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Abstract Sea surface temperature (SST) is one of the key
variables often used to investigate ocean dynamics, ocean-
atmosphere interaction, and climate change. Unfortunately,
the SST data sources in the South China Sea (SCS) are not
abundant due to sparse measurements of in situ SST and
a high percentage of missing data in the satellite-derived
SST. Therefore, SST data sets with low resolution and/
or a short-term period have often been used in previous
researches. Here we used Data INterpolating Empirical
Orthogonal Functions, a self-consistent and parameter-
free method for filling in missing data, to reconstruct the
daily nighttime 4-km AVHRR Pathfinder SST for the long-
term period spanning from 1989 to 2009. In addition to the
reconstructed field, we also estimated the local error map
for each reconstructed image. Comparisons between the
reconstructed and other data sets (satellite-derived micro-
wave and in situ SSTs) show that the results are reliable
for use in many different researches, such as validating
numerical models, or identifying and tracking meso-scale
oceanic features. Moreover, the Empirical Orthogonal
Function (EOF) analysis of the reconstructed SST and the
reconstructed SST anomalies clearly shows the subsea-
sonal, seasonal, and interannual variability of SST under
the influence of monsoon and El Nifio-Southern Oscilla-
tion (ENSO), as well as reveals some oceanic features that
could not be captured well in previous EOF analyses. The
SCS SST often lags ENSO by about half a year. However,
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in this study, we see that the time lag changes with the fre-
quencies of the SST variability, from 1 to 6 months.
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1 Introduction

The South China Sea (SCS), a semi-closed marginal sea,
covers a large area (3.5 X 10° km), from 0-23°N and
99-121°E, with an average depth over 2000 m (Fig. 1). It
is almost surrounded by high mountain ranges. The sea is
connected to the East China Sea, the Sulu Sea, the Java
Sea, and the Indian Ocean through narrow and shallow
straits, except for the western Pacific Ocean through the
deep and wide Luzon Strait, which is the major pathway
of water entering into the SCS. The topography of the sea
is rather complex: wide and shallow continental shelves in
the northwest and southwest, steep slopes without shelves
in the east, a deep basin with a maximum depth reaching
more than 5000 m in the northeast, and numerous islands
over the sea.

Located in southeastern Asia, the SCS is strongly influ-
enced by the East Asian monsoon (Wyrtki 1961; Chao et al.
1996; Chu et al. 1997). The cold and strong northeast mon-
soon lasts from November to April. The warm and weaker
southwest monsoon lasts from mid-May to mid-September.
In the two periods of monsoon transition, the prevailing
direction of the surface wind is not clear. Affected by the
orographic features of the surrounding land, the surface
wind is intensive along the northeast-southwest diagonal of
the basin, and a wind jet is generated off the southeastern
coast of Vietnam in winter as well as in summer (Xie et al.
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Fig. 1 Bathymetric map of the
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2003, 2007; Liu et al. 2004). In response to the season-
ally reversing monsoon associated with the intrusion of the
Kuroshio current through the Luzon Strait, there is a basin-
scale cyclonic circulation in winter, while there are a weak
northern cyclonic circulation and a southern anticyclonic
circulation in summer (Wyrtki 1961; Chao et al. 1996; Chu
et al. 1999; Qu et al. 2000). Associated with the circula-
tion, a strong current flows along the western coast of the
sea. Under the impact of the orographic wind jet and the
shallow shelf topography, the southward and northeastward
coastal jet separation occurs from the coast of central Viet-
nam in winter and summer, respectively (Chu et al. 1999;
Liu et al. 2004; Xie et al. 2007; Gan and Qu 2008). The
seasonal reversal in the monsoon-induced circulation also
leads to the variability of sea surface temperature (SST) in
the SCS. In winter, there are water exchanges with the East
China Sea and the Pacific Ocean through the Taiwan and
Luzon Straits, respectively. The western boundary current
and cyclonic circulation transport the waters from the north
to the south and cause a distinct cold tongue in the south-
ern Vietnam coast (Liu et al. 2004; Gan and Qu 2008). In
summer, SST is rather uniform, around 28.5-29.5°C. In
addition, under the effect of the monsoon and coastal fea-
tures, upwelling occurs along the coasts. The upwelling
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appears in the southeastern Vietnam coast (Wyrtki 1961;
Kuo et al. 2000; Xie et al. 2003; Dippner et al. 2007), the
Taiwan Strait (Tang et al. 2002, 2004; Hong et al. 2009),
and Hainan Island (Lii et al. 2008; Su and Pohlmann 2009;
Li et al. 2012). In contrast, it occurs in the northeast off the
Luzon Strait (Wang et al. 2010) and the northwest Borneo
Island (Yan et al. 2015) in winter.

The influence of El Nifio-Southern Oscillation (ENSO)
on the SCS is also well documented (e.g., Chao et al. 1996;
Klein et al. 1999; Wang et al. 2000; Liu et al. 2004; Qu
et al. 2004; Fang et al. 2006; Wang et al. 2006; Xie et al.
2007; Lin et al. 2011; Wu et al. 2014), and is explained by
the fact that the effect of ENSO is located in the western
Pacific Ocean (e.g., Klein et al. 1999; Wang et al. 2000;
Wang 2002; Qu et al. 2004). The interannual variability of
the SCS in response to ENSO is due to the tropical atmos-
pheric bridge (Klein et al. 1999; Wang et al. 2000; Wang
2002) and the water transport through the Luzon Strait (Qu
et al. 2004). The response of the SCS lags moderate and
strong ENSO events by about half a year (Klein et al. 1999;
Fang et al. 2006; Wang et al. 2000).

In general, under the impact of the complex topography,
monsoon, and ENSO, the temporal and spatial variability
of the dynamics in the SCS is very complex. Therefore,
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in order to better understand the SCS’s dynamics as well
as its relationship with the monsoon and ENSO, the need
for long-term and high-resolution data sources of oceano-
graphic variables is essential for researchers. This has been
proved through taking advantage of the long-term and high-
resolution satellite data sets to investigate the seasonal,
intraseasonal and interannual variations of the SCS and the
overlying atmosphere in recent researches (e.g., Xie et al.
2003, 2007; Liu et al. 2004).

SST is one of the key variables often used to investi-
gate ocean dynamics, ocean-atmosphere interaction, and
climate change. However, in situ measurements of SST in
the seas and oceans are sparse. For recent decades, based
on the development of remote sensing systems, SST meas-
ured from sensors on board of satellites is a valuable source
providing data for researchers. Among the satellite-derived
data sources, the Advanced Very High Resolution Radi-
ometer (AVHRR) Pathfinder SST (Kilpatrick et al. 2001;
Casey et al. 2010), measured by infrared sensors, has been
widely used because of its high resolution and long time-
series. The disadvantage of the AVHRR SST as any infra-
red sensor is a high percentage of missing data due to cloud
coverage. This becomes more serious in the SCS because
it is located in the tropical region, frequently covered by
clouds (Guan and Kawamura 2003). The average percent-
age of missing data of daily AVHRR Pathfinder SST in the
SCS is often more than 80 % (Fig. 2). In order to overcome
this problem, in this paper, we applied Data INterpolating
Empirical Orthogonal Functions (DINEOF), a self-consist-
ent and parameter-free method used for accurately recon-
structing incomplete geophysical data sets with low com-
putational cost (Beckers and Rixen 2003; Alvera-Azcarate
et al. 2005), to create a daily 4-km cloud-free SST field
spanning from 1989 to 2009 for the whole SCS.

There have been previous researches using observa-
tion data to investigate the variability of SST in the SCS.
For example, Chu et al. (1997) studied the temporal and

Time (year)

spatial variability of SST under the influence of the mon-
soon, Fang et al. (2006) investigated the interannual vari-
ability of SST in relation to sea surface height and surface
wind, Wang et al. (2006) investigated the interannual vari-
ability of the SCS associated with El Nifio, Lin et al. (2011)
studied the variability of SST in relation to the western
Pacific warm pool, and Wu and Chen (2015) investigated
the intraseasonal SST during boreal winter. However, the
data sets used in their researches have low resolution in
time and space, and/or short time-series. In this paper, ana-
lysing the EOFs in high temporal and spatial resolution of
the reconstructed SST and the reconstructed SST anoma-
lies for the period 1989-2009, we can show more details of
the SST variability in relation to the monsoon and ENSO,
as well as reveal some oceanic features that could not be
captured well in previous EOF analyses.

The paper is structured as follows. The data used for this
study are briefly described in Sect. 2. In Sect. 3, we intro-
duce the main features of DINEOF. The results and their
validation are presented in Sect. 4. The analysis of EOFs
is implemented in Sect. 5. The conclusions of our work are
presented in Sect. 6.

2 Data and data processing

In order to reconstruct a long-term and high-resolu-
tion data set of SST, we chose the daily nighttime 4-km
AVHRR Pathfinder SST version 5.0, developed by the
University of Miami’s Rosenstiel School of Marine and
Atmospheric Science, and the NOAA National Oceano-
graphic Data Center in partnership with NASA’s Physical
Oceanography Distributed Active Archive Center, using
the Pathfinder algorithm (Kilpatrick et al. 2001; Casey
et al. 2010). We extracted the SST data covering the SCS,
0-24°N and 99-121°E (548 x 502 pixels), spanning
from 1989 to 2009 (21 years), including 7670 images.
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Fig. 3 Percentage of cloud-cov-
ered AVHRR Pathfinder SST in
the SCS: a spatial variation of
cloud-covered SST, b temporal
variation of cloud-covered SST
(black line) with a 30-day low-
pass filter (red line). The ENSO
events are marked with coloured
stripes: El Niflo in pink and La
Nifia in blue. The percentage of
missing data decreases during
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Only nighttime images were used for the reconstruction
to avoid the skin-temperature problem. Quality levels are
assigned to each pixel in this data set, ranging from O (the
poorest quality) to 7 (the highest quality) (Kilpatrick et al.
2001). To have the initial data set with enough accuracy
for the reconstruction, we only kept pixels assigned with
the quality flags of 5, 6 and 7. Statistically, the original
data set has a high percentage of missing data (Fig. 3),
approximately 88 % of the total data set. Since the Inter-
tropical Convergence Zone (ITCZ) is often positioned
over the southern SCS, more clouds cover this region than
the others (Guan and Kawamura 2003), resulting in more
than 90 % of missing data. Although the northeastern SCS
(15-20°N, 116-120°E) is covered by fewer clouds than
the other regions, its missing data percentage is still up
to 75 %. Moreover, the coverage of clouds also changes
with seasons due to the migration of the ITCZ (Guan
and Kawamura 2003). The percentage of missing data is
higher during the southwest monsoon and lower during
the northeast monsoon. Note that the percentage of miss-
ing data decreases during El Nifio due to the reduction in
cloud coverage over the SCS, whereas it increases during
La Nifia (Klein et al. 1999).

Before applying DINEOF to reconstruct the SST field,
some procedures were done to process data. Only images
containing at least 5 % of data were retained. Pixels miss-
ing more than 95 % of the time were not reconstructed
and were considered as “land”. We have applied these
procedures because these images and pixels do not con-
tain enough statistical information for the reconstruction
and could affect the quality of the overall result (Alvera-
Azcérate et al. 2005, 2009). After these steps were carried
out, a new data set with 5119 images, 67 % of the initial
data set, was kept. Its percentage of missing data was about
83 % of the total data set. A large number of pixels near
the coast were marked as land, especially near the Borneo
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Island. The total number of pixels for the reconstruction
was about 7.19 x 10® pixels, excluding land.

3 Method

The original SST data set we wanted to reconstruct was
thus very large and highly cloud-covered. Therefore,
we chose DINEOF, a self-consistent and parameter-free
method used for accurately reconstructing incomplete geo-
physical data sets with a reasonable computational cost,
even at high resolution (Beckers and Rixen 2003; Alvera-
Azcérate et al. 2005). Moreover, we could analyse the by-
product of DINEOF, the temporal and spatial EOFs, to
understand the variability of SST.

Here we will briefly describe the reconstruction method
of DINEOF. For more detailed descriptions, please refer
to Beckers and Rixen (2003) and Alvera-Azcérate et al.
(2005). We consider the missing data set as a matrix X
of dimensions [m x n], with the condition m > n. Here
m = 140,540 is the number of sea pixels (both containing
present and missing data) of each image and n = 5119 is
the number of images (in temporal order). Firstly, the mean
value over time and space is subtracted from the matrix. To
avoid a biased initial estimation, the missing data within the
matrix are set to zero; and they are also marked to differ-
entiate them from those existing pixels on the mean. Sec-
ondly, a Singular Value Decomposition (SVD) is applied
to compute the dominant modes of variability. The EOF
decomposition is based on the efficient Lanzcos method
presented by Toumazou and Cretaux (2001). The procedure
to compute EOFs in DINEOF is implemented as follows:

1. An EOF decomposition based on the Lanzcos method
is realized to obtain the first estimation of the singular
values and singular vectors
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where U are the spatial modes, V are the temporal
modes (or principal components) and S are the singular
values.

2. These values are then used to infer the flagged missing
data, initially present data are unchanged

k
Xij =Y 0pW,)i(v));
p=1
if i, j correspond to a missing data point @

where k is the retained number of EOF modes and p
are the singular values. These two steps are repeated
until the ratio between the root mean square of suc-
cessive missing data reconstruction and the standard
deviation of existing data lower than a threshold value,
which is the precision criterion stopping the DINEOF
iteration, is reached. Here we set the threshold value to
1073, Another data set extracted by artificially covering
3 % of valid data on the 63 cleanest images, including
about 3.8 x 10° data points, is set aside for cross-vali-
dation (e.g., Brankart and Brasseur 1996). The optimal
number of EOFs will be obtained when the global error
between the reconstructed and cross-validation data
points is minimal. Finally, the optimal number of EOFs
will be used to reconstruct the whole data set, reinte-
grating the cross-validation data set.

There are some methodologies that improve the stand-
ard DINEOF described above (e.g., Ding et al. 2008;
Alvera-Azcarate et al. 2009; Sorjamaa et al. 2010). In
this paper, in order to reduce spurious time variability
in the DINEOF reconstruction for a long-term data set,
the filter technique described in Alvera-Azcéarate et al.
(2009) was applied to the temporal covariance matrix
before the SVD decomposition. Here we used the filter
with three iterations and its strength value of 0.01 day?.

frequencies higher than 0.91 per day were filtered
out. Moreover, applying this filter within DINEOF
increases the retained number of EOFs, which better
presents small-scale oceanic features for the recon-
struction, as well as decreases the cross-validation
erTor.
In addition to the reconstructed SST field, we also esti-
mated the local error map for each reconstructed image
according to Beckers et al. (2006) (see “Appendix”).

4 Results
4.1 Validation

After the application, DINEOF retained 33 EOFs, account-
ing for 99.4 % of the total variance, to reconstruct the SST
field for the SCS in 1989-2009. With this number of opti-
mal modes, the reconstructed field can present from large-
to small-scale oceanic features. The expected error calcu-
lated by the cross-validation reaches 0.46°C (Fig. 4). In
addition to the cross-validation error estimation carried out
within DINEOF, we also compared the results to in situ and
satellite-derived microwave SSTs.

4.1.1 Comparison between reconstructed and in situ SSTs

An in situ data set extracted from the World Ocean Data-
base 2009 (WOD09) (Locarnini et al. 2010) is used to
validate the quality of the reconstructed SST. This data
set was collected from measurements at a depth of 1-5 m.
Only nighttime data (20:00-08:00 LT) were kept in order
to avoid the diurnal variation of SST. The quality flags of
the data source were used to extract in situ SSTs. Because
WODO09 was collected from different instruments, to select
reliable SSTs for the validation, we discarded the values
that deviate more than Fthree standard deviations from the
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Fig. 5 Nighttime in situ obser-

vations for validation: a spatial
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Fig. 6 Comparisons between in situ and reconstructed SSTs: a the
original SST with in situ data, b the reconstructed SST at cloud-free
positions with in situ data, ¢ the reconstructed SST at cloud-covered
positions with in situ data, and d the reconstructed SST at cloud-free
and cloud-covered positions with in situ data

mean of the data set (Emery and Thomson 2001). Finally,
5100 data points ranging from 21 to 32 °C were retained
for the period from 1989 to 2009. Figure 5 shows the spa-
tial and temporal distribution of in situ data for the valida-
tion. More data were collected in the northern than south-
ern SCS. The temporal distribution of data also shows that
there were many observations measured during the north-
east monsoon and the transitional period from the northeast
monsoon to the southwest monsoon. A linear interpolation
had been applied to extract satellite data at the positions
of in situ data on the same date when the comparison was
implemented.

We carried out four cases of comparison between satel-
lite and in situ data (Fig. 6). Firstly, the original SST was
compared with in situ data in order to evaluate the bias,
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correlation and error between original satellite data and
in situ measurements (Fig. 6a). The total root mean square
(RMS) error of this case is 0.71 °C. The comparison also
shows that the original satellite data are colder than in situ
data, with a bias of —0.25 °C. Secondly, we compared the
reconstructed SST at cloud-free positions with in situ data
(Fig. 6b). The RMS error is reduced to 0.67 °C and the
increase in bias is negligible. The small reduction of the
RMS error appears because DINEOF eliminates the noise
of the original satellite data through the use of a truncated
EOF basis (Beckers and Rixen 2003; Alvera-Azcarate et al.
2005). Thirdly, the comparison between the reconstructed
SST at positions of missing data with in situ data was
implemented (Fig. 6¢). Although the missing data percent-
age is very high, the total RMS error for this case is only
0.77 °C but the bias nearly doubles, —0.44 °C. The high
increase in bias may be partially related to the seasonal
and regional distribution of validation data. As mentioned
above, there are large seasonal and regional variations
in the availability of daily AVHRR Pathfinder SST in the
SCS (Fig. 3). Therefore, 79 % of the data in the first and
second cases are highly concentrated in the northern SCS,
especially in the northeastern SCS. In addition, 62 % of the
data in these cases were also collected during the northeast
monsoon. Meanwhile, the distribution of data in the third
case is less heterogeneous in space (62 % of the data in the
northern SCS) and more homogeneous in time (51 % of the
data during the northeast monsoon) than that in the first and
second cases. Note that there are significant regional biases
of the AVHRR SST in the SCS (Qiu et al. 2009). Moreover,
calculating the monthly ERA-Interim wind climatology of
the European Centre for Medium-Range Weather Forecasts
(ECMWEF) (Dee et al. 2011) in the SCS from 1989 to 2009
(figure not shown), we see that the surface wind speed in
the northeastern SCS is always greater than 6 m s~ dur-
ing the northeast monsoon. At wind speeds greater than
6 m s~ ., the difference between satellite-derived and in situ
SSTs decreases (Donlon et al. 2002). The above rea-
sons may lead to the large differences of bias among the
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Fig. 7 Distribution of the locations where the nighttime TMI data
were extracted for validation and the number of data at each loca-
tion: a spatial distribution of the locations; b—d number of data at
each location from 1998 to 2009: data used for validating the original

validation cases. Finally, we computed the total RMS error
of the reconstructed and in situ SSTs at cloud-free as well
as cloud-covered positions (Fig. 6d). Its value is 0.76 °C. In
general, the correlation coefficients including the seasonal
cycle are high for all the cases, about 0.95.

4.1.2 Comparison between the reconstructed
and satellite-derived microwave SSTs

To enhance the reliability of the reconstructed data set,
we compared the reconstructed field with satellite-derived
microwave SST that is not affected by clouds. Here we
used the 25-km Tropical Rainfall Measuring Mission
(TRMM) Microwave Imager (TMI) version 7. We extracted
a data set from the nighttime TMI (20:00-8:00 LT) SST at
16 locations (Fig. 7a) from 1998 to 2009. The linear inter-
polation had been applied to extract the reconstructed SST
at 16 locations, where the TMI data had been extracted,
on the same date when the comparison was implemented.
Figure 7b—d show the number of data used for comparison

AVHRR and reconstructed SSTs in the cloud-free case (blue), data
used for validating the reconstructed SST in the cloud-covered case
(green), and data used for validating the reconstructed SST in the
cloud-free and cloud-covered case (red)

at each location. The results of the comparison are pre-
sented in Fig. 8.

The comparison between the original AVHRR and TMI
SSTs shows that the AVHRR SST is a bit colder than the
TMI SST (Fig. 8a, d, g), about —0.04 to —0.2 °C, except
for the locations near the coast, 5.125°N, 104.125°E
and 12.125°N, 110.125°E, with a bias of —0.5 °C, which
might be attributed to the land contamination of the TMI
SST (Qiu et al. 2009); therefore we will exclude these
two locations from our later discussion. The RMS errors
between the AVHRR and TMI SSTs are about 0.64—1.0 °C
(Fig. 8b, e, h), and the correlation coefficients including the
seasonal cycle are greater than 0.8 (Fig. 8c, f, i). The results
indicate that we can use the TMI SST as a data source to
validate the reconstructed SST.

In Fig. 8, the results of comparison between the recon-
structed and TMI SSTs in the cloud-free case also show
that the RMS errors are slightly reduced. In the cloud-
covered case, the biases range from —0.05 to —0.26 °C;
the RMS errors are about 0.7-1.1 °C; and the correlation
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Fig. 8 Comparisons between the reconstructed and TMI SSTs:
a—c biases, RMS errors, and correlations of the data respectively, at
20.125°N, d—f at 12.125°N, and g-i at 5.125°N. There are four cases
of comparison: the original AVHRR and TMI SSTs in the cloud-free

coefficients including the seasonal cycle are high, 0.77-
0.97. In the cloud-free and cloud-covered case, the compar-
ison between the DINEOF and TMI SSTs has the similar
results.

In summary, the results of validation with the in situ and
TMI SSTs give us confidence in the reliability of the recon-
structed data set.

4.2 An example of the daily reconstructed images

As an example of the quality as well as the application
of the reconstructed SST, we will use the filled images to
monitor the spatial and temporal variability of the coastal
upwelling regions in summer. Figure 9 shows the origi-
nal and reconstructed SST images in the summer of 1993.
Although the original images have high percentage of
missing data (Fig. 9a, c, e), from the reconstructed ones
(Fig. 9b, d, f) we can clearly see the low SST regions,
which have been reported as the upwellings in previous
researches, including three regions: (1) in the southern Tai-
wan Strait (TW) (Tang et al. 2002, 2004; Hong et al. 2009);
(2) around Hainan Island (HN) (Li et al. 2008; Su and
Pohlmann 2009; Li et al. 2012); and (3) along the south-
eastern Vietnam (VN) (Wyrtki 1961; Kuo et al. 2000, 2004;
Xie et al. 2003, 2007; Dippner et al. 2007).

For an upwelling region, we can directly measure the
area and SST from the AVHRR images (Kuo et al. 2000).
Therefore, in order to estimate the size of upwelling, from
the daily reconstructed SST climatology we extracted
pixels that are defined by an SST difference greater than
1 °C between the upwelling and non-upwelling areas, and
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case (red circle); the reconstructed and TMI SSTs in the cloud-free
case (blue square); the reconstructed and TMI SSTs in the cloud-cov-
ered case (yellow plus sign); and the reconstructed and TMI SSTs in
the cloud-free and cloud-covered case (cyan point)

then multiplied the total number of pixels by 4 x 4 km?.
The total size of the TW upwelling varies from about
1.5 x 10* km? to 2.5 x 10* km?. The upwelling area often
shrinks and a sharp front is formed between the upwelling
and non-upwelling areas in July and August. The TW
SST is lower than 24 °C in late May and June, and about
25-26.5 °C from July to September, similar to Tang et al.
(2002)’s observations. The TW upwelling clearly splits
into two small regions from early July to August: (1)
along the coast of China, with an area of about 1.0 x 104
-1.5 x 10* km?; (2) off the western coast of Taiwan Island,
with an area of about 3000-4000 km?”. Two small upwell-
ings merge in September.

There have been a few previous studies about the spatial
and temporal variability of upwellings around the Hainan
Island. The areas of the HN upwellings are quite small and
narrow. Therefore, it is difficult to monitor their signals,
even if the high-resolution 1/8° daily SST images from
the Modular Ocean Data Analysis System (MODAS) are
used (Su and Pohlmann 2009). However, we can see two
regions with low SST around the coast of Hainan Island
(Fig. 9b): (1) the upwelling induced by tidal mixing front is
off the western coast (Lii et al. 2008), with an area of about
2000 km? and a cold centre of about 27-28 °C; (2) The
coastal upwelling off the eastern coast is induced by the
effect of wind, topography, and large-scale circulation (Su
and Pohlmann 2009; Li et al. 2012), with an area of about
1.0 x 10* km? and a cold centre of about 26.5-27 °C. The
SSTs of the upwellings are quite similar to those in previ-
ous studies using cruise observations and numerical mod-
eling (e.g., Lii et al. 2008; Su and Pohlmann 2009; Li et al.
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(b) 12-Jun-1993
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Fig. 9 Examples of the reconstructed SST in the summer of 1993. a,
¢, e are the original images with high percentage of missing data. b,
d, f are the reconstructed images by DINEOF. The arrows and letters
in b show three upwelling regions: (1) in the southern Taiwan Strait
(TW); (2) around the Hainan Island (HN); and (3) along the south-
eastern Vietnam (VN). The arrow in d indicates a cold filament in the
northeastern Hainan Island. The arrow in f shows a broad and strong
cold filament spreading from the VN upwelling

2012). The HN upwellings often appear in June, strengthen
from mid-July to mid-August, and weaken in late August.
The strength of the upwelling in the eastern coast is
stronger than that in the western coast. Also, note that there
is a cold filament often spreading northeastward from the
north of the island (20°N, 111°E) (Fig. 9d).

The VN upwelling, from 11°N to 17°N, has been well
documented in previous studies (e.g., Wyrtki 1961; Kuo
et al. 2000, 2004; Xie et al. 2003, 2007; Dippner et al.
2007). It is generated in late May or early June, and
strengthens in August, with a lowest temperature of about
27 °C. This upwelling region is rather special due to its
deformation. In July and August, the VN upwelling spreads
northeastward offshore as a strong and broad cold fila-
ment at about 12°N (Kuo et al. 2000; Xie et al. 2003, 2007;
Dippner et al. 2007). We can clearly see this striking fea-
ture in the reconstructed image (Fig. 9f).

(a) 17-Jun-1998

(b) 17-Jun-1998
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Fig. 10 As in Fig. 9, except for the summer of 1998. The recon-
structed images show the upwelling regions under the influence of El
Nifio. The arrow in f indicates the weakening of cold filament spread-
ing from the VN upwelling

Figures 10 and 11 are the original and filled SST
images in the summers of 1998 and 2000. The recon-
structed images show the variability of SST in the
upwelling regions under the influence of the ENSO events.
In the summer of 1998, post-El Nifio event, the SCS SST
increased. Xie et al. (2003) used the monthly data of the
TMI SST, sea surface height (SSH), SeaWiFS chloro-
phyll, and surface wind to investigate the stretch of the VN
upwelling, but they did not see its presence from 10°N to
14°N. Using the reconstructed images, we observe that this
phenomenon did not totally disappear (Fig. 10f). It still
occurred over short periods of time in July and August;
however, the strength of the cold filament was very weak.
It coincides with findings of Kuo et al. (2004). In that
work, they used the 3-day composite 1.1 km AVHRR SST,
surface wind, TOPEX/POSEIDON and ERS-2 altimeter
SSHs to investigate the response of the VN upwelling to
the 1997-1998 ENSO; the result showed that the stretch
of the VN upwelling in the summer of 1998 was weak
due to the fact that it was confined in two anticyclonic
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Fig. 11 As in Fig. 9, except for the summer of 2000. The recon-
structed images show the upwelling regions under the influence of La
Nifia. The cold filament of the VN upwelling is stronger in d

circulations. Figure 11 shows the effect of La Nifia on SST
of the upwelling regions in the summer of 2000. The cold
filament of the VN upwelling was very strong (Fig. 11d).
SST of the western HN upwelling was also warmer in the
summer of 1998 and colder in the summer of 2000. In
contrast, SSTs of the TW upwelling and the eastern HN
upwelling in the summer of 1998 were colder than those in
the summer of 2000.

5 EOF analysis

As mentioned in the introduction section, the SST variabil-
ity in the SCS is affected by the monsoon. We thus ana-
lysed the EOFs of SST associated with those of surface
wind (SW) to explain more clearly the temporal and spatial
variability of SST. The SW EOFs were computed from the
daily 10-m ERA-Interim wind data of ECMWF (Dee et al.
2011) with a resolution of 1.5° x 1.5°. Here we analyse the
first three EOFs of the reconstructed SST and the recon-
structed SST anomalies.
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5.1 EOFs of the reconstructed SST
5.1.1 EOFI

The first SW mode (Fig. 12b, d), accounting for 53.42 %
of the total variance, shows the seasonal variability. It indi-
cates that the SW blows northeasterly in winter and south-
westerly in summer over the SCS, except for the Gulf of
Thailand where the SW blows easterly in winter and west-
erly in summer. The SW is strong along the northeast—
southwest diagonal of the basin, the southeastern Vietnam
coast, and in the northern SCS. It has the maximum value
near the southeastern coast of Vietnam, at 10—12°N. The
SW is weaker along the coast of the Borneo and Palawa
Islands and the Karimata Strait. This situation is due to the
effect of the orographic features. The first temporal mode
(Fig. 12d) indicates that the peaks (northeast monsoon)
and troughs (southwest monsoon) often occur in Novem-
ber-February and June-August, respectively. The first tem-
poral mode of SW also shows a significant interannual
variability.

Corresponding to the first SW mode, the first SST mode
(Fig. 12a, c), contributing up to 69 % of the total variance,
clearly shows the seasonal variability. The first SST spatial
mode exhibits negative values in the whole basin (Fig. 12a),
except in the Gulf of Thailand. The spatial variability of
SST is high in the northwestern part of the basin and the
southeastern Vietnam coast, and low along the western
coast of the Borneo and Palawa Islands, the Karimata
Strait, and in the Gulf of Thailand. The first temporal mode
(Fig. 12c¢) often reaches peaks in December—February and
troughs in June—August, responding to the cold northeast
monsoon and the warm southwest monsoon, respectively.
The amplitude of the peaks is about three times higher than
that of the troughs. It means that this mode strongly devel-
ops in winter. Considering the first SST spatial mode asso-
ciated with its temporal mode (Fig. 12a, c), we can see that
the first SST mode exhibits a cooling in the whole basin
in winter and a warming mainly in the northwest of the
sea in summer. The solar insolation through seasons, mon-
soon, water exchange, and topography are the major fac-
tors influencing the first SST mode. In winter, the northeast
monsoon causes an Ekman pumping in the southern half
of the basin. This Ekman pumping spins up a basin-scale
cyclonic circulation over the SCS, with a western boundary
current flowing southward on the southern coast of Vietnam
and the eastern continental slope of the Sunda Shelf (Liu
et al. 2004). In Fig. 12a, we can clearly see the signal of
the strong western boundary current flowing southward in
winter, resulting as a distinct cold tongue in the southeast-
ern coast of Vietnam and the Sunda slope at 105-110°E. In
summer, along with the increase in solar radiation and the
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Fig. 12 The first SST
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prevailing southwest monsoon, this pattern becomes warm
and mainly occurs in the northwest of the basin. The first
SST mode also shows that it has a significant interannual
variability.

Figure 13 shows the correlation between the first
temporal EOFs and the Nifio 3 SST region (5°S-5°N,
90°W-150°W). To find the correlation between the tempo-
ral EOFs and ENSO, we calculated the monthly anomalies
of each time-series, smoothed them with a 5-month run-
ning mean to filter out the intraseasonal variations (Tren-
berth 1997), and removed the linear trend over 21 years.
The maximum correlation between the first SST tempo-
ral EOF and the Nifio 3 SST is —0.56 with a 6-month lag
(Fig. 13a). During the period from 1989 to 2009, El Nifio
occurred in 1991-1992, 1994-1995, 1997-1998, 2002—
2003, 2004-2005, 2006-2007, and 2009, while La Nifa
occurred in 1989, 1995-1996, 1998-2001, 2005-2006,
and 2007-2008. However, we can see that the interannual
variability of the first SST EOF is clearly influenced by
ENSO only in 1989, 1995-1996, 1997-1998, 2002-2003,
and 2007-2008. It means that this pattern strengthens
(weakens) during or after the moderate and strong La Nifia
(El Nino) events. Meanwhile, the maximum correlation

94 95 96 97 98 99 00 01 02

03 04 05 06 07 08 09

between the first SW temporal EOF and the Nifio 3 SST is
negligible, —0.24 without a lag (Fig. 13b).

5.1.2 EOF2

The second SW mode (Fig. 14b, d), accounting for 13.5 %
of the total variance, also has an annual component. It
exhibits part of an anticyclone (cyclone). The anticyclone
often appears from winter to early summer and the cyclone
exists for the rest of the year. The anticyclone (cyclone)
fully develops in the transition of the monsoon. Looking at
the first and second SW modes (Figs. 12b, d, 14b, d), we
can see that the anticyclone (cyclone) weakens the north-
east (southwest) monsoon in the north of the basin. This
pattern may be the southwesternmost part of the western
North Pacific anticyclonic (cyclonic) circulation that plays
an important role in the Pacific-East Asia teleconnection
leading to the influence of ENSO on the East Asian mon-
soon (Klein et al. 1999; Wang et al. 2000). The maximum
correlation between the second SW temporal EOF and
the Nifio 3 SST is —0.68 with a 3-month lag (Fig. 15b).
We can see that the anticyclone often strongly develops in
the 1991-1992, 1994-1995, 1997-1998, 2002-2003, and
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Fig. 13 Correlation between
the monthly anomalies of

the first SST and SW tem-
poral EOFs and the Nifio

3 SST region (5°S-5°N,
90°W-150°W). For each time-
series, data are smoothed by a
5-month running mean and the
linear trend over 21 years is
removed. Also note that each
time-series is normalized. The
coloured areas indicate El Nifio
(pink) and La Nifia (blue): a
SST and Nifio 3 with a correla-
tion coefficient of —0.56 and a
6-month lag; b SW and Nifio

3 with a correlation coefficient
of —0.24 and without a lag. All
correlation coefficients are sig-
nificant at the 95 % confidence
level

Fig. 14 As in Fig. 12
except for the second SST
(o = 0.2926 x 10%) and SW
(o = 0.2624 x 10%) EOFs
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Fig. 15 As in Fig. 13 except for
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relation coefficient of 0.58 and 2
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2004-2005 El Nifio events, and weakens/disappears in the
1989, 1995-1996, 1998-2001, and 2007-2008 La Nifia
events (Figs. 14b, 15b).

The second SST mode (Fig. 14a, c), explaining 24.8 %
of the total variance, presents the annual variability of the
thermal advection along the northeast—southwest diagonal
of the basin from two opposite directions. The temporal
and spatial variability of the second SST mode is partially
influenced by the atmospheric anticyclone (cyclone). In
late April, the strong development of the anticyclone weak-
ens the northeast monsoon (Figs. 12b, d, 14b, d). At that
time, the loss of latent heat flux from the ocean, the amount
of cloud and rainfall over the SCS decrease; and more solar
radiation can enter into the ocean (Wang and Wang 2006).
As a result, the SCS SST increases and reaches its peak
in May (Fig. 14c). The increase in SST provides heat and
vapor for the onset of the southwest monsoon (Yan 1997).
The changes of SW lead to those of the surface circula-
tion in the basin. There is an anticyclone in the south and
a weaker cyclone in the north. These circulations advect
warm water from the south to the northeast and cold water
from the north to the southwest. In addition, under the
effect of the southwest monsoon, the mixed layer depth
deepens and the vertical entrainment pumps cold water into
the mixed layer, cooling the surface temperature (Qu 2001;
Wang and Wang 2006). During that time, the surface heat
flux also decreases over the basin due to the increase in
cloud cover and rainfall, and strong wind speed. Therefore,
SST decreases after May. Looking at the second SST tem-
poral EOF (Fig. 14c), we can see that the SCS SST often

reaches its trough in July—August and peaks again in Sep-
tember-October. The second spatial mode (Fig. 14a) shows
two regions with the highest values. The first one is located
in the southwest of the Philippines and the Palawa Island,
which may be the result of the influence of the atmospheric
anticyclone (cyclone). The second one is in the Gulf of
Thailand, and is the anticyclonic circulation often occur-
ring in this region during the southwest monsoon (Wyrtki
1961). These features could not be captured well in previ-
ous EOF analyses (e.g., Chu et al. 1997; Fang et al. 2006;
Kuo et al. 2009).

Under the influence of the anticyclone (cyclone), the
second SST mode presents an interannual variability in
response to ENSO. The maximum correlation between the
second SST temporal EOF and the Nifio 3 SST is 0.58 with
a lag of 5 months (Fig. 15a). SST in the second mode is
warmer during or after the 1991-1992, 1994-1995, 1997—
1998, and 2002-2003 El Nifio events. The opposite occurs
in the La Nifia events. SST in this pattern is colder during
or after the 1995-1996, 1998-2000, and 2007-2008 La
Nifa events.

5.1.3 EOF3

The third SW mode accounts for 8.94 % of the total vari-
ance. The spatial and temporal EOFs (Fig. 16b, d) show
that the SW mainly blows southeasterly in the northern
SCS. This pattern strengthens in April-May, and weakens
in October-December. The maximum correlation between
the third SW temporal EOF and the Nifo 3 SST is —
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Fig. 16 Asin Fig. 12
except for the third SST

(o = 0.6514 x 10% and SW
(o = 0.2135 x 10* EOFs

Fig. 17 Asin Fig. 13 except for
the third SST and SW EOFs: a
SST and Nifio 3 with a correla-
tion coefficient of —0.64 and a
2-month lag; b SW and Nifio

3 with a correlation coefficient
of —0.57 and a 3-month lag. All
correlation coefficients are sig-
nificant at the 95 % confidence
level
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Fig. 18 The first three SST AEOFs: a, b spatial and temporal AEOFIs (p =0.1240 x 10°); ¢, d spatial and temporal AEOF2s
(0 = 0.6626 x 10%); e, f spatial and temporal AEOF3s (p = 0.4899 x 10%). Temporal AEOFs are smoothed with a 30-day low-pass filter

0.57 with a 3-month lag (Fig. 17b). Looking at Figs. 16d
and 17b, we can see that this mode strengthens in the
1994-1995, 1997-1998, and 2002-2003 El Nifio years;
and it weakens in the 1998-2001 La Nifia years. However,
it appears that there is insignificant correlation between this
pattern and the third SST mode, which will be presented
below.

The third SST mode (Fig. 16a, c¢), accounting for 1.23 %
of the total variance, has not been presented in previ-
ous EOF analyses (e.g., Chu et al. 1997; Fang et al. 2006;
Kuo et al. 2009). It shows a contrast of SST between the
west and the east of the basin. In general, the SST in the
west is warm (cold) in January—May (June-December),
while the SST in the east is cold (warm) in January—May
(June-December). From the spatial and temporal EOFs,
we can see the cooling in the west in summer, related to
the upwelling in the Taiwan Strait and the offshore spread
of cold water from the southeastern Vietnam coast, which
are presented in Sect. 4.2. Looking at the temporal EOF
(Fig. 16c), we can see that the mid-summer cooling due
to the offshore spread of cold water from the southeastern

Vietnam coast weakens (strengthens) in the El Nifio (La
Nifia) years. Figure 16¢ also indicates that under the influ-
ence of the strong El Nifio event in 1998, the cooling in
mid-summer was weak, but did not totally disappear as Xie
et al. (2003). The anomalous cooling in the northwest
Borneo Island (5-7°N, 115-117°E) in January—May coin-
cides with the upwelling investigated recently by Yan et al.
(2015). The maximum correlation between the third SST
mode and the Nifio 3 index is —0.64, with a 2-month lag
(Fig. 17a).

5.2 EOFs of the reconstructed SST anomalies

As presented above, the first three modes of the recon-
structed SST are dominated by the annual cycles. We thus
analysed the EOFs of the daily reconstructed SST anoma-
lies (AEOFs) to reveal transient variations. Before calculat-
ing the AEOFs, we removed the seasonal cycle and trend
from the reconstructed SST. The first three spatial EOFs of
the daily ERA-Interim SW anomalies (figures not shown)
are quite similar to those of the daily ERA-Interim SW. It
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Fig. 19 Asin Fig. 13 except
for the first three daily temporal
SST AEOFs: a AEOF1 and
Nifio 3 with a correlation coef-
ficient of —0.6 and a 5-month
lag; b AEOF2 and Nifio 3 with
a correlation coefficient of 0.42

and a 2-month lag; ¢ AEOF3
and Nifio 3 with a correla-

tion coefficient of —0.41 and T T
a 1-month lag. All correlation ' ¥ :
coefficients are significant at the
95 % confidence level

T T T T T T T

is due to the fact that the low-resolution ERA-Interim data
do not properly resolve high-frequency, small-scale SW
features. Therefore, we analysed only the SST AEOFs in
this case.

The first AEOF (Fig. 18a, b) accounts for 47.2 % of the
total variance. It presents an anomalous cooling (warming)
in the whole basin. The high variations are located along
the northeast-southwest diagonal of the basin, in the deep
basin (15-20°N, 112-120°E) and the southeast Vietnam
coast (9-12°N, 107-110°E), where the SW is strongest
due to the orographic forcing by the mountains; therefore,
the two highly anomalous regions may be the effect of the
wind stress anomalies. This spatial pattern is quite similar
to the ones in Chu et al. (1997) and Fang et al. (2006). The
temporal AEOF1 (Fig. 18b) clearly shows the influence of
ENSO on this pattern, especially with an abnormal warming
in the whole basin in the strong 1997-1998 El Nifio event;
however, a closer look at the temporal AEOF1 indicates that
the decrease in SST still occurred in the summer of 1998.
The maximum correlation between the first temporal AEOF
and the Nifio 3 index is —0.6 with a 5-month lag (Fig. 19a).
This pattern becomes colder in the 1989, 1995-1996, 1998—
2001, and 2007-2008 La Nifia years, and warmer in the
1997-1998 and 2002-2003 EI Nifio years.

The second AEOF (Fig. 18c, d) accounts for 13.48 %
of the total variance. It shows an anomalous SST contrast
between the north and the south of the basin across 11°N
where the western boundary current leaves the southeast
Vietnam coast forming the summer southeast Vietnam

@ Springer

offshore current (Shaw and Chao 1994; Xie et al. 2003,
2007; Fang et al. 2012). From the spatial pattern, we can
see two highly cold (warm) anomalies: the first one is in
the southern SCS (3—10°N, 104-112°E) that coincides with
the position of the anticyclonic gyre investigated by Fang
et al. (2002) and Xie et al. (2003); the second one is in the
northern SCS, which shows the waters from the Pacific
intruding into the SCS through the Luzon Strait. This pat-
tern is quite similar to the second EOF in Chu et al. (1997);
however, the intrusion of the Pacific waters could not be
captured well in their result. The reason is probably due to
the low resolution of their data set. The second temporal
AEOF positively correlates with the Nifio 3 index, with a
maximum correlation coefficient of 0.42 and a 2-month lag
(Fig. 19b).

The third AEOF (Fig. 18e, f) explains 7.37 % of the total
variance. This pattern presents an anomalous SST contrast
between the shelves and the deep basin. On the shelves, the
highest anomaly is located in the Gulf of Tonkin, which is
due to the bathymetric effect (Liu et al. 2004). On the deep
basin, the highest anomaly is located along the western
Palawa and Philippine Islands, which may be influenced
by the anomalous atmospheric cyclone (anticyclone). This
mode has the high variations in the 1997-1998, 1998
2000, and 2005-2006 ENSO events. The maximum corre-
lation between the temporal AEOF3 and the Nifio 3 index
is —0.41, with a lag of 1 month.

To enhance the reliability of our work, we calculated
the SST EOFs and AEOFs of the data set extracted from
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the 17-year daily 1/8° MODAS SST (1993-2009) (Barron
and Kara 2006) (figures not shown). The results are quite
similar to our work. However, from the MODAS EOFs
and AEOFs, the SST variability related to the upwelling
phenomena in the Taiwan Strait and the northwest Borneo
Island, and the intrusion of the Pacific waters is not clear.

6 Conclusions

In this study, we used DINEOF to reconstruct 21 years of
daily nighttime 4-km AVHRR Pathfinder SST in the SCS.
The 33 optimal modes, accounting for 99.4 % of the total
variance, were retained for the SST reconstruction of the
whole SCS, except for a small region near the western
coast of Borneo Island that was excluded from this study
because the percentage of missing data in this region is
higher than 95 %, not containing enough information for
the reconstruction. With this number of optimal modes, the
reconstructed field can present from large- to small-scale
oceanic features. This was proved by applying the recon-
structed images to monitor the spatial and temporal varia-
bility of the coastal upwelling regions in summer, and ana-
lysing the EOFs. Besides the cross-validation implemented
within DINEOF with an RMS error of 0.46 °C, we also
compared the reconstructed data with the nighttime in situ
and TMI SSTs. The RMS errors are 0.76 °C for the com-
parison with in situ data, and 0.7—1.1 °C for the comparison
with TMI data. Therefore, the accuracy of the reconstructed
SST field is reliable for use in many different researches,
such as validating oceanic numerical models, or identifying
and tracking meso-scale oceanic features.

The analysis of the first three modes of the reconstructed
SST, associated with the first three SW modes computed
from the ERA-Interim product, clearly exhibits the sea-
sonal and interannual variability of the SCS SST under the
influence of monsoon and ENSO. The first mode, account-
ing for 69 % of the total variance, presents a cooling in the
whole basin during the northeast monsoon and a warming
mainly in the northwest of the sea during the southwest
monsoon. The first SST mode is affected by ENSO with a
6-month lag. The second mode, accounting for 24.8 % of
the total variance, shows the thermal advection along the
northeast—southwest diagonal of the basin from two oppo-
site directions. Under the impact of the atmospheric anticy-
clone (cyclone), which is the atmospheric bridge of ENSO
in the tropics, the second SST mode presents an interannual
variability in response to ENSO with a 5-month lag. The
third mode, contributing to 1.23 % of the total variance, has
not been analysed in previous researches. It highlights an
SST contrast between the west and the east of the basin.
From this mode, we can see that the cooling of SST in
summer, due to the offshore spread of cold water from the

southeastern Vietnam coast, was weak in 1998, but did not
totally disappear as in Xie et al.’s (2003) work. The third
SST mode lags ENSO by 2 months.

Due to the fact that the first three modes of the recon-
structed SST are dominated by the annual cycles, we ana-
lysed the AEOFs to reveal transient variations. The first
AEOF, explaining 47.2 % of the total variance, presents
two cool (warm) SST anomalies located along the north-
east-southwest diagonal of the basin, in the deep basin and
the southeastern Vietnam coast. The temporal AEOF1 also
shows that the decrease in SST still occurred in the summer
of 1998. This mode lags ENSO by 5 months. The second
AEOF, accounting for 13.48 % of the total variance, shows
a contrast of the SST anomalies between the north and the
south of the basin across 11°N, with the strong anomalies
related to the anticyclonic gyre in the south and the intru-
sion of the Pacific waters in the north. The third AEOF,
accounting for 7.37 % of the total variance, shows a con-
trast of the SST anomalies between the deep basin and the
shelves. This mode also indicates the high variation of SST
located along the Palawa and Philippine Islands. The sec-
ond and third AEOFs have significant correlations with the
Nifio 3 index, with a 1- or 2-month lag.

The analysis of the SST EOFs and AEOFs in high spa-
tial and temporal resolution clearly exhibits the variability
of some oceanic features that could not be captured well in
previous EOF analyses for the whole SCS: (1) the signal of
the influence of the atmospheric anticyclone (cyclone) on
the SCS SST is located along the Philippine and the Palawa
Islands. (2) The anticyclonic circulation is in the Gulf of
Thailand. (3) The cooling of SST related to the upwelling
appears in the northwest Borneo Island in winter.

As well documented in previous researches, the SCS
SST often lags ENSO by half a year; however, comparing
the temporal EOFs and AEOFs with the Nifio 3 index, we
see that the time lag changes with the frequencies of the
SST variability, from 1 to 6 months.
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Appendix

When using the reconstructed SST, perhaps the users would
also like to know the local error map associated with each
reconstructed image. Therefore, we will concisely present
the method and parameters that were used to compute the
error field. For more detailed descriptions, please refer
to Beckers et al. (2006).

Beckers et al. (2006) proved that a very efficient least-
square fit of EOF amplitudes to an observed subset of data
is equivalent to optimal interpolation (OI) if the filtered
covariance matrix of DINEOF is used as the ad hoc covari-
ance of OI. Hence the error estimates of OI can be used
as a proxy for the error fields of DINEOF. To calculate the
error field, a method similar to the least-square fit, instead
of an equivalent standard OI error calculation, is applied
due to its reduced calculation cost.

In standard OI, the covariance matrix between data
points is the sum of the observational error-covariance
matrix R and the target field-covariance matrix B. The
observational errors and target field are assumed to be
uncorrelated. We can use the covariance matrix based on
SVD decomposition from DINEOF, with the N-retained
significant EOFs (N = 33), in an OI approach. If we define
scaled spatial EOFs

1
L= WUNSN 3)

where L is a matrix with N columns, each of which is the
scaled spatial EOF, this leads to the field covariance

B = lxVxNT _ LT @)
n

Fig. 20 An example of error e
map of the reconstructed SST e x|
on 30 June 2009: a the original 200N [ -
AVHRR SST, b the recon- :
structed AVHRR SST, and ¢ the :
error map of the reconstructed 10°N fi - s 28
SST W

26
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DINEOF cannot for certain separate noise from signal. It
can only say via the cross-validation technique used, that
with the amount of data available, no more useful informa-
tion can be extracted and kept in the retained EOFs. There-
fore, if we consider that the N-retained EOFs contain sig-
nals and the remaining EOFs contain noise, then the noise
can be estimated as the difference between the original val-
ues x and the reconstructed ones x”

Z (u lJ (®)]

"p Xjj present

with my, being present pixels. We can use this equation to
estimate the error variance from the variance filtered by
the EOF reconstruction. Assuming the observational error
uncorrelated, the error-covariance matrix R has the diago-
nal form

R = 1’1 (6)

where I is the identity matrix.
The covariance matrix can be calculated for a given
image

C = 1 (LILy + p?Iy) ™! (7

where L, are the EOF values of points for which data are
available.

For satellite data, atmospheric corrections and associ-
ated errors are likely to contain spatial correlations. There-
fore, ,ueff2 is used instead of ,u2

fefi? = W>L?/(AxAY) 8)

where L is the correlation length of the observational error,
Ax and Ay are the zonal and meridional resolution, respec-
tively. Different values L were used until the error fields
from the analysis gave on average a value of 0.46 °C under
the clouded regions. Here we chose L = 88 km.

The error variance in each grid point as the quadratic
form is then calculated

2 =i'Ci 9)

[cl
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where i is column array of dimension N x 1 containing the
values of the N scaled EOFs at grid point i (irrespectively
of whether or not the data are missing).

A sample of error map is shown in Fig. 20.
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