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Abstract

Chlorophyll a (Chl) concentrations derived from satellite measurements have been
used in oceanographic research, for example to interpret eco-responses to environ-
mental changes on global and regional scales. However, it is unclear how existing Chl
products compare with each other in terms of accuracy and consistency in revealing5

temporal and spatial patterns, especially in the optically complex marginal seas. In this
study, we examined three MODIS Chl data products that have been made available to
the community by the US NASA using community-accepted algorithms and default pa-
rameterization. These included the products derived from the OC3M, GSM and GIOP
algorithms. We compared their temporal variations and spatial distributions in the South10

China Sea. We found that the three products appeared to capture general features
such as unique winter peak at the Southeast Asian Time-series Study station (SEATS,
18◦ N, 116◦ E), strong upwelling induced bloom off the Vietnam and the Pearl River
plume associated bloom in summer, their absolute magnitude, however, may be ques-
tionable. Further error statistics using field measured Chl as the truth demonstrated15

that the three MODIS Chl products may contain high degree of uncertainties in the
study region. Root mean square error (RMSE) of the products from OC3M and GSM
(on a log scale) was about 0.4 and average percentage error (ε) was ∼150 % (Chl be-
tween 0.03–7.67 mgm−3, n = 63). In contrast, the GIOP with default parameterization
led to higher errors (ε = 349 %). This study thus advocates more careful interpretation20

of Chl spatio-temporal variations when using standard Chl products, and also points to
the need of local tuning of algorithm parameterization for the study region.

1 Introduction

Chlorophyll a is the primary phytoplankton pigment for photosynthesis, whose concen-
tration (hereafter abbreviated as Chl, mgm−3) has been commonly used as a phy-25

toplankton biomass index by oceanographers. Over the past three decades, an
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unprecedented view of the spatio-temporal pattern of Chl in the global ocean has
been enabled by ocean color satellites such as CZCS, SeaWiFS and MODIS (McClain,
2009). Based on these observations, a better understanding of the ecosystem health
and carbon cycling associated with environmental changes at both global and regional
scales has been achieved (e.g., Behrenfeld and Boss, 2006). Although the retrieval of5

Chl from satellite measurements is often problematic in optically complex coastal wa-
ters (e.g., Carder et al., 1989), and the use of optical indices for phytoplankton pigmen-
tation has become increasingly accepted (e.g., Cullen, 1982; Marra et al., 2007; Lee
et al., 2011; Hirawake et al., 2011; Shang et al., 2011), Chl remains a basic, routinely
sampled, and widely accepted oceanographic parameter for oceanographers. Cur-10

rently, there are three standard (operational) MODIS Chl data products provided by the
US NASA Ocean Biology Processing Group (OBPG, http://oceancolor.gsfc.nasa.gov),
which are derived from the same MODIS remote sensing reflectance (Rrs, sr−1) after
atmosphere correction of MODIS measurements over the ocean. The algorithms used
to derive these products are the OC3M blue/green band ratio algorithm (O’Reilly et al.,15

2000), a semi-analytical inversion algorithm (GSM, Maritorena et al., 2002), and a gen-
eralized IOP algorithm (GIOP, Franz and Werdell, 2010). It has been well recognized
that each algorithm has its own strengths and weaknesses (e.g., O’Reilly et al., 1998;
Werdell, 2009). However, while an increasing number of users from the oceanographic
community are using the various Chl products to interpret biogeochemical processes or20

temporal changes, the consistency between these Chl products is generally unknown,
especially for marginal seas. Can certain spatio-temporal patterns be revealed by one
Chl product but masked by another?

In this study, using an extensive dataset collected from a marginal sea we attempted
to address this question. We chose the South China Sea (SCS) as the study region,25

not only because of the extensive effort in the past decade to collect field data but also
because of its regional and global importance (Hong et al., 2011; Palacz et al., 2011;
Xiu and Chai, 2011; Lin et al., 2010). Indeed, the SCS is the second largest marginal
sea in the world.
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The study focus is on three standard MODIS Chl products, i.e. Chl products de-
rived from OC3M, GSM, and GIOP (hereafter abbreviated as C OC3M, C GSM, and
C GIOP). Our goal is to demonstrate the consistency or discrepancy among the bio-
geochemical features in the SCS derived from these three easily accessible Chl prod-
ucts, and to diagnose potential reasons of product inconsistency or high uncertainty.5

Specifically, the analysis was through (1) comparison of Chl spatio-temporal variations
at SEATS (a time series station in the SCS), three typical upwelling zones, and the
Pearl River estuary; (2) evaluation of MODIS-derived Rrs and MODIS Chl products
using field measured Rrs and Chl as the truth.

2 Data and methods10

MODIS monthly mean and monthly climatology data products of Chl (C OC3M,
C GSM, and C GIOP) and sea surface temperature (SST) during 2002–2012 were
obtained from the US NASA OBPG (http://oceancolor.gsfc.nasa.gov/) using the most
recent updates in calibration and algorithms (reprocessing R2012.0). These data prod-
ucts were derived from the daily data after global binning to a spatial resolution of15

approximately 4×4 km2 at the equator. Data were extracted from the SCS (105–121◦ E
and 10–25◦ N) for further analysis of spatial and temporal patterns.

MODIS data products were also validated against concurrent in situ measurements.
In this analysis, both MODIS Rrs and in situ Rrs were used to test the algorithm per-
formance. Daily MODIS data at original resolution (approximately 1 km at the equator)20

were obtained from the same NASA group, and in situ Rrs and Chl data were collected
from targeted and opportunistic cruise surveys between 2003 and 2011 (Fig. 1), where
the measurement details can be found in (Shang et al., 2011). Briefly, Rrs data were
collected with an above-water GER 1500 spectroradiometer (Spectra Vista Corpora-
tion, USA). Water samples were collected from a CTD rosette, from which Chl was25

measured flurometrically (Lalli and Parsons, 1993).
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For comparison between MODIS and in situ measurements, the temporal difference
was allowed to be <±48 h to allow for sufficient number of matchups for statistical anal-
ysis. MODIS data associated with the following quality control flags were discarded:
atmospheric correction warning, sun glint, high radiance, large viewing angle, large
sun angle, clouds, stray light, low water-leaving radiance, Chl algorithm failure, ques-5

tionable navigation, and dark pixel. In total, we compiled 63 pairs of MODIS Rrs and in
situ Chl data, 49 pairs of MODIS Rrs and in situ Rrs data, and 192 pairs of in situ Rrs
and in situ Chl data. These data covered a wide range of environmental settings, with
Chl ranging from 0.03 mgm−3 in the oligotrophic South China Sea to 51.15 mgm−3 in
estuarine waters.10

The three algorithms were implemented in IDL to estimate Chl from the spectral Rrs.
The OC3M parameterization was obtained from the NASA OBPG. The GSM algorithm
was downloaded from the International Ocean Color Coordination Group (IOCCG, http:
//www.ioccg.org/groups/software.html), with necessary modifications to adjust for the
wavelength shift from SeaWiFS to MODIS (S. Maritorena, personal communication,15

2012). The GIOP algorithm with its default parameterization was taken from Brewin
et al. (2012).

To assess the similarity or difference between measured and algorithm-derived
parameters, four statistical indicators were calculated, following community-accepted
standards (IOCCG, 2006; Moore et al., 2009). These indicators included the coeffi-20

cient of determination (R2), mean absolute percentage error (ε), bias (δ), and root
mean square error (RMSE) in log scale, defined as follows:

ε =
1
n

n∑
i=1

|yi −xi |
xi

×100% (1)

δ =
1
n

n∑
i=1

[log10(yi )− log10(xi )] (2)
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RMSE =

√√√√1
n

n∑
i=1

[log10(yi )− log10(xi )]2 (3)

where x represents the measured parameter and y represents the algorithm-derived
parameter.

3 Results5

Figure 2 shows MODIS Chl distributions in three months during spring, summer, and
winter. The images of fall are not shown because they are similar to those of spring. In
general, all three Chl products showed consistent seasonality and spatial distributions:
(1) Chl is lower in spring, higher in summer and winter; (2) Chl is lower in the off-
shore SCS (<0.1–∼0.1 mgm−3) than in nearshore waters (∼1–>1 mgm−3); (3) there10

is a distinct band of elevated Chl off southwest Vietnam in summer, and a large patch
of elevated Chl in and to the west of the Luzon Strait in winter. However, some appar-
ent differences between the three products were also found, as shown in Figs. 2 and
3. The seasonality in C-GIOP was not as apparent as in C OC3M or C GSM. While
C OC3M and C GSM showed maxima in winter, C-GIOP showed rather flat temporal15

changes between summer and winter. Field observations showed high Chl during win-
ter (e.g. Chen, 2005; Ning et al., 2004), confirming the observed patterns in C OC3M
and C GSM.

While Figs. 2 and 3 showed general patterns of the three Chl products, their consis-
tency and discrepancy are detailed at several targeted locations, as shown below.20

3.1 SEATS

The Southeast Asian Time-series Study station (SEATS, 18◦ N, 116◦ E), located in the
deep (>3000 m) oligotrophic basin, was used to represent the SCS offshore waters.
All products showed similar seasonality of Chl, i.e., elevated Chl in winter (Fig. 4a).
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This is consistent with in situ observations (Tseng et al., 2005). Very minor differences
emerged in the detailed month-to-month and inter-annual variations (Fig. 4b). This
is also illustrated by the strong correlation between C GSM, C GIOP and C OC3M
(R > 0.8). When compared with the limited in situ data (red dots in Fig. 4b), C OC3M
appeared to have the best performance (Fig. 4b). However, the difference mainly came5

from one data point in winter 2010 when both C GSM and C GIOP showed large de-
parture from the in situ measurements. In general, all three Chl products showed con-
sistent temporal patterns from this offshore SCS station.

3.2 Summer upwelling zones

The SCS is featured by upwelling in both summer and winter (e.g. Hong et al., 2009).10

The consistency of the three Chl products was examined in three well known summer
upwelling zones, which are the upwelling zones off southwest Vietnam (VU), Qiong-
dong (QDU), and Yuedong (YDU) (See Fig. 1 for the locations).

The three Chl products showed the same upwelling features for the VU (Figs. 5
and 6). Propagation of the elevated Chl from June to August corresponded well to the15

propagation of the cool, upwelled water. This upwelling induced bloom was found to be
specifically strong in August 2007, based on satellite Chl data from two sources (Liu
et al., 2012). Our Fig. 6 told the same story.

Although the general patterns agreed with each other, the three products showed
some differences in the mean monthly Chl extracted from the VU box (see Fig. 1,20

10.5–14◦ N, 109–112◦ E) (Fig. 7). C OC3M and C GSM appeared to have stronger
seasonality (i.e., larger difference between annual maximum and annual minimum)
than C GIOP. When the other two upwelling zones (QDU and YDU) were examined,
similar phenomenon was also found (Fig. 8). In these two upwelling zones, winter highs
were more distinct than summer highs based on C OC3M and C GSM, contradictory25

from the seasonal patterns observed from limited in situ measurements (e.g., Zhang
et al., 1997).

7555

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7549/2013/bgd-10-7549-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7549/2013/bgd-10-7549-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 7549–7578, 2013

On the consistency
in variations of

chlorophyll a concen-
tration

S. L. Shang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In short, all three Chl products revealed consistent Chl patterns associated with up-
welling, but some discrepancies were found in their seasonality and inter-annual varia-
tions, especially between C GIOP and the other two products. It is possible that Chl is
overestimated in winter for C OC3M and C GSM, due to non-phytoplankton color mat-
ters commonly rich in this coastal water. This does not happen to the C GIOP possibly5

because data alongshore are filtered during the process of producing the product.

3.3 Pearl River plume

There are two big rivers in the SCS, the Pearl River and the Mekong River. They con-
tribute large amount of fresh water as well as nutrients and other matters to the nearby
ocean, thus having significant impact on the biogeochemistry of the SCS. Here we10

chose the Pearl River plume as an example to examine the time-series derived from
the three Chl data products.

Figure 9 (top) shows the monthly climatology of C OC3M, C GSM and C GIOP in
the vicinity of the Pearl River estuary (21–24◦ N, 112–118◦ E) in four months of differ-
ent seasons. All three products consistently showed a distinct river plume extending15

eastward in summer.
To further compare the Chl products in nearshore waters, monthly climatology and

monthly anomalies in January and July were extracted from waters shallower than
50 m. C GIOP showed much lower monthly climatology than the other two products
in both January and July because of the missing data of C GIOP in some of the20

nearshore waters. For example, in January, C GIOP was 0.26 mgm−3 while C OC3M
was 2.20 mgm−3. Furthermore, C GSM was almost the same in January and July (3.42
versus 3.36 mgm−3), a result contradictory to the known seasonal patterns.

The differences between the Chl products are further illustrated in the anomaly pat-
terns (Fig. 9, bottom). In January, C OC3M showed a strong positive anomaly in 2007,25

and C GSM and C GIOP appeared to have anomalies in the opposite directions. In
July, the anomaly patterns of the three products were relatively similar to each other.
A strong negative anomaly was found in 2004 in all three products, while the years of
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positive anomalies showed some discrepancy. Assuming that +25 % higher than clima-
tology indicated a positive anomaly, a unique positive anomaly was found in 2009 for
C OC3M and C GSM, while a >25 % anomaly was found in 2008 for C GIOP. Based
on these observations, it could be inferred that summer blooms associated with river
plumes and upwelling (e.g., Gan et al., 2010; Dai et al., 2008) were relatively weak5

in 2004. The bloom would however be inferred to be strong in 2009 if it was based
on C OC3M and C GSM, or in 2008 if it was based on C GIOP. Thus, without field-
based validations (e.g., measured Chl, as river discharges, nutrient fluxes, wind forc-
ing, etc.), interpretation of the satellite-based Chl data products requires extra caution
for nearshore waters of the SCS.10

Distributions of Chl anomaly patterns may be used to infer various nearshore and
offshore physical processes. Figure 10 shows the spatial anomalies of the three Chl
products. C GIOP again appeared to be different from the other two. For example, the
area of positive anomaly estimated from C GIOP was ∼ 3.6×104 km2 in July, while
it ranged between 2.0×104–2.3×104 km2 for the other two products. Stronger influ-15

ence from river plumes and upwelling would thus then be inferred from C GIOP than
from the other two products. In January, C OC3M showed the largest area with positive
Chl anomaly (∼2.8×104 km2), while the other two products showed positive anoma-
lies from ∼1.4×104 to ∼1.8×104 km2. If the C OC3M anomalies were compared be-
tween January and July (2.7×104 versus 2.3×104 km2), one would infer that there20

were stronger coastal processes fostering phytoplankton growth in January than in
July, which was unlikely true because 80 % of the Pearl River discharge takes place
in the wet season (April–September) (PRWRC/PRRCC, 1991) and coastal upwelling
also occurs in summer (Gan et al., 2010). Similarly, if the spatial anomaly patterns
were used in empirical orthogonal function analysis to differentiate various physical25

processes (e.g. Yoder et al., 2002), different conclusion might result from the different
Chl data products.
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4 Discussion

The above results showed relatively consistent Chl patterns but higher difference in
upwelling zones and river plumes from the three products. In order to diagnose the
reasons of such similarity and discrepancy, in situ data were used to evaluate algorithm
performance.5

First, MODIS derived Rrs data were used as the algorithm inputs to derive Chl, and
then compared with the measured Chl. Figure 11 shows the evaluation results where
the statistics are listed in Table 1. The average percentage errors all exceeded the de-
sired level of accuracy for satellite-derived Chl (35 %, Bailey and Werdell, 2006) in this
dynamic marginal sea. Most of the MODIS derived Chl values were overestimated, as10

indicated by the large positive δ (>0.2). However, except for C GIOP, MODIS derived
Chl agreed with the in situ Chl reasonably well. The lower performance of C GIOP is
due in part to its poor performance in shallow waters (<50 m, red dots in Fig. 11c).

To test whether the discrepancy resulted from the algorithms or from uncertainties in
the MODIS Rrs, the accuracy of MODIS Rrs was evaluated using in situ Rrs (Fig. 12). In15

general, MODIS Rrs agreed well with ground truth data except at 412 nm and 667 nm.
This is consistent from other reported results (e.g. Bailey and Werdell, 2006; Siegel
et al., 2005; Antoine, 2008; Dong, 2010). R2 ranged between 0.64–0.90 and ε was
<31 % for bands 443, 488, 531 and 547 nm, while R2 was 0.44 for 412 nm and ε was
48.3 % for 667 nm. Because the 443, 488, and 547 nm bands were used to estimate20

Chl in the OC3M algorithm, the relatively lower uncertainties in the MODIS Rrs in these
bands suggest that C OC3M would be influenced less by the MODIS Rrs uncertainties
than the other two products, which used the 412 and 667 bands to estimate Chl.

The uncertainties introduced by the algorithms were further examined by using in
situ Rrs as the algorithm input, with the derived Chl compared with the measured Chl.25

Results are shown in Table 1 and Fig. 13. When compared with the field measured Chl,
Chl derived from in situ Rrs agreed better than Chl derived from MODIS Rrs because
of the reduction in the Rrs uncertainties and because of the removal of the mismatch
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between satellite pixel size and in situ sample size. Both OC3M and GSM performed
well (R2 ∼ 0.81–0.85) although the error indices still exceeded the mission specifica-
tions (35 %). Similar to the above satellite-based analysis, GIOP showed lower R2 and
higher error indices than the other two algorithms (e.g., ε ∼ 256 %). The results suggest
that the uncertainties in the three Chl products were mostly attributed to the inversion5

algorithms as opposed to imperfect atmospheric correction. However, it is unclear what
caused the relatively poor performance of the GIOP algorithm in this marginal sea. In-
deed, in an algorithm round-robin comparison, all 17 algorithms including GIOP were
found to perform reasonably well in estimating Chl (Brewin et al., 2013). We specu-
late that the algorithm parameterization of GIOP requires a major tuning for the study10

region.
Thus, differences in the MODIS Chl data products appeared to have resulted mainly

from the algorithm design in addressing the dependence of reflectance on the various
in-water constituents. In the offshore SCS, optical properties are predominantly driven
by phytoplankton, and the three Chl products showed almost the same spatial and15

temporal patterns although their magnitudes varied slightly. In coastal upwelling zones
and river plumes where the water is optically complex with significant amount of colored
dissolved organic matter (CDOM) and inorganic particles (Hong et al., 2005; Du et al.,
2010), larger differences were found from the three Chl products. The OC3M empirical
algorithm was not designed to differentiate Chl from other in-water constituents. The20

spectral optimization algorithms such as GSM and GIOP were designed to separate
Chl from other in-water constituents, yet their performance was influenced by their fixed
parameterization (IOCCG, 2006). Failure in finding an optimal solution may be one
reason to cause pixel speckling in the C GSM images and those masked nearshore
pixels in the C GIOP images (Fig. 9 top). These failed pixels would cause a bias in25

calculating the mean and anomalies. Clearly, when time-series data were analyzed,
image series would need to be examined in order to identify these potential artifacts
and to improve data interpretation.
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5 Conclusions

Three MODIS Chl products are currently being used by the research community to
address global and regional questions. These are derived from the OC3M, GSM, and
GIOP algorithms. Yet their accuracy and consistency between each other are often
unclear for marginal seas. Using a large field dataset collected from the SCS, we eval-5

uate the accuracy of the three MODIS Chl data products as well as their consistency
in revealing spatial and temporal patterns under various scenarios.

The in situ validation showed RMS errors >0.3 in log scale and percentage errors
>80 % for all three Chl products, while nearly identical statistical results were found for
OC3M and GSM. GIOP showed significant deviation from the ground truth, possibly10

due to the incompatibility between its default parameterization and the optical proper-
ties of the SCS.

The temporal changes and spatial distribution patterns in the three Chl data products
differ mainly in optically complex nearshore waters because the algorithms were de-
signed to address optical complexity differently. Such a difference is attributed to mainly15

the algorithm design as opposed to the uncertainties in the input Rrs. In offshore SCS
waters where optical properties are dominated by phytoplankton, Chl seasonality and
inter-annual changes derived from the three products were similar. The findings here
suggest that continuous improvements in remote sensing algorithms are still required
in order to minimize the discrepancies in the various Chl data products and to reduce20

uncertainties of these products.
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Table 1. Error statistics between derived and in situ Chl concentration.

Algorithm R2 ε(%) RMSE δ N n

MODIS Rrs derived (in situ Chl = 0.03–7.67 mgm−3, mean = 2.89, std= 1.32)
OC3M 0.53 158 0.410 0.249 63 63
GSM 0.53 145 0.402 0.208 63 63
GIOP 0.50 349 0.616 0.449 63 62

MODIS Rrs derived (<50 m) (Chl = 0.11–7.67 mgm−3, mean = 0.85, std = 1.60)
OC3M 0.46 224 0.496 0.342 36 36
GSM 0.46 210 0.491 0.312 36 36
GIOP 0.42 519 0.754 0.617 36 35

In situ Rrs derived (Chl = 0.03–51.15 mgm−3, mean = 1.25, std= 6.63)
OC3M 0.81 111 0.363 0.132 192 192
GSM 0.85 94 0.342 0.086 192 174
GIOP 0.13 256 0.548 0.163 192 160

N is the number of Rrs data input, while n is the number of valid retrievals.
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 440 

Fig. 1. Map of the study region. VU, QDU and YDU refer to upwelling zones off 441 

Vietnam, Qiongdong, and Yuedong (boundaries of the zones were defined 442 

following Jing et al. (2011)). PRE refers to the Pearl River Estuary, and SEATS 443 

refers to the Southeast Asian Time- series Study station (18ºN, 116ºE). Black 444 

empty circles show the locations where concurrent MODIS and in situ Rrs data 445 

were extracted for comparison. Green crosses show the locations where 446 

concurrent MODIS Rrs data and in situ observed Chl were used for algorithm 447 

evaluations. Red circles show the locations where field measured Rrs and Chl 448 

were used for algorithm evaluations. 449 

  450 

YDU

VU

QDU

PRE

Fig. 1. Map of the study region. VU, QDU and YDU refer to upwelling zones off Vietnam, Qiong-
dong, and Yuedong (boundaries of the zones were defined following Jing et al., 2011). PRE
refers to the Pearl River Estuary, and SEATS refers to the Southeast Asian Time-series Study
station (18◦ N, 116◦ E). Black empty circles show the locations where concurrent MODIS and in
situ Rrs data were extracted for comparison. Green crosses show the locations where concur-
rent MODIS Rrs data and in situ observed Chl were used for algorithm evaluations. Red circles
show the locations where field measured Rrs and Chl were used for algorithm evaluations.
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451 

  452 

Fig. 2. Climatological monthly mean Chl in the South China Sea in April, August 453 

and December from three algorithms: (top) C_OC3M; (middle) C_GSM; 454 

(bottom) C_GIOP. 455 
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Fig. 2. Climatological monthly mean Chl in the South China Sea in April, August and December
from three algorithms: (top) C OC3M; (middle) C GSM; (bottom) C GIOP.
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 457 

Fig. 3. Monthly climatology of MODIS Chl for the South China Sea.  458 
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Fig. 3. Monthly climatology of MODIS Chl for the South China Sea.
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 461 

Fig. 4. Monthly climatology (a) and monthly variations (b) of MODIS Chl at 462 

SEATS.  Red symbols refer to field measured Chl. 463 
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Fig. 4. Monthly climatology (a) and monthly variations (b) of MODIS Chl at SEATS. Red sym-
bols refer to field measured Chl.
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 465 

Fig. 5. Climatological monthly mean Chl and SST derived from MODIS 466 

measurements in June-August for the region of 10-15ºN, 106-114ºE.  467 
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Fig. 5. Climatological monthly mean Chl and SST derived from MODIS measurements in June–
August for the region of 10–15◦ N, 106–114◦ E.
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 469 

 470 

Fig. 6. MODIS Chl imagery showing elevated Chl in coastal waters off southwest 471 

Vietnam: August 2007 (top row) compared with the August Chl climatology 472 

(bottom row). Overlaid contours are the MODIS SST of 27ºC.  473 
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Fig. 6. MODIS Chl imagery showing elevated Chl in coastal waters off southwest Vietnam: Au-
gust 2007 (top row) compared with the August Chl climatology (bottom row). Overlaid contours
are the MODIS SST of 27 ◦C.
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 475 

Fig. 7. Monthly variations of MODIS Chl in the upwelling zone off southwest 476 

Vietnam; arrows indicate summer.  477 

Fig. 7. Monthly variations of MODIS Chl in the upwelling zone off southwest Vietnam; arrows
indicate summer.
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 478 

Fig. 8. Monthly variations of MODIS Chl in the QD (a) and YD (b) upwelling 479 

zones; arrows indicate summer.  480 

Fig. 8. Monthly variations of MODIS Chl in the QD (a) and YD (b) upwelling zones; arrows
indicate summer.
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 481 

 482 

Fig. 9. (Top) Monthly climatology of MODIS Chl in the vicinity of the Pearl 483 

River estuary in January, April, July and October. The isobath of 50 m was 484 

annotated on the January image of C_OC3M; (Bottom) MODIS Chl anomaly (in 485 

percentage) in January and July of 2002-2012 for the nearshore waters of the 486 

PRE (depth < 50m). 487 

  488 

-350

-300

-250

-200

-150

-100

-50

0

50

100

150

200

P
e

rc
e

n
ta

g
e

 a
n

o
m

a
ly

 (
%

)

OC3M

GSM

GIOP

-40

-30

-20

-10

0

10

20

30

40

50

P
e

rc
e

n
ta

g
e

 a
n

o
m

a
ly

 (
%

)

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Jan

Jul

Jan Apr Jul Oct 
OC3M 

GIOP 

GSM 

Fig. 9. (Top) Monthly climatology of MODIS Chl in the vicinity of the Pearl River estuary in
January, April, July and October. The isobath of 50 m was annotated on the January image of
C OC3M; (Bottom) MODIS Chl anomaly (in percentage) in January and July of 2002–2012 for
the nearshore waters of the PRE (depth <50 m).
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 490 

 491 

Fig. 10. MODIS Chl anomaly in the vicinity of the PRE in January, April, July 492 

and October. The isobath of 50 m was annotated on the January image of 493 

C_OC3M.  494 
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Fig. 10. MODIS Chl anomaly in the vicinity of the PRE in January, April, July and October. The
isobath of 50 m was annotated on the January image of C OC3M.
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 496 

Fig. 11. Comparison between MODIS Rrs derived Chl and field measured Chl 497 

where MODIS Chl was derived using three algorithms: (a) OC3M; (b) GSM; (c) 498 

GIOP. Red symbols refer to data collected from nearshore waters (depth < 50 m). 499 

Statistics of the algorithm performance are listed in Table 1.  500 
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Fig. 11. Comparison between MODIS Rrs derived Chl and field measured Chl where MODIS
Chl was derived using three algorithms: (a) OC3M; (b) GSM; (c) GIOP. Red symbols refer to
data collected from nearshore waters (depth <50 m). Statistics of the algorithm performance
are listed in Table 1.
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 503 

Fig. 12. Comparison between MODIS-derived Rrs and field measured Rrs. 504 
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Fig. 12. Comparison between MODIS-derived Rrs and field measured Rrs.
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 506 

 507 

Fig. 13. Comparison between field measured Chl and in situ Rrs derived Chl 508 

using three algorithms: (a) OC3M; (b) GSM; (c) GIOP. Statistics of algorithm 509 

performance are listed in Table 1.  510 
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Fig. 13. Comparison between field measured Chl and in situ Rrs derived Chl using three algo-
rithms: (a) OC3M; (b) GSM; (c) GIOP. Statistics of algorithm performance are listed in Table 1.
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