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29 from satellite observations offer an effective way to characterize the ocean. Presented is a
30 method for the comprehensive study of these data, including overall average, seasonal cycle, and
31 intercorrelation analyses, to fully understand regional dynamics and the ecosystem.
32
33  ABSTRACT:
34  Satellite observations offer a great approach to investigate the features of major marine
35 parameters, including include sea surface chlorophyll (CHL), sea surface temperature (SST), sea
36 surface height (SSH), and the factors derived from these parameters (e.g., fronts) which are
37 calculated from the SST gradient. This study shows a step-by-step procedure to use satellite
38 observations to describe major parameters and their relationships in seasonal and anomalous
39 fields. This method is illustrated using satellite datasets from 2002-2017 that were used to
40 describe the surface features of the South China Sea (SCS). Due to cloud coverage, monthly
41  averaged data are used in this study. The empirical orthogonal function (EOF) was applied to
42  describe the spatial distribution and temporal variabilities in different factors. The monsoon wind
43  dominates the variability in the basin. Thus, wind from the reanalysis dataset was used to
44  investigate its driving force on different parameters. The seasonal variability in CHL was
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prominent and significantly correlated with other factors in a majority of the SCS. In winter, a
strong northeast monsoon induced a deep mixed layer and high level of chlorophyll throughout
the basin. Significant correlation coefficients were found among factors during the seasonal
cycle. In summer, high CHL levels were mostly found in the western SCS. Instead of seasonal
dependence, the region was highly dynamic, and factors correlated significantly in anomalous
fields so that unusually high CHL levels were associated with abnormally strong wind and intense
frontal activities. The study shows a step-by-step procedure to use satellite observations to
describe major parameters and their relationships in seasonal and anomalous fields. The method
can be applied to other global oceans and will be helpful for understanding marine dynamics.

INTRODUCTION:

Remote sensing technology offers great datasets with large spatial scales and long periods for
describing marine environments. With the increasing spatial resolution of satellites, detailed
features are now resolved from the regional scale to a few hundred meters®2. An improved
understanding of marine dynamics can be achieved with most updated satellite observations3.

By incorporating multiple sensors on a remote sensing platform, a comprehensive description of
different parameters is available. Sea surface temperature (SST) is the basic parameter that has
been observed for more than half a century®. Recently, observations for sea surface chlorophyll-
a (CHL) have become available and can be used to describe marine productivity®. Altimetry
satellites are used for measuring sea surface height®’, which is strongly related to mesoscale
eddy activities in the global ocean®®. In addition to eddies, frontal activities are also important
for impacting regional dynamics and primary production?®.

The major focus of the current study is to find a standard procedure to describe the spatial
distribution and temporal variabilities of different ocean factors. In this method, the SST, CHL,
SSH, and front datasets, which are derived from SST, are analyzed to determine patterns. In
particular, the CHL is used to represent the productivity of the ocean, and a method is introduced
to investigate the relationship between CHL and other ocean parameters. To validate the
method, the time period between October 2002 and September 2017 in the South China Sea was
used to examine all parameters. The method can be easily used for other regions around the
globe to capture major ocean patterns and explore how marine dynamics impact the ecosystem.

The South China Sea (SCS) was designated as the study region because of its relatively high
coverage rate of satellite observations. The SCS is abundant in solar radiation; thus, the CHL is
mainly determined by the availability of nutrients'>'2, With more nutrients being transported
into the euphotic layer, CHL levels can increase3. Mixing, induced by wind, can introduce
nutrients into the ocean surface and enhance CHL. The SCS is uniquely dominated by a monsoon
wind system, which determines the dynamics and ecosystem in the region. The monsoon wind is
strongest during winter®. In summer, the winds change direction and the wind speeds are much
weaker than those in winter!®1”, The wind intensity can determine the strength of vertical mixing,
such that the mixed layer depth (MLD) deepens as the wind increases in winter and becomes
shallower as the wind decreases in summer!®. Thus, more nutrients are transported into the
euphotic layer during winter when the wind is strong'® and CHL reaches its highest point of the



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

yearZO,Zl

In addition to the wind, MLD can also be determined using other factors, such as SST and sea
level anomaly (SLA), which ultimately impact nutrient content and CHL?2. During winter, the weak
vertical gradient is associated with low temperatures at the surface?. The corresponding MLD is
deep and more nutrients can be transported upward; thus, the CHL in the surface layer is high'’.
An increasing variation in CHL levels can be attributed to mesoscale eddies, which induce vertical
transport and mixing?3. Upwelling is usually found in cyclonic eddies associated with depressed
SLA%? and elevated CHL?*. Downwelling is usually found in anticyclonic eddies associated with
elevated SLA®° and depressed CHL?*. For other seasons, MLD becomes shallow, and mixing
becomes weak; thus, low CHL can be observed over the majority of the basin?>. The seasonal
cycles of CHL levels are subsequently predominant for the region?®.

In addition to mixing, fronts and their associated coastal upwelling can further modulate the CHL.
The front, which is defined as a boundary of different water masses, is important to determine
the regional circulation and ecosystem responses?’. Frontogenesis is usually associated with
coastal upwelling and convergence?®?°, which can induce nutrients and elevate the growth of
phytoplankton3C. Different algorithms have been developed to automatically identify fronts from
satellite observations, including histogram and SST gradient methods. The latter approach is
adopted in this study?®.

The correlation of time series between CHL and different factors offers great insights for
guantifying their relationship. The current study offers a comprehensive description of how to
use satellite observations to reveal regional marine dynamics related to productivity. This
description can be used as a guide for investigating the surface processes in any part of the ocean.
The structure of this article includes a step-by-step protocol, followed by descriptive results in
the text and figures. The applicability in addition to the pros and cons of the method are
subsequently discussed.

PROTOCOL:
1. Dataset acquisition
1.1. SST and CHL

1.1.1. Download a dataset of satellite observations for SST and CHL from MODIS-Aqua (podaac-
tools.jpl.nasa.gov/), where the spatial resolution of both datasets is roughly 4.5 km at daily
intervals.

NOTE: Structure the directory of folders and data following the example scripts folder available
in the Supplemental Files. Store the .nc files of the satellite data in the 'Data’ folder. Add the path
of the toolbox for NetCDF file in the analysis software (i.e., MATLAB). Select Add with subfolders
to enclose the paths of the 'UTILITIES' folder and its subfolders.
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1.1.2. Determine the time span. To maintain consistency among different datasets, use the same
time span for all parameters. Adjust the time span based on the temporal coverage and use the
longest observation period among different datasets. For this protocol, download 15 years of
data from October 2002 to September 2017.

1.1.3. Determine the spatial coverage.
NOTE: The designed study region is between 105°E and 123°E and between 0° and 25°N.

1.1.4. Check preprocessing instructions. Read instructions in the .nc files regarding the
preprocessing requirements of SST and CHL data (e.g., whether scaling is needed).

NOTE: The downloaded dataset already removed the data over land and within 5 km of the
coastline, as well as those contaminated by clouds.

1.1.5. Load SST and CHL data into the analysis software. Type Read_MODIS_SST in the command
window to read the data for SST. Similarly, type Read_MODIS_CHL in the command window to
read the data for CHL. Transform the CHL data logarithmically because they have a log-normal
distribution3.

NOTE: Loaded variables include SST and CHL in three dimensions, representing meridional
location, zonal location, and time in days, respectively. The range of SSTs is between -2 and 44,
and the range of CHL is between 0.01 and 20.

1.2. Sea level anomaly (SLA)
1.2.1. Download daily SLA data with a 25 km spatial resolution from 2002-201732.

NOTE: SLA describes the difference between the observed sea surface height and the mean sea
surface height over 20 years (1993-2012) for the corresponding pixels. The SLA data are
processed by SSALTO/DUACS and distributed by Archiving, Validation, and Interpretation of
Satellite Oceanographic Data (AVISO, https://www.aviso.altimetry.fr).

1.2.2. Load data into the analysis software. Load single-day SLA data by typing Read_SLA in the
command window.

NOTE: The 'Data’ folder in the Supplemental Files only includes one sample datum in the script
for illustration.

1.3. Wind speed
1.3.1. Obtain the wind information from an ERA-Interim reanalysis product, which is a global

atmospheric reanalysis dataset developed by the European Center for Medium-Range Weather
Forecasts (ECMWF)33. Download wind data for the same period (October 2002—September 2017)
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to maintain consistency with the CHL and SST data.

NOTE: The wind dataset has a spatial resolution of approximately 25 km and was interpolated
from the original dataset with a spatial resolution of approximately 0.7°.

1.3.2. Load data into the analysis software. Type Read_WindVector in the command window to
read the one-month wind data. Calculate the monthly mean by averaging the original data, which
is at 6 h intervals.

1.4. Topography

1.4.1. Download the high-resolution topography data from the National Centers for
Environmental Information website (NCEI, https://maps.ngdc.noaa.gov/viewers/wcs-client/).
The spatial resolution is ~2 km. Obtain the ETOPO1 data for bedrock in XYZ format for the
selected study region.

1.4.2. Load data into the analysis software. Type Read_topography in the command window to
load the topography data into the analysis software.

2. Data preprocessing
2.1. Temporal average

2.1.1. Due to the large cloud coverage in the SST and CHL data, replace the original data with 3-
day average data. To do this, after running the Read_MODIS_SST.m and Read_MODIS_CHL.m
scripts (step 1.1.7), type Temporal_average in command window to run the script.

2.2. Interpolation into the same grid

2.2.1. Because the spatial resolution is not consistent for different datasets, interpolate the SST
and CHL data into a spatial grid that is the same as the wind and SLA spatial grid before making
comparisons. After running the Temporal_average.m and Read_WindVector.m scripts, type
Interpolation_grid in the command window to run the script.

2.3. Wind stress and wind stress curl

2.3.1. Type Wind_stress_curl in the command window to calculate the wind stress (WS) and
wind stress curl (WSC) using the following equations:

T =pCu-|ul (1)

> d
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where 1 is the wind speed vector; T is the WS in the same direction as the wind vector; 7, and
T, are the WS in the east and north directions, respectively; p is the air density (equal to 1.2
kg/m3); and C is the drag coefficient (a value of 0.0015 is used) under neutral stability
conditions34.

2.4. Monthly averages

2.4.1. Calculate the monthly SST, wind, and SLA time series as 30-day averages in each pixel by
typing Monthly_average to run the script. Due to the high cloud coverage rate, use a 60-day
average as the monthly time series for CHL, including 30 days before to 30 days after the 15" day
of the month.

3. SST front detection
3.1. Spatial smoothing
3.1.1. Type Spatial_smoothing to run the script to average the three-day SST data in each pixel.

NOTE: A large amount of noise was identified in the SST data. Thus, data was smoothened with
a 3 x 3 spatial average. When no data were available in the original 3-day averaged data, the
spatial averaged data were set as unavailable.

3.2. SST gradient

3.2.1. Type SST_gradient to run the script to calculate the zonal and meridional SST gradients
(i.e., Gxand Gy, respectively) as the SST difference between the nearest two pixels divided by the
corresponding distance via equation (3). Use the obtained gradient vector to calculate the total
gradient, G, as a scalar following equation (4).

0SST. aS
G, = £ G, =
X ax Y

STy
2 (3)

G = (G +G,»)"5 (4)
3.3. Local maximum
3.3.1. Identify a front by testing the value of SST gradient: label the pixel as a potential frontal
pixel if the value is larger than a designated threshold. Only maintain the local maximum pixel in
the same direction perpendicular to the gradient direction if there are connected pixels with
values larger than the threshold. Here, define the threshold as 0.035 °C/km following former

studies!®28,

NOTE: The corresponding script ‘Local_maximum.m’ is available in Supplemental Files.
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3.4. Monthly frontal probability (FP)
NOTE: The frontal probability (FP) describes the probability of observing a front take place.

3.4.1. Calculate FP for a certain time span (in this case, the monthly interval), by typing
Monthly_FP to run the script. Divide the occurrence of fronts at each pixel during a time window
by the day number that is free of clouds.

4. Spatial and temporal variability
4.1. Seasonal cycle

4.1.1. Calculate the seasonal cycles of different factors as the averages of different seasons.
Define the seasons as follows: winter is from December to February, spring is from March to May,
summer is from June to August, and fall is from September to November.

NOTE: The seasonal cycle is not shown in this study; the following method (EOF) is used to explain
the spatial and temporal variability instead.

4.2. Empirical orthogonal function (EOF)

4.2.1. Remove the temporal average and unavailable pixels. Before conducting the EOF, subtract
the overall mean at each pixel and exclude the locations where missing observations exceed 20%
because of cloud coverage. Load data by typing load('Monthly_data_for_EOF.mat') in the
command window.

4.2.2. Apply an EOF to describe the spatial and temporal variabilities in different parameters.
Type Empirical_orthogonal_function.m to run the script to calculate the magnitude (Mag),
eigenvalues (Eig), and amplitude (Amp) of the EOFs for the dataset (i.e., time series of monthly
averaged SST, wind stress, wind stress curl, CHL, and FP).

NOTE: The function decomposes the monthly time series into different modes, which are
composed of spatial and temporal patterns and the variance explained by each mode decreases
with increasing mode number.

5. Intercorrelation

5.1. Correlation at the seasonal scale

5.1.1. Calculate the correlations between two factors using their time series at each pixel by
typing Seasonal_correlation to run the script. Because the seasonal cycle is not removed, check

the significance of the correlation for all correlations.

5.2. Correlation of an anomalous field
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5.2.1. Calculate the correlations between the monthly anomalies of the CHL and other factors,
such as SST, WS, fronts, and SLA. Obtain the monthly anomalies (i.e., the deviation from the mean
status) by subtracting the overall average for the corresponding month from the monthly time
series. Type Anomalous_correlation to run the script and obtain the correlations.

6. Displaying information and calculating relationships
6.1. Display satellite information.

6.1.1. Type Sat_SCS_Fig3457 to run the script to generate a showcase of satellite information,
including SST, CHL, and frontal distribution. Set the current folder as ‘scripts’ where the data
‘Sat_SCS_data.mat’ are located.

NOTE: Figure 1, Figure 2, Figure 3, and Figure 4 show SST, CHL, fronts, wind, and topography for
the selected date as an example.

6.2. Display EOF result by typing Sat_SCS_Fig890.m to run the script.

NOTE: Figure 5, Figure 6, and Figure 7 describe the spatial magnitude, monthly average, and time
series of first two modes for CHL, SST, and fronts, respectively.

6.3. Calculate the relationship between chlorophyll and other factors at seasonal and anomalous
fields by typing Sat_SCS_Fig1112.m to run the script. Obtain the correlation map for seasonal
variability (Figure 8) and anomalous field (Figure 9).

REPRESENTATIVE RESULTS:

The spatial and temporal pattern of sea surface CHL in the SCS was described using satellite
observations. Satellite information for CHL (Figure 1A) and SST (Figure 1B) can be contaminated
by cloud coverage, which resulted in a large portion of data not being available. The reanalyzed
data for wind (Figure 1C) and SLA (Figure 1D) was not impacted by daily clouds. The topography
(Figure 1E) had a prominent impact on the spatial distribution of CHL. High CHL was mainly
distributed along the coast, where the topography is shallow. Wind was also influenced by
orography, and the lee side of mountains was characterized by weak wind; thus, a prominent
WSC was identified southwest of the SCS. In contrast, the SLA did not depend much on
topography, and an unusually high SLA was found in the basin of the SCS.

[Place Figure 1 here]

Because of the severe cloud impact on satellite observations, a lot of data were either not
available or spatially inconsistent. An effective and efficient method was applied to fill some data
gaps and smooth the field. The data were first replaced with a 3-day average at each pixel, which
can effectively fill some gaps, because clouds vary daily (Figure 2B). A spatial average was further
applied at each pixel so that the data were replaced by the mean of surrounding values (3 x 3
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pixels). Thus, the spatial inconsistency was greatly reduced (Figure 2C).
[Place Figure 2 here]

The daily distribution of the SST front was derived from the SST gradient (Figure 3A). The
thresholds applied here effectively captured the location of the front (Figure 3B) and ensured the
depiction of the boundaries of entire water masses (Figure 3C). The gradient and front were
nearly identical because the front was mainly obtained from the gradient.

[Place Figure 3 here]

Due to cloud coverage in the CHL, SST, and front data, the monthly average time series were
calculated and applied in this study. A random example is shown in Figure 4 for the month of
April 2015. There was no existing gap for any of the parameters. The general patterns for
different parameters were highly consistent regarding their spatial variance. For example, CHL
was high near the coast and low in the central basin, while SST was low near the coast and high
in the central basin. The monthly average offered comprehensive information to depict regional
features. Fronts were mainly distributed along the coast, where the dynamics are complex. A
large portion of the basin was free of fronts; thus, the center of the SCS was characterized by a
value close to zero (Figure 4E).

[Place Figure 4 here]

Most surface features were characterized by prominent seasonal variability, which was clearly
observed using EOFs. The EOF is a useful mathematic method that is widely used in atmospheric
and marine sciences. The method can delineate spatial patterns and temporal signals from time
series over spatial domains?®. After spatiotemporal decomposition for sea surface features in SCS,
the first two modes are generally needed for describing the spatial and temporal variabilities.
The first two EOFs for CHL described 44% and 12% of the total variance, respectively. EOF1
captured a large variance in the northern section of the SCS (Figure 5A). The corresponding
monthly average of the time series (Figure 5C) showed that the CHL was elevated during the
winter and depressed during the summer. The region next to the southwest coast was
characterized by weak magnitude, and the corresponding variability was mainly captured by
EOF2 (Figure 5B). CHL values were high in the summer and low in the winter. This was mainly out
of phase compared with the northern section. The monthly time series for EOFs showed clear
seasonal variability, and EOF2 led EOF1 by approximately 4 months (Figure 5E).

[Place Figure 5 here]

The explained variance in the first two EOFs for SST was prominently high, equaling 91% and 5%
for EOF1 and EOF2, respectively. It is important to emphasize that the overall average must be
removed before conducting EOF; thus, the mean field was excluded. EOF1 dominated the total
variance, and its magnitude was largest in the northern SCS and decreased southward (Figure
6A). The corresponding monthly average of the time series (Figure 6C) showed that the SST was



395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

elevated during summer and depressed during winter. The southern SCS was characterized by a
weak magnitude, attributed to persistent high temperatures at low latitudes. The variability in
the southern section was mainly captured by EOF2 (Figure 6B). The corresponding SST was
enhanced between March and June, while low values persistently occurred in the remaining
months. Prominent warming occurred in 2010 and 2016, where the SST off the coast southwest
of the SCS was much higher than that in the other years (Figure 6E). This interannual variability
is mainly attributed to El Nifio events that reduce the southwest summer monsoon and result in
weak upwelling®?. Because seasonal variability is the major focus of the current study, this feature
is not discussed further.

[Place Figure 6 here]

Because of the noisy nature of the gradient, the derived front explained much less of the
variance. Indeed, EOF1 and EOF2 of FP only explained 19% and 9% of the total variance,
respectively. EOF1 captured the variances in the north and northeast SCS (Figure 7A). The
corresponding monthly average of the time series (Figure 7C) showed that in those regions, more
FP occurred during winter and less during summer. The phase off the coast southwest of the SCS
was the opposite, although the corresponding variability was much less prominent. EOF2
captured the spring enhancement of FP (Figure 7D) in the western SCS (Figure 7B). The monthly
time series of EOF1 and EOF2 were characterized by weak interannual variability.

[Place Figure 7 here]

Different factors were investigated for their relationships with CHL (Figure 8). For example, SST
described the fundamental features of the ocean that can influence the growth rate of
phytoplankton and subsequently impact CHL. For the majority of the SCS, there were high
correlations between SST and CHL (Figure 8A), and most of the correlations reached more than -
0.8. It is important to point out that high correlation does not indicate causation between these
two factors. As SST reached its annual maximum in summer, the MLD became shallowest??.
Nutrients supplied to the euphotic layer were low because vertical mixing was blocked by
intensive stratification®3. As a result, low nutrients limited the growth rate of phytoplankton and
resulted in low CHL. In contrast, high CHL occurred in winter when the MLD was deeper, and low
SST induced weak stratification3®.

[Place Figure 8 here]

Wind-driven mixing can be approximately gauged by WS and was used to describe vertical
mixing®®. Large correlation coefficients, with values of approximately 0.8, were identified
between the WS and CHL levels north of the SCS (Figure 8B), particularly in the regions with the
strongest winter wind located on the northern shelf of the SCS. Weak but significant correlations
were found to the south. Correlations between WSC and CHL were significant in the majority of
the SCS (Figure 8C), although they showed opposing trends in the north and south. The positive
correlation coefficient between CHL and WSC was to the south, and the negative values were in
the north. The correlation in the region between them was not significant. The WS and CHL were
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found to be strongly correlated in the corresponding region where the winter WS was largest.

The front can induce CHL variability. A large correlation was found in the northeast and southwest
of the SCS (Figure 8D). CHL increased as frontal activities became more active3®. The SLA showed
a significant negative correlation with CHL from the northeast SCS towards the southwest and a
positive correlation along the west coast of the SCS (Figure 8E). It is interesting to note that the
positive correlations were limited in the region with shallow topography.

To the northeast of the SCS, all the correlations were large (Figure 8). Thus, the correlations of
monthly time series between CHL and other parameters were calculated using the spatial
average in a designated box (Figure 8A). The results show that most of the factors were
intercorrelated with significant correlations (top right section of Table 1). Because the seasonal
cycle dominated the time series, the correlation was no longer valid after removing the monthly
average (bottom left section of Table 1).

[Place Table 1 here]

The correlations in the seasonal cycle were not significant for some regions, such as the
southwest of the SCS (Figure 8). The region was dominated by dynamic processes (e.g., upwelling
and wind-induced offshore transport) that determine the variability in CHLY. A significant
correlation between CHL and other factors (e.g., SST, WS, fronts, and WSC) was identified in
anomalous fields (Figure 9). The anomalies were calculated for the monthly time series by
removing the corresponding monthly average. The effective number of degrees of freedom could
be increased, but it did not impact the underlying relationships among their time series?® 3’.

[Place Figure 9 here]

In anomalous fields, CHL and SST were significantly correlated in the majority of the SCS (Figure
9A). When SSTs were unusually high, CHL became unusually low, and vice versa. Similarly, an
unusually high WSC and fronts to the southwest of the SCS can induce a large CHL, and vice versa
(Figure 9C, 9D). In addition, a negative correlation was found between the anomalous SLA and
CHL levels (Figure 9E). Different lags were tested, and the correlation only became significant if
no lag was deployed. Thus, CHL was simultaneously impacted by anomalies in SST, WSC, fronts,
and SLA. Their relationship was further investigated using the spatially averaged monthly time
series southwest of the SCS, designated as a green box in Figure 9A. The results show that most
of the factors were intercorrelated with significant correlations in the anomalous field (bottom
left section of Table 2).

[Place Table 2 here]

FIGURE AND TABLE LEGENDS:

Figure 1: Original observations for major parameters on April 15, 2015. (A) Sea surface
chlorophyll (CHL), (B) sea surface temperature (SST), (C) wind stress curl (WSC, shading) with
wind stress (WS, vector), (D) sea surface anomaly, and (E) topography for the ocean basin.
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Figure 2: SST for a single day on April 15, 2015. (A) Original SST from MODIS, (B) Three-day
averaged SST, and (C) SST after spatial smoothing.

Figure 3: Procedure for front detection derived from SST. (A) Magnitude of SST gradient, (B) the
distribution of the SST front in thin black color, and (C) front distribution with the corresponding
SST.

Figure 4: Monthly average for major parameters in April 2015. (A) CHL (in logarithm scale), (B)
SST, (C) WSC (shading) with WS (vector), (D) sea surface anomaly, and (E) frontal probability (FP).

Figure 5: The EOF for CHL. (A) Magnitude of EOF1, (B) magnitude of EOF2, (C) monthly averaged
time series for EOF1, (D) monthly average time series for EOF2, and (E) monthly time series of
EOF1 (black) and EOF2 (blue).

Figure 6: The EOF for SST. (A) Magnitude of EOF1, (B) magnitude of EOF2, (C) monthly averaged
time series for EOF1, (D) monthly averaged time series for EOF2, and (E) monthly time series of
EOF1 (black) and EOF2 (blue).

Figure 7: The EOF for FP. (A) Magnitude of EOF1, (B) magnitude of EOF2, (C) monthly averaged
time series for EOF1, (D) monthly averaged time series for EOF2, and (E) monthly time series of
EOF1 (black) and EOF2 (blue).

Figure 8: Correlations between CHL and other factors in the seasonal scale. (A) SST, (B) WS, (C)
WSC, (D) FP, and (E) SLA. The gray color indicates that the correlation is nonsignificant. Spatially
averaged variables are calculated based on the green box in panel A. Their time series are used
to obtain the correlation coefficients in Table 1. This figure has been modified from Yu et al.%’.

Figure 9: Correlation between CHL and other factors in the anomalous field. (A) SST, (B) WS, (C)
WSC, (D) FP, and (E) SLA. The gray color indicates that the correlation is nonsignificant. Spatially
averaged variables are calculated based on the green box in panel A Their time series are used

to obtain the correlation coefficients shown in Table 2. This figure has been modified from Yu et
al.t’.

Table 1: Correlation coefficients of the time series among factors, located northeast of the SCS,
e.g., SST (sea surface temperature), FP (frontal probability), WSC (wind stress curl) and WS
(wind stress), using the box shown in Figure 8A. The monthly average and anomaly are shown
in the top right section and left bottom section, respectively. Numbers in bold and italics indicate
that the correlation cannot fulfill the 95% confidence level. The table has been modified from Yu
et al.’.

Table 2: Correlation coefficients of the time series among factors, located southwest of the SCS,
e.g., SST (sea surface temperature), FP (frontal probability), WSC (wind stress curl) and WS
(wind stress), using the box shown in Figure 9A. The monthly average and anomaly are shown
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in the top right section and left bottom section, respectively. Numbers in bold and italics indicate
that the correlation cannot fulfill the 95% confidence level. The table has been modified from Yu
et al.’.

DISCUSSION:

In this study, the major features of marine systems are described using satellite observations.
The CHL, which can be used to represent ocean production, is selected as an indicator factor.
Factors related to CHL variability were investigated using monthly averaged time series, e.g., SST,
WS, WSC, FP and SLA. Three critical steps are described in this study: acquiring satellite data for
different parameters, describing their spatial and temporal variabilities via EOF, and determining
interrelationships among different factors by calculating correlation coefficients. A detailed
procedure showing the identification for daily frontal distribution, which is derived from the SST
observations, is included. Two major approaches have been developed for SST front detection:
the gradient method%38 and the histogram method3%4°, The histogram method is based on a
similar range of values for SST, which can be used to divide the water masses into different
groups. The Pixels with values between different groups representing the pixel in a transitional
band are defined as fronts. On the other hand, the gradient method separates several relatively
uniform water bodies as pixels with large gradient values. A comparison study was conducted,
and they found lower false rates using the histogram method and fewer missed fronts using the
gradient method*’. In this study, the gradient-based method3® was adopted following former
studies!®?®, The algorithm can avoid front break-up into multiple edge fragments by allowing the
magnitude to decrease to a level below a smaller threshold. In addition to the dataset included
here, other satellite observations, such as the aerosol index, can also be used with a similar
approach.

Most of the procedures can be directly applied in other regions or datasets. Modification may
take place to change the threshold of front detection. Because the SST gradient in the SCS is
comparable with the Eastern Boundary Current System?®, the same thresholds were
implemented for the current study. A previous study revealed that the SST gradient from
different datasets can vary as much as three times*?, which makes the method somehow less
objective. Substantial studies have investigated frontal activities around the global oceans?®43,
The best approach to validate fronts is to compare them with in situ observations. Yao*
described the monthly frontal distribution for the SCS. Their results agreed well with the in situ
measurements. The overall gradient should be checked and adjusted since its value may vary
depending on the spatial resolution and instruments. In particular, the threshold should be
updated when another SST dataset is used. A basic understanding of the regional dynamics is
fundamental to understanding frontogenesis*>*®*’. The front detection script can be developed
by individual authors based on the description in this paper.

Satellite information offers a comprehensive understanding of surface features, and a results
comparison with in situ observations can aid in evaluating credibility. However, satellite
observations are limited to the ocean surface, which limits the application for understanding the
vertical structure of the water column. In a recent study, satellite observations revealed that the
surface CHL increased by 15 times, but the vertical integrated value only increased by 2.5 times*®.
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This difference was because the surface value was impacted by the coeffects of phytoplankton
growth and shoaling of MLD, resulting in an unrealizable value at the surface. Thus, the surface
feature may not offer an accurate description for the entire water column. Additionally, the
influence of cloud coverage limits the continuous observations of satellites. Thus, monthly time
series are calculated for different factors over the same region and same period. This will
guarantee the credibility of calculating the correlations among different factors. However, the
short-period events, e.g., typhoons that last for a few days to a week, will not be resolved.

Compared with former studies, the proposed method can offer spatial information at the pixel
level, which can help to evaluate the dynamics in a more detailed manner. Some former studies
averaged the entire SCS as a single number and obtained a time series. They found that an
unusually strong WS and high SST can induce anomalously high CHL'®, which is consistent with
current result. However, the spatial variation in the relationships was not resolved. In this study,
the basin-scale correlation between WS and CHL was weak in the anomalous field. A large
significant correlation was only identified for certain areas, e.g., in the center of the SCS (Figure
9B). Thus, the current method offers a comprehensive description for investigating spatial
variations. Similarly, observations from two Bio-Argo floats were used and revealed that WSC did
not correlate with CHL variability?°. However, the trajectories of the two floats are only located
in certain regions. In this case, it was exactly within the band where the correlation between the
CHL level and the WSC was not significant (Figure 8D). The proposed method is very helpful for
resolving the spatial dependence among factors, which is a fundamental characteristic of the
global ocean.

In summary, the method used here can accurately describe the spatial distribution and temporal
variability in ocean surface features using satellite observations. With the increasing resolution
of satellite datasets, more detailed features can be identified and investigated, which enables a
general understanding of regional features, including CHL, SST, and SSH. The correlation of
monthly time series among different factors can aid in understanding their dynamic relationships
and potential impact on an ecosystem?®. Because the correlation can largely vary at different
spatial locations, the proposed method offers a detailed and comprehensive description. A
similar approach can be applied to any ocean basin worldwide, which will be greatly helpful to
improve the understanding of marine dynamics and ecosystems.

ACKNOWLEDGMENTS:

The support from the National Key Research and Development Program of China (No.
2016YFC1401601), the Postgraduate Research & Practice Innovation Program of Jiangsu Province
(No. SJKY19 _0415) supported by the Fundamental Research Funds for the Central Universities
(No. 2019B62814), the National Natural Science Foundation of China (Nos. 41890805, 41806026
and 41730536) and Joint Advanced Marine and Ecological Studies in the Bay of Bengal and the
eastern equatorial Indian Ocean were greatly acknowledged. The authors appreciate the
provision of data from sources including the National Aeronautics and Space Administration
(NASA), the European Centre for Medium-Range Weather Forecasts (ECMWF), the Copernicus
Marine and Environment Monitoring Service (CMEMS) and the National Oceanic and
Atmospheric Administration (NOAA).



615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1. Behrenfeld, M. J., Falkowski, P. G. Photosynthetic rates derived from satellite-based
chlorophyll concentration. Limnology and Oceanography. 42 (1), 1-20 (1997).

2. Loisel, H. et al. Assessment and analysis of the chlorophyll-a concentration variability over the
Vietnamese coastal waters from the MERIS ocean color sensor (2002-2012). Remote Sensing of
Environment. 190, 217-232 (2017).

3. Gohin, F. et al. Towards a better assessment of the ecological status of coastal waters using
satellite-derived chlorophyll-a concentrations. Remote Sensing of Environment. 112 (8), 3329-
3340 (2008).

4. Bates, J. J., Smith, W. L. Sea surface temperature: Observations from geostationary satellites.
Journal of Geophysical Research. 90, 11609-11618 (1985).

5. Antoine, D., Andre, J., Morel, A. Oceanic primary production: 2. Estimation at global scale from
satellite (Coastal Zone Color Scanner) chlorophyll. Global Biogeochemical Cycles. 10 (1), 57-69
(1996).

6. Mason, E., Pascual, A.,, McWilliams, J. C. A new sea surface height-based code for oceanic
mesoscale eddy tracking. Journal of Atmospheric and Oceanic Technology. 31 (5), 1181-1188
(2014).

7. Sterlini, P., De Vries, H., Katsman, C. A. Sea surface height variability in the North East Atlantic
from satellite altimetry. Climate Dynamics. 47, 1285-1302 (2016).

8. Chelton, D. B., Schlax, M. G., Samelson, R. M., De Szoeke, R. A. Global observations of large
oceanic eddies. Geophysical Research Letters. 34, L15606 (2007).

9. Chelton, D. B., Schlax, M. G., Samelson, R. M. Global observations of nonlinear mesoscale
eddies. Progress in Oceanography. 91 (2), 167-216 (2011).

10. Castelao, R. M., Wang, Y. Wind-driven variability in sea surface temperature front distribution
in the California Current System. Journal of Geophysical Research: Oceans. 119 (3), 1861-1875
(2014).

11. Pauly, D., Christensen, V. Stratified model of large marine ecosystems: A general approach
and an application to the South China Sea, in Large Marine Ecosystems: Stress, Mitigation, and
Sustainability. Sherman, K., Alexander, L. M., Gold, B. D., eds. Washington, DC: AAAS Press. pp.
148-174 (1993).

12. Gao, S., Wang, H., Liu, G., Li, H. Spatio-temporal variability of chlorophyll a and its responses
to sea surface temperature, winds and height anomaly in the western South China Sea. Acta
Oceanologica Sinica. 32 (1), 48-58 (2013).

13. Chen, Y.-L. Spatial and seasonal variations of nitrate-based new production and primary
production in the South China Sea. Deep-sea Research Part I. 52 (2), 319-340 (2005).

14. Kahru, M. et al. Global correlations between winds and ocean chlorophyll. Journal of
Geophysical Research. 115, C12040 (2010).

15. Wu, C.-R., Shaw, P.-T., Chao, S.-Y. Seasonal and Interannual Variations in the Velocity Field of
the South China Sea. Journal of Oceanography. 54, 361-372 (1998).

16. Liu, K. K. et al. Inter-annual variation of chlorophyll in the northern South China Sea observed



659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

at the SEATS Station and its asymmetric responses to climate oscillation. Biogeosciences. 10,
7449-7462 (2013).

17. Yu, Y. et al. The variability of chlorophyll-a and its relationship with dynamic factors in the
basin of the South China Sea. Journal of Marine Systems. 200, 103230 (2019).

18.Qu, T., Du, Y., Gan, J.,, Wang, D. Mean seasonal cycle of isothermal depth in the South China
Sea. Journal of Geophysical Research. 112, C02020 (2007).

19. Chen, C.-C., Shiah, F.-K., Chung, S.-W., Liu, K.-K. Winter phytoplankton blooms in the shallow
mixed layer of the South China Sea enhanced by upwelling. Journal of Marine Systems. 59, 97-
110 (2006).

20. Zhang, W.-Z., Wang, H. Chai, F. Qiu, G. Physical drivers of chlorophyll variability in the open
South China Sea. Journal of Geophysical Research: Oceans. 121, 7123—-7140 (2016).

21. Zeng, L., Wang, D., Chen, J. Wang, W. Chen, R. SCSPOD14, a South China Sea physical
oceanographic dataset derived from in situ measurements during 1919-2014. Scientific Data. 3,
160029 (2016).

22. Greer, A. T., Cowen, R. K., Guigand, C. M., Hare, J. A. Fine-scale planktonic habitat partitioning
at a shelf-slope front revealed by a high-resolution imaging system. Journal of Marine Systems.
142, 111-125 (2015).

23. Piontkovski, S. A., Nezlin, N. P., Alazri, A., Alhashmi, K. Mesoscale eddies and variability of
chlorophyll-a in the Sea of Oman. Journal of Remote Sensing. 33 (17), 5341-5346 (2012).

24. Kahru, M., Fiedler, P. C., Gille, S. T., Manzano, M., Mitchell, B. G. Sea level anomalies control
phytoplankton biomass in the Costa Rica Dome area. Geophysical Research Letters. 34, L22601
(2007).

25. Palacz, A. P., Xue, H., Armbrecht, C., Zhang, C., Chai, F. Seasonal and inter-annual changes in
the surface chlorophyll of the South China Sea. Journal of Geophysical Research. 116, C09015
(2011).

26. Tang, S., Liu, F., Chen, C. Seasonal and intraseasonal variability of surface chlorophyll a
concentration in the South China Sea. Aquatic Ecosystem Health and Management. 17, 242-251
(2014).

27. Fedorov, K. N. The physical nature and structure of oceanic fronts. Springer-Verlag, Berlin.
viii+333 (1986).

28. Wang, Y., Castelao, R. M., Yuan, Y. Seasonal variability of alongshore winds and sea surface
temperature fronts in Eastern Boundary Current Systems. Journal of Geophysical Research:
Oceans. 120 (3), 2385-2400 (2015).

29. Chen, H.-H., Qj, Y., Wang, Y. Chai, F. Seasonal variability of SST fronts and winds on the
southeastern continental shelf of Brazil. Ocean Dynamics. 69 (11), 1387-1399 (2019).

30. Woodson, C. B., Litvin, S. Y. Ocean fronts drive marine fishery production and biogeochemical
cycling. Proceedings of the National Academy of Sciences of the United States of America. 112 (6),
1710-1715 (2015).

31. Siegel, D. A. et al. Regional to global assessments of phytoplankton dynamics from the
SeaWiFS mission. Remote Sensing of Environment. 135, 77-91 (2013).

32. Ducet, N., Traon, P. Y. L., Reverdin, G. Global high-resolution mapping of ocean circulation
from Topex/Poseidon and ERS-1/2. Journal of Geophysical Research-Atmospheres. 105 (C8),
19477-19498 (2000).

33. Dee, D. P. et al. The ERA Interim reanalysis: Configuration and performance of the data



703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740

assimilation system. Quarterly Journal of the Royal Meteorological Society. 137 (656), 553-597
(2011).

34. Hellerman, S. Computations of wind stress fields over the Atlantic Ocean. Monthly Weather
Review. 93 (4), 239-244 (1965).

35. Xian, T., Sun, L., Yang, Y.-J., Fu, Y. F. Monsoon and eddy forcing of chlorophyll-a variation in
the northeast South China Sea. International Journal of Remote Sensing. 33 (23), 7431-7443
(2012).

36. Hu, J. Y., Kawamura, H., Tang, D. Tidal front around the Hainan Island, northwest of the South
China Sea. Journal of Geophysical Research. 108 (C11), 3342 (2003).

37. Chelton, D. B. Large-scale response of the California Current to forcing by the wind stress curl.
CalCOFI Reports. 23, 130-148 (1982).

38. Canny, J. A computational approach to edge-detection. IEEE Transactions on Pattern Analysis
and Machine Intelligence. 6, 679—698 (1986).

39. Cayula, J. F., Cornillon, P., Holyer, R., Peckinpaugh, S. Comparative study of two recent edge-
detection algorithms designed to process sea-surface temperature fields. IEEE Geoscience and
Remote Sensing Letters. 29 (1), 175-177 (1991).

40. Cayula J. F., Cornillon P. Cloud detection from a sequence of SST images. Remote Sensing of
Environment. 55 (1), 80-88 (1996).

41. Ullman, D. S., Cornillon, P. Evaluation of Front Detection Methods for Satellite-Derived SST
Data Using in Situ Observations. Journal of Atmospheric and Oceanic Technology. 17 (12), 1667-
1675 (2000).

42. Oey, L., Chang, M. C., Huang, S, Lin, Y. C., Lee, M. The influence of shelf-sea fronts on winter
monsoon over East China Sea. Climate Dynamics. 45, 2047-2068 (2015).

43. Legeckis, R. A survey of worldwide sea surface temperature fronts detected by environmental
satellites. Journal of Geophysical Research. 83 (C9), 4501-4522 (1978).

44.Yao, J., Belkin, I. M., Chen, J., Wang, D. Thermal fronts of the southern South China Sea from
satellite and in situ data. International Journal of Remote Sensing. 33 (23), 7458-7468 (2012).
45. Chen, G. et al. Eddy heat and salt transports in the South China Sea and their seasonal
modulations. Journal of Geophysical Research. 117, C05021 (2012).

46. Wang, G,, Li, J., Wang, C,, Yan, Y. Interactions among the winter monsoon, ocean eddy and
ocean thermal front in the South China Sea. Journal of Geophysical Research. 117, C08002 (2012).
47. Guo, L. et al. Enhanced chlorophyll concentrations induced by Kuroshio Intrusion Fronts in
the Northern South China Sea. Geophysical Research Letter. 44 (22), 565-572 (2017).

48. Xing, X. G., Qiu, G. Q., Boss, E., Wang, H. L. Temporal and Vertical Variations of Particulate
and Dissolved Optical Properties in the South China Sea. Journal of Geophysical Research-Oceans.
124 (6), 3779-3795 (2019).

49. Belkin, I. M., Cornillon, P., Sherman, K. Fronts in Large Marine Ecosystems. Progress in
Oceanography. 81, 223-236 (2009).



Figure 1

Click here to access/download;Figure;Figure 1.psd =

4000  -2000 1]

25
ol | e | et
15 o et
L1
o |A g 00 N B gt e R | L el
2 oo
EH} o . I e
5 e
.'?’
0 ; : pamy :
105 10 115 120 105 110 1156 120 105 110 115 120

Longitude (°E)



https://www.editorialmanager.com/jove/download.aspx?id=1179195&guid=939ee6ea-c840-4938-a0f0-80fbe3cd1b7f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179195&guid=939ee6ea-c840-4938-a0f0-80fbe3cd1b7f&scheme=1

Figure 2 Click here to access/download;Figure;Figure 2.psd =

Latitude

115 120
Longitude


https://www.editorialmanager.com/jove/download.aspx?id=1179196&guid=01bd8d97-e318-4ea3-9dd0-65743ab7582e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179196&guid=01bd8d97-e318-4ea3-9dd0-65743ab7582e&scheme=1

-4

Click here to access/download;Figure;Figure 3.psd

Figure 3

25 30

20

0.15

0.1

0.05

Ny N
il . = r__.._'T.

115 120 105 110 115 120
Longitude

110

105

115 120

110


https://www.editorialmanager.com/jove/download.aspx?id=1179197&guid=4c3600da-816a-4c0b-8605-b2f8f5308554&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179197&guid=4c3600da-816a-4c0b-8605-b2f8f5308554&scheme=1

Figure 4 Click here to access/download;Figure;Figure 4.psd =

0.5 1] 05 -2 o 0.2 0 0.1 0.2
[ oaaas— | | —— | —— |
25
s
. e
20 f oo
L
fdd
5 Fad
o 13 1' L
a4 ::l‘r'd-rfr:rrr.
e C firarre--
= B
-:E i o
- e
bt e e " d
el T I SRR S
a rEpEta A
-*....... L
0 .’ "..r

105 110 115 120 105 110 "5 120 1086 10 115 120 105 110 115 120 105 110 115 120
Longitude (*E)


https://www.editorialmanager.com/jove/download.aspx?id=1179199&guid=52d1aefc-9467-496c-833e-33c480361b00&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179199&guid=52d1aefc-9467-496c-833e-33c480361b00&scheme=1

Figure 5 Click here to access/download;Figure;Figure 5.psd =

25 o =
1 L
207 0.9 .2
n 0
€15} s ot
% 0.1 ' i :
= D
0 0
5
"D-1 _1
o lL—"-4. ~ 4 ; | 5 12%
105 110 116 120 105 110 115 120 J MM J S N
Longitude (*E) Longitude (°E) Month
E 1=L E 1 1 | 1 | | 1 1
1 -
[] "
-1+
w4 | ! . | | | 1 | | | ' [ I (I

2003 2004 2005 2006 2007 2008 20089 2010 2011 2012 2013 2014 2015 2016 2017
Year


https://www.editorialmanager.com/jove/download.aspx?id=1179200&guid=121272ba-51df-4167-a50d-4bcac2d3c47c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179200&guid=121272ba-51df-4167-a50d-4bcac2d3c47c&scheme=1

Figure 6 Click here to access/download;Figure;Figure 6.psd %

25
C
3.5 1
o 3 o4 DO
= 2.5 -1
C15f 02
% 2 o 2@ |
2
= 1.5
= 10§ 0.2 g
-n—| £ dI 1 o
-0.4
5 0.5 0
-0.6
=1k
0 i e : . - 9%
105 110 116 120 105 110 115 120 J
Longitude (*E) Longitude (°E)
1 | 1 1 | | 1 | 1 1 1 |
E
2 -
i \
0§ I|
1
-1
o LI I i i I i 1 i i i I

2003 2004 2005 2006 2007 2008 2009 2010 20711 2012 2013 2014 2015 2016 2017 2018
Year


https://www.editorialmanager.com/jove/download.aspx?id=1179201&guid=9bf80d02-ab3e-487e-b91a-704fd22c0bb2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179201&guid=9bf80d02-ab3e-487e-b91a-704fd22c0bb2&scheme=1

Figure 7 Click here to access/download;Figure;Figure 7.psd =

25 2 o
0.02 002 |
20 g
0
= 0.01 0.0
< 15| : 4]
@ 19%
‘g D : : .
:‘ﬁ: 10 0 0 1t !
S|
]
5 -0.01 -0.01
A4 ]
0 . . I e : ; | 2 9% |
105 110 115 120 105 110 1i5 120 J M M J S N
Longitude (*E) Longitude (°E) Month
o [T = | I | | | | I i T T 1 ! | |
1k
[] -
-
A il i i i i I i i i i i ] i i I

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Year


https://www.editorialmanager.com/jove/download.aspx?id=1179202&guid=9d2d1535-951a-4e0f-9f8f-dc9f561b0b76&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179202&guid=9d2d1535-951a-4e0f-9f8f-dc9f561b0b76&scheme=1

Figure 8 Click here to access/download;Figure;Figure 8.psd =

-08 -06 -04 04 06 0.8

Latitude ("MN)

110 115
Longitude ("E)



https://www.editorialmanager.com/jove/download.aspx?id=1179203&guid=24d6698a-81dd-429c-b4a6-b5c85c1af26c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179203&guid=24d6698a-81dd-429c-b4a6-b5c85c1af26c&scheme=1

Figure 9 Click here to access/download;Figure;Figure 9.psd =

8

—
) ]

'y
=

Latitude (°N)

110 115
Lengitude (°E)


https://www.editorialmanager.com/jove/download.aspx?id=1179204&guid=0c0e0f91-9934-4bb4-add0-cdc472646ab4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1179204&guid=0c0e0f91-9934-4bb4-add0-cdc472646ab4&scheme=1

Table1 Click here to access/download;Table;Table_1.xlsx %

_ Chl-a SST WS WSC FP SLA
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SLA -0.25 0.42 0.07 0.13 -0.08



https://www.editorialmanager.com/jove/download.aspx?id=1183492&guid=a7d37bbf-2dec-4782-b854-fbff017aa338&scheme=1
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Table2 Click here to access/download;Table;Table_2.xlsx %

_ Chl-a SST WS WSC FP SLA
Chl-a _|-0.15 0.36 0.35 0.26 -0.15
SST -0.59 -0.48 0.61 0.07 0.17
WS 0.25 -0.24 ] _]0.14 -0.02 0.1
WSC 0.29 -0.1 0.41 0.53 -0.21
FP 0.57 -0.42 0.24 0.29 ) -0.42
SLA -0.3 0.54 -0.23 -0.29 -0.47
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Table of Materials Click here to access/download;Table of Materials;JoVE_Table_of Materials.xlsx %

Name of Material/Software Agent/Company Dateset/Catalog NComments/Description

Matlab MathWorks Matlab R2016 https://www.mathworks.com/products/matlab.html; referred to analysis soft
Sea surface chlorophyll NASA MODIS mg/mg3 (podaac-tools.jpl.nasa.gov)

Sea surface height AVISO AVISO meter (www.aviso.altimetry.fr)

Sea surface temperature NASA MODIS °C (podaac-tools.jpl.nasa.gov)

Topography NOAA NGDC meter (maps.ngdc.noaa.gov/viewers/wcs-client/)

Wind ECMWEF ERA-interim m/s (www.ecmwf.int/en/forecasts/datasets)


https://www.editorialmanager.com/jove/download.aspx?id=1183491&guid=bd5f1569-c8b7-44ed-be15-5ab914a44e42&scheme=1
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32
33  ABSTRACT:
34  Satellite observations offer a great approach to investigate the features of major marine
35  parameters. In this study, satellite datasets from 2002 to 2017 were used to describe the surface
36 features in the South China Sea (SCS). Major parameters include sea surface chlorophyll (CHL);
37 sea surface temperature (SST); sea surface height (SSH); and factors derived from these
38 parameters, e.g., fronts, which were calculated from the SST gradient. Due to cloud coverage,
39  monthly averaged data are used in this study. The empirical orthogonal function (EOF) is applied
40 to describe the spatial distribution and temporal variabilities in different factors. The monsoon
41  wind dominates the majority of the variability in the basin; thus, wind from the reanalysis dataset
42  isused toinvestigate its driving force on different parameters. The seasonal variability in CHL was
43  indeed prominent and significantly correlated with other factors in a majority of the SCS. In
44  winter, a strong northeast monsoon induces a deep mixed layer and high level of chlorophyll
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throughout the basin. Significant correlation coefficients are found among factors during the
seasonal cycle. In summer, high CHL levels were mostly found in the western SCS. Instead of
seasonal dependence, the region is highly dynamic, and factors are significantly correlated in
anomalous fields such that anomalously high CHL levels are associated with abnormally strong
wind and intense frontal activities. The study showed a step-by-step procedure regarding how to
use satellite observations to describe major parameters and their relationships in seasonal and
anomalous fields. The method can be applied in other global oceans and will be helpful for
understanding marine dynamics.

INTRODUCTION:

The development of remote sensing technology offers a great dataset for describing marine
environments with large spatial scales and long periods. With the increasing spatial resolution of
satellites, detailed features are now resolved from the regional scale to a few hundred meters'2.
An improved understanding of marine dynamics can be achieved with most updated satellite
observations3.

By incorporating multiple sensors on the remote sensing platform, a comprehensive description
is available for different parameters. Sea surface temperature (SST) is the basic parameter that
has been observed for more than half century®. Recently, observations for sea surface
chlorophyll-a (CHL) have become available and can be used to describe marine productivity®.
Altimetry satellites are used for measuring sea surface height®’, which is highly related to
mesoscale eddy activities in the global ocean®. In addition to eddies, frontal activities are also
important for impacting regional dynamics and primary production®®. In this study, the SST, CHL,
SSH and front datasets, which are derived from SST, are used to analyze their patterns. The time
period between October 2002 and September 2017 is used for all parameters.

A major focus of the current study is to find a standard procedure to describe the spatial
distribution and temporal variabilities in different factors. In particular, the CHL is used to
represent the productivity of the ocean, and a method can be widely used is introduced to
investigate the relationship between CHL and other ocean parameters. The method can be used
in the future for other regions around the globe to capture major ocean patterns and explore
how marine dynamics impact the ecosystem.

The South China Sea (SCS) is designated as the study region because of its relatively high coverage
rate of satellite observations. The SCS is abundant in solar radiation; thus, the CHL is mainly
determined by the availability of nutrients'%2, With more nutrients being transported into the
euphotic layer, the CHL levels can increase®3. Mixing, induced by wind, can introduce nutrients
into the ocean surface and enhance CHL*. The SCS is uniquely dominated by a monsoon wind
system, which subsequently determines the dynamics and ecosystem in the region. The monsoon
wind is strongest during winters each year®®. In summer, the winds change direction and the wind
speeds are much weaker than those in winter!®7. The wind intensity can determine the strength
of vertical mixing such that the mixed layer depth (MLD) deepens (shoal) as the wind increases
(decreases)®®. More nutrients will be transported into the euphotic layer during winter when the
wind is strong®® and CHL reaches its highest point over the year?021,
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In addition to the wind, MLD can also be determined by other factors, e.g., SST and sea level
anomaly (SLA), which ultimately impact nutrient content and CHL?2. During winter, the weak
vertical gradient is associated with low temperatures at the surface?. The corresponding MLD is
deep, and more nutrients can be transported upward; thus, the CHL in the surface layer is high'’.
An increasing variation in CHL levels can be attributed to mesoscale eddies, which induce vertical
transport and mixing?3. Upwelling (downwelling) is usually found in cyclonic (anticyclonic) eddies
associated with depressed (elevated) SLA%® and elevated (depressed) CHL?*. For other seasons,
MLD becomes shallow, and mixing becomes weak; thus, low CHL can be observed over the
majority of the basin?®. The seasonal cycles of CHL levels are subsequently predominant for the
region?®.

In addition to mixing, fronts and their associated coastal upwelling can further modulate the CHL.
The front, which is defined as a boundary of different water masses, is important to determine
the regional circulation and ecosystem responses?’. Frontogenesis is usually associated with
coastal upwelling and convergence?®?°, which can induce nutrients and elevate the growth of
phytoplankton3C. Different algorithms have been developed to automatically identify fronts from
satellite observations, including histogram and SST gradient methods, and the latter approach is
adopted in this study?.

The correlation of time series between CHL and different factors offers great insights for
quantifying their relationship. The current study offers a comprehensive description of how to
use satellite observations to reveal regional marine dynamics related to productivity. This
description can be used as a guide for investigating the surface processes in any part of the ocean.
The structure of the manuscript includes a step-by-step protocol in the next section, followed by
descriptive results in the text and figures. The applicable situation and pros/cons of the method
are subsequently discussed.

PROTOCOL:
1. Dataset acquisition
1.1. SST and CHL

1.1.1. Download dataset. Obtain a dataset of satellite observations for SST and CHL from MODIS-
Aqua (podaac-tools.jpl.nasa.gov/) where the spatial resolutions of both of these data are

[PlaceFigure L-herel

1.1.2. Determine time span. To maintain consistency among different datasets, use the same
time span for all parameters. Adjust the time span based on their temporal coverage and use the
longest observing period among different datasets. In this study, download 15 years of data from
October 2002 to September 2017.
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1.1.3. Perform spatial configuration. Pemeve%de&a—ea&r—l&nd—aﬂd—wm%ﬁkef—the-eea%

ransform the CHL data logarithmically because they

have a log-normal distribution3.

NOTE: The designed study region is between 105°E and 123°E and between 0° and 25°N.
Downloaded dataset already removed the data over land and within 5 km of the coastline, as

[Commented [A1]: How is this done? J
( Formatted: Highlight )

well as those contaminated by clouds.

1.1.4. Check preprocessing instruction. Read instructions in the .nc files regarding the
preprocessing of SST and CHL data, e.g., scaling is not needed for the SST and CHL data.

NOTE: The range of SSTs is between -2 and 44, and the range of CHL is between 0.01 and 20.

1.1.5. Add the path of the ftoolboxlfor NetCDF file in Matlab-{Figure-2}. Use the option ‘Add with

subfolers’ to enclose the paths of the folder ‘UTILITIES’ and its subfolders (Figure S2).

1.1.6. Load and store data into Matlab. Type ‘Read MODIS SST.m’ in the command window to

(
(
(
{ Formatted: Font: Not Bold, Not Highlight
(
(
(

Read-read the data for SST. Similarly, type ‘Read MODIS CHL.m’ in the command window to
read the data for anel—CHL by—running—Read—MOBIS_SST-m'—and—Read_MODBIS_CHLmS

R (Figure S3). Store the .nc files of the satellite data in

the folder ’Data \ Structure directory of folders and data following supplementary file.

NOTE: f‘l’he output variables include SST and CHL in three dimensions, representing meridional
location, zonal location and time in days, respectively.l

[Place Figure 3-here}
1.2. Sea level anomaly (SLA)

are rocessed by SSALTO/DUACS and distributed by Archivin
Satellite Oceanographic Data (AVISO, https://www.aviso.altimetry.fr).

NOTE: SLA describes the difference between the observed sea surface height and the mean sea
surface height over 20 years (1993 2012) for the correspondmg plxels %ﬁ@

L\;AL\ Aa«:,'

1.2.2. lLoad and read single-day SLA data by typing ‘Read_SLA.m’ in the command window ané

Validation and Inter retation of \- —
‘ [Formatted: Highlight ]
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Type ‘Read_MODIS_SST.m’ in the command window
and click Run to read the data for SST.

Similarly, type ‘Read_MODIS_CHL.m’ and click Run to
read the data for CHL
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elickingRun-(Figure §4).\

NOTE: ]Supplementary folder \only includes one sample datum in the script for illustration.

PleeeFigureAhere]
1.3. Wind speed
1.3.1. Obtain the wind information from an ERA-Interim reanalysis product, which was a global

atmospheric reanalysis dataset developed by the European Center for Medium-Range Weather
Forecasts (ECMWF)33. The dataset has a spatial resolution of approximately 25 km and was

Commented [A12]: I rephrased this sentence. Please
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to run a function, either by typing the function name in
the command window or clicking ‘run’ button.
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Dropbox.
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interpolated from the original dataset with a spatial resolution of approximately 0.7°. Download
data for the same period (between October 2002 and September 2017) to maintain consistency
with the CHL and SST data.

1.3.2. Load data into Matlab. Type ‘Read_WindVector’ in the command window ane-elick-Run-to

read the one-month wind data (Figure S5). Calculate the monthly mean by averaging the original

data, which is at 6-h intervals.

[Place-Figure 5-here]

1.4. Topography

1.4.1. Download the high-resolution topography data from the website of the National Centers

for Environmental Information (NCEI, https://maps.ngdc.noaa.gov/viewers/wcs-client/)+{Figure
6}. The spatial resolution is approximately 2 km. Dbtain the ETOPO1 data for bedrock in xyz

[Formatted: Highlight ]
[Formatted: Font: Not Bold ]

format for the selected study region| (Figure S6).
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eeeFipuretlhore]
1.4.2. Load data into Matlab.@btam—tke—ﬁ@mda%}fepbedmekm*meﬁna%feﬁheaeleeted

st-udy—otegien# Type ‘Read_topography.m’ in the command window and-elickRun-to read the

topography (Figure S7).

eeegurethore]

2. Data preprocessing

2.1. Temporal average

2.1.1. Due to the large cloud coverage in the SST and CHL data, replace the original data with 3-

day average data. To do this, after running the ‘Read_MODIS_SST.m’ and ‘Read_MODIS_CHL.m’
scripts (step 1.1.6),ltype ‘Temporal_average.m’ in the command window to and-elekRrun_the

script -(Figure S8).
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221
22 NOTE: The data are handled at each pixel for each time step.-{(Nete-thattheseriptisrun}

23

24 [Place Figure 8-here]
225
226  2.2. Interpolation into the same grid
227

228  2.2.1. Because the spatial resolution is not consistent for different datasets, interpolate the SST

229  and CHL data into a spatial grid that is the same as the wind and SLA spatial grid before making
30 comparisons. Usetheseript-interpolation—grid-m—after-After running the ‘Temporal_average.m’
31 and ‘Read_ WindVector.m’ scripts, type ‘Interpolation grid.m’ in the command window to run
32  the script (Figure S9).

33
34  [Place Figure 9-here]
235
236 2.3. Wind stress (curl)
237
E38 2.3.1. Run the script “Wind_stress_curl.m” (Figure S10) to calculate the wind stress (WS) and [Formatted: Highlight
39  wind stress curl (WSC) using the following equations:
240
241 T=pCu-|ul (1)
N oT. ot
242 v><r=a—;—a—y"(2)
243

244  where i is the wind speed vector; T is the WS in the same direction as the wind vector; 7, and

245 1, are the WS in the east and north directions, respectively; p is the air density (equal to 1.2

246 kg/m3); and C is the drag coefficient (a value of 0.0015 is used) under neutral stability
47  conditions®*.

48 - [Formatted: Tab stops: 0.13", Left
49  [Place Figure 10-here]

250

251  2.4. Monthly average

252

253  2.4.1. Calculate the monthly SST, wind and SLA time series as 30-day averages in each pixel by
b54 running ‘Monthly_average.m’ (Figure S11). Due to the high cloud coverage rate, use a 60-day
255  average as the monthly time series for CHL, including 30 days before to 30 days after the 15t day
256  of the month.
E57

58  [PlaceFigure 11 herel
259
260 3. SST front detection
261

262  3.1. Spatial smoothing
263
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3.1.1. Use-Run the ‘Spatial_smoothing.m’ script to average the three-day SST data in each pixel
(Figure 512).

NOTE: Large noise was identified in the SST data; thus, smooth data with a 3*3 spatial average
were used. When no data were available in the 3-day averaged data, these data were set as
unavailable.

[PlaceFigure 12 herel]
3.2. SST gradient

3.2.1. Run ‘SST_gradient.m’ to calculate the zonal and meridional SST gradients (Gx and Gy,
respectively) as the SST difference between the nearest two pixels divided by the corresponding
distance via (Figure S13) following equations (3). Use the obtained gradient vector to calculate
the total gradient, G, as a scalar following equation (4).

_ 9SSTy _0SSTy
Ge =205, G, =2 (3)

G = (G + G, ()

[PlaceFigure13-herel
3.3. Local maximum

3.3.1. Identify a front by testing the value of SST gradient, e.g., label the pixel as a potential
frontal pixel if the value is larger than a designated threshold. Only maintain the local maximum
pixel in the same direction perpendicular with the gradient direction if there are connected pixels
with values larger than the threshold (Figure S14). Here, define the threshold equal to 0.035
°C/km following former studies®22,

NOTE: Find corresponding scripts in the supplementary document as ‘Local_maximum.m’.
aeeFHguredd-hered)

3.4. Monthly frontal probability (FP)

NOTE: The frontal probability (FP) describes the probability when the front takes place.

3.4.1. ICaIcuIate FP for a certain time span, which in this case is the monthly interval by running

‘Monthly FP.m’ (Figure S15). Divide the occurrence of fronts at each pixel during a time window
by the day number that is free of cIouds.l

aeeHguredEhared)
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4. Spatial and temporal variability
4.1. Seasonal cycle
4.1.1. Calculate the seasonal cycles of different factors as the averages of different seasons, Here,

define the seasons as follows: winter is from Dec. to Feb., spring is from March to May, summer
is from Jun. to Aug., and fall is from Sep. to Nov.

411, NOTE: The seasonal cycle is not shown in this study, the following method (EOF) is used<«

to explain the spatial and temporal variability instead.

4.2. Empirical orthogonal function (EOF)

421-Remove temporal average and unavailable pixels. Lesd—data—->by—tunins

‘] AN +hl dat £ EQLC £') +h | H= | ‘l\ | H .ﬁl +h |
3 L 7 A AT = =]

T (:nc) to-deseribeth 5 tial and tomnoral yari iabilitios in diff At-parameter Before

conducting the EOF, subtract the overall mean at each pixel and exclude the locations where

missing observations exceed 20% because of cloud coverage. \
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4.2.1. Load data by typing ‘load('Monthly_data_for_EOF.mat')’ in the command window.

-

4.2.2. Apply an empirical orthogonal function (EOF) to describe the spatial and temporal
variabilities in_different parameters. Run the script ‘Empirical_orthogonal_function.m’ to
calculate the magnitude (Mag), eigenvalues (Eig) and amplitude (Amp) of the EOFs for datasetB
(i.e., time series of monthly averaged SST, wind stress, wind stress curl, CHL and FP; Figure 516).

NOTE: The function decomposes the monthly time series into different modes, which are
composed of spatial and temporal patterns and the variance explained by each mode decreases
with increasing mode number.

[Place Figure 16-herel]

5. Intercorrelation

5.1. Correlation at the seasonal scale

5.1.1. Calculate the correlations between two factors using their time series at each pixel via

‘Seasonal_correlation.m’ (Figure S17). Because the seasonal cycle is not removed, check the
significance of the correlation for all correlations.
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5.2. Correlation of an anomalous field

5.2.1. Calculate the correlations between the monthly anomalies of the CHL and other factors,
such as SST, WS, fronts and SLA. Obtain the monthly anomalies (the deviation from the mean
status) by subtracting the overall average for the corresponding month from the monthly time
series. Use the script ‘Anomalous_correlation.m’ to obtain the correlations (Figure S18).
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[Place Figure 18 herel]

6. Display information and calculate relationshipREPRESENTAFIERESULTS:

6.1. 61 Display satellite information “

i —~Run ‘Sat_SCS_Fig3457.m’ {Figure19}s+un-to produce
Figures 221 to Figure; 23,24-and-284 about satellite information. Fre-Set current folder is-ensured
to-besetteas ‘scripts’ where the data ‘Sat_SCS_data.mat’ are located (Figure S19).

6.2. 62-Display EOF result -~

6.2.1 Run ‘Sat SCS Fig890.m’ to produceFigure 5to-Figure 7 about-display EOF results (Figure

S20). Figure 5 to Figure 7 describe the spatial magnitude, monthly average and time series of first LN
two modes for CHL, SST and fronts, respectively.

6.3. 6-3-Calculate relationship between chlorophyll and others “

6.3.1 Run ‘Sat SCS Figl112.m’ to calculate the relationship between chlorophyll and other

factors at seasonal and anomalous field (Figure $21). Obtain the correlation map shown as Figure | \,
8 and Figure 9.

REPRESENTATIVE RESULTS:

Satellite observations for CHL (Figure 1A) and SST (Figure 1B) can be contaminated by cloud
coverage, which results in a large portion of data that is not available. The reanalyzed data for
wind_(Figure 1C) and SLA (Figure 1D) areis not impacted by daily clouds. The topography (Figure
1E) has a prominent impact on the spatial distribution of CHL-{Figure—263. High CHL is mainly
distributed along the coast where the topography is shallow-{Figure20E}. Wind is also influenced
by orography, and the lee side of mountains is characterized by weak wind; thus, a prominent
WSC can be identified, e.g., southwest of the SCS. In contrast, the SLA does not depend much on
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topography, and an anomalously high SLA can be found in the basin of the SCS.
[Place Figure 206-1 here]

Because of the severe cloud impact on satellite observations, many data are not available or
spatially inconsistent. An effective and efficient method is applied to fill some data gaps and
smooth the field. The data are first replaced with a 3-day average at each pixel, which can
effectively fill some gaps as the cloud varies on a daily basis (Figure 21B). A spatial average is
further applied at each pixel such that the data are replaced by the mean of surrounding values
(3*3 pixels). Thus, the spatial inconsistency can be greatly reduced (Figure 21C). The locations
where satellite data are unavailable after a 3-day average remain unavailable (the blank regions
are the same for Figure 2B and Figure 21C).

[Place Figure 2% here]

The daily distribution of the SST front is derived from the SST gradient (Figure 322A). The
thresholds applied here can effectively capture the location of the front (Figure 322B) and ensure
depiction of the boundaries of entire water masses (Figure 322C). In comparing the gradient and
front, they are highly identical because the front is mainly obtained from the gradient.

[Place Figure 322 here]

Due to cloud coverage in the CHL, SST and front data, the monthly average time series are
calculated and applied in this study. A random example is shown in Figure 23-4 for the month of
April 2015. There is no existing gap for any of the parameters. The general patterns for different
parameters are highly consistent regarding their spatial variance. For example, CHL (SST) is high
(low) near the coast and low (high) in the central basin. The monthly average can offer
comprehensive information for depicting the regional features. Fronts are mainly distributed
along the coast where the dynamics are complex. A large portion of the basin is free of fronts;
thus, the center of the SCS is characterized by a value close to zero (Figure 423E).

[Place Figure 23-4 here]

Most of the surface features are characterized by prominent seasonal variability, which can be
clearly observed by EOFs-{Figure-24}. EOF is a useful mathematic method, which has been widely
used in atmospheric and marine sciences. The method can delineate spatial patterns and
temporal signals from time series over spatial domains?8. After spatiotemporal decomposition
for sea surface feature in SCS, the first two modes are generally needed for describing the spatial
and temporal variabilities. The first two EOFs for CHL describe 44% and 12% of the total variance,
respectively. EOF1 captured a large variance in the northern section of the SCS (Figure 25A). The
corresponding monthly average of the time series (Figure 25C) shows that the CHL is elevated
(depressed) during winter (summer). The region next to the southwest coast is characterized by
a weak magnitude, and the corresponding variability is mainly captured by EOF2 (Figure 25B).
High (low) CHL values occur during summer (winter), which is mainly out of phase compared with
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the northern section. The monthly time series for EOFs show clear seasonal variability, and EOF2
leads EOF1 by approximately 4 months (Figure 25E).

[Place Figure 24-herel]
[Place Figure 25 here]

The explained variance in the first two EOFs for SST is prominently high, equaling 91% and 5% for
EOF1 and EOF2, respectively. It is important to emphasize that the overall average be removed
before conducting EOF; thus, the mean field is excluded. EOF1 dominates the total variance, and
its magnitude is largest in the northern SCS and decreases southward (Figure 26A). The
corresponding monthly average of the time series (Figure 26C) shows that the SST is elevated
(depressed) during summer (winter). The southern SCS is characterized by a weak magnitude,
which is attributed to persistent high temperatures at low latitudes. The variability in the
southern section is mainly captured by EOF2 (Figure 26B). The corresponding SST is enhanced
between March and June, while low values persistently occur in the remaining months.
Prominent warming occurred in 2010 and 2016, where the SST off the coast southwest of the SCS
was much higher than that in the other years (Figure 26E). This interannual variability is mainly
attributed to El Nifio events that reduce the southwest summer monsoon and result in weak
upwelling'2. Because seasonal variability is the major focus of the current study, this feature will
not be further discussed.

[Place Figure 26 here]

Because of the noisy nature of the gradient, the derived front explained much less of the
variance. Indeed, EOF1 and EOF2 of FP only explained 19% and 9% of the total variance,
respectively. EOF1 captured the variances in the north and northeast SCS (Figure 27A). The
corresponding monthly average of the time series (Figure 27C) shows that more (less) FP occurs
during winter (summer) in those regions. The phase off the coast southwest of the SCS is the
opposite, although the corresponding variability is much less prominent. EOF2 captures the
spring enhancement of FP (Figure 27D) in the western SCS (Figure 27B). The monthly time series
of EOF1 and EOF2 are characterized by weak interannual variability.

[Place Figure 27 here]

Different factors are investigated for their relationships with CHL (Figure 28). For example, SST
describes the fundamental features of the ocean that can influence the growth rate of
phytoplankton and subsequently impact CHL. For the majority of the SCS, there are high
correlations between SST and CHL (Figure 829A), and most of the correlations can reach more
than -0.8. It is important to point out that high correlation does not indicate causation between
these two factors. As SST reached its annual maximum in summer, the MLD became shallowest?!.
Nutrients supplied to the euphotic layer were low because vertical mixing was blocked by
intensive stratification3. As a result, low nutrients limited the growth rate of phytoplankton and
resulted in low CHL. In contrast, high CHL occurred in winter when the MLD was deeper, and low



483
484
has
486
487
488
ka9
490
491
ho2
493
494
495
496
497
498
koo
500
501

503

04
05

506

SST induced weak stratification3>.
[Place Figure 28 here]

Wind-driven mixing can be approximately gauged by WS and was used to describe vertical
mixing!®. Large correlation coefficients, with values of approximately 0.8, are identified between
the WS and CHL levels north of the SCS (Figure 829B), particularly in the regions with the
strongest winter wind located on the northern shelf of the SCS. Weak but significant correlations
can be found to the south. Correlations between WSC and CHL were significant in the majority of
the SCS (Figure 829C), although they showed opposing signs in the north and south. The positive
correlation coefficient between CHL and WSC is to the south, and the negative values are in the
north. The region between them is characterized by a nonsignificant correlation. The WS and CHL
were found to be strongly correlated in the corresponding region where the winter WS was
largest.

The front can induce CHL variability, which was investigated here. A large correlation was found
in the northeast and southwest of the SCS (Figure 829D). CHL increased as frontal activities
became more active3®. The SLA showed a significant negative correlation with CHL from the
northeast SCS towards the southwest and a positive correlation along the west coast of the SCS
(Figure 829E). It is interesting to note that the positive correlations are limited in the region with
shallow topography.

[Place Figure 29-herel]

To the northeast of the SCS, all the correlations are prominent (Figure 298). Thus, the correlations
of monthly time series between CHL and other parameters are calculated using the spatial
average in a designated box (Figure 829A). The results show that most of the factors are
intercorrelated with significant correlations (top right section of Table 1). Because the seasonal
cycle dominates the time series, the correlation is no longer valid after removing the monthly
average (bottom left section of Table 1).

[Place Table 1 here]

[pl Table 1 horal
T

The correlations in the seasonal cycle are not significant for some regions, e.g., southwest of the
SCS (Figure 289). The region is dominated by dynamic processes, e.g., upwelling and wind-
induced offshore transport, which determine the variability in CHLY. A significant correlation
between CHL and other factors, e.g., SST, WS, fronts and WSC, was identified in anomalous fields
(Figure 389). The anomalies were calculated for the monthly time series by removing the
corresponding monthly average. The effective number of degrees of freedom can be increased,
but it does not impact the underlying relationships among their time series?® 37,

[Place Figure 36-9 here]
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In anomalous fields, CHL and SST were significantly correlated in the majority of the SCS (Figure
930A). When SSTs were anomalously high (low), CHL became anomalously low (high). Similarly,
an anomalously high (low) WSC and fronts to the southwest of the SCS can induce a large (weak)
CHL (Figure 938C, 930D). In addition, a negative correlation is found between the anomalous SLA
and CHL levels (Figure 930E). Different lags were tested, and the correlation only became
significant if no lag was deployed; thus, CHL is simultaneously impacted by anomalies in SST, WSC,
fronts, and SLA. Their relationship was further investigated using the spatially averaged monthly
time series southwest of the SCS (designated as a green box in Figure 9308A). The results show
that most of the factors are intercorrelated with significant correlations in the anomalous field
(bottom left section of Table 2).

[Place Table 2 here]
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Figure 120: Original observations for major parameters on April 15, 2015. A. Chlorophyll (CHL),
B. sea surface temperature (SST), C. wind stress curl (WSC) with wind stress (WS) vector, D. sea
surface anomaly and E. topography for the ocean basin.

Figure 21: Sea surface temperature (SST) for a single day on April 15, 2015. A. Original SST from
MODIS, B. three-day averaged SST and C. SST after spatial smoothing.

Figure 322: Procedure for front detection derived from SST. A. Magnitude of SST gradient, B.
the distribution of the SST front in thin black color and C. front distribution with the
corresponding SST.

Figure 423: Monthly average for major parameters in April 2015. A. CHL (in logarithm scale), B.
SST, C. wind stress curl (WSC) with wind stress (WS) vector, D. sea surface anomaly and E. frontal
probability (FP).
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Figure 25: The EOF for CHL. A. Magnitude of EOF1, B. magnitude of EOF2, C. monthly averaged
time series of EOF1, D. monthly average for EOF2 and E. monthly time series of EOF1 (black) and
EOF2 (blue).

Figure 26: Same as in Figure 25 but for SST.

Figure 27: Same as in Figure 25 but for FP.

Figure 298: Correlations between CHL and other factors at the seasonal scale. A. SST, B. wind
stress (WS), C. wind stress curl (WSC), D. frontal probability (FP) and E. sea level anomaly (SLA).
The gray color indicates that the correlation is nonsignificant. Spatially averaged variables are
calculated based on the green box in the left panel. Their time series are used to obtain the
correlation coefficients in Table 1. This figure has been modified from Yu et al. (2019) Y.

Figure 309: Correlation between CHL and other factors in the anomalous field. A. SST, B. WS, C.
WSC, D. FP and E. SLA. The gray color indicates that the correlation is nonsignificant. Spatially
averaged variables are calculated based on the green box in the left panel. Their time series are
used to obtain the correlation coefficients shown in Table 2. This figure has been modified from
Yu et al. (2019)Y.

Table 1. Correlation coefficients of the time series among factors, located northeast of the SCS,
e.g., SST (sea surface temperature), FP (frontal probability), WSC (wind stress curl) and WS (wind
stress), using the box shown in Figure 11A. The monthly average and anomaly top are shown in
the top right section and left bottom section, respectively. Red fonts indicate that the correlation
cannot fulfill the 95% confidence level. The table has been modified from Yu et al. (2019)%".

Table 2. Similar to Table 1 but for correlation coefficients of anomalous time series in the
southwest SCS (see Figure 12A for location). The table has been modified from Yu et al. (2019).

DISCUSSION:

In this study, the major features of marine systems are described using satellite observations.
The CHL, which can be used to represent ocean production, is selected as an indicator factor.
Factors related to CHL variability were investigated using monthly averaged time series, e.g., SST,
WS, WSC, FP and SLA. Three critical steps are described in this study: acquiring satellite data for
different parameters, describing their spatial and temporal variabilities via EOF, and determining
interrelationships among different factors by calculating correlation coefficients. A detailed
procedure showing the identification for daily frontal distribution, which is derived from the SST
observations, is included. Two major approaches have been developed for SST front detection:
the gradient method'%3 and the histogram method3®°. The histogram method is based on a
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similar range of values for SST, which can be used to divide the water masses into different
groups. The pixels with values between different groups representing the pixel in a transitional
band are defined as fronts. On the other hand, the gradient method separates several relatively
uniform water bodies as pixels with large gradient values. A comparison study was conducted,
and they found lower false rates using the histogram method and fewer missed fronts using the
gradient method*’. In this study, the gradient-based method3® was adopted following former
studies!®?8. The algorithm can avoid front break-up into multiple edge fragments by allowing the
magnitude to decrease to a level below a smaller threshold. In addition to the dataset included
here, other satellite observations, such as the aerosol index, can also be used with a similar
approach.

Most of the procedures can be directly applied in other regions or datasets. Modification may
take place to change the threshold of front detection. Because the SST gradient in the SCS is
comparable with the Eastern Boundary Current System?, the same thresholds were
implemented for the current study. A previous study revealed that the SST gradient from
different datasets can vary as much as three times*?, which makes the method somehow less
objective. Substantial studies have investigated frontal activities around the global oceans?®3.
The best approach to validate fronts is to compare them with in situ observations. Yao*
described the monthly frontal distribution for the SCS. Their results agreed well with the in situ
measurements. The overall gradient should be checked and adjusted since its value may vary
depending on the spatial resolution and instruments. In particular, the threshold should be
updated when another SST dataset is used. A basic understanding of the regional dynamics is
fundamental to understanding frontogenesis*>*®47. The front detection script can be developed
by individual authors based on the description in this paper.

Satellite information offers a comprehensive understanding of surface features, and a results
comparison with in situ observations can aid in evaluating credibility. However, satellite
observations are limited to the ocean surface, which limits the application for understanding the
vertical structure of the water column. In a recent study, satellite observations revealed that the
surface CHL increased by 15 times, but the vertical integrated value only increased by 2.5 times*.
This difference was because the surface value was impacted by the coeffects of phytoplankton
growth and shoaling of MLD, resulting in an unrealizable value at the surface. Thus, the surface
feature may not offer an accurate description for the entire water column. Additionally, the
influence of cloud coverage limits the continuous observations of satellites. Thus, monthly time
series are calculated for different factors over the same region and same period. This will
guarantee the credibility of calculating the correlations among different factors. However, the
short-period events, e.g., typhoons that last for a few days to a week, will not be resolved.

Compared with former studies, the proposed method can offer spatial information at the pixel
level, which can help to evaluate the dynamics in a more detailed manner. Some former studies
averaged the entire SCS as a single number and obtained a time series. They found that an
unusually strong WS and high SST can induce anomalously high CHL8, which is consistent with
current result. However, the spatial variation in the relationships was not resolved. In this study,
the basin-scale correlation between WS and CHL was weak in the anomalous field. A large
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significant correlation was only identified for certain areas, e.g., in the center of the SCS (Figure
32B). Thus, the current method offers a comprehensive description for investigating spatial
variations. Similarly, observations from two Bio-Argo floats were used and revealed that WSC did
not correlate with CHL variability?®. However, the trajectories of the two floats are only located
in certain regions. In this case, it was exactly within the band where the correlation between the
CHL level and the WSC was not significant (Figure 31D). The proposed method is very helpful for
resolving the spatial dependence among factors, which is a fundamental characteristic of the
global ocean.

In summary, the method used here can accurately describe the spatial distribution and temporal
variability in ocean surface features using satellite observations. With the increasing resolution
of satellite datasets, more detailed features can be identified and investigated, which enables a
general understanding of regional features, including CHL, SST, and SSH. The correlation of
monthly time series among different factors can aid in understanding their dynamic relationships
and potential impact on an ecosystem?. Because the correlation can largely vary at different
spatial locations, the proposed method offers a detailed and comprehensive description. A
similar approach can be applied to any ocean basin worldwide, which will be greatly helpful to
improve the understanding of marine dynamics and ecosystems.
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communications.
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via their non-commercial person homepage or blog
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reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
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You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
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