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Abstract A large data set obtained by a 1-year monthly
determination of water quality from Sanya Bay, South
China Sea, was treated by three-way principal component
analysis aimed at exploring the spatial and temporal pat-
terns of water quality in Sanya Bay. Tucker3 model of
optimum complexity (2, 2, 1) explaining 33.18% of the
data variance, allowed interpretation of the data informa-
tion in three modes. The model explained spatial and
temporal variation trends in terms of water quality vari-
ables during the study period. Water quality in sampling
station (S2) Sanya River was mainly influenced by Sanya
River, and water quality in other stations (S1, S3-S10)
were mainly influenced by the waters in South China Sea.
The results delineated the mouth of Sanya River as critical
from pollution point of view. The dry season from October
to the next April and rainy season from May to September
have different influences on water quality in Sanya Bay.
The information extracted by the three-way models would
be very useful to regional agencies in developing a strategy
to carry out scientific plans for resource use based on
marine system functions.
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Introduction

With the sudden increase of population and rapid economic
development in littoral area, coastal water has received
large amounts of pollution from a variety of sources such as
recreation, fish culture, toilet flushing, and the assimilation
and transport of pollution effluents (Bowen and Depledge
2006; Kuppusamy and Giridhar 2006). The coastal water
faces many ecological problems, such as eutrophication and
environmental pollution (Huang et al. 2003). It is therefore
essential and urgent to prevent and control marine water
pollution, and regularly implement monitoring programs
which help to understand the spatial and temporal variations
in coastal water quality. Coastal water quality is largely
determined by a number of factors, such as climatic con-
ditions, interaction between land and ocean and anthropo-
genic activities. Water quality monitoring programs have
generated huge databases describing spatial and temporal
variations of water quality. The large and complicated data
sets consisting of water quality parameters are often diffi-
cult to analyze for meaningful interpretation and require
data reduction methods to simplify the data structure, in
order to extract useful and interpretable information which
could explain the spatial and temporal variation patterns of
water quality.

Multivariate statistical methods provide powerful tools
for extracting useful and interpretable information from
large environmental multivariate data arrays. Multivariate
methods, such as principal component analysis, have been
widely employed in identifying temporal and spatial vari-
ation and sources of pollution in coastal water (Yeung 1999;
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Yung et al. 2001; Simeonov et al. 2003; Singh et al. 2004;
Kuppusamy and Giridhar 2006; Wang et al. 2006; Chau and
Muttil 2007; Wu and Wang 2007; Zhou et al. 2007a, b;
Wau et al. 2009a). In fact, the water quality monitoring data sets,
exhibiting multi-dimensional structure (space, time, vari-
ables), require multi-way analysis methods, e.g., three-way
principal component analysis to explore and extract the
hidden data structure and their relationships. Three-way
principal component analysis allows a much easier inter-
pretation of the information contained in the data set, since
it directly takes into account its three-way structure. It is
impossible for the classical principal component analysis to
do it. Three-way principal component analysis has suc-
cessfully been employed to interpret multi-array data sets in
different area, such as food chemistry (Morais et al. 2001;
Pravdova et al. 2001, 2002) and environmental studies
(Grotti et al. 1999; Leardi et al. 2000; Singh et al. 2006;
Giussani et al. 2008; Pardo et al. 2008).

In this paper, three-way principal component analysis
has been applied to identify anthropogenic effects and
natural character on water quality, to get the environmental
information contained in a wide data set of the waters in
Sanya Bay. These results could be helpful for regional
environmental protection agencies to assess the marine
water quality and enhance their pollution control actions in
Sanya Bay.

Materials and methods
Study area

Sanya Bay is in the southern part (from 109°20’ to
109°30'E, 18°11’ to 18°18'N) of Hainan Island, with a water
area of 120 km? and an average depth of 16 m. It is a typical
tropical bay in China. Dongmao Island, Ximao Island and
Luhuitou possess mostly coastal coral reefs. The Sanya
River, is in the eastern part of the bay (length 31.3 km,
drainage area 337 km? and annual flow of 2.11 x 10° m?)
(Huang et al. 2003). The wet and warm southwest monsoon
prevails in the wet season from April to September, which
brings humid air from low latitudes, resulting in gentle
monsoonal rainfall in spring and heavy rainfall in summer.
In contrast, a dry and cold northeast monsoon predominates
in dry season from October to the following March.

In order to evaluate the anthropogenic and nature effects
in this bay, there are 11 monitoring stations in Sanya Bay

(Fig. 1).
Sampling and analytical method

Water samples were taken at the surface layer of all stations
at month intervals in 2003. A Quanta® Water Quality
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Fig. 1 Monitoring stations in Sanya Bay

Monitoring System (Hydrolab Corporation, USA) was
employed to collect the data for temperature (7°C), pH,
salinity (S PSU), specific conductivity (SPC) in the surface
layer. Seawater samples for analysis of nutrients were taken
using 5-L GO FLO bottles at surface layer, according to the
methods and sampling tools of “The specialties for ocean-
ography survey” (GB12763-91, China). Water samples
from the surface layer were analyzed for nitrate concen-
tration (NO3-N/pmol Lfl), nitrite concentration (NO,-N/
pmol L™") and silicate concentration (SiOs-Si/pmol L™1)
with a SKALAR auto-analyzer (Skalar Analytical B.V.
SanPlus, Holland). Ammonium concentration (NH4-N/
pumol L™") was analyzed with methods of oxidized by
hypobromite. Phosphorus concentration (PO4-P/pmol L™
was analyzed with methods of oxidized by molybdophos-
phoric blue. Dissolved oxygen concentration (DO/mg L")
was determined with the method of Winkler titration.

Three-way modeling

Classical PCA could be applied to the data. Results could
be difficult to interpret because the information of the three
modes can be mixed. As an example, a score plot obtained
by a PCA performed on the unfolded matrix 120 (10 sta-
tions x 12 months) x 10 (parameters) concerning the data
set is reported in Fig. 2. It is evident that the interpretation
of this plot is very difficult due to the high overlapping of
samples. Information about sampling stations and sampling
time is indeed mixed in the score plot.

A three-way modeling was preferred because it directly
takes into account the three-way structure of the data,
allowing an easy interpretation of the results. The final
result is given by three sets of loadings together with a core
array describing the relationship among them.

Such a model can be formulated as follows:
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Fig. 2 Principal component analysis for the unfolded matrix 120 (10
stations x 12 months) x 10 (parameters)

where a;,, bj, and ¢}, denote elements of the component
matrices A, B and C of orders I x P, J x QandK X R,
respectively. Each of these matrices can be interpreted as a
loading matrix in the classical principal component analysis.
8pqr denotes the elements (p, g, r) of the P x Q x R core
array G, and e, denotes the error term for element x;; and is
an element of the / x J x K array E. Where I is the number
of sampling sites (objects), J is the number of variables and
K is the number of sampling times (conditions).

The collected data is arranged in three-dimensional
arrays with the dimension of 10 (stations) x 10 (parame-
ters) x 12 (months) for the matrix SS.

Before three-way principal component analysis, the
normal distribution of each variable should be tested due to
the evident outliers around pollution sources.

Shapiro—Wilk test was applied to check the distribution
pattern of the variables. Variables temperature, DO, pH and
Si03-Si concentrations had normal distributions (P < 0.05).
Other variables showed a skewed distribution, and therefore
a logarithmic transformation was applied on them.

In three-way modeling methods, scaling and centering
of the data are often crucial. Several pretreatments can be
applied owing to the possibility of scaling and/or centering
along or across the different modes. A j-scaling (Leardi
et al. 2000) was performed in order to remove the differ-
ences among the variables arising from their different
ranges and magnitudes, allowing all of them to have the
same possibilities to contribute to the model. With this
approach, differences between objects (sampling station)
and conditions (sampling time) have been retained. In order
to perform it, the three-way array X was matricized to a
two-way matrix with 10 (stations) x 12 (months) rows and
10 (parameters) columns; autoscaling was then carried out.

Results
Environment factors

The water temperature ranged between 23.17 and 30.51°C
during the study period. The mean water temperature was
26.31°C. The salinity varied narrowly from 32.59 to
34.79 PSU. The concentration of SiO3-Si fluctuated widely
from 1.71 to 17.47 pmol L™". The pH varied from 8.07 to
8.41.

The temporal and horizontal distributions of NO5-N and
NH4-N concentrations in the surface water are shown in
Fig. 3. The horizontal distribution of NO3-N surface con-
centration revealed that the NO5-N concentration
decreased from inner bay to outer bay in January, April,
August and October. The surface concentration of NO3-N
in Sanya River estuary is higher than that in the bay. The
spatial distribution of NH4-N concentration is similar to
that of the NOs-N concentration.

Linear correlation coefficient between variables shows
in Fig. 4. As expected, dissolved oxygen is negatively
correlated with temperature because the solubility of oxy-
gen in water decreases with increasing temperature. There
was significant negative correlation between salinity and
temperature. The salinity was significantly correlated to
DO, SPC, SiO5-Si, NO,-N and NOs-N. The concentration
of nutrients decreased greatly with higher salinity.

Three-way principal component analysis

Generally, the optimal complexity of the Tucker3 model is
the one that requires the smallest number of factors, but
still describes relatively high fraction of data variance. All
possible models, with different number of factors in each
mode I=1,2,.,12;J=1,2,...,13; K=1, 2,..., 4),
have been evaluated. In order to visualize how many per-
cent of explained variance is gained by adding factors, the
explained variance was plotted versus increasing value of
the product (I x J x K) (Fig. 5). A compromise between
models describing a high percentage of variation and
models with fewer components was thus sought.

The optimal components of the Tucker3 model was
considered to be two components in mode A (sampling
site), two component in mode B (the variable) and one
component in mode C (the sampling time), shortly indi-
cated as [2 2 1], and explaining 33.18% of the total vari-
ance of the data. Such a low variance with environmental
data is not unusual due to very high noise related to the
great variability of weather conditions (Leardi et al. 2000).

In the plot of the stations (Fig. 6a), all the stations show
negative values in the first component (A1), and are spread
along the second component (A2). A2 is related to nutrients
with high values. If also the map of the bay is taken into
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Fig. 3 a-h Horizontal distribution for NOj3;-N, NHy-N surface
concentrations in Sanya Bay. a Nitrate surface distribution in January.
b Nitrate surface distribution in April. ¢ Nitrate surface distribution in
August. d Nitrate surface distribution in November. e Ammonia
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surface distribution in January. f Ammonia surface distribution in
April. g Ammonia surface distribution in August. h Ammonia surface
distribution in November
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The loading plot of variables in the first two components
(B1 and B2) is shown in Fig. 6b. The loading of salinity in
modes B1 and B2 is negative. The loading of temperature
is opposite to the salinity in mode B1. The temperature and
salinity may be important indicators of climate and marine

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 6 Plots of the first mode (sampling stations), the second mode
(variables) and the third mode (sampling times). a Plot of the first
mode (sampling stations). b Plot of the second mode (variables).
¢ Plot of the third mode (sampling times)
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character. The loadings of the nutrients in the first two
components (B1 and B2) are positive. High negative
loadings on pH and DO in mode B1 can be explained with
high levels of dissolved organic matter which consumes
large amounts of oxygen, which undergoes anaerobic fer-
mentation processes leading to formation of ammonia and
organic acids. Hydrolysis of these acidic materials causes a
decrease of pH values (Vega et al. 1998; Singh et al. 2004).
Therefore, this component represents variables indicating
anthropogenic pollution. On the other hand, pollution
indicator variables (PO4-P, NH,;-N, NO;-N and DO)
exhibit positive loadings in mode B2, but temperature has
negative loading. Therefore, this component represents
variables indicating nutrient character.

The temporal information is described in terms of
loadings of each sampling month on the single component
of the sampling time mode, shown in Fig. 6c.

All the months are spread along the first component
(C1). Loadings of the months (June—October) are more
than 0.2. In fact, these months have heavy rainfall. A wet
and warm southwest monsoon prevails in the rainy season
from April to September, which brings humid air from low
latitudes, resulting in gentle monsoonal rainfall in spring
and heavy rainfall in summer. In contrast, a dry and cold
northeast monsoon predominates in dry season from
October to the following March. In this region, the
Southeast Asian monsoons, northeasterly from October to
the next April and southwesterly from May to September
have important effects on biogeochemical cycles in South
China Sea waters (Chen et al. 2006).

Discussion
Spatial pattern

In spatial pattern, the result from the loadings of the station
in the first two axis demonstrated that the two different
regions of stations were well distinguished (Fig. 6a). The
concentration of nutrients had an important contribution to
the loading of S2 in mode A2. S2 is in the mouth of Sanya
River which is only river entry into the bay. The average
concentrations of nutrients show similar spatial variations,
decreasing from the eastern to the western part of the bay
(Fig. 7).

The domestic and industrial wastewater discharge enter
into the Sanya River, and then into the bay. S2 was mainly
influenced by the domestic wastewater and runoff of
freshwater of Sanya River. Thus, the municipal waste
water and runoff of Sanya River play an important role in
determining the local water quality. Both PO4-P and SiO3-
Si concentrations decrease from east to west probably as a
result of the effects of land sources and the Sanya River

@ Springer

(Huang et al. 2003). Nutrients’ concentrations increased
shoreward and clearly demonstrated the impact from the
terrestrial input and the Sanya River (Zhou et al. 2009).
These results showed that human activities have an
important effect on water quality in the bay.

In this study, salinity was important marine factor, which
had important effect on the water quality characters. Salinity
has strong positive and negative loadings in modes Al and
A2, respectively. The annual salinity in Group A was sig-
nificantly different from that in Group B by one-way analysis
of variance (P < 0.05). Fresh water from the Sanya River
diminishes the surface salinity in Group A (S2). This result
showed that the discharge of Sanya River has an important
effect on Group A (S2). Correlation coefficients analysis
showed that nutrients were negatively correlated to salinity.
They indicate the importance of mixing between polluted
freshwaters and costal saline waters. Nutrients were intro-
duced in the bay by river and sewage discharges (Paranhos
et al. 1998). Negative correlation between nutrients and
salinity demonstrate that land sources are the main reason for
high levels of nutrients (Liu et al. 2005).

On the other hand, Sanya Bay is a permanently open
bay. The waters from South China Sea play an important
role on renewing waters of the bay. The annual salinity
distribution show that it increases from the eastern to the
western part of the bay (Fig. 7). The salinity varies from
33.0 to 34.5 PSU in South China Sea (Han 1998). The
salinity in the bay waters lies in this range. The bay waters
renewal promoted by the waters in South China Sea is an
important mechanism in diluting the concentration of
nutrients (pollution). The concentration of both PO4-P and
Si03-Si decrease from the mouth of Sanya River to off-
shore waters, probably as a result of the effects of discharge
from the Sanya River, and diluting concentration of
nutrients (pollution) from the waters in South China Sea.

NO;-N is the main form of dissolved inorganic nitrogen,
which contributes over 50% of dissolved inorganic nitro-
gen; the second one is the ammonia; NO,-N is often less
than 20% of dissolved inorganic nitrogen throughout the
whole year. Composition of dissolved inorganic nitrogen in
waters is similar to that in South China Sea. NO3-N is the
main form of dissolved inorganic nitrogen (75%), the
second one is NH4-N (20%), and the third one is NO,-N
(5%) (Han 1998). It is not in agreement with that in many
coastal waters, such as Daya Bay. NH4-N is the main form
of dissolved inorganic nitrogen in winter. The second one
is NO3-N, and the third one is NO,-N (Wu and Wang
2007). NH4-N (c. 49%) and NO3-N (c. 43%) were the
dominant total dissolved inorganic nitrogen (TIN) forms,
accounting for about 90% of the TIN during 1999-2002;
NO,-N was only about 8% (Wang et al. 2006).Thus, the
bay water is also mainly influenced by the waters in South
China Sea.
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Fig. 7 The annual concentrations of nutrients and salinity for surface
concentrations in Sanya Bay. a Spatial distribution of the annual
concentration of NHy-N. b Spatial distribution of the annual

Temporal pattern

In temporal pattern, seasonal character of the water quality
was investigated through loadings of the monthly samples
in mode C1 (Fig. 6¢). The first group includes the samples
in dry season (January, February, March, April, November
and December). The second group includes the samples in
rainy season from May to October. From the loading plot
of variables in Fig. 6b, the temperature and salinity may be
important indicators of climate and marine character. The
average temperature of sea surface was higher in rainy
season (29.15°C) than that in dry season (24.76°C), with
significant difference by one-way analysis of variance
(P < 0.05). The inverse relationship between temperature
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concentration of NO5-N. ¢ Spatial distribution of the annual concen-
tration of SiO3-Si. d Spatial distribution of the annual concentration of
PO,-P. e Spatial distribution of the annual concentration of salinity

and DO is a natural process because warm water easily
becomes saturated with oxygen, and thus, can hold less
DO.

The average salinity of sea surface was 33.89 and
34.16 PSU in rainy season and dry season, respectively.
The salinity between two groups was significantly different
(P < 0.05). In rainy season, rain is an important factor,
which diminishes the surface salinity. In addition, fresh
water from the Sanya River Estuary input diminishes the
surface salinity. The lowest salinity appeared in autumn
and the highest appeared in winter (Zhou et al. 2009).

The concentration of SiO5-Si is 9.31 and 7.32 pmol L'
in rainy and dry season, respectively. The concentration of
SiO3-Si between two groups was significantly different
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SiO4-Si umol L™

Fig. 8 Spatial distribution for SiOs-Si surface concentrations in
January, April, August and October. a Spatial distribution of the
concentration of SiOs-Si in January. b Spatial distribution of the

(P < 0.05). This result is similar to that in Daya Bay.
Silicate is from land-based resources, especially during
rainfall (Zhu 1999). It exhibits the seasonal changes, and
with the concentration in rainy season higher than in dry
season (Huang et al. 2003), which is related to the organic
matter decomposition with the temperature increase (Wu
and Wang 2007). The concentration of SiO3-Si decreased
from the eastern to the western part of the bay in August
and October (Fig. 8). A large amount of rainfall occurs
usually during the southwest monsoon period (Jeong et al.
2008). There is plenty of rainfall in Sanya Bay during the
southwest monsoon period from May to October, and there
is less during the northeast monsoon period from Novem-
ber to the next April. Higher concentration of SiO3-Si is
introduced in the bay by rivers and sewage discharges
during the southwest monsoon period. The low concen-
tration of SiO3-Si decreased from the southern to the
northern part of the bay in January and April (Fig. 8). The
waters were mixed well in winter owing to the Coriolis
effect (force) and the northeastern monsoon winds (Zhou
et al. 2009). The different monsoons may result in the
different spatial distribution of SiO5-Si concentration.
Precipitation is an important climate indicator of season
change characters. In order to verify the season change, the
average precipitation data in Haikou (110°35'E, 20°03'N)
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SiOSi pmol L'1:

concentration of SiO3-Si in April. ¢ Spatial distribution of the
concentration of SiOs-Si in August. d Spatial distribution of the
concentration of SiO5-Si in October

and Dong fang (108°62'E, 19°10'N), Hainan, from 1971 to
2000 (China Meteorological Administration 1971-2000)
are used to support and clarify the season change characters
(Fig. 9). The monthly precipitation during rainy season is
more than 100 nm, except May in Dongfang, and less than
100 nm during dry season. Rainfall and land-based water
input may cause the difference of the water quality between
dry season and rainy season. The season character is in
agreement with that in a subtropical bay, Daya Bay (Wu
and Wang 2007; Wu et al. 2009b).

Conclusion

Results of classical principal component analysis could be
difficult to interpret because the information of the three
modes can be mixed. However, three-way principal com-
ponent analysis was preferred because it directly takes into
account the three-way structure of the data, allowing an
easy interpretation of the results.

The presented results show that three-way principal
component analysis is useful for the study of these
types of data. Three-way principal component analysis
offers detailed information about the data set and allows
visualization of the data structure to obtain an easy
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interpretation of spatial and temporal phenomena taking
place in the region. As a result, it was clear that the main
difference among the stations was related to human
activities and marine characteristics. The dry season from
October to the next April and rainy season from May to
September have been distinguished. The Southeast Asian
monsoons, northeasterly from October to the next April
and southwesterly from May to September have important
effects on biogeochemical cycles in South China Sea
waters. All of this information would be very useful to
regional agencies in developing a strategy to carry out
scientific plans for resource use based on marine system
functions.
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