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Abstract

Qiu et al. (2014) quantitatively examined the mechanisms of sea surface temperature
front disappearance, finding that the formation of shallow mixed layer depth (MLD)
is very important. In the present study, we further investigated variations of the sea
level anomaly (SLA) and mixed layer depth (MLD) during the SST front weakening5

period, based on weekly satellite derived products. For the SLA, we examined the
steric height component of SLA, using empirical orthogonal function (EOF) method
and physical method. The seasonal variations of steric height from above two meth-
ods have the same pattern: peak value (∼20 cm) occurs in July-August, and mini-
mum value (∼−5 cm) occurs in February to March. Correlation between SLA and SST10

achieves 0.76 in cold zone and frontal zone, and it is 0.86 between steric component
and SST. When SST becomes large, MLD decreases gradually. The linear relationship
(y = −4.46x+156.47) between MLD and SST could be used to estimate the MLD in
the subtropical front zone.

1 Introduction15

The subtropical front is one of the major oceanic features of the North Pacific, sep-
arating the warm saline North Pacific Central waters in the south from the cool fresh
waters to the north. Sea surface temperature (SST) front modulates the atmospheric
conditions, such as wind speed magnitude and wind directions (e.g., Xie, 2004; Small
et al., 2008), temperature, turbulent fluxes (Friehe et al., 1991), and deep atmospheric20

responses (Kobashi et al., 2008). All of them differ significantly from one side of an SST
front to the other, with an increase (decrease) in wind speed as the wind blows from
cold (warm) to warm (cold) water across the front (Friehe et al., 1991).

Subtropical SST front were suggested to be accompanied with mixed layer
depth (MLD) and sea surface height (SSH) (e.g., Uda and Hasunuma, 1969; White25

et al., 1978; Qiu and Lucas, 1996; Qiu, 2002; Kobashi et al., 2008; Kobashi and Xie,
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2012; Kobashi and Kubokawa, 2012) Qiu et al. (2014) quantitatively examined the
mechanisms of subtropical SST front in April to September, and confirmed the air-sea
heat exchanging induces the subtropical SST front disappearance. They also found
the geotropic advection calculated from the gradient of SSH, was quite small com-
pared with net heat flux. Although the SSH gradient magnitude were small, the SSH5

in this area (130–160◦ E, 20–32◦N) has relatively large meso-scale variability (Kobashi
and Kawamura, 2001). How the SSH vibrates needs to be examined more clearly in
the SST front zone.

Nonlinear relationship between net heat flux and MLD were found to be very impor-
tant during the SST front weakening period (Qiu et al., 2014). As known to us, oceanic10

MLD is primarily determined by the action of turbulent mixing of the water mass due
to wind stress and heat exchange at the air-sea interface (Kara et al., 2003). MLD is
associated with the SSH variation, because SST cooling could induce convection, and
convection result in MLD enlarge, and also induce SSH decrease (e.g. Monterey and
Levitus, 1997; de Boyer Montegut et al., 2004). But atmospheric condition, wave and15

eddy also contribute to the SSH (Stammer, 1997). We need to check the relationship
between SSH/MLD and SST carefully.

In the present study, we investigate the upper-layer changes based on 7 years weekly
products of AMSR-E SSTs, altimeter data and in situ observations in northwestern sub-
tropical area. We pay attention to (1) the seasonal variation of the SST front evolution;20

(2) relationship between SST, sea surface height and the mixed layer depth. The data
and methods are described in Sect. 2. Results and discussions are given in Sect. 3.
Section 4 is the summary.

2 Data and methods

The Advanced Microwave Scanning Radiometer (AMSR) for the Earth observing sys-25

tem (AMSR-E) on the Aqua satellite has provided global observations of SST since
2003. We use AMSR-E level 2 data from 1 January 2003 to 31 December 2009.
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The original spatial resolution is around 10 km, we interpolated the products into
0.125◦ × 0.125◦. Every day two snap images were used. The data processing is di-
rected to Qiu and Kawamura (2012). The availability of AMSR-E has no apparent sea-
sonal variation in subtropical area (Hosoda, et al., 2010). Therefore, AMSR-E data are
good enough to detect the variation of SST front.5

Merged sea level anomaly (SLA) data were used. The data came from two satellite
missions, TOPEX/Poseidon and ERS, followed by Jason-1 and Envisat. This dataset
has stable sampling in time (AVISO, 2006). The mapped altimetry dataset includes
one map every 7 days with a (1/3)◦ spatial resolution on a Mercator grid (Ducet et al.,
2000).10

2003–2009 daily surface flux products are derived from National centers for Environ-
mental Prediction/National center for Atmospheric Research (NCEP/NCAR) reanalysis
project. The spatial resolution is 2.5◦ × 2.5◦. We obtained the net heat flux Q by sum-
marized sensible heat net flux, latent heat net flux, net longwave radiation and net
shortwave radiation. Here, upward is positive and downward is negative.15

To investigate the vertical structure of upper layer, the global Temperature and Salin-
ity Profile Program (GTSPP) “Best Cop” data are used. The data include the full-
resolution data from XBTs or CTDs from the ships, or fully processed and quality-
controlled data from the organizations that provided the real-time low-resolution data
to the GTS (Sun et al., 2010). The data from 1 January 2003 to 30 September 2009 are20

obtained. The temperature/ salinity profile data are firstly interpolated onto 1 m vertical
resolution grid, and then density ρ and pressure P for each depth are calculated. The
temperature in depth z is written as Tz, and the in situ surface temperature is T0.
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3 Results and discussions

3.1 Seasonal variation of subtropical SST front

Figure 2 shows the seasonal variation of SST front. The frontal strength recognized by
SST gradient magnitude was shown in Fig. 2a. In 20–32◦N, the SST gradient magni-
tude has significant seasonal variations, with large gradient magnitude from October to5

next June, and small value from June to September. The SST front weakening period
is from April to September, as suggested by Qiu and Kawamura (2012).

The monthly mean frontal positions were shown in Fig. 2b. In different part, the frontal
position has different variations. In the western part (130–135◦ E), the frontal position
has significant seasonal variations; In the middle part (135–150◦ E), the frontal position10

is stable throughout the year; in the eastern part (150–160◦ E), frontal position starts
to shift seasonally. The subtropical front meets Kuroshio front in the western part and
eastern part, but isolated in the middle part, which might lead to the different season-
ality of frontal position (Qiu and Kawamura, 2012).

The 7 year mean frontal position (black thick line) and standard deviation of frontal15

position (grey shaded area) are shown in Fig. 2c. The mean SST front locates at around
22–28◦N, with shifting area ±2. According to the frontal position, we separated this
area into cold zone, frontal zone and warm zone. The shaded band like area is defined
as the subtropical SST front area. The cold zone locates at the north of front, and warm
zone locates to the south of front.20

3.2 Sea level variations

3.2.1 EOF analysis

To reveal the variations of SSH, we use an empirical orthogonal function (EOF) analy-
sis. The EOFs account for 26.7, 15.4, 4.5, and 3.6 % of SLA variance for the first-fourth
mode, respectively (Fig. 3). Their contributions are relative small compared with that25
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obtained by Isoguchi et al. (1997), which might result from the study region and study
period. The first EOF has sharp height gradient in spatial structures, and its time series
represent that the SLA has significant seasonal variations. In summer, the SLA has
positive value in cold zone and negative value in warm zone.

We also show the EOF analysis for SST (Fig. 4). The first mode of SSTs has the5

same spatial pattern (south-high north-low) with that of SLA. It indicates that the first
EOF of SLA might explain the steric height component. The second to fourth EOFs
preserve many meso-scale eddies, their time series show intera-seasonal variations.

3.2.2 Steric component of SLA

SSH contains several ocean processes, including heating and oceanic current (Stam-10

mer, 1997), as shown below,

η = ηs +ηbc +
1
gρ0

pb (1)

where η is the SSH, ηs is the steric height, ηbc is the effect caused by density changes
below seasonal thermocline resulting from oceanic currents. The last term stands for
the fluctuating of barotropic currents. ρ0 is the sea water density, cp is the specific heat15

of sea water at one constant pressure.
During the SST front weakening period, net heat flux was suggested as the most im-

portant component to induce SST variation (Qiu et al., 2014). Therefore, we examine
the steric height variation, which caused by heating. Ignoring the freshwater influenc-
ing, the steric height anomaly is given by Stammer (1997),20

ηs (t+1) =
α(t)Q′(t)
ρ0cp

∆t = ηs(t) (2)

then we derived the weekly steric height anomaly, using net heat fluxes anomaly, re-
moving 7-year mean net heat flux. Time-interval is 7 days ηs (0) is given by the SLA on
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1 January 2003. The thermal expansion coefficient α (t) was evaluated from Table A3.1
of Gill (1982), using Levitus’s (1982) mean mixed-layer temperatures. The pressure
effect on α (t) was neglected.

Figure 5 shows the seasonal variations of SSH increase (∂η/∂t = η (t+1)−η(t)),
and steric height increase (∂ηs/∂t = ηs (t+1)−ηs(t)). Their variations are negative in5

winter (∼−0.5 cm), and increase to maximum value in June–July. The value of ∂ηs /∂t
is close to ∂η/∂t, in the front zone. It indicates that the steric height leads to the
seasonal variation of SSH. In warm zone, the steric height increases a little faster
than SSH from March to September in warm zone. But in cold zone, the steric height
increases slower than SSH.10

We compared the SSHA, the steric height component and the first EOF mode in
Fig. 6. Here the EOF mode 1 means the value of spatial pattern multiply the time
series in each time. All of them have low value in winter and high value in summer.
The peak value (∼20 cm) of SSH occurs in July, while it is in August for steric height.
The steric height and the EOF mode 1 have the same pattern: low value in March and15

highest value in August; the value has significant changes in north and light change in
south. But the steric height seems to the smooth of EOF mode 1st. It might come from
the coarse resolution of NCEP/NCAR net heat fluxes. As steric height increases, the
SST (solid line in Fig. 4c) also increases quickly.

To examine the relationship between SST and SSH in each field, we match-up the20

weekly SLA, steric height and AMSR-E SSTs in each grid with 0.125◦. Then we ob-
tained the zonal mean data for 7 years. Totally, 365 weeks were derived. The rela-
tionship between SST and SSH is shown in Fig. 7. When SST increases from April
to September, both the SLA and steric height increase. The correlation between SLA
and SST are 0.76, 0.76, 0.38 in cold zone, front zone and warn zone, respectively. For25

steric height and SST, their correlations are 0.86, 0.84 and 0.79, respectively. In each
zones, both the SLA and steric height increase by around 20 cm, although there are
some short-term oscillations from April to September (color means in different month).
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3.3 Mixed layer depth responses

In examining the SST front disappearance, mixed layer depth (MLD) is very important
as ∂SST/∂t ∝ −Q/h where Q is the net heat flux anomaly, and h is the MLD. Qiu et
al. (2014) suggested the nonlinear relationship between net heat flux and MLD con-
tributes a lot in the mechanisms of SST front weakening. Hereafter, we investigate the5

MLD responses to the SST front.
To examine how the MLD response to SST front, we matched up daily AMSR-E

products with the ship-measured point. The match-up spatial window is 0.125◦, time
window is within 12 h. Totally, 811 points are derived. Kara et al. (2003) compared
several definition methods with the isotherm layer depth, and suggested that the tem-10

perature difference ∆T = 0.6 ◦C is suitable in subtropical zone. Therefore, in the present
paper we define the MLD as the depth where T0 − Tz = 0.6 ◦C.

Scatter plots of SST and MLD are shown in Fig. 8a. Just as we expected, the MLD
decreases with the SST increases. The correlation between SST and MLD in front zone
is −0.68, their linear relationship suites the function: y = −4.46x+156.47, where y is15

the MLD, and x is the SST. Note that there are some singular points (within red circle).
Through investigating the singular point in the image (Fig. 8b), the singular points stay
at the edge of warm filament. It indicates the noises results from the macth-up window,
and that the linear relationship between MLD and SST is credible.

4 Summary20

We investigate the upper oceanic mixed layer variations from 2003–2009, using satel-
lite altimeter SSH, AMSR-E SST and in situ GTSPP data. We found that:

1. The EOF first mode of SLA could explain the steric component of SSH, it occupies
26.3 % in the subtropical front zone. In the seasonal scale, the SSHA is highest in
summer (20 cm) and lowest in winter (−20 cm).25
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2. During SST front weakening period, the correlation between SLA and SST is 0.76,
0.76, 0.38 in clod zone, frontal zone and warm zone, respectively.

3. MLD decreases as SST increases, with a linear regress relationship y = −4.46x+
156.47. This relationship could provide feasibility to retrieval MLD from satellite-
derived SST products.5
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Figure 1. Topography of study area. The black box is the subtropical front zone (Qiu et al.,
2014).
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Figure 2. (a) Zonal averaged (130–160◦ E) sea surface temperature gradient magnitude from
January 2003 to December 2009; (b) monthly mean frontal position and (c) climate mean
position with the standard deviations (grey shaded). Color indicates different month. Frontal
position is defined as the maximum value of SST gradient magnitude (Qiu et al., 2014).
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Figure 3. Spatial structure of EOF of SLA (a) mode 1st, (b) mode 2nd, (c) mode 3rd, (d) mode
4th, and (e) time serials of EOFs. Solid line, dot line, break line, and break dot line are the first
mode, second mode, third mode and fourth mode, respectively (Qiu et al., 2014).
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Figure 4. Spatial structure of EOF of SSTA (a) mode 1st, (b) mode 2nd, (c) mode 3rd, (d) mode
4th, and (e) time serials of EOFs. Solid line, dot line, break line, and break dot line are the first
mode, second mode, third mode and fourth mode, respectively (Qiu et al., 2014).
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Figure 5. Seasonal variations of SSHA increases (solid line) and steric height increases(dot
line) in (a) front zone, (b) warm zone, and (c) cold zone (Qiu et al., 2014).
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Figure 6. Zonal mean (130–160◦ E) of seric component of SSHA calculated from (a) net heat
flux, and (b) EOF first mode. The solid line in (b) is SST (Qiu et al., 2014).
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Figure 7. Scatter-plots of (a) SST and SSHA, and steric height in cold C front, and warm zone.
Color indicates different months from April to September (Qiu et al., 2014).
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Figure 8. (a) The relationship between SST and MLD in front zone (black dot), and the red
circle shows some singular points in warm zone. (b) An example of the singular point position
and SST distribution on 7 April 2004. The background is SST, and grey dot is the match-up
position (Qiu et al.,2014).
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