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Abstract
Neglected High-frequency Variability events of the sea surface Wind Coupled with Precipitation (HV-WCP) events are 
revealed over the Kuroshio Sea Surface Temperature (SST) front in the East China Sea (ECS) during wintertime. This phe-
nomenon is characterized as modulation events of the surface wind directions, whereby the southerly anomaly changes into 
a northwest anomaly, accompanied with increasing wind speed, and coupled with decreasing precipitation from morning to 
night on the day with the peak variability. The events are associated with significant climate effects on the rainfall anomaly 
over southeastern China and adjacent ocean areas of the ECS. To sustain these events, the large-scale circulation needs 
to exhibit declines in the upstream monsoon and weakening vertical mixing in the planetary boundary layer (PBL). The 
Kuroshio thermal effect on the underlying atmosphere becomes prominent due to weakening vertical mixing, which results 
in pronounced PBL height gradient over the Kuroshio SST front. More plentiful moisture transported from PBL to the free 
atmosphere, generates the initialization of rainfall and the cyclone anomaly. Meanwhile, the latent heat releasing caused 
by this precipitation forces positive vorticity anomaly within the PBL, which again strengthens the cyclone and the upward 
moisture transport. Therefore, a complement between local circulation and rainfall is developed over the Kuroshio region. 
Due to the significant effect of the Kuroshio SST front on the PBL structure, the HV-WCP intensity is able to maintain its 
strength over the Kuroshio region. However, because of the northwestern background monsoon, the HV-WCP events vanish 
quickly when the coupled system moves out of Kuroshio SST frontal region.
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1 Introduction

In midlatitudes, the oceanic fronts with large horizontal gra-
dients in sea surface temperature (SST) have been proved the 
essential areas where the forcing of the ocean onto atmos-
phere is pronounced (Chelton et al. 2004; Tokinaga et al. 
2005, 2006; Minobe et al. 2008; Small et al. 2008; Bryan 
et al. 2010; Chelton and Xie 2010). Most previous studies 
about the atmospheric variability response to the SST front 
focused on the climate variability and low-frequency atmos-
pheric variability (e.g. decadal variability, interannual vari-
ability and intraseasonal variability) (Nakamura et al. 1997; 
Nakamura and Kazmin 2003; Feliks et al. 2004, 2007; Wang 
et al. 2019; Chen et al. 2019a). However, studies on the high-
frequency atmospheric variability (e.g. the synoptic-scale 
variability and diurnal variability), especially the diurnal 
variability over SST front, are much less common.

Indeed, the high-frequency atmospheric variability is 
the one of the most basic features of the earth’s atmosphere 
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motions, which is crucial for short-time weather forecast-
ing and play an important role in dynamics of the global 
climate, mainly including the diurnal variability events 
(24 h) and synoptic-scale activities (2–7 days). Therein, the 
diurnal variability is the pronounced signals of climate sys-
tem, which is mainly driven by diurnal variation of the solar 
radiation (Wallace 1975; Garreaud and Wallace 1997; Sui 
et al. 1998; Yang and Slingo 2001; Sorooshian et al. 2002). 
The synoptic-scale disturbances can be seen evidently from 
the daily weather map, characterized with 2–7 days transient 
activity period and propagate with two waveguides (Hoskins 
and Hodges 2002; Nakamura et al. 2002). Due to differ-
ing underlying surface conditions and physical processes, 
the diurnal and synoptic-scale variations of meteorological 
variables vary with regions and seasons (Carillo et al. 2000; 
Nakamura and Shimpo 2004; Yang and Smith 2006).

Besides the temperature diurnal cycle determined directly 
by solar radiation, the related issues of precipitation and 
local circulations diurnal variations have always been the 
hotspots of regional climate research (Bergman and Salby 
1996; Dai and Deser 1999; Dai and Trenberth 2004). Typical 
events of wind diurnal variabilities are the sea–land breeze 
and mountain–valley breeze, which are subject to the modu-
lation of mountain–valley and land–sea differential heating 
(Hamilton 1980; Krishnamurti et al. 2000; Ciesielski and 
Johnson 2008). Furthermore, it is also apparent that diurnal 
local circulations are influenced by the large-scale atmos-
pheric conditions (Huang et al. 2010). The diurnal variation 
of precipitation is an essential reaction of regional climate 
resulting from the comprehensive influence of atmospheric 
thermal and dynamic processes, which involves the multi-
interactions of land–atmosphere, sea–atmosphere, sea–land 
and mountain–valleys at different scales (Neumann 1951; 
Kraus 1963; Wolyn and Mckee 1994; Higgins et al. 1997; 
Chen et al. 2015). There is an apparent regional difference 
with the diurnal rainfall variations due to the complex under-
lying surface distributions and different surface forcing (Yu 
et al. 2007a, b, 2009; Li et al. 2008; Zhou et al. 2008; Bao 
et al. 2011). In monsoon regions, the low-level winds have 
been proven to be related to monsoon dynamics and coupled 
with the regional precipitation (Ramage 1952; Wai et al. 
1996; Fujinami and Yasunari 2001; Terao et al. 2006; Guan 
et al. 2019). According to amplitude, peak time, and phase 
propagation characteristics of diurnal precipitation, Kikuchi 
and Wang (2008) identified three regimes diurnal precipita-
tion in the global tropics, including the moderate amplitude 
and an early morning peak in the oceanic regime, a large 
amplitude and an afternoon peak in the continental regime, 
and the large amplitude and prominent phase propagation in 
the coastal regime. Chen et al. (2013) demonstrated that the 
low-level wind averaged over East Asia is strongest during 
late night or early morning hours, which is inferred as a diur-
nal monsoon variability. Such nocturnal acceleration occurs 

frequently when monsoon flow becomes active. It usually 
develops in the warm region south of the frontal zone, and 
is closely related to the ageostrophic flow. Using an idealized 
land–sea–breeze model, Du and Rotunno (2015) found that 
the low-level diurnal wind signals propagate eastward off the 
southeast coast of China, whereas diurnal wind variations 
off the northeast coast are nearly in phase.

To explain the diurnal variations of the low-level wind, 
at least two primary mechanisms have been put forward. 
One is the initial oscillation mechanism (Blackadar 1957) 
and the other is the thermal wind adjustment mechanism 
(Holton 1967). Based on these two mechanisms, the diur-
nal oscillations in the ageostrophic wind vector contribute 
more diurnal variabilities to the low-level wind, when the 
initial oscillation effect is predominant (Blackadar 1957; 
Van de Wiel et al. 2010; Shapiro and Fedorovich 2010). 
However, the thermal wind adjustment mechanism provides 
a better explanation of the diurnal variabilities of the geos-
trophic wind (Holton 1967; Bonner and Paegle 1970; Du and 
Rotunno 2014). Over East Asia, many studies have shown 
that the initial oscillation mechanism is more effective to 
explain the diurnal variabilities of the low-level wind and 
the coupled precipitation events (Chen et al. 2009, 2013; 
Du et al. 2012; Du and Rotunno 2014, 2018). Furthermore, 
the diurnal variabilities of low-level wind and precipitation 
are modulated by the large-scale atmospheric background. 
Xue et al. (2018) found that the low-level ageostrophic winds 
exhibit diurnal cycles with clockwise rotations due to the 
inertial oscillation mechanism over China, whereby wind 
directions and magnitudes depend on the background geo-
strophic monsoon flows. They also indicated that the low-
level ageostrophic winds control the net moisture flux into 
the rain bands of the Meiyu front and cause the anomaly 
variabilities in the diurnal precipitation.

For the diurnal variability, the previous studies mostly 
focus on local circulation and precipitation events over 
land or coastal areas. This is due to the most basic prop-
erties of the ocean, the great heat capacity and the slow 
changing. These properties make the diurnal variation 
effect of the solar radiation on the ocean much weaker 
than that on the land. Therefore, most previous studies 
about the SST front effects on the atmosphere focused 
on the longer time scales, such as climate variability and 
low-frequency atmospheric variability (e.g. decadal vari-
ability, interannual variability and intraseasonal variabil-
ity) (Nakamura et al. 1997; Nakamura and Kazmin 2003; 
Feliks et al. 2004, 2007; Wang et al. 2019; Chen et al. 
2019a). However, over oceanic fronts with large horizontal 
SST gradients, the heat fluxes have significant differences 
over the warm flank compared to the cold flank, which 
is similar to the land-sea breeze, in the sense of a local-
ized circulation driven by the diurnal varying differential 
heating between land and ocean. The diurnal atmospheric 
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variability over SST front could play an important role in 
regional weather and climate system. For the synoptic-
scale disturbances, mostly previous studies pay attention 
on the storm track (Nakamura et al. 1997, 2004; Naka-
mura and Kazmin 2003; Wang et al. 2019; Chen et al. 
2019a), which is the most active and clustered area of the 
synoptic-scale transient eddy activities (Blackmon 1976; 
Hoskins and Hodges 2002). However, the specific evo-
lution of individual synoptic-scale activity does not get 
much enough attention. Furthermore, different from the 
land–sea breeze over coastal regions, there is no inver-
sion of the temperature gradient on both sides of the SST 
front in the morning and evening, resulting in the baro-
cline-thermal conditions cannot be formed as the land–sea 
breeze. Nevertheless, the observations (Figs. 1, 2, 3, 4, 5) 
showed that the high-frequency variation events mainly 
manifested as the diurnal variability exist over Kuroshio 
SST front. Thus, this study focuses on the mechanism of 
the this high-frequency event over Kuroshio SST front. In 
addition, high-frequency atmospheric events will lead to 
significant precipitation anomalies both locally and over 

southeastern China, which has great significance for the 
study and prediction of weather and short-term climate.    

Over SST front areas, the near-surface wind within the 
planetary boundary layer (PBL) can be exerted by the sea 
level pressure (SLP) adjustment mechanism (Lindzen and 
Nigam 1987; Small et al. 2003, 2005; Song et al. 2006; Shi-
mada and Kawamura 2008) and vertical mixing mechanism 
(Wallace et al. 1989; Hayes et al. 1989; Hashizume et al. 
2002; Skyllingstad et al. 2007). Moreover, recent studies 
have demonstrated that the climatological effects of SST 
fronts may extend into the free atmosphere and provide an 
anchor for rain bands by triggering deep cumulus convec-
tion along the warm current (Minobe et al. 2008; Tokinaga 
et al. 2006; Kuwano-Yoshida et al. 2010; Xu et al. 2011; Xu 
and Xu 2015). In the East China Sea (ECS), a conspicuous 
small-scale SST front can lead to a remarkable heat dis-
charge accompanying the Kuroshio current, which has been 
proven to have a remarkable impact on the regional climate 
and weather system over East Asia (Small et al. 2008; Shi-
mada and Kawamura 2008; Bryan et al. 2010; Chelton and 
Xie 2010; Xu et al. 2011; Xu and Xu 2015; Wang et al. 2019; 

Fig. 1  The diurnal standard 
deviation (STD) of 10 m wind 
speed (shadings) (a, b) and 
wind direction (shadings) (c, d), 
and the SST field (contours; ℃) 
in CFSR data during the winters 
of 1986–2016. a–d Show the 
STD results within 1-day and 
7-days, respectively

(a) (b)

(c) (d)
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Chen et al. 2019a). However, as mentioned above, there are 
fewer studies regarding the effects of high-frequency atmos-
pheric variabilities over the Kuroshio SST front. The study 
of Xu and Xu (2015) explored the different low-level synop-
tic-scale wind patterns over Kuroshio SST front. Using a lin-
earized model, Schneider and Qiu (2015) suggested that the 
boundary layer response to the SST front occurs on a short 
time-scale. The response time is governed by three pro-
cesses: a fast thermodynamic adjustment of about 1 day, a 
dynamic adjustment to large-scale divergence on 2 days, and 
a slower radiative adjustment of 4 days. Bai et al. (2019) also 

proved this high-frequency events of the marine atmospheric 
boundary layer (MABL) response to the Kuroshio SST front. 
The study further revealed that the prevailing wind events, 
with different near-surface wind directions, have different 
duration times. These events show obvious high-frequency 
variabilities of the surface wind speed when its duration time 
is about 18–72 h; however, the occurrence conditions and 
the specific characteristics of the high-frequency variability 
events are not clear yet. Moreover, some studies have proved 
the SST front affects the regional precipitation revolution 
by high-frequency atmospheric variability (Xu et al. 2018; 

Fig. 2  The high-frequency standard deviation (STD) of wind speed 
(shadings) a–c  wind direction (shadings), d–f  during the winters of 
1986–2016. a, d Show the STD results in CCMP data; b, e show the 

STD results and the SST field (contours; ℃) in CFSR data; c, f show 
the STD results and the SST field (contours; ℃) in ERA5 data
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Hirata et al. 2019). Nevertheless, there remain several ques-
tions. Are the high-frequency atmospheric variability events 
significant with respect to climatological statistical analy-
sis, or only some kind of random synoptic-scale weather 
activities? What is the mechanism of the high-frequency 
variability events over the Kuroshio SST front? Why does 
the special high-frequency variability occur just over the 
Kuroshio SST front? What about the evolution and climate 
effects of these high-frequency variability events over the 
Kuroshio SST front? To date, these questions have not been 
well solved.

Therefore, this present study is designed to clarify the 
role of high-frequency variability in the atmospheric events 
over the Kuroshio SST front in the ECS during wintertime. 
A primary focus is the atmospheric high-frequency vari-
ability, with the combined effects of the winter monsoon and 
the Kuroshio SST front. The paper is presented as follows. 
Section 2 describes the data and method in the study. The 
characteristics of the high-frequency atmospheric variability 
events and the associated climate effects over Kuroshio SST 
front are analyzed in Sect. 3. Section 4 explores the mecha-
nism of the formation of the high-frequency atmospheric 
variability events over the SST front. Finally, the summary 
and discussion are presented in Sect. 5.

2  Data and methods

In this study, we used Climate Forecast System Reanalysis 
(CFSR) 6-hourly Products during the wintertime (Decem-
ber, January, February) of 1979–2010, Climate Forecast 
System Version 2 (CFSv2) 6-hourly products during the 
wintertime of 2011–2016, the fifth generation European 
Center for Medium-Range Weather Forecasts (ECMWF) 
Atmospheric Reanalysis (ERA5) hourly Products during 
wintertime of 1979–2016 and the Cross-Calibrated, Multi-
Platform (CCMP) Version 2 6-hourly wind field products 
during wintertime of 1987–2016 to analyze the atmospheric 
high-frequency variability over the Kuroshio SST front.

The National Centers for Environmental Prediction 
(NCEP) CFSR was initially completed over the 31-year 
period from 1979 to 2009 and has been extended to March 
2011 (Saha et al. 2014). CFSR is initialized 4 times per 
day (0000, 0600, 1200, and 1800 UTC), and the 6-hourly 
atmospheric, oceanic and land surface analyzed products 
are available at various horizontal resolutions. CFSR is the 
first dataset from NCEP that assimilates satellite emitters 
directly into its global reanalysis product so that CFSR 
can provide a more detailed and accurate description of 
the atmosphere and the ocean. Compared to other global 
reanalysis data, CFSR spatial resolution has been greatly 
improved. CFSR considers the coupling of the atmosphere 
and the ocean, adds a sea–ice model, and considers changes 

of  CO2, aerosols and other trace gases since 1979. NCEP 
upgraded their operational CFS to version 2 on March 30, 
2011 (Saha et al. 2011). This is the same model that was 
used to create the CFSR, and the purpose of this dataset is to 
extend CFSR. The 6-hourly atmospheric, oceanic and land 
surface analyzed products and forecasts are archived begin-
ning with January 1, 2011 as an extension of CFSR. Here, 
to simplify description, we hereafter use CFSR to represent 
the CFSR data from 1979 to 2010 and the CFSv2 data from 
2011 to 2016.

The ERA5 is the latest climate reanalysis produced by 
ECMWF, providing hourly data on many atmospheric, land-
surface and sea-state parameters together with estimates of 
uncertainty. ERA5 combines model data with observations 
from across the world into a globally complete and consist-
ent dataset using the laws of physics. Using the 4D-Var data 
assimilation method in Cycle 41R2 of ECMWF’s Integrated 
Forecast System (IFS), it takes account of the exact timing of 
the observations and model evolution within the assimilation 
window. This hourly output resolution is quite an improve-
ment with respect to the last generation ECMWF’s reanaly-
sis product (ERA-interim), and provides a more detailed 
evolution of particular weather events (https ://confl uence 
.ecmwf .int//pages /viewp age.actio n?pageI d=74764 925). 
ERA5 hourly data are available in the Climate Data Store 
on regular latitude-longitude grids at 0.25° × 0.25° resolu-
tion, with atmospheric parameters on 37 pressure levels from 
1979 to present.

The Version-2 CCMP wind field product is developed 
by the Physical Oceanography Distributed Active Archive 
Center (PO. DAAC) of National Aeronautics and Space 
Administration (NASA). It combines inter-calibrated satel-
lite data from numerous radiometers and scatterometers and 
in-situ data from moored buoys, including Version-7 Remote 
Sensing Systems (RSS), Special Sensor Microwave Imager 
(SSM/I), Tropical Rainfall Measuring Mission Microwave 
Imager (TMI), the Advanced Microwave Scanning Radiom-
eter for Earth Observing System (AMSR-E), Sea Winds on 
Quick Scatterometer (Quik SCAT), Sea Winds on the sec-
ond Japanese Advanced Earth Observing Satellite (ADEOS-
II) and other data using variational methods. The CCMP 
wind data are available with 0.25° × 0.25° resolution from 
78.375° S to 78.375° N and 179.875° W to 179.875° E, 
at 6-h intervals in time from July 1987 to the present. The 
CCMP wind is widely recognized because of its high spa-
tial resolution, accuracy and the other aspects related to its 
construction.

The CFSR is available at 6-h intervals with an approxi-
mately horizontal grid spacing of 0.5° and 37 vertical pres-
sure levels from 1000 to 1 hPa; the ERA5 hourly data are 
available with a horizontal resolution of 0.5° and 37 verti-
cal pressure levels from 1000 to 1 hPa; the CCMP wind 
is available at 6-h with 0.25° resolution at 10 m above sea 

https://confluence.ecmwf.int//pages/viewpage.action?pageId=74764925
https://confluence.ecmwf.int//pages/viewpage.action?pageId=74764925
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level. Furthermore, we used the Weather Research and 
Forecasting (WRF) Model, version 3.5 (Skamarock et al. 
2008; Carvalho et al. 2014), to investigate the atmospheric 
responses to the Kuroshio SST front over the ECS. Spe-
cific experimental solutions are described in Sect. 4.

Firstly, to get the fundamental features of the high-
frequency variability activities over the Kuroshio SST 
front, we calculated the standard deviation (STD) of the 
wind speed and the wind direction on the different time-
scale (Fig. 1). The results showed the wind speed diurnal 
variabilities are significant (> 2.50) over ECS, Yellow Sea 
(YS) and the South China Sea (SCS), especially over the 
offshore area (Fig. 1a). For the wind speed variabilities 
within 7-day, the STD distributions are almost consistent 
with the wind speed diurnal STD but the 7-day STD are 
greater from 0.1 to 0.25 than 1-day STD approximately. 
For the wind direction variabilities, the diurnal STDs are 
remarkably high over the middle-lower Yangtze River 
region, middle-lower Yellow River, Kuroshio SST front 
and its warm tongue. The wind direction STDs with 7-day 
also are almost consistent with the diurnal STD distribu-
tions but the 7-day STD are greater from 5 to 10 than 
1-day STD approximately. Therefore, whether wind speed 
STD or wind direction STD over the Kuroshio SST front, 
there are barely few differences from 1 day to 7 days (the 
results within the 2, 3, 4, 5, 6 days are not shown here). 
It suggests that the diurnal variability may play the most 
important role in the high-frequency variability activities. 
To confirm this hypothesis, the filtering method is applied 
to the 6-hourly dataset to extract different fluctuations, 
including diurnal signals, 1–2 days signals and 2–7 days 
signals. The results (Fig. S1) certify that the diurnal sig-
nals of the wind speed are the most dominant variability 
of the high-frequency variability events, so are the wind 
direction results (not shown here). Therefore, we extract 
the diurnal variations to represent the main features of 
the high-frequency variability events hereafter. The day 
with the most dominant diurnal variability is defined as 
the peak day of one high-frequency variability activities.

To compare the ability of the different datasets in resolv-
ing the atmospheric diurnal variability over the Kuroshio 
SST front, we calculate the diurnal standard deviation (STD) 
of the near-surface wind speed and wind direction in CCMP, 
CFSR and ERA5 datasets during winters of 1987–2016. The 
results (Fig. 3) showed that the wind speed diurnal vari-
abilities are significant over the ECS, Yellow Sea (YS) and 
South China Sea (SCS), especially over the offshore area. 
The wind direction diurnal STDs are remarkably high over 
the middle-lower Yangtze River region, middle-lower Yel-
low River, Kuroshio SST front and its warm tongue. There-
fore, the near-surface wind diurnal variabilities cannot be 
neglected over Kuroshio SST front. The CCMP results and 
the CFSR results are almost consistent both in wind speed 
and wind direction STD distributions. However, the ERA5 
shows some different results from the CCMP and CFSR, 
where the wind speed STD is lower but the wind direction 
STD is higher. Furthermore, the ERA5 data show the visible 
wind speed and wind direction bias with CFSR and CCMP 
on same time (02:00LT, 08:00LT, 14:00LT, 20:00LT) over 
Kuroshio SST front (Fig. S2).

To represent the intensity of the high-frequency atmos-
pheric variability, we define the high-frequency variability 
index based on the high-frequency variations of surface 
(10 m) wind speed and wind direction. Specifically, the 
intensity is calculated as the half sum of normalized vari-
ance of wind speed and normalized variance of wind direc-
tion, every day. Then we divide all the wintertime data to 10 
levels (from level − 5 to level 5) of different high-frequency 
variability intensity according to the high-frequency vari-
ability intensity (Table 1). The level − 5 events represent 
the days with weak high-frequency variability where high-
frequency variability intensities are less than one standard 
deviation of the average index; the level 5 events represent 
the days with strong high-frequency variability where high-
frequency variability intensities are more than one standard 
deviation of the average index. The other days are divided 
from level − 4 to level 4 with 0.25 standard deviation in 
every level. For instance, level 1 events are days where 

Fig. 3  The statistical results 
(percent) of HV-WCP events 
from level − 5 events to level 5 
events in CFSR (the red bars), 
ERA5 (the blue bars) and 
CCMP (the green bars) datasets. 
The X-axis indicates the dif-
ferent level HV-WCP events 
(from level − 5 events to level 
5 events)
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high-frequency variability intensities are more than average 
intensity but less than 0.25 standard deviation of the average 
index. Table 1 shows the statistical results of the different 
level events. The high-frequency surface wind variability 
events will be proven to couple with the high-frequency vari-
ability of large-scale stratus precipitation in Sects. 3 and 4. 
Thus, we define these events as the High-frequency Vari-
ability events of the near-surface Wind Coupled with Pre-
cipitation (HV-WCP) events. The “High-frequency Variabil-
ity events” indicates the events with significant variability 
within time-scale from 1-day to 7-day specifically hereafter. 

To show the straightforward view for the distributions 
of the different level HV-WCP events, we furthered plot-
ted the histogram (Fig. 4) of statistical results (the days and 
percent of every level HV-WCP events) of HV-WCP events 
from level − 5 events to level 5 events in CFSR, ERA5 and 
CCMP datasets. The results suggest that the percentage of 
every level (from − 5 to + 5) HV-WCP events in CCMP 
data are most consist with the percentage in CFSR data and 
ERA5 data. The composite results for the 10 levels of HV-
WCP events are also almost consistent for CCMP, CFSR 
and ERA5 datasets. Furthermore, the HV-WCP events with 
strongest intensity (level 5) account for significant percent-
ages in the three different datasets: 16.55%, 15.53% and 
16.18% in CCMP, CFSR and ERA5 datasets, respectively. 
The level 5 percentage are obviously much greater than level 
4 percentage (4.26% in CFSR; 3.33% in ERA5; 3.68% in 
CCMP). This percentage mutation between level 4 and level 
5 suggested the particularity and importance of the level 5 
events. Besides, the specific strong HV-WCP days (level 5 
events) are generally consistent in three datasets (Fig. S3). 
Thus, it follows that over the Kuroshio SST frontal region, 
such strong HV-WCP events are important events during 
wintertime, and cannot be neglected in climatological sta-
tistics. However, previous studies about the high-frequency 
cycle did not pay enough attention to the high-frequency 
variability of surface wind in this region.

The CCMP V2 wind analysis product is produced using 
satellite, moored buoy, and model wind data, and as such, 
are considered to be a level-3 ocean vector wind analysis 

product. Compared to the CCMP data, the CFSR data and 
ERA5 data support more layers and other related variables 
such as SLP, geopotential height, specific humidity, pre-
cipitation among others. Moreover, the hourly ERA5 data 
can provide more detailed revolution of atmospheric high-
frequency process. However, the high-frequency STD dis-
tributions of the wind speed and wind direction over Kuro-
shio SST front in ERA5 data are distinct from CCMP and 
CFSR datasets. In order to analyze the specific characteris-
tics, climate effects and possible mechanisms of the strong 
HV-WCP events over the Kuroshio SST front accurately, we 
therefore mainly use the CFSR data hereafter, and use the 
ERA5 hourly data to give more detailed revolutions. The 
differences between ERA5 data and CFSR data will be dis-
cussed in Sect. 5.

What are the specific characteristics related to significant 
high-frequency variability events of the near surface wind 
over the Kuroshio SST front? Figure 5 shows the compos-
ite results of the surface wind field anomalies and vorticity 
anomalies for level 5 events in the CFSR data. The Student’s 
t test is used to determine the statistical significance of the 
composites. It is revealed that the southerly wind anomalies 
appear to accompany the cyclonic circulation anomalies at 
02:00 local time (LT) over the core front and cold side of the 
SST front. At 08:00 LT, the cyclonic anomalies gradually 
move southeast as the southerly wind anomalies weaken. At 
14:00 LT, the surface wind field becomes northwest wind 
anomalies, and the maximum vorticity anomaly center con-
tinues moving southeastward. This process continues until 
20:00 LT, when the local circulation turns into strong north-
western wind anomalies, as the maximum vorticity anomaly 
center moves to the warm pool of the Kuroshio SST front. 
Generally, from 02:00 LT to 20:00 LT, the 10-m wind field 
gradually changes from a southerly wind anomaly to a north-
west wind anomaly. The accompanying maximum vorticity 
anomaly center moves from the cold side of the Kuroshio 
SST front to southeast, and finally reaches the warm flank 
of the Kuroshio.

To further diagnose the characteristics and climatic 
effects of these high-frequency variability events, we adopt 

Table 1  Statistical results of the different intensities of HV-WCP events over Kuroshio SST front in CFSR, CCMP and ERA5 datasets

Level − 5 Level − 4 Level − 3 Level − 2 Level − 1

CFSR (3330 days) 370 days (11.11%) 588 days (17.66%) 591 days (17.75%) 302 days (9.07%) 231 days (6.94%)
ERA5 (3330 days) 304 days (9.13%) 563 days (16.91%) 594 days (17.84%) 342 days (10.27%) 324 days (9.73%)
CCMP (2610 days) 195 days (7.47%) 413 days (16.21%) 414 days (15.86%) 237 days (9.08%) 252 days (9.65%)

Level 1 Level 2 Level 3 Level 4 Level 5

CFSR (3330 days) 226 days (6.79%) 190 days (5.71%) 173 days (5.20%) 142 days (4.26%) 517 days (15.53%)
ERA5 (3330 days) 237 days (7.12%) 166 days (4.98%) 150 days (4.50%) 111 days (3.33%) 539 days (16.18%)
CCMP (2610 days) 236 days (9.04%) 174 days (6.70%) 150 days (5.75%) 96 days (3.68%) 432 days (16.55%)



2130 H. Bai et al.

1 3

a rotated empirical orthogonal function (EOF) analysis 
method in this study. For the traditional EOF method, the 
spatial fields separated by EOF have poor ability to indi-
cate the characteristics of different geographical regions, 
with large sampling errors. To avoid these shortcomings of 
the traditional EOF, the rotated EOFs are obtained using 
the Varimax rotation method (Richman and Lamb 1985; 
Richman 1986). The several leading EOFs entering the 

rotation are determined based on the criterion by O’Lenic 
and Livezey (1988). The rotation relaxes the orthogonality 
and the rotated patterns are more analogous to the telecon-
nected patterns (Barnston and Livezey 1987). Therefore, the 
structure of the typical spatial field is clearer after rotation, 
which not only reflects the varying characteristics of differ-
ent regions, but also reflects the spatial correlation distribu-
tions of different regions. Due to the complex underlying 

  5  5

  5   5

(a) (b)

(c) (d)

Fig. 4  High-frequency variations of the wind field (m/s), vorticity (shadings;  10− 5/s) and SST (contours; ℃) of level 5 HV-WCP events at a 
02:00, b 08:00, c 14:00, and d 20:00 LT in CFSR data. All shaded values exceed 95% confidence level
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conditions and the topographical structure, the rotated EOF 
method is adopted over the Kuroshio region and associated 
coastal regions.

The rotated EOF analysis method is performed to ana-
lyze the near surface wind high-frequency variabilities over 
the region 15° N–50° N, 110° E–135° E during the winters 
(December, January, and February) of 1979–2016 (3330 
days in total). We calculated the simultaneous regressions of 
related variables on the normalized first and second principal 
components of the rotated EOFs (PC1 and PC2). Figure 2 
shows the first two leading rotated EOF modes and time 
series of PC1 and PC2. The rotated EOF1 and EOF2 can 
explain 9.7%, 9.4% of the wind high-frequency variabilities 
respectively, which indicates that the first two EOFs almost 
contribute equally to the total variance. In rotated EOF1, the 
areas with strong high-frequency variabilities include coastal 
areas of China, Bohai Bay areas and other areas with com-
plex underlying conditions. Previous studies have explained 
the high-frequency variabilities of surface wind fields well 
over these areas (Hamilton 1980; Krishnamurti et al. 2000; 
Ciesielski and Johnson 2008; Chen et al. 2009, 2013; Du 
et al. 2012; Du and Rotunno 2014, 2018). However, for 
rotated EOF2, the strongest high-frequency variabilities 
occur over the core and warm pool of the Kuroshio SST 
front in the ECS, which is consistent with the key area where 
the high-frequency variabilities of surface wind are obvious, 
in the composite results of level 5 events. Furthermore, the 
ERA5 rotated EOF results are consistent with the CFSR data 
(Fig. S4). Therefore, the rotated EOF results again testify to 

the significance of these strong high-frequency variability 
events. For the strong high-frequency variability events as 
shown by EOF2, what are the specific characteristics of the 
related HV-WCP events? How about its formulation mecha-
nism? What are the specific climate effects? Hereafter, this 
study will focus on these key issues.

3  The characteristics of HV‑WCP events 
over Kuroshio SST front

3.1  The large‑scale conditions of HV‑WCP events

The high-frequency variations of the surface wind field 
obtained in Sect. 2 mainly occur over the Kuroshio SST 
frontal areas in the ECS. What are the large-scale circula-
tion conditions that correspond to these local-scale events? 
To get the corresponding large-scale background state cor-
responding to the strong HV-WCP events, we firstly make a 
5-day moving average for different intensity HV-WCP events. 
Then we calculate the differences of geopotential height and 
wind fields between the level 5 events with the strongest high-
frequency variation intensity and the level − 5 events, with 
the weakest intensities at 850 hPa and 500 hPa, respectively 
(Fig. 6a, b). The 500hpa height field difference results show 
that when strong HV-WCP events occur, significant positive 
geopotential height anomalies appear over the Japan, YS and 
ECS, while significant negative geopotential height anomalies 
occur over the Siberia region. Moreover, there are significant 

Fig. 5  The a first and b second modes of rotated EOF analysis (shad-
ings) on wind high-frequency variabilities and the SST (contours; ℃) 
over the region 15° N–50° N, 110° E–135° E during the winters of 

1979–2016 in CFSR data. The blue box in b represents the key Kuro-
shio SST front in the study. c, d Shows the corresponding PC1, PC2 
time series of the first and second modes
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southeast wind anomalies over the ECS that accompany the 
anomalies in the geopotential height field. The equivalent-
barotropic structure circulation anomalies are remarkable 
over the mid-latitude region. The distributions of height field 
and wind field anomalies at 850 hPa are similar to those at 
500 hPa, although the negative geopotential height anomalies 
develop further to the south. The pronounced negative height 
anomalies extend from the Siberia region to the middle and 
lower reaches of the Yangtze River. 

During wintertime, due to the control of the East Asian 
winter monsoon system, the prevailing northwesterly wind 
is dominant over the ECS. Therefore, when strong HV-WCP 
events occur, the prevailing northwest winter wind and the 
accompanying cold air activity tend to weaken because 
of the attenuated Siberian high and the Mongolian high-
pressure center. Meanwhile, vertical mixing within the PBL 
tends to decrease because of the weakened monsoon. Fig-
ure 6c showed the regional averages of the wind speed and 

Fig. 6  The composited 5-days 
average 850 hPa (a) and 
500 hPa (b) geopotential heights 
(shadings; gpm) and wind fields 
anomalies (arrows; m/s) differ-
ences between level 5 HV-WCP 
events and level − 5 HV-WCP 
events during the winters of 
1979–2016 in CFSR data. All 
the shaded areas exceed 95% 
significance level. c Is the 
composited wind speed (red), 
wind shear (blue) and buoyancy 
(green) over the Siberian region 
within the PBL under differ-
ent intensity level events. The 
X-axis indicates the intensity 
level. All shaded values exceed 
the 95% confidence level

(a)

(b)

(c)
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the vertical mixing rate, represented by the vertical wind 
shear in the boundary layer, and the buoyancy term within 
the PBL over the Siberian region (red box in Fig. 6a). The 
squared buoyancy frequency is calculated as:

 in which g is the acceleration due to gravity and ρ(z) is 
density as a function of height z. It is also called Brunt–Vais-
ala frequency. This frequency is also sometimes used as a 
measure of the stability within a statically stable environ-
ment. The result indicates that with the intensity of HV-
WCP events increasing, the average wind speed and vertical 
mixing in the upstream region of the ECS tends to decrease 
gradually. Although the vertical mixing intensity of level 4 
events is stronger than that of level 5 events, the overall trend 
is still weakening. The tendency of the buoyancy term is 
generally consistent with the result of the vertical wind shear 
within PBL. Thus, the large-scale circulation conditions with 
weaker monsoon and the weaker vertical mixing tend to cre-
ate conditions for the occurrence of the near-surface high-
frequency wind variability events over the Kuroshio SST 
front area during wintertime.

3.2  The features of HV‑WCP events

What about the specific features of the atmospheric high-
frequency variation events? In Sect. 2, we show the com-
posite results of the HV-WCP level 5 events indicating that 
from early morning to evening hours, specifically 02:00 LT 
to 20:00 LT, the surface wind turned from the southerly 
anomaly to the northwest anomaly and the maximum vorti-
city anomaly center moved from the cold side of the Kuro-
shio SST front to warm flank. We averaged the wind speed 
of the level 5 HV-WCP events over the Kuroshio and fur-
ther decomposed the wind field into geostrophic and ageos-
trophic components. The geostrophic wind components are 
computed from the geopotential height fields and the ageo-
strophic components are calculated by subtracting the geos-
trophic components from the total wind, where the Coriolis 
parameter takes its local value. For both CFSR and CCMP 
datasets, the results (Fig. 7a) suggest that when strong HV-
WCP events occur, the surface wind speed over the Kuroshio 
SST front increases gradually from 02:00 LT to 20:00 LT 
(approximately 1.5 m/s). More importantly, the main contri-
butions to the high-frequency variation of the wind speed is 
from the high-frequency change of geostrophic components. 
The variabilities in the high-frequency ageostrophic compo-
nents caused by the inertial oscillation of the boundary layer 
are relatively weak (less than 0.40 m/s). The ERA5 hourly 
data showed the consistent results of the high-frequency 
surface wind speed, the ageostrophic components and 

(1)N2 = −

(

g

�

d�

dz

)

geostrophic components. Therefore, it is suggested that the 
high-frequency variabilities of level 5 HV-WCP events are 
not dominated by the inertial oscillation mechanism of the 
boundary layer over the Kuroshio SST front. Moreover, the 
intensity of the high-frequency wind variations is reduced 
gradually with increasing geopotential height (Fig. 7b). The 
high-frequency variabilities almost disappeared at the mid-
dle and high troposphere. Thus, we suggest that HV-WCP 
events have special features which distinguish them from 
sea–land breeze phenomena with obvious baroclinic struc-
ture. Furthermore, we calculated the high-frequency vari-
ations for average precipitation in level 5 HV-WCP events 
over the Kuroshio SST front in CFSR and ERA5 datasets. 
Associated with the variabilities in local high-frequency 
circulation, the precipitation also has significant high-fre-
quency variations over the Kuroshio SST front. However, 
different from previous studies (Chen et al. 2009, 2013; Du 
et al. 2012; Du and Rotunno 2014, 2018) we find that the 
trend for variability of the high-frequency precipitation is 
inconsistent with the trend for wind speed over the Kuro-
shio SST front. In CFSR results, the precipitation gradu-
ally decreased from 02:00 LT to 20:00 LT and reached a 
minimum value at 20:00 LT, at night. The ERA5 hourly data 
showed the more detailed precipitation revolution, where 
the precipitation increased from 01:00 LT to 06:00 LT, then 
reduced gradually from morning (06:00 LT) to moon night. 
Variation in precipitation may be related the abnormal turn-
ing of the wind direction from previous composited results 
(Fig. 5). We will provide additional discussion of the specific 
relationship between the high-frequency variabilities of pre-
cipitation and the wind field for HV-WCP events in a later 
section of this paper. 

However, the composited results of the level 5 HV-WCP 
events are not capable of describing the specific character-
istics for the different intensity atmospheric high-frequency 
variation events. It is complicated to analyze the specific 
local circulation and associated climate effects for 10 inten-
sity events considered here. Therefore, to reveal the climatic 
characteristics of the atmospheric high-frequency variation 
over the Kuroshio SST front, a regression analysis is applied 
to the CFSR wintertime data and the Student’s t test is used 
to determine the statistical significance of the regression 
results. Figure 8 presents a regression of the 10 m wind 
field and the average vertical speed within the PBL on PC2. 
The pronounced cyclonic wind anomaly and vertical speed 
anomaly can be seen over the ECS, which shows the high-
frequency variation with a southeastward propagation. At 
02:00 LT, the cyclonic anomaly center is over the coastal 
area of   the YS. The significant southerly wind anomaly and 
the upward vertical speed appear over the Kuroshio SST 
front. At 08:00 LT, the center of the cyclonic anomalies 
and the maximum upward vertical speed anomaly gradu-
ally move southeastward accompanied with the southerly 
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wind anomaly and weakening of the upward vertical speed 
anomaly. Thereafter, and specifically at 14:00 LT, the vor-
ticity anomaly center and the significant upward vertical 
speed anomaly continue moving southeastward. This pro-
cess continues until 20:00 LT, when the local circulation 
transforms into strong northwestern wind anomalies over the 
Kuroshio SST front. Concomitantly, the center for the sig-
nificant upward vertical speed and vorticity anomaly moves 
to the warm pool of the Kuroshio SST front. From 02:00 
LT to 20:00 LT, the cyclonic anomaly center and associated 
upward vertical speed anomaly move from the cold side of 
the Kuroshio SST front to the southeast, and finally reach 
the warm flank of the Kuroshio. The accompanying 10-m 
wind direction gradually turns, changing from a southerly 
wind anomaly to a northwest wind anomaly, and the total 
wind speed gradually increases over the Kuroshio SST front.

3.3  Climate effects related to HV‑WCP events

Numerous previous studies have demonstrated that high-
frequency variability of local-scale circulations have 

remarkable impact on the local climate, especially for local 
precipitation and its high-frequency variabilities (Ramage 
1952; Wai et al. 1996; Fujinami and Yasunar 2001; Terao 
et al. 2006; Chen et al. 2009, 2013; Du et al. 2012; Du and 
Rotunno 2014, 2018). Moreover, the SST front can anchor 
rain bands by triggering deep cumulus convection along the 
warm current in winter, resulting in precipitation anomalies 
over adjacent regions (Tokinaga et al. 2005, 2006; Minobe 
et al. 2008; Kuwano-Yoshida et al. 2010; Xu et al. 2011; 
Sasaki et al. 2012; Xu and Xu 2015). A composite analysis 
of level 5 HV-WCP events (Fig. 7) also shows that precipi-
tation over the Kuroshio has a significant decreasing trend 
from morning to night in strong HV-WCP events. What 
about the specific patterns of the precipitation anomaly when 
strong HV-WCP events happen?

We calculated the regression of precipitation anomaly on 
PC2 from 02:00 LT to 20:00 LT in CFSR data. The regres-
sion results (Fig. 9a–d) show that there is a robust precipi-
tation anomaly over the middle and lower reaches of the 
Yangtze River, the southeast coast of China, the ECS and 
the Japan. Furthermore, from 02:00 LT to 20:00 LT, the 

Fig. 7  a Shows the composited 
high-frequency variations of the 
level 5 HV-WCP events over 
Kuroshio SST front during the 
winters of 1979–2016 in CFSR 
data and ERA5 data. The black 
line is the composited 10-m 
wind speed (m/s), the red line 
is the geostrophic wind speed 
(m/s), the blue line is the ageo-
strophic wind speed (m/s) and 
the green line is the Kuroshio 
SST front average precipita-
tion (kg/m2). The circle solid 
lines are CFSR data results and 
the triangle dotted lines are 
ERA5 data results. The X-axis 
represents the local time from 
02:00 LT to 20 LT. b Shows 
the composited high-frequency 
variations of the level 5 events 
wind speed (m/s) on different 
altitude levels. The red line, 
blue line, brown line, green 
line, purple line and black line 
are the wind speed (m/s) at 
975 hPa, 950 hPa, 925 hPa, 
900 hPa, 850 hPa and 750 hPa 
respectively. The solid circle, 
hollow circle, triangle and star 
represents the wind speed (m/s) 
at 02:00 LT, 08:00 LT, 14:00 LT 
and 20:00 LT respectively. The 
X-axis represents U wind and 
Y-axis represents V wind
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precipitation anomaly is gradually reduced and the rain-
band moves southeastward. The center of the precipitation 
anomaly moves from the China coast to the warm flank of   
the Kuroshio SST front, which is consistent with the high-
frequency variation of the cyclonic anomaly and related 
updrafts. We further divide the total precipitation into large-
scale stratus precipitation and local-scale convective precipi-
tation (Fig. 9e–l). It is notable that the stratus precipitation 
and convective precipitation have significant high-frequency 
variation over the Kuroshio SST front. Moreover, the high-
frequency variability characteristics of the stratus precipi-
tation regression and convective precipitation regression 
are analogous to the total precipitation regression results. 
However, in terms of precipitation intensity and range, there 
are significant differences between stratus precipitation and 
convective precipitation anomalies. Like the total precipita-
tion anomaly patterns, the large-scale stratus precipitation 
anomalies are remarkable over the middle and lower reaches 

of the Yangtze River, the southeast coast of China, the ECS 
and the Japan. By comparison, the small-scale convective 
precipitation anomalies are mainly located over the core SST 
front and the warm pools of the Kuroshio SST front. How-
ever, most of the contribution to the precipitation anomaly 
is from stratus precipitation anomaly (more than 70% of the 
total precipitation), over Kuroshio SST front and its warm 
flank areas. Furthermore, the ERA5 regression precipitation 
results are consistent with CFSR results (Fig. S6–Fig. S8). 
Therefore, it is suggested that the strong HV-WCP events 
have considerable climate effect not only on the local-
scale precipitation but also on the large-scale precipitation 
anomaly. More importantly, we notice that the intensity and 
movement trend of the rainband high-frequency variation 
have a similar configuration relationship as shown in the 
cyclonic circulation and the updraft anomaly. How is it that 
the high-frequency wind variability and the corresponding 
high-frequency precipitation variability can be formed over 

Fig. 8  The high-frequency 
variations of the regression 
wind field (arrows; m/s) and 
vertical wind speed (shadings; 
m/s) against PC2 over Kuroshio 
SST front during the winters of 
1979–2016 in CFSR at a 02:00 
LT, b 08:00 LT, c 14:00 LT, 
and d 20:00 LT respectively. 
All shaded values exceed 95% 
confidence level

(a) (b)

(c) (d)
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 9  The high-frequency variations of the regression precipita-
tion (kg/m− 2) against PC2 over Kuroshio SST front during the win-
ters of 1979–2016 in CFSR data at 02:00 LT (a, e, i), 08:00 LT (b, 
f, j), 14:00 LT (c, g, k), and 20:00 LT (d, h, l) respectively. a–d Are 

the total precipitations regressions, e–h are large-scale precipitations 
regressions and i–l are the convective precipitations regressions. All 
shaded values exceed 95% confidence level
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the Kuroshio SST front? What is the rigorous relationship 
between cyclonic circulation, upward vertical speed and pre-
cipitation over the Kuroshio SST front? We will try to solve 
these questions in the following sections.

4  The mechanism of the HV‑WCP events

4.1  The local circulation and precipitation 
relationship in HV‑WCP events

High-frequency variations of the precipitation anomaly, 
cyclonic circulation anomaly and the upward flow have 
been identified, with consistent high-frequency trends in 
the intensity and motion. We speculate that high-frequency 
atmospheric variability events may be a process that is cou-
pled with precipitation and local circulation. To elucidate the 
specific evolution of HV-WCP events, we have calculated 
the lag-lead regression of the surface wind field, vertical 
motion within the PBL and precipitation on PC2. In this 
approach, we firstly select the cross-section perpendicular to 
the core Kuroshio SST front and calculate the PBL height, 
moisture flux and its divergence regressions on PC2, using 
PC2 leading 2 days to lagging 1 day (Fig. 10). It is obvious 
that the PBL height and the moisture have significant varia-
tions, from PC2 leading 2 days to lagging 1 day. With PC2 
leading 2 days, although the PBL height is lower over the 
Kuroshio cold side but higher over the warm side, there is 
no obvious difference between warm flank and cold flank. 
The PBL height changes very little (less than 15 hPa) until 
PC2 leading 1 day. With PC2 leading 0 day, the PBL dis-
tribution over the Kuroshio is found to be no longer uni-
form, as before. A significant PBL height gradient occurs, 
resulting from reductions in the PBL height over the warm 
flank of SST front, but decreases over the cold side, which 
is mainly caused by the Kuroshio SST front thermal effect 
on the turbulent heat flux, including the sensible heat flux 
(SH) and the latent heat flux (LH). This considerable PBL 
height gradient is subsequently suppressed high-frequency, 
with PC2 lagging 1 day, making the PBL structure more 
uniform. Meanwhile, there is no significant high-frequency 
variation of PBL height, from PC2 leading 2 days to PC2 
lagging 1 day. The PBL height remains basically unchanged 
during the day. With the evolution of the PBL structure, 
the moisture conditions have significant variation, from 
PC2 leading 2 days to PC2 lagging 1 day. With PC2 lead-
ing 2 days, the moisture flux and its convergence can be 
negligible over Kuroshio SST front, almost throughout this 
event. Until 20:00 LT, the visible westward and upward 
moisture anomalies appear over the warm side. By the next 
day, the eastward moisture transport is further enhanced and 
its convergence occurs within the PBL. With PC2 leading 
0 day, the enhanced moisture and simultaneous PBL height 

gradient generates plentiful water vapor, transporting from 
the PBL to the free atmosphere, bringing about significant 
moisture convergence over the core SST front. Furthermore, 
the upward and westward moisture flux, and its convergence, 
reach the maximal strength at 02:00 LT, which is conducive 
to the occurrence of the precipitation anomaly peak. After 
02:00 LT, the westward and upward moisture transport is 
gradually reduced, resulting in weakening of the moisture 
convergence and as it is moved to the warm side of the Kuro-
shio SST front. Although the upward water vapor is still 
active until 20:00 LT, the westward moisture and moisture 
convergence almost disappear over the Kuroshio SST front. 
When PC2 lagging 1 day, the moisture flux and its conver-
gence weakened with the uniform PBL structure. Ultimately, 
the moisture conditions are restored to the previous weak 
conditions when PC2 leading 2 days. 

When PC2 leading 0 day, we notice that the PBL height 
has negligible high-frequency variation but the high-fre-
quency variabilities of moisture flux and its convergence 
weaken significantly from 02:00 LT to 20:00 LT. Thus, it is 
suggested that the high-frequency variation of the moisture 
conditions is not caused by the high-frequency variation 
of the PBL structure. The significant PBL height gradi-
ent supports appropriately suitable conditions to generate 
the plentiful moisture transport from the PBL into the free 
atmosphere, but does not support the conditions needed to 
generate the high-frequency variation of the moisture and its 
convergence. With the associated features, the local circula-
tions testify that the cyclonic anomaly center and associated 
upward vertical motion anomaly is moved from the cold side 
of the Kuroshio SST front to southeast, and finally reaches 
the warm flank of the Kuroshio during the time from 02:00 
LT to 20:00 LT (Fig. 7). The cyclonic anomaly and updrafts 
can bring about upward moisture and the southeast wind 
anomaly due to the cyclonic motion which can enhance the 
eastward moisture transport. Therefore, the high-frequency 
variations of moisture conditions are significantly associ-
ated with the local circulation dynamics. For the local 
circulations, which process dominates its high-frequency 
variability?

Based on the Ertel potential vorticity equation (Ertel 
1942; Hoskins et al. 1985), the complete form of the vorti-
city tendency equation is expressed as (Wu and Liu 1998; 
Wu et al. 1999; Lit et al. 2001):

where � is relative vorticity, ��⃗V = (u, v) represents the hori-
zontal wind, ∇ represents the horizontal gradient opera-
tor, f represents the planetary vorticity and β represents its 
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meridional gradient, θz and Q are the static stability and 
diabatic heating, respectively. The complete form of the vor-
ticity tendency equation is widely adopted to analyze the 
vorticity evolution in midlatitudes (Liu et al. 2004, 2013; 
Wu et al. 2009; Ren et al. 2015; Shang et al. 2019). A scaling 
analysis (Liu et al. 2001; Wu et al. 2009) shows that Eq. (2) 
can be simplified as:

 where QLH represents the latent heating. The relation-
ship between the vorticity and latent heating indicates that 
the surface positive vorticity anomaly and the associated 
cyclonic circulation appear under the latent heat heating 
caused by the precipitation. Therefore, it is suggested that 
the precipitation and the local circulation are closely coupled 
with one another over the Kuroshio SST front.

To investigate the connections relating the local circula-
tion and precipitation, we quantified the surface vorticity 
anomaly caused by the precipitation anomaly based on 
Eq. (3). Firstly, the latent heating released by the precipi-
tation anomaly is calculated according to the regression 
precipitation anomaly. Thus, we obtain the low-level vorti-
city generated by the precipitation anomaly within the PBL 
below the maximum latent heating level. The patterns and 
the high-frequency variations of the vorticity anomaly cal-
culated by Eq. (3) (Fig. 11e–h) are generally consistent with 
the regression of the vorticity anomaly on PC2 (Fig. 11a–d). 
The vorticity anomaly due to the precipitation anomaly 
contributes more than 50% of the total regression vorticity 
anomaly over the Kuroshio SST front and its warm side. 
The ERA5 hourly regression surface vorticity results are 
consistent with CFSR data. However, there are still some 
difference between the top panels and the bottom panels in 
Fig. 11, especially in the coastal regions and marginal seas. 
These differences are caused by other terms in the com-
plete form of the vorticity tendency equation except the 
term of vorticity sources induced by vertical gradients of 
latent heating. Based on the Eq. (2), the vorticity changes 
are contributed by the terms of the horizontal advection of 
relative vorticity, β effect, divergence of atmospheric circula-
tion, and vorticity sources induced by horizontal and verti-
cal gradients of diabatic heating. To obtain the relationship 
between the precipitation and the surface vorticity anomalies 
caused by the Kuroshio SST front effects, we only calculated 
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the surface vorticity anomaly caused by the precipitation 
anomaly based on Eq. (3) (the simplified equation based on 
the scaling analysis). The previous studies have proved that 
the other term also contributes to the vorticity changes in 
the midlatitude, such as horizontal advection process (Ren 
et al. 2015; Shang et al. 2019), the horizontal gradients of 
the diabatic heating (Liu et al. 2001). However, the dominant 
term is the vorticity source induced by vertical gradients of 
diabatic heating. 

We further calculated the average precipitation anomaly, 
vorticity anomaly and vertical velocity anomaly regres-
sions on PC2, from PC2 leading 1 day to lagging 1 day over 
the Kuroshio (Fig. 12). The results suggest that the three 
key variables have coordinated phase characteristics. The 
anomaly of the precipitation, vertical upward motion and 
the positive vorticity are enhanced from PC2 leading 1 day 
and reach their peaks at 02:00LT, with PC2 leading 0 day, 
then weaken gradually until PC2 lagging 1 day. This result 
further confirms that precipitation is significantly coupled to 
the local circulation. When the coupled system of HV-WCP 
events moves into the Kuroshio area, precipitation increases 
and the vorticity anomaly caused by precipitation increases 
with the accompanying upward vertical motion anomaly. 
Analogously, when the coupled system of HV-WCP events 
moves out of the Kuroshio area, precipitation is weakened, 
and the vorticity anomaly caused by the precipitation and 
the accompanying vertical velocity are correspondingly 
weakened.

Therefore, we hypothesize that the variation of the coupled 
system of the local circulation and precipitation result from 
the complement process caused the wind high-frequency 
variability in the HV-WCP events. The specific mecha-
nism and the dynamical process of the HV-WCP events are 
described as follows. When the winter monsoon weakens 
and the vertical mixing is reduced within the PBL, the PBL 
structure resulting from the thermal effect of the Kuroshio 
SST front is conducive to the transport of moisture into free 
the atmosphere and its convergence beyond the top of the 
PBL. Thus, the precipitation anomaly is generated over the 
adjacent region of the Kuroshio SST front. The latent heating 
released by the precipitation occurrence forces the cyclonic 
anomaly and positive vorticity anomaly within the PBL. The 
enhanced cyclonic anomaly leads to the increase of upward 
vertical motion and the southeast wind anomaly over the 
Kuroshio SST front, prompting more moisture to enter the 
free atmosphere, thereby further enhancing the precipitation 
anomaly. In turn, the enhanced precipitation anomaly will 
again force the cyclonic anomaly and positive vorticity anom-
aly within the PBL. Thus, there is a complement process 
between circulation and rainfall related to HV-WCP events, 
which reaches a peak intensity at 02:00 LT over the Kuro-
shio SST front. Moreover, due to the southeastward extension 

Fig. 10  The vertical cross sections of the water vapor transport (vec-
tors;  10− 7 g/(hPa*m*s)) and the divergence of the water vapor trans-
port (shadings;  10− 12  g/(hPa*m− 2*s)) against PC2 over Kuroshio 
SST front during the winters of 1979–2016 in CFSR data at 02:00 
LT, 08:00 LT, 14:00 LT, and 20:00 LT respectively. a–p  Are the 
regressions that PC2 lead 2 days, 1  day, 0  day and − 1  day respec-
tively. All shaded values exceed 95% confidence level

◂
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of the background prevailing wind, the coupling system of 
HV-WCP events gradually moves to the warm flank of the 
Kuroshio SST front. When the coupling system moves out of 
SST front, its intensity weakens, since moisture and the PBL 
conditions are not sufficient to generate more precipitation. 
Therefore, the coupling system for HV-WCP events vanishes 
high-frequency when it moves out of Kuroshio SST front 
region. Significant atmospheric high-frequency variabilities 
over Kuroshio SST front occurred due to the coupling of the 
cyclonic circulation and the precipitation.

4.2  The model simulation results

However, how much does the existence of the Kuroshio 
contribute to the complement between circulation and 
precipitation? Based on the observations, we cannot give 
a quantitative answer. Therefore, to investigate the com-
plex vertical structure of the MABL responses and the 
atmospheric high-frequency variation over the Kuroshio 
SST front, high-resolution simulations of the SST forc-
ing over the ECS were conducted with WRF model. The 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 11  The high-frequency variations of the regression wind field 
(vectors; m/s) and vorticity (shadings;  s− 1) against PC2 over Kuro-
shio SST front during the winters of 1979–2016 in CFSR data at 
02:00 LT, 08:00 LT, 14:00 LT, and 20:00 LT respectively. a–d Are 

the vorticity anomalies regressions in CFSR, and the e–h are the cal-
culated vorticity anomalies regressions using Eq. (1). All shaded val-
ues exceed 95% confidence level

Fig. 12  The lead-lag regres-
sions of vertical speed (m/s) 
(blue line), CFSR vorticity 
 (s− 1) (solid red line), calculated 
vorticity  (s− 1) (dotted red line) 
and precipitation (kg/m 2) (green 
line) against PC2 averaged over 
Kuroshio SST front during the 
winters of 1979–2016 in CFSR 
at 02:00 LT, 08:00 LT, 14:00 
LT, and 20:00 LT respectively
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physical parameterization schemes used in the model 
include the Thompson microphysics scheme (Thompson 
et al. 2004), the Betts–Miller–Janjic scheme for cumu-
lus parameterization (Janjić 1994, 2000), and the YSU 
atmospheric boundary layer parameterization scheme for 
the boundary layer (Hong et al. 2006). The high‐resolu-
tion CFSR data are used as the lateral boundary condi-
tions and initial field for the WRF simulation. The model 
domain is 20.0–37.0° N, 118.0–140.0° E, with a relatively 
high horizontal resolution of 50 km and the 28 sigma 
levels in the vertical. The model output data is available 
at 6‐hr intervals. The simulations are integrated during 
the wintertime of 2002–2003 (from the December 1st, 
2002 to February 28th, 2003), when the Kuroshio SST 
front was relatively active.

Following the method of Xu and Xu (2015), we 
designed two experiments to investigate the SST front 
effects on the HV-WCP events. One is the control (CTL) 
run forced by the observed SST and the other is the 
smoothed SST (SmSST) run, in which the SST field is 
heavily smoothed by applying a two-dimensional 9-point 
averaging 100 times to decrease the SST gradient and 
remove the associated Kuroshio SST front. The results of 
the SmSST run are regarded as the atmospheric response 
without the influence of the Kuroshio SST front. There-
fore, the difference between the CTL run and SmSST run 
can be considered as the contribution of the Kuroshio 
SST front. Figure 13 shows the difference results between 
CTL and SmSST runs. The level 5 HV-WCP events occur 
12 times in both CTL and SmSST runs, but the inten-
sity of level 5 HV-WCP events is considerably different. 
Compared to CTL run, the mean intensity and maximum 
intensity of level 5 HV-WCP events are reduced by 0.22 
and 0.51, respectively, in the SmSST run. As for the key 
process for HV-WCP events, the upward vertical motion 
in the SmSST run the positive vorticity and the precipi-
tation anomaly decreases by more than 50% of the cor-
responding variations in the CTL run over the Kuroshio 
SST front and its warm flank. Especially for the positive 
vorticity anomaly, the average vorticity over the Kuroshio 
SST front and its warm flank of the CTL run are approxi-
mately 8 times those of the SmSST run. Therefore, the 
Kuroshio SST front plays an important role in the HV-
WCP events over the Kuroshio SST front and its warm 
flank. It contributes more than 50% of the local circula-
tion and precipitation anomaly to enhance the comple-
ment of the HV-WCP events. When the coupled system 
is above the Kuroshio SST front, then the precipitation, 
the associated cyclonic anomaly and the upward vertical 
motion anomaly increase simultaneously. The comple-
ment of the HV-WCP events is reduced when the coupled 
system moves out of the Kuroshio SST front area.

5  Summary and discussion

We conducted a long-term analysis of atmospheric varia-
tions during wintertime, and we found that variabilities in 
significant high-frequency events of the surface wind field 
are coupled with large-scale precipitation anomalies over 
the Kuroshio SST front region. Specifically, from 02:00 
LT to 20:00 LT on the peak day with the dominant diurnal 
variabilities, the HV-WCP events have the features that the 
wind direction changes from southerly anomaly into north-
west anomaly, accompanied with increases in wind speed 
and coupled precipitation which are gradually decreasing. 
The intensity of the high-frequency wind variations are 
gradually reduced with increasing geopotential height, and 
almost disappear in middle and high troposphere levels. 
Therefore, the diurnal variability in HV-WCP events can 
be distinguished from the sea–land breeze based on the 
obvious baroclinic structure. Furthermore, the large-scale 
circulation conditions have been proven able to sustain the 
HV-WCP events, with the declining upstream monsoon 
and the weakening vertical mixing within the PBL.

Due to the weakened winter monsoon, the warm and 
humid air movements are enhanced due to transport from 
the warm pool to the cold side of Kuroshio SST front. There-
fore, water vapor becomes more abundant over Kuroshio 
SST frontal area. Meanwhile, the weakening PBL vertical 
mixing prompts the PBL distribution over the Kuroshio to 
be no longer uniform as before. Resulting from PBL height 
increases over the warm flank of the SST front but decreases 
over the cold side because of the Kuroshio SST front thermal 
effect, the significant PBL height gradient occurs over the 
Kuroshio SST front when the MABL stability weakened. 
Therefore, the enhanced moisture and the simultaneously 
developing PBL height gradient are able to generate the 
transport of plentiful water vapor from the PBL to the free 
atmosphere, bringing about the precipitation anomaly over 
Kuroshio SST frontal area. Based on a diagnosis of results 
from the complete form of the vorticity equation, the latent 
heat release caused by precipitation is able to force the posi-
tive vorticity and cyclonic circulation within the PBL. The 
generation of a cyclonic circulation leads to an increase in 
upward vertical motion over the Kuroshio SST frontal area, 
prompting more water vapor to enter the free atmosphere, 
thereby again further enhancing the precipitation anomaly. 
This complement process for HV-WCP events reaches a 
peak over the Kuroshio SST front at early morning on the 
peak day. Thus, all the related processes, the precipitation 
anomaly, vorticity anomaly and vertical velocity anomaly, 
reach their maximum strength at this time (Fig. 14).

By quantifying the results of the CTL and SmSST runs 
using the WRF simulations, we infer that the presence 
of the Kuroshio SST front is an essential requirement 
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for the HV-WCP events. Therefore, the intensity of the 
complement between wind convergence and precipitation 
reaches peak intensity over the Kuroshio SST front. Due 
to the southeastward extension of the background winter 
monsoon, the entire coupled system moves to the warm 
side of Kuroshio SST front gradually. When the HV-WCP 
events move out of the Kuroshio SST frontal area, their 
intensity weakens since PBL conditions and related water 
vapor transports are not conducive to generating more pre-
cipitation. Therefore, the coupled HV-WCP events vanish 
quickly when moving out of Kuroshio SST frontal areas. 

We have discussed briefly this hypothesis there and the 
specific mechanism of this decaying process will be inves-
tigated detailed in further studies. The two processes of 
the HV-WCP events take approximately 1–3 days, which 
associated with the moving atmospheric systems.

In winter while over Kuroshio SST frontal areas, sig-
nificant HV-WCP events are generated by the coupling of 
the cyclonic circulation and the precipitation. This process 
brings about significant rainfall anomalies over south-
east China, ECS, YS and Japan. Therefore, the HV-WCP 
events have significant climate effects on the precipitation 

Fig. 13  The vertical speed (m/s) (a), vorticity  (s− 1) (b) and accumu-
lated total grid scale precipitation (mm) (c) of the HV-WCP events 
over Kuroshio SST front during the winter of 2002–2003 in WRF 
model. The shadings are the difference of SmSST and CTRL runs, 
the contours are simulations of the CTRL run. d–i  Are comparison 

results over Kuroshio SST front of HV-WCP total days, HV-WCP 
average intensity, HV-WCP maximum intensity, vertical speed, vor-
ticity and precipitation, respectively. All shaded values exceed 95% 
confidence level
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anomalies and its high-frequency variability over southeast-
ern China and the adjacent ocean areas of the ECS. Inves-
tigation of this process may give new insight into high-fre-
quency variability and climate change and the associated 
future predictions over East Asia. Furthermore, although 
both the Kuroshio and Gulf Stream are characterized the 
essential air–sea interaction areas with large horizontal 
SST gradients over North Pacific and North Atlantic, Chen 
et al. (2019b) have proved there are still obvious differences 
between Kuroshio region and Gulf Stream, where a warmer 
climate intensifies the upper-layer Kuroshio but the slow-
down of the Gulf Stream. Therefore, whether these char-
acteristics and climate effects, related to the atmospheric 
high-frequency variability, are still generally consistent over 
other SST front regions (like the Gulf Stream) needs addi-
tional investigation.

We mainly used the CFSR data to analysis the atmos-
pheric high-frequency variabilities over the Kuroshio SST 
front, which are available at 6-h intervals. In this study, 
CFSR data can describe the daily variation characteristics 
to a certain extent, but lack more accurate high-frequency 

variation characteristics, such as the wind variations from 
20:00 LT to the next day. To ensure the accuracy of the 
results, we also considered more datasets with higher tem-
poral resolution. Most other datasets give similar results 
during the same time period. For instance, the high-
frequency precipitation variations of TRMM (Tropical 
Rainfall Measuring Mission) have similar characteristics 
as CFSR data over the Kuroshio SST frontal area. The 
high-frequency variability characteristics of near-surface 
wind field can be recognized in mooring data. Further-
more, we used the ERA5 hourly data from 1979 to 2016 
to support more detailed high-frequency revolution. The 
results (Fig. 6, Figs. S4–S8) validate the characteristics 
and specific mechanism of HV-WCP events in CFSR 
results. Thus, the 6-hourly CFSR data are sufficient to 
obtain the dominant atmospheric high-frequency vari-
abilities over the key area of interest. Furthermore, the 
CFSR data showed the consistent high-frequency STDs of 
wind speed and wind direction with CCMP analysis wind 
product over Kuroshio SST front. Therefore, CFSR data 
are used as the main dataset in this study, and the ERA5 

Warmer SST
Colder SST

Kuroshio

PBL

Convergence

Upward motion

SHF SHF

Status
precipitation

Latent heat 
releasing

Weak winter monsoon

The hypothesis of  the Kuroshio SST front effects on the circulation and precipitation

and weak turbulence

Larger water vapor convergence 
with tilting PBL

Fig. 14  The schematic diagram of the Kuroshio SST front effects on 
the circulation and precipitation. The solid blue and solid red lines 
represent the cold side and the warm side of the Kuroshio SST front, 
respectively. The upward solid blue arrow and the upward solid red 
arrow represent the sensible heat flux (SHF) over the cold side and 
warm side of the Kuroshio SST front, respectively. The wavy black 
line on the bottom represents the SST over Kuroshio SST front. 
The rightward dotted black arrow represents the weak winter mon-
soon. When the winter monsoon weakens, the uniform PBL structure 
(solid curving black line) changes into stratus with significant PBL 

gradient (dotted curving black line). In addition, the westward wind 
anomalies appear, bringing more moisture from the PBL into the free 
atmosphere (dotted cyan arrow overlaid PBL), generating the stratus 
precipitation anomaly (cloud diagram) over the Kuroshio SST front. 
The latent heat release due to precipitation causes the cyclonic circu-
lation anomaly (orange dotted circle) and the upward vertical motion 
(upward orange dotted arrow), which increases the rainfall again. The 
surface wind direction transforms from northwest (rightward solid 
black arrow over Kuroshio SST front) to southeast (leftward dotted 
black arrow over Kuroshio SST front)
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hourly data are used to support CFSR results and support 
more detailed high-frequency revolution.

In this study, the most important statistical method is 
rotated EOF analysis. However, the results show that the 
first two EOF modes (PC1, PC2) each account for less than 
10% of the total variance. Thus, we have considered the less 
variance contributions for several reasons. Firstly, the dataset 
used to conduct the EOF analysis contains quite a long time 
period, from 1979 to 2016 (3330 days; 3330*4 times). More-
over, the results of the EOF analysis are strongly depend-
ent on the analysis regions. Therefore, the high-frequency 
variabilities of surface wind over land influence the variance 
contribution and distribution of every EOF mode. To com-
pare with previous studies (Chen et al. 2009, 2013; Du et al. 
2012; Du and Rotunno 2014, 2018), we conducted EOF 
analysis over both the ocean and land in Fig. 2. However, in 
this study, the key area on which we focus is the Kuroshio 
SST frontal area. Therefore, we calculated the rotated EOF 
results just over the ocean to eliminate the land effects on 
the EOF analysis. It is obvious that the variance contribution 
of EOF1 increases significantly to 17.3% in this situation 
(Fig. 15a). Moreover, the time series of the corresponding 
principal component is basically the same as the PC2 of the 
previous rotated EOF over the total land and ocean regions 
(Fig. 15b, c). The correlation between the two PCs is up to 
0.946, implying that the corresponding regression results 

obtained by the two PCs are almost same over the Kuroshio 
SST frontal area. Furthermore, the ERA5 hourly results are 
consistent with CFSR data (Fig. S9). 

To quantify the Kuroshio contributions, we designed 
control and sensitivity experiments in Sect. 4. The sensitiv-
ity experiments changed the intensity of the Kuroshio SST 
front by reconstructing the SST field. Besides the SmSST 
run, we also designed numerous experiments with increas-
ing SST frontal intensity (IncSST run). However, the dif-
ferences between the IncSST runs and the CTL run are less 
pronounced than the differences between the SmSST and 
CTL runs. Results suggest that the Kuroshio SST frontal 
intensity of the CTL run, which is equal to the value of the 
observations, is sufficient to force the required PBL height 
gradient to activate the HV-WCP events. The additional 
increased intensity of SST front experiments cannot provide 
significant additional enhancement to the PBL height gradi-
ent and the related moisture transports. Thus, the effects of 
the SST front cannot continue to intensify, with increasing 
frontal intensity. However, the specific dynamical relation-
ships between the frontal intensity and the HV-WCP events 
need additional investigation.
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