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Abstract 25 

 The Hawaiian Lee Countercurrent (HLCC) is an eastward surface current 26 

flowing against the broad westward flow of the North Pacific subtropical circulation. 27 

Analyses of satellite altimeter data over 16 years revealed that the HLCC is 28 

characterized by strong interannual variations. The strength and meridional location of 29 

the HLCC axis varied significantly year by year. The eastward velocity of the HLCC 30 

was higher when the location of the axis was stable. Mechanisms for the interannual 31 

variations were explored by analyses of the altimeter data and results from a simple 32 

baroclinic model. The interannual variations in the strength of the HLCC did not 33 

correlate with those of the wind stress curl (WSC) dipole formed on the leeward side of 34 

the Hawaii Islands, although the WSC dipole has been recognized as the generation 35 

mechanism of the HLCC. Meridional gradients of the sea surface height anomaly 36 

(SSHA) across the HLCC generated by baroclinic Rossby waves propagating westward 37 

from the east of the Hawaii Islands were suggested as a possible mechanism for the 38 

interannual variations in the HLCC. The spatial patterns in the observed SSHAs were 39 

reproduced by a linear baroclinic Rossby wave model forced by wind fields from a 40 

numerical weather prediction model. Further analysis of the wind data suggested that 41 

positive and negative anomalies of WSC associated with changes in the trade winds in 42 

the area east of the Hawaii Islands are a major forcing for generating SSHAs that lead to 43 

the HLCC variations with a time lag of about one year. 44 

45 
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1. Introduction 46 

 The Hawaiian Lee Countercurrent (HLCC) is an eastward current located at the 47 

west of the Hawaii Islands. This narrow surface current flows against the North 48 

Equatorial Current (NEC) in the southern part of the subtropical gyre. Qiu et al. (1997) 49 

and Flament et al. (1998) discovered the HLCC by analyzing drifter data. 50 

 Recent intense observations of marine surface wind fields by spaceborne 51 

sensors revealed the existence of a number of wakes behind the individual islands, 52 

which are formed by impinging of the northeasterly trades on the islands (Xie et al., 53 

2001). The individual wakes dissipate within a few hundred kilometers, and a broad 54 

wake is formed. Xie et al. (2001) reported that the HLCC is driven by the WSC dipole 55 

associated with this broad wake. However, the HLCC in their numerical model 56 

extended all the way to the Asian coast. Yu et al. (2003) analyzed the drifter data and 57 

concluded that the western edge of the HLCC is located around the International Date 58 

Line. They interpreted the shorter length of the HLCC was due to energy dissipation 59 

from the mean flow by mesoscale eddies. Kobashi and Kawamura (2002) investigated 60 

seasonal variations in the HLCC using hydrographic data, and pointed out that the 61 

HLCC is strong from summer to winter and becomes weak in spring. Sasaki et al. 62 

(2010) explored the mechanisms of seasonal variations using a numerical model, and 63 

concluded that the seasonal variations of the HLCC are induced by oceanic Rossby 64 

waves generated by the annual cycle of the trade winds. 65 

 Studies that focused on the interannual variations in the HLCC are very few. 66 

From analyses of satellite altimeter data, Sasaki et al. (2010) and Sasaki et al. (2012) 67 

reported that the HLCC was strong in 2003 and 2005. In these years, however, Sasaki et 68 

al. (2010) found that the satellite-derived wind stress was rather weak. Furthermore, 69 
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their numerical model driven by the high-resolution wind data failed to reproduce a 70 

strong HLCC in 2005. Sasaki et al. (2012) analyzed hydrographic data focusing on 71 

potential vorticity (PV), and concluded that low PV water advected from the north of 72 

the HLCC pushed the upper pycnocline upward and then enhanced the HLCC in these 73 

years. However, Sasaki et al. (2012) only showed results in these typical two years 74 

(2003 and 2005). 75 

 In this study, we explore the interannual variations in the HLCC. Spaceborne 76 

altimeter data over a period of 16 years enable us to capture spatiotemporal variations in 77 

the HLCC, and discuss the physical mechanisms for interannual variations. We also 78 

utilize a simple model to investigate the mechanisms further. The paper is organized as 79 

follows: section 2 describes the data used, section 3 discusses the features of the HLCC, 80 

section 4 describes the interannual variations of the HLCC, section 5 explores the 81 

possible mechanisms, and section 6 presents the summary. 82 

 83 

2. Data 84 

 The along-track sea surface height anomaly (SSHA) data based on 85 

measurements by the TOPEX/Poseidon and Jason-1 altimeters for a period ranging 86 

from January 1993 to December 2008 were obtained from the Archiving, Validation, 87 

and Interpretation of Satellite Oceanographic (AVISO) data center. The SSHA was 88 

defined as an anomaly from the mean sea surface height over a period ranging from 89 

1993 to 1999. The spatial resolution along the ground tracks is 5.8 km, and the temporal 90 

interval is 9.916 days. The SSHA was averaged in grid cells of 1/4° × 1/4° over a month. 91 

The gridded monthly SSHA fields were spatially smoothed using a Gaussian filter with 92 

an e-folding scale of 100 km. 93 
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 To estimate the absolute sea surface heights, a “quasi-absolute” mean sea 94 

surface height (MSSH) field was constructed by combining the altimeter SSHAs with 95 

the data obtained from Argo floats (Abe and Hanawa, 2010) according to the method 96 

proposed by Kuragano and Shibata (1997) and Uchida and Imawaki (2003). The 97 

real-time quality-controlled Argo data obtained from the Argo Global Data Assembly 98 

Center and further processed by Oka et al. (2007) were used. The dynamic SSH 99 

referenced to 1000 db, SSHArgo, was calculated from temperature and salinity profiles 100 

measured by Argo floats, and collocated with the SSHA observations by altimeters, 101 

SSHAALT, allowing separations of 20 km in space and 2.5 days in time. 102 

 The MSSH at the collocated point is obtained as 103 

 104 

   MSSH = SSHArgo − SSHAALT.   (1) 105 

 106 

Since the SSHAALT is an anomaly relative to the SSH averaged from 1993 to 1999, the 107 

MSSH computed from Eq. (1) is also the average over the seven years, even if SSHArgo 108 

was obtained in 2000s. The number of collocated data points in a region from 15°N to 109 

25°N and from 170°E to 150°W were 24,903. The MSSH was averaged in grid cells of 110 

1/4° × 1/4° and smoothed by a Gaussian filter with an e-folding scale of 100 km. The 111 

“quasi-absolute” sea surface height at a given point and time, QASSH, was estimated by 112 

 113 

   QASSH = MSSH + SSHAALT.   (2) 114 

 115 

 We also utilized the drifter data for a period ranging from 1993 to 1999, 116 

released from the Marine Environmental Data Service, Fisheries and Oceans Canada. 117 
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The drifter data were quality-controlled and gridded at temporal intervals of 6 h. Data 118 

from drifters equipped with a drogue centered at 15 m depth were selected to avoid 119 

downwind slip and high frequency noise. There were 74,010 data points in the region. 120 

The eastward velocity averaged in grid cells of 1/4° × 1/4° was smoothed by a Gaussian 121 

filter with an e-folding scale of 100 km. 122 

 Two sets of sea surface wind stress data were used in this study. The first set is 123 

derived from measurements made by the SeaWinds scatterometer on the QuikSCAT 124 

satellite and produced by the National Oceanic and Atmospheric Administration 125 

(NOAA) Coastwatch Program. The spatial resolution is 1/8° × 1/8°, and the temporal 126 

interval is one day. The data period ranges from January 2000 to December 2008. The 127 

second set of data is a reanalysis product released by the National Center of 128 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR, 129 

Kalnay et al. 1996). The spatial grids of the NCEP/NCAR reanalysis are T63, which are 130 

approximately equal to 1.9° × 1.9° (longitude × latitude). The temporal interval is one 131 

month. The data period ranges from January 1949 to December 2009. The QuikSCAT 132 

wind stress product has a higher spatial resolution but covers a shorter period, whereas 133 

the NCEP/NCAR reanalysis covers a longer period with lower spatial resolution. 134 

 135 

3. Climatology of the HLCC 136 

 Figure 1 shows climatological features of (a) the QASSH and zonal geostrophic 137 

current velocity and (b) the temporal stability of the current field. An eastward current, 138 

the HLCC, is clearly exhibited to the west of the Hawaii Islands. The maximum 139 

eastward velocity reaches approximately 6 cm s−1. To the west of the HLCC, several 140 

subtropical countercurrents (STCCs) are addressed. To the north and south of the HLCC, 141 
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strong eastward and westward velocities of the Kuroshio Extension and the NEC are 142 

discernible, respectively.  143 

To assess robustness of the HLCC found in the climatological mean velocity field, 144 

the stability parameter (S) was calculated and is shown in Fig. 1(b). The value of S at a 145 

given point was defined as the ratio of the absolute value of the vector-mean velocity to 146 

the scalar-mean velocity: 147 

                

N

t

N

t
tv

N
tv

N
S

11
)(1)(1

,                    
(3) 148 

where v
 
is the current vector, t  is time, and N  is the number of data. Fields of 149 

QASSH calculated by Eq. (2) were utilized to compute the time series of the geostrophic 150 

velocity, )(tv . If the value of S is close to 1 (0), the current system is stable (unstable) in 151 

time, implying that the signal of the mean velocity is dominant compared to velocity 152 

modulations including the eddy activities and meanderings of current. 153 

 Figure 1(b) shows that the NEC (S ~ 0.9) is a very stable current system. The 154 

Kuroshio Extension is relatively stable west of 155°E (S > 0.6), whereas it is unstable 155 

east of 155°E due to variations of the axis position (Qiu and Chen, 2005). The stability 156 

parameters in the HLCC (0.6 – 0.7), in which high eddy activities are reported (Yoshida 157 

et al. 2010; Yoshida et al. 2012), are smaller compared to those in the NEC and KE. 158 

However, these are slightly higher than those in the surrounding area, suggesting the 159 

eastward current in the HLCC is relatively stable. 160 

 Figure 2 shows (a) the zonal geostrophic current velocity calculated from the 161 

MSSH in Eq. (1) averaged over a period ranging from 1993 to 1999 (Abe and Hanawa, 162 

2010), (b) mean zonal current velocity estimated from the drifter data for the same 163 

period. In Fig. 2(a), a zonal band with a relatively strong eastward current up to 6–7 cm 164 
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s−1, corresponding to the HLCC, is identified to the west of the Hawaii Islands. The 165 

eastward current extends to the west across the International Date Line. However, the 166 

stability parameter in Fig. 1(b) decreases significantly to the west of 170°W, implying 167 

that the signal of eastward velocity in the climatological mean field is ambiguous 168 

compared to the eddy activities in this region. 169 

 The zonal band of eastward velocity of the HLCC based on the drifter 170 

measurements in Fig. 2(b) is meridionally narrower than that calculated from the 171 

altimeter-derived MSSH in Fig. 2(a). A spatial filter utilized to fill the gaps between the 172 

altimeter ground tracks made the MSSH field in Fig. 2(a) smoother. The maximum 173 

eastward velocity reaches up to 11 cm s−1, and the western edge of the HLCC is located 174 

at 173°W in Fig. 2(b). These features are consistent with results reported by Qiu et al. 175 

(1997). 176 

 177 

4. Interannual variations in the HLCC 178 

 Figure 3 shows the annual mean QASSH and zonal geostrophic velocity during 179 

a period ranging from 1993 to 2008. Significant interannual variations in the intensity 180 

and location of the HLCC are discernible. While the eastward velocity of the HLCC 181 

was weak in 2000, it extended to and beyond the International Date Line in 2003 and 182 

2005, as Sasaki et al. (2012) reported. 183 

To explore the interannual variations quantitatively, we set a box extending 184 

from 173°W to 157°W and 16.5°N to 22.5°N (Figs. 2 and 3), which covers the 185 

north-south limits of the annual mean HLCC locations. In the box, the zonal velocity 186 

component was averaged zonally in meridional bins of 1/4°. Meridional location of the 187 

HLCC axis was determined by choosing the maximum zonally averaged zonal velocity. 188 
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Figure 4 shows time series of (a) the zonal velocity at the HLCC axis, and (b) the 189 

latitude of the axis. The averages of the maximum zonal velocity and latitude of the axis 190 

over the period ranging from 1993 to 2008 were 5.5 cm s−1 and 19.8°N, and the 191 

standard deviations were 2.6 cm s−1 and 1.2°, respectively. 192 

 Figure 5 shows frequency distributions and annual means of (a) the zonal 193 

velocity at the HLCC axis and (b) the meridional axis locations, computed from the data 194 

shown in Fig. 4. The HLCC was strong in 1994, 1999, and from 2001 to 2005, and it 195 

was very weak in 2000, as shown in the maps of zonal velocity in Fig. 3. The annual 196 

means of the zonal velocity at the HLCC axis in Fig. 5(a) are not correlated with the 197 

locations of the axis in Fig. 5 (b) (correlation coefficient r = -0.02). However, the 198 

standard deviation of the axis latitude is opposite in phase with the annual mean zonal 199 

velocity of the HLCC. As shown in Fig. 6, time series of eastward velocity and the 200 

standard deviation of the axis location are negatively correlated (r = -0.61), indicating 201 

that the HLCC is stronger when the location of the axis is stable. This correlation 202 

coefficient exceeds a significance level of 10%, when the degree of freedom (DOF) is 203 

assumed to be 8. In this study, the DOF is defined by number of peaks counted 204 

subjectively from the two time series. 205 

 206 

5. Possible mechanisms for the interannual variations 207 

 208 

5.1 Wind forcing 209 

 Figure 7 shows (a) a map of the WSC calculated from the QuikSCAT wind 210 

data, averaged over a period ranging from 2000 to 2008, (b) the WSC spatially filtered 211 

by a Gaussian filter with an e-folding scale of 3° × 1°, (c) latitude-time diagram of 212 
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meridional gradient anomaly of the WSC, averaged zonally from 173°W to 157°W, and 213 

(d) time series of the gradient anomaly, averaged meridionally from 18°N to 21°N. The 214 

time series were smoothed by a 13-month running mean filter in time. Orographic 215 

dipoles formed in the lee of the islands (Fig. 7(a)), sustained by the northeasterly trade 216 

wind, are found. Spatial smoothing in the field combines the WSCs, and a broad dipole 217 

emerges (Fig. 7(b)). 218 

 Since the negative (positive) WSC causes convergence (divergence) of Ekman 219 

current, the WSC dipole makes the SSH low toward the north, hence eastward 220 

geostrophic current is generated. This broad WSC dipole is the driving force of the 221 

formation (Xie et al., 2001) and seasonal variation (Sasaki et al., 2010) of the HLCC. 222 

Positive anomaly in the meridional gradient of the WSC toward the north corresponds 223 

to strengthening of the dipole. In the latitude of the HLCC (approximately 18°N – 224 

21°N), the gradient anomaly is positive in 2001 – 2002 and 2007 – 2008, and negative 225 

in 2004 – 2005 (Fig. 7(c)). This result is in good agreement with that of Sasaki et al. 226 

(2012). However, the correlation between the meridional gradient of the WSC and the 227 

zonal geostrophic velocity in the HLCC is negative (r = -0.81, exceeding a significance 228 

level of 10% (DOF = 3), Fig. 7(d)), suggesting that the WSC dipole cannot explain the 229 

interannual variations in the HLCC velocity. 230 

 Note that the meridional gradient of the WSC is proportional to an acceleration 231 

of the zonal velocity. To be exact, the zonal velocity (not the acceleration) is not 232 

appropriate to be compared with the WSC gradient as in Fig. 7(d). To show that, a 233 

hindcast model (1.5 layer, reduced gravity model) was utilized following Qiu (2003). 234 

Under the long-wave approximation, the linear vorticity equation is obtained as follows: 235 
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(4) 236 

where h is the SSHA to be obtained,  is the wind stress vector, RC  is the speed of 237 

the long baroclinic Rossby waves, 'g  is the reduced gravity, 0  is the reference 238 

density, f  is the Coriolis parameter, and k is the unit vector in the vertical direction. 239 

For simplicity, factors other than h and  are assumed to be constant in time and 240 

space. Taking meridional derivative of Eq. (4) and assuming the geostrophic balance 241 

y
hgfu

,                                      
(5) 242 

we obtain 243 
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k
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x
C
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'

,              
(6) 244 

where u  is the zonal velocity. 245 

 According to Eq. (6), the meridional gradient of the WSC (right hand side) is 246 

proportional to the acceleration of the zonal velocity along the westward propagation of 247 

the Rossby waves (left hand side). For this reason, the comparison of the two time series 248 

in Fig. 7(d) is not considered to be exact. However, the time scale of the smoothed WSC 249 

gradient in Fig. 7(d) (approximately 7 years) is much longer than transition time of the 250 

baroclinic Rossby waves propagating from the WSC dipole to the HLCC, which was 251 

estimated to be several months by Sasaki et al. (2010). Therefore, the forcing can be 252 

regarded as mostly constant during the propagation. Because the propagation time also 253 

can be assumed to be constant, the meridonal gradient of the WSC is proportional to not 254 

only the acceleration of the zonal velocity but also to the velocity. 255 

 Although Sasaki et al. (2012) suggested the possibility that eastern part of the 256 
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HLCC close to the Hawaii Islands (165°W – 160°W) can be influenced by the 257 

orographic WSC dipole, the HLCC averaged in the box region (173°W – 157°W) is 258 

obviously out of phase with the meridional WSC gradient. This inconsistency implies 259 

that the interannual variations in the WSC dipole are not the dominant mechanism 260 

driving the interannual variations in the HLCC. 261 

 262 

5.2 SSHA propagating from the east 263 

 Figure 8 shows longitude-time diagrams of the SSHA, averaged meridionally 264 

(a) from 17°N to 19°N and (b) from 20°N to 22°N, (c) the meridional difference of the 265 

SSHAs ((a) minus (b)), and (d) time series of the SSHA difference averaged zonally 266 

from 173°W to 157°W and eastward velocity at the HLCC axis. The SSHA fields and 267 

time series were smoothed by a Gaussian filter with an e-folding scale of 300 km in 268 

space and a 13-month running mean filter in time. Westward propagations of the SSHA 269 

are discernible on both northern and southern sides of the HLCC. The difference 270 

between the SSHAs may cause variations in the strength of the HLCC. Positive 271 

(negative) difference enhances (reduces) eastward velocity of the HLCC. 272 

The time series in Fig. 8(d) clearly exhibits a strong correlation between the 273 

meridional SSHA difference and eastward velocity of the HLCC (r = 0.87, exceeding a 274 

significance level of 1% (DOF = 8)). The amplitude of 8 cm in the SSHA difference 275 

(2004 minus 2000) approximately corresponds to 5 cm s−1 in the zonal geostrophic 276 

velocity, which is comparable to the amplitude of 6.5 cm s−1 in the observed velocity 277 

variations. These results indicate that the interannual variations in the HLCC can be 278 

caused by the meridional gradient of the SSHA. 279 

Figure 9 shows lag correlation coefficients between the SSHA difference in Fig. 280 
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8(c) and the HLCC velocity in Fig. 8(d), as a function of longitude. Positive correlations 281 

extending from the HLCC region can be traced back far east beyond the Hawaii Islands. 282 

This result confirms propagating SSHAs are originated in the area east of the Hawaii 283 

Islands. 284 

 To explore generation of the wind-driven SSHAs in the east of the Hawaii 285 

Islands, and examine relationships with the velocity variations in the HLCC, the 286 

hindcast model (Eq. (4)) was used according to Qiu (2003). By integrating Eq. (4) from 287 

the eastern boundary ( ex ) along the baroclinic Rossby wave characteristic, we obtain 288 

'',,'',,),,(
0

dx
C

xxtyxk
gfC
g

C
xxtyxhtyxh

R

x

x
RR

e
e

e .     
(7) 289 

To calculate the ),,( tyxh  fields, the monthly averaged wind stress of the 290 

NCEP/NCAR reanalysis product was used. Plausible RC  was estimated from the 291 

observed SSHA on a longitude-time diagram as a function of latitude (not shown, RC  292 

= 16 cm s−1 at 18°N and 10 cm s−1 at 21°N). The value of 'g  was set to 0.03 m s−2. 293 

Along the eastern boundary, ),,( tyxh  = 0 was assumed. The SSHAs were calculated at 294 

T63 grids (approximately 1.9° × 1.9°) of the NCEP/NCAR reanalysis product. The 295 

calculated SSHA was linearly interpolated to 1° × 1° grids. 296 

 Figure 10 shows longitude-time diagrams and time series of the SSHA 297 

calculated by the hindcast model. Major patterns of the observed SSHA shown in Fig. 8 298 

were reproduced on the (a) southern and (b) northern sides of the HLCC. The 299 

meridional difference of the SSHA calculated by the model (Fig. 10(c)) is also 300 

consistent with that of the observed SSHA (Fig. 8(c)). The time series in Fig. 10(d) 301 

confirms high correlation between the meridional SSHA difference and the strength of 302 

the HLCC deduced from the altimeter observations (r = 0.56, exceeding a significance 303 
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level of 10% (DOF = 8)). This modeled SSHA difference can also be traced back far 304 

east of the Hawaii Islands along positive correlation with the HLCC velocity (Fig. 11). 305 

The wind stress field to the east of the Hawaii Islands excites the SSHA, and the 306 

meridional gradient of the propagating SSHA generates the interannual variations in the 307 

strength of the HLCC. 308 

 Sasaki et al. (2012) proposed that advection of low PV water to the north of the 309 

HLCC could be a possible mechanism for the interannual variations in the HLCC. As 310 

they pointed out, the HLCC west of 170°W was strong in 2003 and 2005 (Fig. 3), when 311 

the low PV water was advected to this area. The results of the present study proposed a 312 

possibility that the WSC fields in the east of the Hawaii Islands can excite SSHA and 313 

cause the interannual variations in the HLCC in addition to the mechanism proposed by 314 

Sasaki et al. (2012). In the present study, we may not evaluate the contributions of these 315 

two mechanisms. Further studies using a realistic numerical model focused on this point 316 

are needed. 317 

 318 

5.3 Wind stress field in the east 319 

 Figure 12 shows annual mean wind stress (arrows) and WSC (color) in (a) 320 

1993, (b) 1999, (c) the difference ((b) minus (a)), and (d) the meridional gradient of (c). 321 

Since the meridional difference of the modeled SSHA was largest in 1994 and smallest 322 

in 2000 (Fig. 10), and the propagation of the SSHA from 140°W to the HLCC region 323 

takes approximately one year (Fig. 11), the wind stress and WSC fields in 1993 and 324 

1999 were selected for comparison. In these years, negative and positive WSCs, formed 325 

by the northeasterly trade winds, were dominant in this region. The WSCs in 1993 were 326 

weak under weak trade winds, and strong in 1999 under the strong wind condition (Fig. 327 
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12(c)). 328 

 Since the position of the WSCs located between 140°W and 120°W is 329 

meridionally opposite to that in the lee of the Hawaii Islands (Fig. 12), the WSCs in the 330 

east of the Hawaii Islands generate westward flow along meridional boundary between 331 

the positive and negative WSCs (or negative meridional gradient of WSC difference in 332 

Fig. 12(d)). Because the HLCC is an eastward flow, strong (weak) WSCs in the east 333 

area weaken (strengthen) the HLCC with a time lag. The HLCC is strengthened 334 

(weakened) in 1994 (2000) one year after the emergence of weak (strong) WSCs in 335 

1993 (1999), corresponding to the strong HLCC in 1994 and weak HLCC in 2000.  336 

 337 

6. Summary 338 

 Interannual variations in the HLCC were investigated by analyzing 16 years of 339 

satellite altimeter data together with data from Argo floats and drifting buoys. Strong 340 

interannual variations were discernible in the zonal velocity at the HLCC axis and 341 

meridional axis location. The HLCC was stronger when the axis position was stable. 342 

The eastward velocity of the HLCC did not exhibit correlation with the strength of the 343 

WSC dipole, which are located on the leeward side of the Hawaii Islands, and 344 

considered to dominate the generation and seasonal variations inthe HLCC. 345 

Instead of the effects of the orographic WSC dipoles, we proposed a new 346 

mechanism for the generation of the interannual variations in the HLCC. The SSHA 347 

propagating westward from the east of the Hawaii Islands caused the interannual 348 

variations in the meridional gradient of the SSHA across the HLCC, resulting in the 349 

interannual variations in the eastward current of the HLCC. A simple linear baroclinic 350 

Rossby wave model with the NCEP/NCAR wind fields successfully reproduced this 351 
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process. The westward propagating SSHAs, which cause the interannual variations in 352 

the HLCC, were generated by the wind stress field to the east of the Hawaii Islands. The 353 

positive/negative WSCs in the east of the islands were formed by the trade wind, and 354 

excited the SSHAs in the region between the two WSCs. The SSHAs propagating 355 

westward caused the velocity variations in the HLCC with a time lag of one year. 356 

 357 

 358 

 359 

  360 
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Figure captions 421 

Figure 1: (a) Eastward geostrophic current (color, cm s-1) and (b) stability parameter (S, 422 

color) estimated from QASSH using Eq. (3) with the QASSH averaged over the period 423 

from 1993 to 2008 (contours, cm). Regions where numbers of altimeter data points 424 

collocated with Argo profiles are insufficient are masked. 425 

 426 

Figure 2: (a) Zonal geostrophic current velocity calculated from the MSSH as an 427 

average over a period ranging from 1993 to 1999 (Abe and Hanawa, 2010), (b) mean 428 

zonal current velocity estimated from the drifter data for the same period. 429 

 430 

Figure 3: Annual mean zonal velocity (shading) and QASSH (contours, 5 cm interval). 431 

The velocity and QASSH averaged over the 16 years are also shown in the last panel. 432 

 433 

Figure 4: Time series of the monthly mean (a) zonal velocity at the axis of the HLCC, 434 

and (b) latitude of the HLCC axis. 435 

 436 

Figure 5: Frequency distribution of the monthly mean (a) zonal velocity at the HLCC 437 

axis, and (b) latitude of the HLCC axis (horizontal bars). The averages and standard 438 

deviations computed each year are shown by thick lines and vertical bars, respectively. 439 

 440 

Figure 6: Annual mean zonal velocity at the HLCC axis shown in Fig. 5(a) (solid line, 441 

left axis), and standard deviation of the latitude of the HLCC axis shown in Fig. 5(b) 442 

(dashed line, right axis). 443 

 444 
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Figure 7: (a) The WSCs averaged over a period ranging from 2000 to 2008, estimated 445 

using the NOAA Coastwatch QuikSCAT wind stress product, (b) same as (a) but 446 

spatially filtered WSCs using a Gaussian filter with an e-folding scale of 3° × 1°, (c) 447 

latitude-time diagram of meridional gradient anomaly of the WSC averaged zonally 448 

from 173°W to 157°W, and (d) time series of the gradient anomalies averaged 449 

meridionally from 18°N to 21°N (solid line, left axis) and zonal velocity of the HLCC 450 

calculated from the time series in Fig. 4(a) (dashed line, right axis). 451 

 452 

Figure 8: Longitude-time diagrams of the SSHA averaged meridionally (a) from 17°N 453 

to 19°N and (b) from 20°N to 22°N, (c) the meridional difference of the SSHA ((a) 454 

minus (b)), and (d) time series of the SSHA difference averaged zonally from 173°W to 455 

157°W (solid line, left axis) and the zonal velocity at the HLCC axis calculated from the 456 

time series in Fig. 4(a) (dashed line, right axis).  457 

 458 

Figure 9: Lag correlation coefficients between the meridional difference of the 459 

observed SSHA in Fig. 8(c) and the HLCC velocity in Fig. 8(d), as a function of 460 

longitude. Positive lag means that the SSHA difference leads the velocity. The 461 

coefficients exceeding a significance level of 10 % (r > 0.55, DOF = 8) are denoted by 462 

black dots. 463 

 464 

Figure 10: Same as that in Fig. 9 but using the SSHA calculated by the linear baroclinic 465 

Rossby wave model and the wind data from the NCEP/NCAR reanalysis. 466 

 467 

Figure 11: Lag correlation coefficients between the meridional difference of the 468 
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modeled SSHA in Fig. 10(c) and the HLCC velocity in Fig. 10(d), as a function of 469 

longitude. Positive lag means that the SSHA difference leads the velocity. The 470 

coefficients exceeding a significance level of 10 % (r > 0.55, DOF = 8) are denoted by 471 

black dots. 472 

 473 

Figure 12: A map of annual mean wind stress vector (arrows), WSC (color) in (a) 1993, 474 

(b) 1999, (c) the difference of the WSC ((b) minus (a)), and (d) meridional gradient of 475 

(c), calculated from the wind data from the NCEP/NCAR reanalysis.  476 

 477 

 478 

 479 

  480 
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 481 

Figure 1: (a) Eastward geostrophic current (color, cm s-1) and (b) stability parameter (S, 482 

color) estimated from QASSH using Eq. (3) with the QASSH averaged over the period 483 

from 1993 to 2008 (contours, cm). Regions where numbers of altimeter data points 484 

collocated with Argo profiles are insufficient are masked. 485 

 486 

  487 
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 488 

Figure 2: (a) Zonal geostrophic current velocity calculated from the MSSH as an 489 

average over a period ranging from 1993 to 1999 (Abe and Hanawa, 2010), (b) mean 490 

zonal current velocity estimated from the drifter data for the same period. 491 

  492 
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 493 

Figure 3: Annual mean zonal velocity (shading) and QASSH (contours, 5 cm interval). 494 

The velocity and QASSH averaged over the 16 years are also shown in the last panel. 495 

 496 

  497 
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 498 

Figure 4: Time series of the monthly mean (a) zonal velocity at the axis of the HLCC, 499 

and (b) latitude of the HLCC axis. 500 

 501 

  502 
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 503 

Figure 5: Frequency distribution of the monthly mean (a) zonal velocity at the HLCC 504 

axis, and (b) latitude of the HLCC axis (horizontal bars). The averages and standard 505 

deviations computed each year are shown by thick lines and vertical bars, respectively. 506 
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 508 

Figure 6: Annual mean zonal velocity at the HLCC axis shown in Fig. 5(a) (solid line, 509 

left axis), and standard deviation of the latitude of the HLCC axis shown in Fig. 5(b) 510 

(dashed line, right axis). 511 

 512 
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 514 

Figure 7: (a) The WSCs averaged over a period ranging from 2000 to 2008, estimated 515 

using the NOAA Coastwatch QuikSCAT wind stress product, (b) same as (a) but 516 

spatially filtered WSCs using a Gaussian filter with an e-folding scale of 3° × 1°, (c) 517 

latitude-time diagram of meridional gradient anomaly of the WSC averaged zonally 518 

from 173°W to 157°W, and (d) time series of the gradient anomalies averaged 519 

meridionally from 18°N to 21°N (solid line, left axis) and zonal velocity of the HLCC 520 

calculated from the time series in Fig. 4(a) (dashed line, right axis). 521 

 522 
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 524 

Figure 8: Longitude-time diagrams of the SSHA averaged meridionally (a) from 17°N 525 

to 19°N and (b) from 20°N to 22°N, (c) the meridional difference of the SSHA ((a) 526 

minus (b)), and (d) time series of the SSHA difference averaged zonally from 173°W to 527 

157°W (solid line, left axis) and the zonal velocity at the HLCC axis calculated from the 528 

time series in Fig. 4(a) (dashed line, right axis).  529 
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  531 

Figure 9: Lag correlation coefficients between the meridional difference of the 532 

observed SSHA in Fig. 8(c) and the HLCC velocity in Fig. 8(d), as a function of 533 

longitude. Positive lag means that the SSHA difference leads the velocity. The 534 

coefficients exceeding a significance level of 10 % (r > 0.55, DOF = 8) are denoted by 535 

black dots. 536 

 537 
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 538 

Figure 10: Same as that in Fig. 9 but using the SSHA calculated by the linear baroclinic 539 

Rossby wave model and the wind data from the NCEP/NCAR reanalysis. 540 

 541 
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  543 

Figure 11: Lag correlation coefficients between the meridional difference of the 544 

modeled SSHA in Fig. 10(c) and the HLCC velocity in Fig. 10(d), as a function of 545 

longitude. Positive lag means that the SSHA difference leads the velocity. The 546 

coefficients exceeding a significance level of 10 % (r > 0.55, DOF = 8) are denoted by 547 

black dots. 548 

 549 

 550 
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 552 

Figure 12: A map of annual mean wind stress vector (arrows), WSC (color) in (a) 1993, 553 

(b) 1999, (c) the difference of the WSC ((b) minus (a)), and (d) meridional gradient of 554 

(c), calculated from the wind data from the NCEP/NCAR reanalysis.  555 

 556 

 557 
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