and vertical coupling with the upper-level
potential vorticity (PV) are investigated in detail to explore how the SN-
induced improvement occurs.

Results

Spatial and temporal distribution of hourly precipitation

SN evidently improves the spatial distribution of hourly precipitation in the
202108 and 202007 events, with its impact increasing as the domain size
expands (Fig. 2a—p). In contrast, in the 201009 event, the influence of SN is
relatively negligible compared to the other two events (Fig. 2q-x).

For the 202108 event, two precipitation cores are observed: one inland
to the north and one offshore to the south (Fig. 2a, b). The core relevant to
the event is the southern one. In the ON experiments, the core is situated
inland in all domain simulations (Fig. 2¢, e, g), whereas it is not inland in the
OFF experiments with wide domains (Fig. 2d, f). The 202007 event exhibits
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Fig. 1 | Synoptic conditions of selected extreme precipitation events.

a, b correspond to the 202108 event, ¢, d to the 202007 event, and e, f to the 201009
event. For each event, the first row (a, ¢, e) depicts the surface and upper-level
dynamic features, where the purple contour represents 300 hPa potential vorticity,
and the shading indicates the mean sea level pressure. The second row (b, d, f)
illustrates the moisture transport and mid-to lower-level features. Vectors represent
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integrated vapor transport (IVT), black contours indicate 850 hPa geopotential
height, and green contours highlight the 5880 m geopotential height at 500 hPa,
marking the extent of the Northwest Pacific Subtropical High. All panels correspond
to the time of maximum observed hourly precipitation recorded at the surface
stations for each event.

npj Climate and Atmospheric Science| (2025)8:339


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01224-4

Article

(a) IMERG

20210821  (b) KMA 500m 20210821 (i) IMERG 20200723

(j) KMA 500m

20200723 (q) IMERG (r) KMA 500m 20100921

|G

“; S ,&

20100921

k ‘

200 fm

(d) D1_OFF 20200723

4
20200723

(0) D3_ON

() D1_OFF

CORR: 0.05
RMSE: 2.98

—_— =

(p) D3_OFF

(s) D1_ON 20100921 (t) D1_OFF

CORR: 0.47
RMSE: 1.10 2 40.0

2B 2 35.0

20200723

(v) D2_OFF

'CORR: 0.52
RMSE: 1.09

Rainfall (mm)

20200723

(w) D3_ON (x) D3_OFF

CORR: 0.36
RMSE: 3.43

CORR: 0.18
RMSE: 3.92

CORR: 0.47
RMSE: 1.17

CORR: 0.54|
RMSE: 1.22

P

RLY > 55 .-*.
122°E 126°E 130°E 122°E 126°E 130°E 122°E 126°E 130°E

Fig. 2 | Spatial distribution of hourly precipitation at the time of maximum
hourly precipitation observed at surface stations for each event. a-h correspond
to the 202108 event, i-p to the 202007 event, and q-x to the 201009 event. The first
row in each event (a-b, i-j, q-r) represents observational data derived from IMERG
and KMA 500 m datasets. The second to fourth rows show the model experimental
results. In the model panels, the left column (¢, e, g, k, m, o, s, u, w) presents the
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results from simulations with spectral nudging, whereas the right column

(d, £, h, 1, n, p, t, v, x) presents the results without spectral nudging. All model results
represent the ensemble mean values. Spatial correlation coefficient (CORR) and root
mean square error (RMSE) are indicated for each experiment, which were calculated
using IMERG dataset. The model experimental results are re-gridded to match the
spatial resolution of IMERG before calculating CORR and RMSE.

a precipitation core to the right of the ETC center in the observations, which
corresponds to the location of ETC-induced strong moisture transport’”
(Fig. 2i, j). Therefore, the 202007 event is representative of the importance of
properly simulating the location and intensity of ETCs during extreme
precipitation. In the ON experiments, the position of the ETC center is
simulated to be similar to the observation in all domains (Fig. 2k, m, o).
However, in the OFF experiments, the position of the ETC center slightly
shifts (Fig. 21, n, p). For the 201009 event, the influence of SN on the
precipitation core simulations is less pronounced than in the previous two
events. This event showed a localized precipitation core and a zonally-
elongated shape of the precipitation band in the observations (Fig. 2q, r),
which is well represented in all experiments (Fig. 2s—x).

SN enhances the model performance in the hourly peak simulations for
the 202108 and 202007 events (Fig. 3a-n), whereas the influence of SN is
relatively less pronounced in the 201009 event (Fig. 30-u). In the formers,
SN contributes to making the magnitude and timing of the hourly peak
simulation closer to the observations. Without SN, the ensemble spread is
larger, and it increases further with domain size, indicating a reduced
influence of lateral boundary conditions in a larger domain. In cases where
the SN effect is not prominent, the influence of the domain size is also
relatively small.

The 202108 event exhibits a single peak in the observed time
series (Fig. 3a). All model experiments underestimate the magnitude
of the peak, with the OFF experiments showing greater under-
estimation in Domainl and Domain2 (Fig. 3b-g). This result can be
interpreted as SN assisting in reducing ensemble spread by con-
straining large-scale background conditions. The ON experiment
simulates the peak timing more accurately in Domain2 (Fig. 3d, e),
whereas no noticeable difference in timing between ON and OFF

experiments is shown in Domainl and Domain3 (Fig. 3b, ¢, f, g). The
202007 event shows multiple peaks in the observed time series
(Fig. 3h), with a later peak occurring at the targeted peak time. In this
event, the model simulations do not significantly underestimate the
peak magnitude. Similar to the 202108 event, the ensemble spread is
wider in the OFF experiments, becoming more evident with larger
domains. The 201009 event displays a preceding weak peak followed
by a more pronounced peak later in the observed time series (Fig. 30).
The latter peak is the chosen event, and all model experiments sub-
stantially underestimate its intensity, although they simulate the
timing of the peak similar to the observation (Fig. 3p-u). Unlike other
events, there are minimal differences among the model experiments
with narrower ensemble spreads, indicating that the impact of SN is
not evident in the 201009 event.

Relationship between moisture transport and precipitation

We found that the performance enhancement by SN in precipitation
simulations varies across different experiments. Here, we analyze how the
same SN configuration results in different effects depending on the event
and domain size. It is well known that the Integrated Vapor Transport (IVT)
is strongly linked to extreme hourly precipitation. Intense IVT is crucial for
extreme precipitation as it indicates moisture source and contributes to
convective instability at lower atmospheric levels. In South Korea, regions
that experience heavy rainfall frequently coincide with areas of intense
moisture transport” . IVT is also closely associated with transient ETCs.
Zhang et al.”* examined the relationship between ETCs and atmospheric
rivers and found that atmospheric rivers are prone to form in the warm
conveyor belt of the ETC structure. They also showed that while the location
of maximum IVT is related to the ETC center, it has large variability. Their
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Fig. 3 | Time series of spatially averaged precipitation. The averaging domain for
each event is defined by the grid points where the observed hourly precipitation
exceeded 5 mm at the time of maximum hourly precipitation recorded at the surface
stations. a—g correspond to the 202108 event, h-n to the 202007 event, and o-u to
the 201009 event. The first row (a, h, 0) represents the observational data derived
from the KMA 500 m dataset. The second to fourth rows show the model experi-
mental results. In the model panels, the left column (b, d, f, i, k, m, p, r, t) presents
results from simulations with spectral nudging, whereas the right column

(c,e,8j,1,n, q, s, u) presents results without spectral nudging. In the observational
data panels, the blue bars represent hourly precipitation, and the green line indicates
24-h accumulated precipitation. The blue dotted line marks the timing (x-axis) and
magnitude (y-axis) of the maximum observed hourly precipitation, and its value is
displayed in the upper-left text. In the model panels, the pink marker indicates the
timing and magnitude of maximum hourly precipitation in the model simulation.
The shading represents the range of ensemble members in the model results.

results align with the analysis by Park et al.”’, which suggested that IVT
formation can be directly induced by ETCs in some cases, while in others, it
is primarily governed by large-scale systems.

The selected events consistently demonstrate strong IVT in regions
with high hourly precipitation across both observations and all simulations
(Fig. S2). In the 202108 event, an intense IVT is induced by large-scale
pressure systems, while a transient cyclone system contributes to its
enhancement as it moves through the region (Fig. S2a). During the 202007
event, the intense IVT was mainly generated by the ETC itself, rather than
large-scale conditions (Fig. S2h). In the 202108 and 202007 events, where
SN significantly impacts precipitation simulations, SN is also effective in
simulating both the position and intensity of IVT, particularly in larger
domains, bringing the results closer to the observations (Figs. S2a-g; S2h-n).
Conversely, in the 201009 event, its effect on the IVT simulation is minimal
similar to its impact on the precipitation simulation (Fig. S20-u). Also,a TC
feature is observed near the South China Sea in the 201009 event. Although
the TC near the South China Sea does not appear in the Domain3 experi-
ment results due to the limited domain area, the strong IVT over the Korean
Peninsula, which is associated with the extreme precipitation event, is well
represented.

In order to examine the relationship between the IVT and cyclone
system, the trajectories of the ETC center and related IVT center are ana-
lyzed (Fig. 4). The observational trajectory results show ETC and IVT
centers move together during all events, and SN appears effective at con-
straining their positions. In most experiments, the ON experiments show
smaller error distances compared to the OFF experiments (Table 1, Fig. 5).
SN proves effective in the 202108 and 202007 events, while its influence is
less evident in the 201009 event based on the precipitation evaluation.
Despite the presence of a few outlier ensemble members in the OFF
experiment for the 201009 event (Fig. 5¢), the trajectory analysis supports
this finding (Table 1). As the domain size increases, the effect of SN becomes
more pronounced in most experiments. The ensemble spread tends to
widen with increasing domain size in the OFF experiments, but the impact
of SN outweighs the domain size effect. The 202108 event is characterized by

the ETC and IVT advancement from southwest to northeast along the
boundary of the WNPSH (Fig. 4a-g). The IVT center is located to the south
of the ETC center, which is consistent with the structure of the warm
conveyor belt of the ETC. In most experiments, this event exhibits the
greatest error distance, with largest improvement due to SN (Table 1). In the
202007 event, the ETC and IVT centers propagate eastward, with the IVT
center positions south of the ETC center, similar to the 202108 event
(Fig. 4h-n). As the domain size increases in Domainl and Domain2, the
effect of SN strengthens. However, between Domain2 and Domain3, the
effect of SN is slightly greater in Domain3. The 201009 event has a smaller
spatial scale compared to the other events (Fig. 40). Eastward propagating
ETCandIVT centersare observed, and the IVT center is located to the south
of the ETC center. The detected trajectories in the model show that the ETC
and IVT centers are located closer than observations. Moreover, the tra-
jectories are generally biased toward the north in all experiments (Fig. 4p-u).

Impact of upper-level conditions on the extreme precipitation

The investigation into the connection between IVT and precipitation, as
well as the association between the cyclone system and IVT, confirms their
association. Based on these findings, we further examined how SN influ-
ences IVT and the cyclone system, both of which play a crucial role in
precipitation events. Specifically, SN is applied above the planetary
boundary layer (PBL) in this study (see Methods), which is usually utilized
to reduce bias in upper-to-mid troposphere’””. Thus, we assessed the
upper-level potential vorticity (PV), eddy geopotential height and jet streak
(Fig. S3). The eddy geopotential height is calculated for each dataset by
subtracting the corresponding zonal mean (110-150°E) geopotential height
to analyze the relative pressure condition. The positive PV and eddy geo-
potential height represent the upper-level trough of the cyclone system in
the 202108 event (Fig. S3a). This upper-level trough exhibits a westward tilt
as altitude increases, reflecting the baroclinic instability structure of the
precipitation system. SN contributes to simulating the position and intensity
of this trough more accurately. In the case of the jet, the streak adjacent to the
western boundary of the domain exhibits only limited influence from SN,
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Fig. 4 | Spatial distribution of mean sea level pressure (MSLP) and trajectories of
the extratropical cyclone (ETC) and integrated vapor transport (IVT) center.
a-g correspond to the 202108 event, h-n to the 202007 event, and o-u to the 201009
event. The first row (a, h, 0) presents MSLP from observational data at the time of the
maximum hourly precipitation recorded at the surface stations. ERA5 reanalysis data is
used for all observational panels. The second to fourth rows present the trajectories
detected in both the observation and the model simulations. In the trajectory panels,
the left column (b, d, f, i, k, m, p, r, t) presents results of simulations with spectral
nudging, whereas the right column (c, e, g, j, 1, n, q, s, u) presents results without
spectral nudging. In the observational MSLP panels, the black rectangles indicate the
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area where the trajectory is detected in each case, and the green diamonds mark the
local minima of MSLP within this area. In the trajectory panels, the black and gray lines
represent the observed ETC and IVT center trajectories, respectively. The thick blue
and orange lines indicate the ensemble mean trajectories of the ETC and IVT center,
respectively. The thin blue and orange lines denote the trajectories of individual
ensemble members. The green-bordered markers indicate the position of the ETC and
IVT center at the time of maximum hourly precipitation observed. The values in
parentheses in the legend display the distance between the observation and ensemble
mean trajectories at the time of maximum hourly precipitation. The marker interval is
3-h for the 202108 and 202007 events and 1-h for the 201009 event.

Table 1 | Comparison of distance errors in simulated center trajectories of ETC and IVT

Experiment 202108 202007 201009

Center of trajectory ETC IVT ETC IVT ETC IVT
D1_ON 123.01 88.16 49.14 40.35 71.32 74.52
D1_OFF 954.26 781.94 282.37 291.85 201.01 207.14
Difference —831.25 —693.78 —233.23 —251.50 —129.69 —132.62
D2_ON 76.30 48.05 52.81 36.52 66.99 85.32
D2_OFF 236.52 116.72 85.67 61.21 136.51 140.77
Difference —160.22 —68.67 —32.86 —24.69 —69.52 —55.45
D3_ON 98.55 73.96 35.21 23.16 76.82 92.85
D3_OFF 109.54 106.86 83.48 78.90 93.25 87.56
Difference —10.99 —32.90 —48.27 —55.74 —16.43 +5.29

Distances (km) between observed and ensemble mean ETC and IVT center trajectories during the analysis period are provided for three domains (D1, D2, and D3) together with their differences between ON
and OFF experiments (ON — OFF). Refer to Fig. 5 for the error distance distribution across ensemble members.

whereas the jet located east of the trough is relatively more affected by the SN
(Fig. S3b-g). It is likely due to the strong influence of lateral boundary
conditions near the western boundary of the domain, which masks the
effects of SN. Consequently, further inside the domain, the jet streak is also
affected by SN along with PV. The upper-level divergence at the jet exit and
the resulting low-pressure and upward motion enhancement is a well-
known dynamical structure of heavy precipitation events in mid-
latitudes™™*'. In this event, the relationship between the jet streak and the
cyclone trough indicates favorable condition for upward motion. In the
202007 event, an upper trough and baroclinic instability structure are also
observed (Fig. S3h). The shape of the trough and jet in D1_ON resemble
those in the observations, whereas there are deviations in D1_OFF
experiment (Fig. $3i,j). In Domain2 and Domain3, the influence of SN is not

apparent in the upper-level synoptic condition (Fig. S3k-n). The jet streak
intensity is also affected by the domain size, with stronger jet streaks in
smaller domains. In the 201009 event, a zonal and strong upper-level jet is
observed over the Korean Peninsula with a PV streak to its north (Fig. S30).
Such strong upper-level positive PV, as observed in the 202108 and 201009
events, is occasionally associated with stratospheric high-PV intrusions***’.
When strong meridional PV gradients develop in the upper troposphere, jet
stream tends to form along regions where a positive PV anomaly is present
on the poleward side and a negative anomaly on the equatorward side**.
These characteristics are well simulated in all model experiments, and the
impact of SN is not distinctly noticeable (Fig. S3p-u).

The differences in upper troposphere conditions induced by SN affect
the mid- and lower-level troposphere (Fig. 6). In the 202108 and 202007
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of error distance of ETC and IVT center. Distance represents the mean difference
between the observed and simulated trajectories from each ensemble, as shown in
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event. The marker shape indicates the event, and the color represents the experi-
ment. Each experiment includes five ensemble members. The correlation coefficient
(r) is calculated using the entire ensemble for each event.

events, SN influences the upper-level trough, which is typically accom-
panied by strong positive PV. The deepening of PV can be interpreted as
contributing to the intensification of surface cyclones through baroclinic
instability’’, by enhancing the vertical extension of the trough from the
upper to the mid-levels and modifying the horizontal gradient of potential
temperature (Fig. 6a—n). As a result, the synoptic-scale vertical structure, the
location of intense IVT, and the position and intensity of ascent driven by
dynamic (upper-level large-scale trough) and diabatic (lower-level latent
heating) forcings***’ are affected by SN. These changes subsequently lead to
differences in precipitation simulations. In contrast, for cases like the 201009
event, where the upper-level conditions do not primarily drive the synoptic-
scale vertical structure and precipitation, the impact of SN in the RCM
simulations is reduced (Fig. 60-u).

In the 202108 event, observations clearly show the deepening of the
upper-level trough and the associated baroclinic vertical structure. Strong
upward motion and IVT on the eastern side of the trough create favorable
conditions for extreme precipitation (Fig. 6a). SN contributes to main-
taining this baroclinic vertical structure within the model, simulating the
location and intensity of precipitation closer to the observation. This effect
becomes more significant as the domain size increases (Fig. 6b-g). Similarly,
in the 202007 event, strong upward motion and IVT are present in the
eastern regions of baroclinic instability structure. SN helps anchor these
features consistent with observations (Fig. 6h, i, k, m). In contrast, in the
large domain experiment without SN (D1_OFF, D2_OFF), shifts occur in
the location of baroclinic instability, IVT peaks, and the resulting upward
motion (Fig. 5j, 1, n). In the 201009 event, while upward motion is present
from the surface to mid-level, along with intense IVT at the near location, no
distinct connection is present between upper-level dynamics and these
favorable precipitation conditions (Fig. 60). This suggests that the extreme
precipitation of the 201009 event is more affected by surface trough and
baroclinicity development, rather than the dynamic forcing from the upper-
level synoptic pattern, despite the presence of upper-level jet streak and weak
trough’. As a result, the influence of SN is less pronounced (Fig. 6p-u).

We further define a deep PV intensity metric to quantitatively assess
the relationship between the influence of SN on the baroclinic instability and
precipitation simulation (Fig. $4). The deep PV intensity is examined for the
two events (202108 and 201009) where the connection of the vertical
atmospheric structure and precipitation is evident. The analysis reveals that
SN contributes to a stronger and more realistic representation of the dee-
pening of positive PV, which subsequently improves the simulation of the
ETC center trajectories. The ETC center is also closely related to the IVT
center (Fig. 5). In summary, the interaction between SN and IVT, eventually

hourly precipitation, does not occur directly but rather through SN
restricting the upper-level trough.

Role of domain size on SN effectiveness

Our analysis has identified the influence of domain size on the simulation of
hourly precipitation, extratropical cyclones, and IVT. We further investigate
the underlying mechanisms responsible for the differing impacts of domain
size across the events. A power spectrum analysis is conducted for 500 hPa
geopotential height anomalies to evaluate the horizontal scale dependence
on SN effectiveness (Fig. 7). We assume that SN would be more effective
when the dominant wave scale is contained within the domain and exceeds
the cut-off wavelength for SN, approximately 1000 km. It corresponds to the
Rossby raidus of deformation in troposphere of midlatitude, setting the
transition from the synoptic scale to the convective scale**”. For both the
202108 and 202007 events, power spectrum is strong within the wavelength
ranges spanning from the SN cut-off wavelength to the widths of Domainl
and Domain2, indicating that SN effectively constrains synoptic-scale
Rossby waves (Fig. 7d, h). As a result, the D1_ON and D2_ON experiments
show superior performance in simulating the intensity and position of the
trough near 125°E (Fig. 7a, b, e, f). In contrast, the ON and OFF experiments
show minimal differences in Domain 3, with particularly negligible dis-
crepancies in the 202108 event (Fig. 7c¢, g). It is challenging for Domain3 to
capture typical synoptic-scale Rossby waves, approximately 2000-3000 km
in wavelength®, due to the narrow zonal extent. Although SN is applied in
this domain experiment, its impact on Rossby waves is expected to be
limited. Unlike the other events, 201009 event exhibits relatively weak power
spectrum within the wavelength bands that can be resolved within the given
experimental domains (Fig. 71). This suggests that the limitation of SN
results from the scale mismatch between the zonal wave scale of the event
and the domain size. Furthermore, the 202007 and 201009 events involve a
wider spectrum of wave scales than the 202108 event, which may explain the
overall reduction in power spectrum observed in these events.

Discussion

The sensitivity experiments show that SN makes the simulations of
extreme precipitation more consistent with observations. In particular,
the application of SN improves the location and intensity of the upper-
level trough, which in turn contributes to a more realistic simulation of
the baroclinic structure in the mid-troposphere and related surface
cyclone. It affects the moisture transport, responsible for the extreme
precipitation. Through this process, SN influences not only dynamical
processes but also thermodynamic processes of diabatic ascent and
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Fig. 6 | Zonal cross-section of potential vorticity (PV), potential temperature (6),
vertical pressure velocity (w), and meridionally averaged magnitude of inte-
grated vapor transport (IVT). Panels a-g correspond to the 202108 event, h-n to the
202007 event, and o-u to the 201009 event. The first row (a, h, o) represents the
observational data. The second to fourth rows show the model experimental results.
In the model panels, the left column (b, d, f, i, k, m, p, r, t) presents results from
simulations with spectral nudging, whereas the right column (c, e, g, j, 1, n, g, s, u)

presents results without spectral nudging. In each panel, the top plot shows a zonal-
vertical cross-section of PV, 6, and w. The shading represents PV, black contours
indicate 6, and pink contours denote negative w, with a contour interval of

0.25 Pa s™. The bottom plot illustrates the meridionally averaged magnitude of IVT.
All panels correspond to the time of maximum observed hourly precipitation at the
surface stations for each event. The meridional averaging range for both the cross-
section and IVT magnitude plots extended by +2° in latitude from the ETC center.

atmospheric moisture that triggers extreme precipitation, although it
only nudged horizontal winds above PBL, not temperature and humidity.
The improvement of SN generally increases with increasing model
domain size. In smaller domains, synoptic-scale waves are not sufficiently
resolved in the simulation and the influence of lateral boundary condi-
tions increases. However, its effect varies from event to event. Therefore,
the alignment between the dominant horizontal wave scale of the event
and the domain size also has a significant influence.

The performance improvement by SN is significant in the 202108 and
202007 events where the upper-level trough plays a crucial role. In contrast,
the SN has a limited influence on the simulation of the 201009 event. This
event is not driven by a synoptic-scale ETC Instead, the abrupt development
of the surface trough and baroclinicity is more primarily attributed to the
generation of the moisture pathway than to upper-level dynamics. More-
over, the 202108 and 202007 events are primarily influenced by synoptic-
scale waves that are well captured within the experimental domains, whereas
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Fig. 7 | 500 hPa geopotential height anomalies and power spectrum analysis.
a-d correspond to the 202108 event, e-h to the 202007 event, and i-I to the 201009
event. For each event, the first to the third columns show (a-c, e-g, i-k) the latitude-
band (29°N-43°N) averaged anomalies of 500 hPa geopotential height for each
domain. The black lines represent the observed results. The red and blue lines
indicate the model simulation results with and without spectral nudging, respec-
tively. The averaging period is +3-h centered on the time of maximum hourly
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precipitation observed at surface stations for each event. Anomalies are obtained by
subtracting the zonal mean. All model results represent ensemble mean values. The
rightmost columns (d, h, 1) present the results of the power spectrum analysis of the
geopotential height anomalies obtained from using Fast Fourier Transform. The

pink, blue, and green vertical lines indicate the widths of the Domain1, Domain2 and
Domain3, respectively. The gray dashed line shows the red noise power spectrum.

the 201009 event is triggered by mesoscale disturbances embedded within a
larger-scale background flow. In summary, the results of this study reveal
that SN has a greater impact on extreme precipitation events driven by the
upper-level trough and strong baroclinic instability than in those influenced
by surface processes. Its influence is also more pronounced in events whose
zonal scales lie between the domain size and the threshold wavelength of SN.
Moreover, SN generally contributes to more realistic simulations and
reduced ensemble spread. However, its effect can vary depending on the
event and domain size, especially when the influence of SN is limited.
Practically, within the scope of the specific cases and experimental
design of the study, the D2_ON configuration is proposed as the most
efficient option for simulating extreme precipitation events where SN is
effective (e.g., the 202108 and 202007 events). The regional climate simu-
lation with small domain size degrades the representation of the large-scale
features and internal model dynamics due to a lack of spin-up distance for
boundary forcing, whereas excessively large domains can lead to strong
deviations of the simulation from its lateral boundary conditions™*"”. In
our experiments, the domains that adequately cover the major synoptic-
scale zonal waves of events sensitive to SN are Domainl and Domain2
(Fig. 7). We determined that Domain2 would be more efficient and rea-
sonable than Domainl, as Domainl includes an abrupt topographical
feature on its western boundary due to the Tibetan Plateau’* and

considering the high horizontal resolution, the computational cost would
have been too expensive.

This study quantitatively analyzed the impact of SN on extreme pre-
cipitation simulations events. Unlike previous studies, more comprehensive
and mechanism-based analyses were conducted by considering both
synoptic characteristics and domain size. This approach enables a more
detailed understanding of how SN can be optimized for different types of
extreme precipitation events and domain sizes. There are still areas for
improvement, suggesting that further research could build upon the present
study to refine the understanding and application of SN in high-resolution
modeling. First, further investigation is necessary to validate the consistency
of the results across multiple events for each type of extreme precipitation.
The reliance of this study on a single representative event for each type may
limit the generalizability of its results. Second, the model physics schemes
affect precipitation simulations using RCM, with microphysics and PBL
schemes being particularly important in convection-permitting
simulations™”’. In East Asian precipitation simulations, the microphysics
scheme significantly influences the hourly maximum precipitation, as dif-
ferent schemes represent and classify hydrometeors (e.g, ice, rain, snow,
graupel) in distinct ways, directly affecting the formation and intensity of
precipitation particles. The PBL scheme exerts strong control over the
average accumulated precipitation by modulating vertical mixing and the
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turbulent transport of heat and moisture in the lower atmosphere™. This
interdependence highlights the need for a more thorough investigation of
how different model configurations interact with SN techniques.

We also applied SN to hindcast the events, but further research is
required to investigate the impact of nudging on forecast fields or global
climate models to simulate extreme precipitation®. In addition, the devel-
opment of quantitative guidelines regarding the horizontal scale and vertical
structure of extreme precipitation systems with respect to significant SN
effects would be a valuable contribution to the field. Such guidelines could
enhance the use of high-resolution models in extreme precipitation
research, potentially improving the accuracy and reliability of the
simulations.

Methods

Data

The European Center for Medium-Range Weather Forecasts reanalysis fifth
generation (ERA5) was used as synoptic observation data and initial and
lateral boundary forcing for model simulations™. For model evaluation, we
utilized two observational datasets of the spatial distribution of precipita-
tion. High-resolution gridded data from Korea Meteorological Adminis-
tration (KMA 500 m) is a dataset generated by applying a three-dimensional
objective analysis technique to assimilate various station observations while
incorporating terrain effects”. Integrated Multi-Satellite Retrievals for
Global Precipitation Measurement (IMERG) is a NASA product that esti-
mates global surface precipitation rates at a high resolution of 0.1° every half-
hour, beginning in 2000°". Instead of high spatial resolution KMA 500 m
data, which is only available for the South Korean land area, IMERG offers a
wide cover area with relatively lower resolution. Thus, both KMA 500 m and
IMERG were used to evaluate the spatial distribution of precipitation
(Fig. 2), and KMA 500 m data were used to evaluate the time series of
precipitation (Fig. 3).

Model configuration

The Weather Research and Forecasting (WRF) model version 4.4 is
employed in this study. The WRF model has a single domain with a 3 km
horizontal resolution. Based on this high-resolution, we conducted a
convection-permitting simulation that explicitly resolves precipitation
using  microphysics ~ parameterization  instead of  convection
parameterization® . For the sensitivity experiment, we designed SN and
the domain settings. The theoretical basis of the SN option in WRF model
version 4.4 is consistent with that of the default SN scheme, in which
atmospheric waves longer than the specified cut-off wavenumber are
nudged toward the reference values derived from the lateral boundary
conditions**>®. SN is applied above PBL with coefficient of 3 x 10™*. The
nudged wavenumber varies slightly across domains, with a filtering applied
to wavelengths longer than approximately 1000 km for each domain
(Table S2). We configure the nudging to assimilate only the horizontal wind
components (u, v wind), as previous studies®®®’” have shown that this
approach is sufficient for effective improvement while simplifying the
nudging setup. The cut-off wavelength is selected to constrain synoptic
patterns and preserve the internal dynamics of the fine scale model®. A
coefficient of 3 x 10™* s™" was used to apply nudging on an hourly basis. The
domain settings are as follows: the largest domain (Domainl) covers the
South China Sea and the WNPSH; the second largest domain (Domain2)
includes the Yangtze River and WNPSH; and the smallest domain
(Domain3) encompasses the Korean Peninsula (Fig. S1). The approximate
width of each domain is 4500 km for Domain1, 3000 km for Domain2 and
1800 km for Domain3. The sensitivity experiment consists of six combi-
nations in total, involving the application of SN (ON) and the non-
application of SN (OFF) for each domain. The experiment was conducted
for three selected events, resulting in eighteen simulations in total. To
construct ensemble members, each simulation was performed five times,
with the initialization time for each run delayed by 6-hour intervals from the
start of the simulation period. Further details of the model configurations
are provided in Table S2 of the Supporting Information.

Tracking method

The following methods are utilized in this study to obtain the ETC and IVT
center trajectories. First, the trajectory of the ETC center is detected using the
approach suggested by Coll-Hidalgo et al.”’. First, we prefiltered potential
centers in the mean sea level pressure (MSLP) field as locations where the
difference between the current MSLP and the average over the previous 5 days
is lower than —3 hPa. The point with the lowest MSLP value is selected as the
cyclone center. In the next time step, we identify the points where the anomaly
below —3 hPa using the same method, but within a restricted radius around
the ETC center of previous time step. Among these points, the one with the
lowest MSLP value is designated as the ETC center for the next time step. The
timestep interval (3-h for 202108 and 202007; 1-hfor 201009) and restricted
radius (500 km for 202108 and 202007; 100 km for 201009) are selected based
on the spatial scale of each event. The tracking period is set to include the time
of maximum hourly precipitation observed.

The IVT center is determined as the central point of the IVT pattern
associated with the ETC center. First, the IVT pattern is determined by the
area exceeding a IVT magnitude threshold within a specified radius around
the ETC center (500 km for 202108 and 202007; 300 km for 201009). The
IVT magnitude threshold is defined individually for each observation and
ensemble member. It is set as the 85th percentile of IVT magnitudes that
exceed 100 kg m ™" s within the trajectory analysis domain during the two-
day period before and after the event date. The 85th percentile was chosen as
areference because it has been used in previous research to define strong and
corridor-shaped IVT, the atmospheric river””". Then, the central point
position of the IVT pattern is calculated as the mean latitude and longitude
values of the grid points within the IVT pattern. The latitude and longitude
are weight-averaged based on the IVT values corresponding to each
grid point.

Data availability

Coupled Model Inter-comparison Project Phase 6 data can be downloaded
from the Earth System Grid Federation (ESGF) MetaGrid. ERA5 hourly
data are available from the Copernicus Climate Data Store””. IMERG half-
hourly precipitation data is accessible via the Goddard Earth Sciences Data
and Information Services Center (GES DISC)®'. High-resolution gridded
data from the Korea Meteorological Administration (KMA) is accessible via
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the KMA Application Programming Interface (API) Hub service*.

Code availability

The code used in this study will be provided upon a reasonable request.
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