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Abstract 27 

The spatial distribution and seasonal variation of near-inertial kinetic energy (NIKE) 28 

in the upper ocean of the South China Sea (SCS) are examined using the Global 1/12° 29 

Analysis Hybrid Coordinate Ocean Model and the Navy Coupled Ocean Data 30 

Assimilation reanalysis product. The annual mean NIKE in the upper SCS is 31 

characterized by a rapid decay with depth and a southwestward decrease from the 32 

west of Luzon Island to the southern SCS, reflecting the pattern of near-inertial 33 

energy input by the atmospheric wind field. Owing to the changes of near-inertial 34 

wind forcing as well as the mixed layer depth, NIKE in the upper SCS exhibits a 35 

pronounced seasonal cycle. The magnitude of mixed layer NIKE averaged in the SCS 36 

in November-January is found to be approximately twice of that in April-June. Further 37 

analysis shows that the variation of near-inertial wind forcing in the SCS can, to a 38 

large extent, be explained by northerly cold surges during the winter SCS monsoon 39 

and strong tropical cyclones from the Tropical Pacific. In addition, the wind reversal 40 

during the monsoon transitional period and the low-level convergence formed by the 41 

elevated terrain of islands also contribute to oceanic near-inertial energy in the SCS. 42 

 43 
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1 Introduction 44 

The South China Sea (SCS) is the largest marginal sea in the western Pacific, 45 

with a broad continental shelf and a deep semi-enclosed basin. The SCS has an 46 

average depth over 1000 m, and a maximum depth of more than 5000 m. The SCS 47 

connects, and exchanges water masses, to the east with the Pacific Ocean through the 48 

Luzon Strait (Fig. 1). Owing to its unique geographical location, the SCS is strongly 49 

influenced by the monsoon winds and synoptic systems, such as tropical cyclones 50 

(TCs), easterly waves, equatorial anticyclones and fronts (Yang et al., 2016).  51 

 52 

Fig. 1. Bathymetry of the SCS from ETOPO1, with the 50, 200, 500, and 2000 m isobaths labelled. 53 

Location of the ADCP mooring station (M1) is marked with red pentagram. The other mooring 54 

sites (SCS1, SCS2, SCS3) of ADCPs used in the Appendix are marked with green pentagrams. 55 

The tracks of typhoons Conson (July 2010), Mindulle (August 2010) and Chanchu (May 2006) are 56 

denoted by green, magenta and yellow circles, respectively. The circle indicates the position of 57 

typhoon center every 6 hours, and the size of circle indicates the magnitude of maximum typhoon 58 
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speed. 59 

In the SCS, diapycnal mixing plays an important role in determining water mass 60 

exchanges between the SCS and the Pacific, and in maintaining the abyssal 61 

stratification and meridional overturning circulation (Qu et al., 2006; Zhou et al., 2014; 62 

Sun et al., 2016; Xiao et al., 2016). The breaking of internal tides and near-inertial 63 

waves are believed to be the major energy sources of diapycnal mixing. In the SCS, 64 

internal tides are mainly generated in the Luzon Strait which then travel across the 65 

deep basin and propagate southwestward into the southern basin (Xu et al., 2013; 66 

Waterhouse et al., 2014; Xu et al., 2016). Wind-induced near-inertial waves are 67 

mainly generated by variable wind stress associated with synoptic and mesoscale 68 

atmospheric systems such as travelling midlatitude storms, TCs, cold fronts and 69 

atmospheric lows. Winter travelling storms at mid-latitudes are responsible for the 70 

majority of wind energy input to near-inertial motions in the global ocean (D’Asaro, 71 

1985). The energy flux from atmospheric systems also depends critically on the 72 

existence of the background wind field (Dippe et al., 2015; Zhai, 2017). A significant 73 

fraction of wind-induced near-inertial waves and the energy they carry appears to be 74 

dissipated in the upper 200 m or so, while the rest propagates into the ocean interior, 75 

contributing to diapycnal mixing at depths (Zhai et al., 2009).  76 

The SCS is influenced by atmospheric systems spanning a wide range of spatial 77 

and time scales. Variability of these atmospheric systems is complex. The SCS 78 

monsoon, under the influences of four adjacent monsoon subsystems, is characterized 79 

by a distinct seasonal reversal of the prevailing winds lasting for more than 9 months, 80 

such as southwesterlies in summer (July-September) and northeasterlies in winter 81 

(December-February). There are associated synoptic-scale fluctuations during the 82 

prevailing monsoon, such as the cold surges which are accompanied with the onset of 83 

the cold front and northerly in the East Asian winter monsoon (Jarvis 1995; Alpers et 84 

al., 2012; Abdillah et al., 2021), the TCs and easterly waves from Tropical Pacific, 85 

equatorial anticyclones and other synoptic-scale disturbances in the summer season 86 

(Zeng et al., 2012; Yang et al., 2016). While the easterly waves and equatorial 87 

anticyclones mostly appear in the southern SCS occasionally, the cold surges and TCs 88 
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always appear in the central and north parts of the SCS.  89 

The occurrence of a cold surge event over the lower troposphere of the SCS is 90 

associated with disturbances in mid-latitude atmospheric circulation patterns, which is 91 

recognized to be a result of an amplification of the Siberian high and exhibits the 92 

characteristics of meso-β-scale (20-200 km) gravity wave and planetary-scale wave. 93 

Due to the elevated terrain over Sumatra and southern Peninsular Malaysia which 94 

cause low-level convergence, the southward expansion of cold surges sometimes spin 95 

up a synoptic-scale cyclonic circulation around the Borneo Island (Kalimantan Island), 96 

known as Borneo vortex (Tangang et al., 2008). On average, there are about 9 cold 97 

surge events per year or 2 per month and the cold surge event usually lasts for several 98 

days during winter monsoon (Chang et al., 2005; Pang and Lu, 2019). The onset of 99 

summer monsoon is also observed to excite strong near-inertial currents that are 100 

comparable in magnitude to those induced by tropical storms in the central SCS (Shu 101 

et al., 2016).  102 

The SCS is frequently visited by the TCs. In the summer of tropical central 103 

Pacific Ocean, synoptic lower tropospheric equatorial disturbances tend to propagate 104 

northwestward toward the Philippines at roughly 150°E from a packet of mixed 105 

Rossby-Gravity waves to individual off-equatorial tropical depression type 106 

disturbances, and ultimately intrude into the Asia or the SCS. A small fraction of 107 

tropical disturbances can lead to TC formation (Takayabu & Nitta, 1993; Dickinson & 108 

Molinari, 2002; Li & Wang, 2005; Wang et al., 2009). TCs with maximum sustained 109 

wind speed > 33 m/s are typhoons (Oey & Chou, 2016). On annual average, 10 to 11 110 

TCs pass through the SCS and 3 to 4 TCs originate within the SCS, and the 111 

corresponding numbers for typhoons are 6 and 1 to 2, respectively. The TC season is 112 

mostly from June to November (Wang et al., 2007). Most previous studies of 113 

near-inertial waves in the SCS have focused on observing and modelling the 114 

generation of near-inertial motions induced by individual TC and their interaction 115 

with the background currents (Sun et al., 2011; Chen et al., 2013; Guan et al., 2014; 116 

Sun et al., 2015; Cao et al., 2018; Ding et al., 2018; Hou et al., 2019; Kung et al., 117 

2020). For example, in the northern SCS, during the passage of Typhoon Hagupit, the 118 
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near-inertial kinetic energy (NIKE) on the continental slope of the northwestern South 119 

China Sea was found to be enhanced by a factor of 10, which exceeded the internal 120 

tidal energy by a factor of 2 to 3 (Xu et al., 2013). These strong near-inertial motions 121 

generated by TCs may last for 1-2 weeks, with current speed reaching over 50 cm/s 122 

(Chen et al., 2015). However, the TC-generated near-inertial motions tend to be 123 

confined to the tracks of TCs and are also limited by the number of TCs occurring 124 

each year. It is, therefore, not clear whether TCs make a significant contribution to the 125 

overall near-inertial energy budget in the SCS.  126 

In the past, we applied a simple one-dimensional slab model of Pollard and 127 

Millard (1970) to simulate the wind near-inertial energy flux into the mixed layer of 128 

the SCS (Li et al., 2015). However, the slab model lacks a damping mechanism that 129 

operates on short time scales (Thomas & Zhai, 2022) and does not fully represent the 130 

inertial processes, i.e. without near-inertial internal wave wake. In this study, we 131 

analyze the realistic high-resolution three-dimentional global simulations to examine 132 

near-inertial energy in the upper SCS, and aim to address the following questions: (1) 133 

What are the spatial and seasonal distributions of NIKE in the upper SCS? (2) What 134 

atmospheric forcing is responsible for such distributions? The paper is organized as 135 

follows. Section 2 describes the datasets and analysis methods used in this study. In 136 

Section 3, the spatial structure and variability of NIKE in the upper SCS are analyzed. 137 

In Section 4, we discuss atmospheric and oceanic processes contributing to the 138 

variation of near-inertial energy in the SCS. Finally, conclusions are provided in 139 

Section 5. 140 

2 Data and Methods 141 

Estimating basin-wide NIKE distribution in the SCS requires ocean velocities at high 142 

temporal (at a resolution of a few hours or less) and spatial resolutions (Klein et al., 143 

2004; Jiang et al., 2005; Rimac et al., 2013), which is not possible with observations. 144 

In this study, we use the global 1/12° reanalysis product of the Hybrid Coordinate 145 

Ocean Model (HYCOM) and the Navy Coupled Ocean Data Assimilation (NCODA) 146 

reanalysis to calculate the near-inertial horizontal kinetic energy, and examine the 147 
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spatial and variations of NIKE in the SCS. The atmospheric forcing for the global 148 

HYCOM reanalysis model comes from the hourly National Centers for 149 

Environmental Prediction Climate Forecast System Reanalysis product (CFSR; Saha 150 

et al., 2010), which includes surface wind stress, wind speed, heat flux, precipitation 151 

and so on. The HYCOM reanalysis product provides sea surface height, water 152 

temperature, salinity and two components of ocean velocity every 3 hours on a 1/12.5° 153 

global grid. It should be noted that the HYCOM reanalysis involves a complex data 154 

assimilation process, and it has no tidal forcing, which excludes parametric 155 

subharmonic instability (PSI) and its effect on NIKE. 156 

We apply a band-pass filter with a frequency range of 0.85f-1.15f (Chen et al., 157 

2013) to the HYCOM velocities in the SCS (4°N-28°N, 98.56°E-122°E) over the 158 

period from 1 January 2000 to 31 December 2010. The NIKE is then calculated using  159 

                     NIKE = !
"
𝜌#(𝑢$" + 𝑣$"),                         (1) 160 

and wind power input to near-inertial motions (WPI) is calculated from 161 

                       WPI = 𝛕 ∙ 𝒖$ ,                            (2) 162 

Here ρ0 =1024 kg m−3 is the density of sea water, ui = (ui, vi) is the near-inertial 163 

band-pass filtered ocean velocity from HYCOM, and τ is the unfiltered CFSR surface 164 

wind stress. 165 

Wind stress at frequencies close to the local inertial frequency is most effective 166 

in exciting near-inertial motions in the ocean (Crawford & Large, 1996; Zhai, 2015). 167 

Following Dippe et al. (2015), we define the near-inertial wind stress magnitude 168 

(NIWSM) as  169 

                  NIWSM = 4𝜏%,$" +	𝜏',$" ,                       (3) 170 

where τx,i and τy,i are the near-inertial band-pass filtered CFSR surface zonal and 171 

meridional wind stresses. 172 

The wind stress can be calculated from the formula: 173 

7𝜏%	, 𝜏'8 = 𝜌(	𝐶*4𝑢!#" + 𝑣!#" 	(𝑢!#, 𝑣!#), (4) 
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Where ρa =1.3 kg m−3 is the air density; U10 = (u10, v10) is the wind speed at 10 m height 174 

above the sea surface provided by the HYCOM Consortium; and Cd is the drag 175 

coefficient. Follow Oey et al. (2006), Cd is calculated as (Guan et al., 2014; Cao et al., 176 

2018), 177 

𝐶* = :	
1.2 × 10+,	,																																																																																𝑈!#	 ≤ 11𝑚/𝑠		
(0.49 + 0.065𝑈!#	) × 10+,	,																																							11 < 	𝑈!#	 ≤ 19𝑚/𝑠
(1.364 + 0.0234𝑈!#	 − 0.0002𝑈!#" ) × 10+,	,										19 < 	𝑈!#	 ≤ 100𝑚/𝑠	

,  178 

(5) 179 

which fits the formula proposed by Large and Pond (1981) for low-to-moderate wind 180 

speeds and by Powell et al. (2003) for high wind speeds.  181 

The cold surge index is constructed using the 925-hPa meridional wind averaged 182 

between 110°E and 117.5°E along 15°N. A cold surge event occurs when this index 183 

exceeds 8 m/s (Chang et al. 2005). The latest climate reanalysis ERA5 data produced 184 

by European Centre for Medium-Range Weather Forecasts (ECMWF) are used to 185 

calculate the 925-hPa wind velocities and surface air temperature (SAT) anomalies. 186 

The bathymetry is taken from ETOPO1 (Amante and Eakins 2009). The 6-hourly 187 

best-track TC data are obtained from the Joint Typhoon Warning Center (JTWC), 188 

which provides the location of the TC center, maximum sustained 10-m height wind 189 

speed and the radius of maximum wind.  190 

The mixed layer depth (MLD) is defined as the depth where the water 191 

temperature is lower than the sea surface temperature (SST) by 0.5°C, following 192 

Monterey et al. (1997). The observed current velocity profile comes from an 193 

up-looking and a down-looking RDI Workhorse Long Ranger 75-Khz Acoustic 194 

Doppler Current Profiler (ADCP) moored at location M1 (approximately 17.10°N, 195 

110.39°E) near Xisha Island of the northwestern SCS (Fig. 1). The time series data 196 

from 4 July 2010 to 4 September 2010 with a depth interval of 8 m and a sampling 197 

time interval of 1 hour are used here (Chen et al., 2013; Yang et al., 2015; Zeng et al., 198 

2015; Liu et al., 2018). The measurements were taken in the upper 450 m, and due to 199 

measurement errors, the recording in the upper 50 m is less reliable.  200 

3 Spatial and temporal variations of near-inertial kinetic energy 201 

3.1 Comparison of HYCOM reanalysis data with observations  202 
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Figure 2 displays the time series of near-inertial currents observed at the mooring 203 

station M1 and near-inertial currents (17.12°N, 110.4°E) simulated by HYCOM in the 204 

upper 200 m from 4 July 2010 to 4 September 2010. Typhoon Conson (Fig. 1) passed 205 

through the mooring station on 16 July 2010, and typhoon Mindulle (Fig. 1) travelled 206 

on the left side of mooring station on around 23 August 2010. The observed depth 207 

range (Fig. 2a and Fig. 2c) is from -13 m to -205 m with a vertical resolution of 8 m, 208 

and the HYCOM depth range (Fig. 2b and Fig. 2d) is from 0 m to 200 m with 14 209 

unequal vertical layers.  210 

 211 
Fig. 2. Time series of the eastward and northward components of (a, c) observed near-inertial 212 

currents (m/s) and (b, d) HYCOM-simulated near-inertial currents (m/s) in the upper 200 m from 213 

4 July 2010 to 4 September 2010. (e) Depth-integrated (-50 m to ~-200 m) observed NIKE (red 214 

line, J/m3) and HYCOM-simulated NIKE (black line). The horizontal black lines in (a-d) mark the 215 
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50 m depth. The vertical black lines denote the time when the centers of typhoon Conson and 216 

Mindulle are nearest to the mooring. 217 

There is a reasonable agreement between the observed near-inertial currents (Fig. 218 

2a; Fig. 2c) and the HYCOM-simulated near-inertial currents (Fig. 2b; Fig. 2d). The 219 

maxima of the observed near-inertial currents and the HYCOM near-inertial currents 220 

are 0.32 m/s and 0.33m/s at 20 m depth, 0.26 m/s and 0.26 m/s at 50 m depth, 0.16 221 

m/s and 0.17 m/s at 100 m depth, respectively. Figure 2e displays the depth-integrated 222 

(from -50 m to ~-200 m) observed NIKE (red line) and HYCOM-simulated NIKE 223 

(black line). Both typhoon Conson and Mindulle trigger significantly increased NIKE. 224 

The magnitude of typhoon Conson-induced NIKE (former) simulated by HYCOM 225 

generally agrees with that of observations, while the HYCOM-simulated NIKE during 226 

typhoon Mindulle (latter) is larger than the observed NIKE. The correlation 227 

coefficient between the depth-integrated observed NIKE and HYCOM-simulated 228 

NIKE reaches 0.82 (significant at the 0.01 level). 229 

Furthermore, the profiles of time-averaged observed near-inertial currents (red 230 

circles) and the HYCOM-simulated near-inertial currents (black circles) are shown in 231 

Fig. 3. The currents exhibit a good agreement at depths greater than 50 m, but the 232 

magnitude of HYCOM-simulated near-inertial currents is slightly larger than that of 233 

the observations. More observed near-inertial currents, for example, at locations of 234 

SCS1, SCS2 and SCS3, are compared with the HYCOM-simulated near-inertial 235 

currents (Fig. S1 in the Appendix). The variability of HYCOM near-inertial currents 236 

is found to be broadly consistent with that of the observations. HYCOM simulations 237 

have also been used previously to study the influence of mesoscale eddies on the 238 

near-inertial waves and the typhoon-induced near-inertial waves (Cao et al., 2021; 239 

Yang et al., 2021).  240 
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 241 

Fig. 3. Profiles of time-averaged observed near-inertial currents (red circles, m/s) and 242 

HYCOM-simulated near-inertial currents (black circles, m/s) in the upper ocean from 4 July 2010 243 

to 4 September 2010.   244 

3.2 Annual mean 245 

The spatial distribution of time-mean NIKE in the upper 200 m of the SCS 246 

over the period of 2000-2010 is shown in Fig. 4. The magnitude of surface NIKE 247 

decreases southwestward from as large as 9 J/m3 to the west of Luzon Island to about 248 

4-5 J/m3 in the central SCS. A similar pattern of southwestward decrease in NIKE is 249 

seen throughout the upper 200 m. Most of the NIKE in the SCS is confined in the 250 

deep water; the level of NIKE on the continental shelf and close to the coast is 251 

generally very low. The small amplitude of NIKE in shallow coastal regions has been 252 

attributed to dissipation and energy transfer out of near-inertial oscillations into other 253 

wave motions such as seiches (Anderson et al., 1983; Chen et al., 1996; Hisaki & 254 

Naruke, 2003; Chen et al., 2017). 255 
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 256 

Fig. 4. Spatial distribution of time-mean NIKE (J/m3) in the upper 200 m of the SCS over the 257 

period of 2000-2010.  258 

The magnitude of NIKE decays rapidly with depth, especially in the upper 100 259 

m (Fig. 5). The area-averaged NIKE in the SCS is about 2.6 J/m3 at the sea surface, 260 

whereas it is less than 0.15 J/m3 at 500 m depth. Further analysis shows that about 261 

29%, 73% and 87% of NIKE in the HYCOM reanalysis model is lost within the upper 262 

50 m, 100 m and 200 m, respectively, with less than 10% of the surface NIKE 263 

propagating into the deep SCS below 500 m. This result is broadly consistent with the 264 

findings of previous studies in the global average records (Furuichi et al., 2008; Zhai 265 

et al., 2009), that is, the majority of the wind-generated NIKE is dissipated within the 266 

surface mixed layer and only approximately 10-20% of the NIKE injected at the 267 

surface is able to propagate into the ocean interior in the SCS. 268 
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 269 
Fig. 5. Time-mean NIKE (J/m3) averaged horizontally in the SCS over 2000-2010. The numbers 270 

indicate the area-averaged NIKE at each depth. Error bars represents one the standard deviation of 271 

the average. 272 

To understand the spatial pattern of time-mean NIKE in the SCS, we compute 273 

the time-mean near-inertial WPI. Figure 6 shows that large WPI is generally found 274 

over the deep basin of the SCS and that the magnitude of WPI decreases from Taiwan 275 

and Luzon Island southwestward in a way similar to that of the time-mean NIKE in 276 

the upper SCS (Fig. 4). Furthermore, high values of WPI and surface NIKE are both 277 

found in a small area close to the west of Luzon Island. Therefore, to a large extent, 278 

the spatial distribution of time-mean NIKE in the upper SCS can be explained by the 279 

pattern of near-inertial energy input by the atmosphere wind field.   280 
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 281 

Fig. 6. Time-mean WPI (mW/m2) to surface SCS over 2000-2010. 282 

3.3 Seasonal variation 283 

Figure 7 shows the climatological monthly mean surface NIKE. The surface 284 

NIKE shows large areas of high values, especially in May, July, November and 285 

December. After analyzing the surface NIKE month by month, the large NIKE in May 286 

and July can be attributed to some strong TCs, e.g., typhoon Chanchu in May 2006 287 

(see Fig. 1). After manually removing the TC-induced NIKE, i.e. excluding the NIKE 288 

in the SCS from the appearance of evident TC-induced NIKE to its disappearance, 289 

there shows considerable seasonal variations in the magnitude and pattern of surface 290 

NIKE in the SCS (Fig. 8). From October to March, a patch of high values of surface 291 

NIKE is found to the west of Luzon Island, with a magnitude exceeding 7 J/m3. This 292 

patch of large surface NIKE gradually disappears over the rest of the year. There is a 293 

second local maximum to the north of Borneo during summer and autumn 294 

(June-November), most pronounced in November.  295 
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 296 
Fig. 7. Climatological monthly mean surface NIKE (J/m3) in the SCS over the period of 2000-2010. 297 

 298 

Fig. 8. Climatological monthly mean surface NIKE (J/m3) in the SCS over the period of 2000-2010 299 
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after removing the TC-induced NIKE. 300 

The climatological monthly mean of WPI after removing the TC-induced WPI 301 

in the SCS over the 11-year study period is shown in Figure 9. The WPI has large 302 

values in the northeast SCS from October to March but only modest values over the 303 

rest of the year. Large values of WPI are more widespread in December, extending 304 

into the central SCS. There is also a hint of elevated WPI to the north of Borneo in 305 

October and November. Several features found in the seasonal distribution of WPI are 306 

consistent with those noted in the surface NIKE (Fig. 8). On the other hand, the 307 

magnitude of WPI in May is relatively small and is not so different from those in the 308 

following summer months, which is at odds with the large surface NIKE found in 309 

May (Fig. 8). It is supposed to be due to the weak wind field during the transition 310 

period of monsoon.  311 

 312 

Fig. 9. Climatological monthly mean WPI (mW/m2) to surface SCS over the period of 2000-2010 313 

after removing the TC-induced WPI. 314 

4 Mechanism for distributions of NIKE and WPI 315 
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4.1 Near-inertial wind stress 316 

To understand the seasonal variation of WPI in the SCS, we calculate the 317 

magnitude of near-inertial wind stress in each month. In order to remove the influence 318 

of TCs efficiently, the TC-related NIWSM is also manually removed and the result is 319 

shown in Fig. 10. Recall that near-inertial wind stress is the most efficient atmospheric 320 

wind forcing in exciting near-inertial currents in the ocean (Crawford & Large, 1996; 321 

Dippe et al., 2015; Zhai, 2015). The climatological monthly mean of NIWSM exhibits 322 

large values around the Luzon Strait from November to March. These large values of 323 

NIWSM stretch southwestward across the SCS from November to January, resulting a 324 

second NIWSM maximum next to the Vietnam coast. The basin-wide NIWSM 325 

decreases in magnitude from February, reaching minimum in April before gradually 326 

increasing after that. Overall, the seasonal variation of NIWSM in the SCS is mostly 327 

consistent with that of WPI, demonstrating that NIWSM is indeed a useful atmospheric 328 

proxy for estimating variability of WPI (Rath et al., 2014; Dippe et al., 2015).  329 

 330 

Fig. 10. Climatological monthly mean NIWSM (10-3 N/m2) in the SCS over the period of 331 

2000-2010 after removing the TC-related NIWSM. Regions shallower than 50 m are excluded 332 
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in the calculation.  333 

4.2 Mixed layer depth 334 

Although seasonal variations of NIWSM and WPI explain a number of features 335 

seen in the seasonal distribution of surface NIKE, there are a few mismatches. For 336 

example, the patch of large surface NIKE in November-March is found to the west of 337 

Luzon Island, whereas high values of WPI and NIWSM is centered further northeast 338 

into the Luzon Strait. The mismatch between NIWSM and surface NIKE shows that 339 

ocean properties, in particular the MLD, play a role in determining the pattern of 340 

surface NIKE. Using a slab model, Rath et al. (2014) derived the following relationship 341 

between WPI, surface NIKE and MLD: 342 

!"#$%%%%%%%%
&'"%%%%%% =

(
)*+

	,                            (6) 343 

where H is the MLD, 1/e is a linear damping time scale that is usually set to be 2-10 344 

days, and overbar represents a monthly mean. Equation (6) shows that the magnitude of 345 

surface NIKE is inversely proportional to the MLD, i.e., the larger the MLD, the 346 

smaller the surface NIKE.  347 

Figure 11 shows the climatological monthly mean MLD in the SCS over 348 

2000-2010. The MLD is generally found to be shallow in spring/summer and deep in 349 

autumn/winter, especially in the northern SCS, similar as shown in previous studies 350 

(Xiao et al., 2013). A particular noticeable feature in Fig. 11 is an area of small MLD to 351 

the west of Luzon Island from November to March, coinciding with the west Luzon 352 

Cold Eddy (Qu et al., 2000; He et al., 2015). This minimum MLD to the west of Luzon 353 

Island confines the near-inertial energy in a thin surface mixed layer and as such results 354 

in large values of surface NIKE found there. Similarly, the second maximum of surface 355 

NIKE off Borneo in November is likely due to a combination of the synoptic scale 356 

convective system (so-called Borneo vortex) and the small MLD there. 357 
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 358 
Fig. 11. Climatological monthly mean MLD (m) in the SCS over the period of 2000-2010. 359 

Rearranging Eq. (6), we get 360 

                     
!"#$%%%%%%%%∗+
&'"%%%%%% = (

)*
 ,                         (7) 361 

which means that the distribution of NIKE integrated over the surface mixed layer 362 

mirrors that of the WPI more closely, if we assume that spatial variations of the 363 

damping time scale are small. Figure 12 shows that although the hot spot of 364 

mixed-layer-integrated NIKE is still located to the west of Luzon Island in 365 

November-March, the high values now extend further northeast into the Luzon Strait. 366 

As such, the spatial pattern of mixed-layer-integrated NIKE more closely resembles 367 

that of WPI than surface NIKE. Further discrepancies in the spatial distributions of 368 

mixed-layer-integrated NIKE and WPI in the northeast SCS may be associated with 369 

spatially varying e and interaction of near-inertial waves with mesoscale currents (Lian 370 

et al., 2015; Gao et al., 2019; Le Boyer et al., 2020; Chu et al., 2020) that are not 371 

accounted for in (7). These results highlight the role of the MLD in the distribution of 372 

the NIKE in the upper layer of the SCS.  373 

Averaged horizontally over the SCS (including the influence of TCs), NIWSM, 374 

WPI and mixed-layer-integrated NIKE share a similar pattern of pronounced seasonal 375 
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cycle (Fig. 13), with values in November-January approximately twice of those in 376 

April-June. In contrast, the surface NIKE shows a very different seasonal cycle that 377 

peaks in May with little variations in the second half of the year. 378 

 379 

Fig. 12. Climatological monthly mean NIKE (J/m2) integrated over the mixed layer in the SCS after 380 

removing the TC-induced NIKE. The Magenta lines indicate the 100 m isobaths. 381 

 382 

Fig. 13. Monthly-mean WPI (green), NIWSM (blue), surface NIKE (red) and 383 

mixed-layer-integrated NIKE (magenta) averaged horizontally in the SCS. Regions shallower than 384 



 19 

100 m are excluded in the calculation.  385 

4.3 Synoptic activities in the SCS 386 

Our results demonstrate that the magnitude and pattern of near-inertial wind stress, 387 

to the leading order, determine the spatial structure and variation of NIKE in the upper 388 

SCS. As shown in Fig. 10, NIWSM displays large values in regions close to Taiwan 389 

and the Luzon Strait over most time of the year and there appears to be a band of 390 

elevated NIWSM intruding into the southern SCS from November to January. In this 391 

section, we discuss processes contributing to the near-inertial wind forcing and the 392 

NIKE in the SCS. 393 

As noted in the introduction, synoptic storms and weather systems are 394 

responsible for the majority of NIWSM and WPI to the global ocean. Following 395 

Dippe et al. (2015), we apply a band-pass filter to the 10-m NCEP/CFSR wind field to 396 

isolate synoptic-scale wind variability on timescales of 2-6 days. Figure 14 displays a 397 

pronounced seasonal cycle of synoptic atmospheric variability in the Northwest 398 

Pacific. In winter, the mid latitude synoptic atmospheric activities tend to be more 399 

intense and more frequent, and spreads equatorward intruding the northern SCS.  400 

According to the previous studies, synoptic-scale wind events that are particularly 401 

important for the SCS during the East Asian winter monsoon (November-March) is 402 

the outbreak of cold surges characterized by strong northerly winds originating from 403 

the mid-latitude region.  404 

Whereas in summer, there appears to be a band of elevated synoptic storm 405 

activities that tilts northwestward stretching from the equator to the northern and 406 

central SCS. It is well known that TCs, mostly originated in the tropical Pacific, are 407 

active in the summer of SCS, which can excite strong near-inertial waves. Figure 15 408 

shows the spatial statistics of TC tracks in the SCS with wind speed greater than 24 409 

m/s during the period of January 2000 to December 2010 based on the JTWC 410 

best-track data. There are no less than 80 TCs passing through the SCS or originating 411 

in the SCS, including 28 typhoons and 10 super typhoons. The northeastern SCS, e.g., 412 

west of Luzon Strait and Luzon Island, is a region where TCs visit most frequently. So 413 
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the underlying atmospheric process may be associated with the westward 414 

propagations of TCs or tropical disturbances. In order to prove this hypothesis, a 415 

series of analyses are conducted as follows.  416 

 417 

Fig. 14. Climatological monthly mean synoptic-scale wind variability (m/s) in the Northwest 418 

Pacific over the period of 2000-2010. 419 
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 420 

Fig. 15. Distribution (color spotted) of TCs’ passages over the period of January 2000 to 421 

December 2010 based on the JTWC best-track data. TC tracks with wind speed greater than 24 422 

m/s are counted in each grid box. The red square box (20°N-21°N, 119°E-120°E) indicates the 423 

study area shown in Fig. 17.  424 

     The NIKE during a typical cold surge event and an occurrence of TC is 425 

investigated in Fig.16. During the period from 1 to 7 November 2002, the 925-hPa 426 

wind field gradually moves southward from the north，and the surface air temperature 427 

(SAT) drops associated with that (Figs. 16a-d). The cold surge index exceeds 8 m/s 428 

from 3 November to 5 November, which indicates the occurrence of a cold surge 429 

event. The corresponding mixed-layer-integrated NIKE shows significant 430 

enhancement during the cold surge event in the northern SCS (Figs. 16e-h). Figures 431 

16i-p show that when strong TC Krovanh passes over the northern SCS from 22 to 26 432 

August 2003, it results in SST cooling and generates large NIKE in its wake (Figs. 433 

16m-p). This case study shows that both cold surges and strong TCs are important in 434 

generating enhanced NIKE in the SCS. 435 
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 436 

Fig. 16. Maps of (a-d) SAT anomalies (°C; shading) and 925-hPa wind velocities (m/s; vectors) 437 

every two days during the period from 1 to 7 November 2002 from ERA5 data. Here only 438 

significant wind vectors (meridional wind speed larger than 8 m/s) are drawn and the red lines 439 

denote the longitudes 110°E-117.5°E along 15°N. (e-h) The corresponding distributions of 440 

mixed-layer-integrated NIKE (J/m3). (i-l) SST anomalies (°C; shading) and wind velocities (m/s; 441 

vectors) at 10 m height above the sea surface every two days during the period of 22 to 28 August 442 

2003. The red circles indicate the positions of the strong TC (Krovanh) centers. (m-p) The 443 

corresponding distributions of mixed-layer-integrated NIKE (J/m3). Here SAT anomalies and SST 444 

anomalies are defined as the temperatures differences compared with 24 hours before.  445 

To further investigate the impact of cold surges and TCs on the variations of 446 

NIKE in the SCS, one of the most influenced areas enclosed by the red box shown in 447 

Fig. 15 (Sun et al., 2017) is studied here for the period from 1 January 2002 to 31 448 
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December 2003. The strongly varying wind stress reflects the seasonally reversing 449 

wind in monsoon seasons and strong wind associated with the TCs (Fig. 17a). The 450 

positive synoptic wind anomaly (Fig. 17b) usually indicates the occurrence of a 451 

synoptic or mesoscale atmospheric event, such as the passage of a TC, and it shows 452 

that the synoptic atmospheric events occur more frequently during the winter 453 

monsoon. Figure 17c displays the cold surge index (gray solid line) and the outbreaks 454 

of cold surges (red lines). There are on average one or two cold surge events occurring 455 

per month from October to March which are in agreement with previous studies. The 456 

corresponding time series of NIWSM and WPI (Figs. 17d, e) show that the 457 

enhancement of NIWSM and WPI during the winter monsoon season is typically 458 

aligned with the onset of cold surges. NIWSM, WPI and mixed-layer-integrated 459 

NIKE (black lines in Figs. 17d, e, and f) are significantly correlated, with the 460 

correlation coefficient between NIWSM and mixed-layer-integrated NIKE being 0.60, 461 

significant at the 0.01 level.  462 

In the small red box region, the mixed-layer-integrated NIKE (Fig. 17f, black 463 

line) shows a sharp increase when typhoon Imbudo (Magenta dashed line) passes 464 

through in July 2003. Typhoon Noguri excites a second peak in June 2002, while the 465 

other TCs passing through this area fail to trigger significant NIKE, which may be 466 

attributed to the difference of TCs characteristics (Sun et al., 2015; Cao et al., 2018; 467 

Li et al., 2019; Zhang et al., 2021) such as TC intensity, translation speed and spatial 468 

scale. During the winter monsoon, a cluster of enhanced NIKE is usually excited with 469 

the onset of cold surges. During the period from 1 January 2002 to 31 December 2003, 470 

about 30% of the total mixed-layer time-integrated NIKE (Fig. 17g, black line) in the 471 

red box region is excited by the TCs and about 40% is excited by cold surges. Similar 472 

percentages are also found for the whole SCS region (Fig. 17g, green line), 473 

demonstrating that TCs and cold surges are the major drivers of NIKE in the upper 474 

ocean of the SCS. During the transition of seasonal monsoons, the reversal of wind 475 

direction (e.g., in the spring of 2003) also trigger a moderate level of near-inertial 476 

energy. 477 
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 478 

Fig. 17. Time series of (a) wind stress (N/m2), (b) positive synoptic wind anomaly (m/s) and (c) 479 

cold surge index (gray solid line) averaged over the red box area shown in Figure 15 during the 480 

period from 1 January 2002 to 31 December 2003. In (c), the blue line marks 8 m/s and the 481 

occurrence of cold surges is marked by red lines. (d) NIWSM (N/m2), (e) WPI (W/m2), (f) 482 

mixed-layer-integrated NIKE (J/m3) and (g) mixed-layer time-integrated NIKE (J/m3) averaged 483 

over the red box area (black) and over the whole SCS (green) during the same time period. 484 

Magenta, red, cyan dashed lines indicate the arrivals of strong TCs (Imbudo in July 2003 and 485 

Dujuan in September 2003), moderate TCs (Morakot and Krovanh in August 2003) and the other 486 
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weaker TCs around the red box area, respectively.  487 

Overall, our analyses show that the variability of NIWSM (and hence NIKE) in 488 

the SCS can, to a large extent, be explained by a combination of seasonal intrusions of 489 

cold surges from the temperate zone in boreal winter, and TCs from tropical Pacific in 490 

boreal summer and autumn.  491 

5 Concluding remarks 492 

     In this study we have investigated the spatial distribution and seasonal variation 493 

of NIKE in the upper SCS using the high-resolution global HYCOM reanalysis output. 494 

The main findings are as follows: 495 

• The spatial distribution of time-mean NIKE in the upper SCS is characterized by a 496 

southwestward decrease from the west of Luzon Island to the central and southern 497 

SCS, which largely reflects the pattern of near-inertial energy input by the 498 

atmospheric wind field. 499 

• The magnitude of NIKE decays rapidly with depth, especially in the upper 100 m. 500 

Over 85% of NIKE is lost to dissipation within the upper 200 m, with less than 10% 501 

of the NIKE injected at the surface propagating into the deep SCS below 500 m. 502 

• Owing to seasonal changes of NIWSM and MLD, NIKE in the upper SCS 503 

exhibits a pronounced seasonal cycle. The magnitudes of SCS-averaged NIWSM, 504 

WPI and mixed layer NIKE in November-January are approximately twice of those 505 

in April-June.   506 

• An area of large NIKE is found to the west of Luzon Island from November to 507 

April, coinciding with the West Luzon Cold Eddy. This hot spot of NIKE results 508 

from a combination of large NIWSM and small MLD in these months.  509 

• The variability of NIWSM (and hence WPI and NIKE) in the SCS can, to a large 510 

extent, be explained by the intrusion of cold surges from the north during East 511 

Asian winter monsoon, and TCs from tropical Pacific in boreal summer and 512 

autumn months. These two atmospheric systems contribute to near 70% of the 513 

near-inertial energy budget in the upper SCS. 514 

 515 
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Appendix  540 

More model-observation comparison 541 

In order to further validate HYCOM near-inertial currents with more 542 

observations, three 75 KHz ADCPs moored at locations SCS1 (115.6°E, 18.1°N), 543 

SCS2 (115.0°E, 15.3°N), SCS3 (114.4°E, 13.0°N) are adopted for comparison (shown 544 
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in Fig.1). The moored ADCPs are upward-looking with a bin size of 10 m and a 545 

sampling interval 1 h, which cover the period from 10 October 1998 to 10 January 546 

1999. The near-inertial horizontal velocity profiles are derived from the raw ADCP 547 

velocities from -30 m to 200 m by using a band-pass filter with a frequency range of 548 

0.85f-1.15f. The observed near-inertial currents and HYCOM near-inertial currents 549 

profiles during the observation period versus time at three sites are illustrated in 550 

Figs.S1. HYCOM near-inertial currents and observations display comparable 551 

magnitude and common variations on their vertical distributions with time, although 552 

there exist some discrepancies in SCS2. The correlation coefficients between the 553 

depth-integrated observed NIKE and HYCOM-simulated NIKE reach up to 0.60, 0.60 554 

and 0.80, respectively.    555 

 556 

Fig. S1. Profiles of the eastward (a, f, k) and northward components (c, h, m) of observed 557 

near-inertial currents (m/s) and the eastward (b, g, l) and northward (d, i, n) components of 558 

HYCOM near-inertial currents versus time at locations SCS1, SCS2 and SCS3 from 10 October 559 

1998 to 10 January 1999. (e, j, o) Depth-integrated observbed NIKE (red line, J/m3) and 560 

HYCOM-simulated NIKE (black line) from -30 m to -200 m at locations SCS1, SCS2 and SCS3.  561 

 562 

 563 
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