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Abstract 
 
Multivariate statistical techniques, including cluster analysis (CA), principal component analysis (PCA), 
factor analysis (FA) and discriminant analysis (DA), were used to evaluate temporal and spatial variations 
and to interpret a large and complex water quality data sets collected from the Songhua River Basin. The 
data sets, which contained 14 parameters, were generated during the 7-year (1998-2004) monitoring program 
at 14 different sites along the rivers. Three significant sampling locations (less polluted sites, moderately 
polluted sites and highly polluted sites) were detected by CA method, and five latent factors (organic, inor-
ganic, petrochemical, physiochemical, and heavy metals) were identified by PCA and FA methods. The re-
sults of DA showed only five parameters (temperature, pH, dissolved oxygen, ammonia nitrogen, and nitrate 
nitrogen) and eight parameters (temperature, pH, dissolved oxygen, biochemical oxygen demand, ammonia 
nitrogen, nitrate nitrogen, volatile phenols and total arsenic) were necessarily in temporal and spatial varia-
tions analysis, respectively. Furthermore, this study revealed the major causes of water quality deterioration 
were related to inflow of effluent from domestic and industrial wastewater disposal. 
 
Keywords: Water Quality, Multivariate Statistical Analysis, the Songhua River Basin, the North-Eastern Re-

gion Of China 
 
 

1.  Introduction 
 

Rivers are among the most vulnerable water bodies to 
pollution because of their role in carrying municipal and 
industrial wastes and run-offs from agricultural lands in 
their vast drainage basins. Detailed hydrochemical re-
search is needed to evaluate the different processes and 
mechanisms involved in polluting water [1]. Furthermore, 
due to temporal and spatial variations in water qualities, 
monitoring programs that involve a large number of 
physicochemical parameters and frequent water sam-
plings at various sites are mandatory to produce reliable 
estimated topographies of surface water qualities [2]. 
The results are usually compiled into a large data matrix, 
which requires sophisticated data interpretations [3]. 

A variety of mathematical assessment models, includ-
ing water quality index models [4], structurally dynamic 

models [5], fuzzy synthetic evaluation approach [6], 
generalized logistic models [7], Bayesian models [8], etc, 
have been used to study the physicochemical interrela-
tionships and processes. However, these methods aren’t 
useful for large-scale and long-term monitoring database. 
Because of the limitations of these methods, the multi-
variate statistical analysis methods have the advantage of 
explaining complex water quality monitoring data to get 
a better understanding of the ecological status of the 
studied systems [9]. The multivariate statistical analysis 
has been successfully applied in a number of hydrogeo-
chemical studies [10-13]. All the studies show that mul-
tivariate statistical analysis can help to interpret the com-
plex data sets and assess the water quality, and it is use-
ful in verifying temporal and spatial variations caused by 
natural and anthropogenic factors linked to seasonality. 

In the study, the large database analyzed, was obtained 
during a 7-year (1998-2004) monitoring program (5,320 *Corresponding author. 
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observations) of the Songhua River Basin. It was sub-
jected to different multivariate statistical techniques 
(cluster analysis (CA), principal components analysis 
(PCA), factor analysis (FA) and discriminant analysis 
(DA)) with a view to extract information about the simi-
larities or dissimilarities among the sampling sites. La-
tent factors in river water quality were identified and the 
water quality variables responsible for temporal and spa-
tial variations explained the structure of the data sets. 
Further, the hidden factors revealed the influence of pos-
sible sources on the water quality parameters and pollu-
tion levels of sampling stations in the Songhua River 
Basin. 
 
2.  Materials and Methods 
 
2.1.  Study Area 
 
The Songhua River Basin is one of the biggest river ba-
sins in China, which consists of Nen River, Second 
Songhua River, and Songhua River. The basin area is 
556,800 km2 and the main stream spans 2,308 km long, 
in the north-eastern region of the China (Figure 1). The 
rivers are the major freshwater source for industries, 
farms, and millions of residents along their expansions 
[14,15]. The area of the Songhua River Basin is China’s 
largest aggregate of oil shale, borax and steatite, ac-
counting for more than half of the nation’s total reserve. 
The region’s total population amounts are 62 million, 
50% of which live in urban areas. At the end of 2004, the 

rate of urban sewage treatment was less than 40% in cit-
ies, such as Harbin, Changchun, Daqing and Mudanjiang. 
At 2006, the average sewage treatment of the whole ba-
sin is only about 15% [15]. 
 
2.2.  Monitoring Sites 
 
To accurately represent the water quality of the river sy- 
stems, a sampling strategy was designed to cover a wide 
range of determinants at the key sites. In the present 
study, total 14 sampling stations (Figure 1). The location 
information of the 14 monitoring sites is showed in Table 1. 
 
2.3.  Data Preparation 
 
The data sets of the 14 water quality monitoring stations, 
which comprised 14 water quality parameters monitored 
quarterly over 7 years (1998-2004), were obtained from 
the Ministry of Environmental Protection (MEP) of 
China. Although there were more than 20 water quality 
parameters available, only 14 parameters were selected 
because of their continuity in measurement at all selected 
water quality monitoring stations. The selected water 
quality parameters included temperature, pH, suspended 
solids, dissolved oxygen, chemical oxygen demand 
(manganese), biochemical oxygen demand after 5 days, 
ammonia nitrogen, nitrate nitrogen, volatile phenol, pe-
troleum oil, total cyanide, total arsenic, total mercury and 
chromium VI. The water quality parameters with units 
and basic statistics are summarized in Table 2. 

 

 

Figure 1. Map of study area and surface water quality monitoring stations. 
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Table 1. Basic situation of the 14 monitoring stations. 

Code Station River City 

1 Ashihekounei R. Ashi Harbin 

2 Baiqi R. second Songhua Jilin 

3 Chaihetiluqiao R. Mudan Mudanjiang 

4 Dadingzishan R. Songhua Harbin 

5 Fengman R. second Songhua Jilin 

6 Hulanhekounei R. Hulan Harbin 

7 Hulanhekouxia R. Songhua Harbin 

8 Jiamusishang R. Songhua Jiamusi 

9 Jiangnantun R. Songhua Jiamusi 

10 Liuyuan R. Nen Qiqihaer 

11 Nenjianghekounei R. Nen Zhaoyuan 

12 Tongjiang R. Songhua Tongjiang 

13 Yangjiaweizi R. Yitong Changchun 

14 Zhushuntun R. Songhua Harbin 

 
Table 2. Water quality parameters and summary basic statistics of the Songhua River Basina,b. 

Parameters Abbreviation Minimum Maximum Mean Stand. dev. 

Temperature WT -1.000 26.000 11.770 8.901 

pH pH 4.950 9.300 7.493 0.461 

Suspended solids SS 0.000 1031.700 69.435 106.008 

Dissolved oxygen DO 0.000 14.000 6.948 3.069 

Chemical oxygen de-
mand (Mn) 

CODMn 0.000 189.000 9.140 11.235 

Biochemical oxygen 
demand after 5 days 

BOD5 0.000 302.000 9.590 21.611 

Ammonia nitrogen NH4-N 0.000 22.339 1.111 3.335 

Nitrate nitrogen NO3-N 0.000 2.963 0.563 0.474 

Volatile Phenols VP 0.000 5.695 0.032 0.317 

Petroleum oil Oil 0.000 6.890 0.249 0.839 

Total cyanide CN 0.000 1.07E-01 3.14E-03 8.73E-03 

Total arsenic As 0.000 5.00E-02 3.35E-03 5.73E-03 

Total mercury Hg 0.000 1.23E-03 5.03E-05 1.24E-04 

Chromium VI Cr(VI) 0.000 0.046 0.002 0.003 

azero means no detected. bconcentration units in mgL-1; temperature units in Celsius.  
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The K-S statistics were used to test the goodness-of-fit 

of the data to log-normal distribution. According to the 
K-S test, all the variables are log-normally distributed 
with 95% or higher confidence. Similarly, to examine the 
suitability of the data for principal component analy-
sis/factor analysis, KMO and Bartlett’s test were per-
formed, which also indicates that there are significant 
relationships among variables. 
 
2.4.  Multivariate Statistical Methods 
 
The multivariate analyses of the river water quality data 
sets were performed through CA, PCA, FA and DA. CA, 
PCA and FA were applied to experimental data, stan-
dardized through z-scale transformation to avoid mis-
classification due to wide differences in data dimension-
ality [16-18], whereas DA was applied to raw data [19, 
20].  

Then, with Equation (1) and Equation (2) the authors 
calculated the component scores (CS) and composite 
factor score (CFS) of each sampling station. The values 
of CFS reflected the pollution levels of sampling stations 
whereas the CS of each site revealed the sources of pol-
lutants. 
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where f is the component score of sampling station, F the 
composite factor score,   the factor score (get from 

FA),   the standardized measured value of a variable, 

the % variance of the principal component (get from 

PCA), i the component number, k the variable number. 



In this study, CA was performed on the normalized 
data sets by means of the Ward’s method, using squared 
Euclidean distances as a measure of similarity. The spa-
tial variability of water quality in the whole river basin 
was determined by CA, using the linkage distance 
(Dlink/Dmax), which represented the quotient between the 
linkage distances for a particular case divided by the 
maximal linkage distance. The quotient was then multi-
plied by 100 to standardize the linkage distance repre-
sented on the y-axis. 

PCA is designed to transform the original variables 
into new, uncorrelated variables (axes), called the prin-
cipal components, which are linear combinations of the 
original variables. The new axes lie along the directions 
of maximum variance. FA follows the PCA. The main 
purpose of the FA is to extract a lower dimensional lin-
ear structure from the data sets. It further reduces the 
contribution of less significant variables obtained from 

the PCA. And the new group of variables known as vari-
factors (VFs) is extracted through rotating the axis de-
fined by the PCA. 

The DA was applied to raw data by using the Bayesian 
model to construct the discriminant functions to evaluate 
both the temporal and spatial variations in river water 
quality. 

All mathematical and statistical computations were 
carried out using Microsoft Office Excel 2003 and SPSS 
11.5. 
 
3.  Results and Discussion 
 
3.1.  Site Similarity 
 
The result of CA is shown in Figure 2. All the 14 sam-
pling sites on the rivers were grouped into three statisti-
cally significant clusters at (Dlink/Dmax)×100<60: Cluster 
1 (site 3, site 4, site 6, site 7, site 8, site 9, site 11, site 14), 
cluster 2 (site 2, site 5, site 10, site 12) and cluster 3 (site 
1 and site 13). These clusters of sampling stations indi-
cated that each cluster had a water quality of its own 
which was different from the other clusters. The CA re-
sults revealed that this approach was useful in offering 
reliable classifications of surface waters in the whole 
region and optimizing the design of a future spatial sam-
pling strategy. Thus it can be said that for quick spatial 
assessments of water quality, one site sampled in each 
cluster is sufficient to determine the water quality of the 
entire network. 
 
3.2.  Data Structure Determination and Source 

Identification 
 
The PCA and FA were performed on the normalized [16] 
data sets (14 variables). Five principal components (PC) 
were obtained with Eigenvalues >1 summing more than 
85% of the total variance in the water data sets (Table 3).  
 

 

Figure 2. Dendrogram showing clustering of sampling sites. 
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The first component (PC1), accounting for 33.3% of 
the total variance in the data sets of the river water, was 
correlated with CODMn, BOD5 and VP to represent “or-
ganic” pollution [8,10,11]. This ‘‘organic’’ factor can be 
interpreted as influences from point sources such as dis-
charges from wastewater treatment plants, domestic 
wastewater and industrial effluents. The same interpreta-
tion was also suggested by the other studies [21,22]. The 
second component (PC2) that accounted for 21.01% of 
the total variance represented the “inorganic” parameters, 
which included SS, NO3-N, AS and CN in the solution 
and demonstrated similar behaviors as in the river water 
samples [19,20]. The third component of the total vari-
ance (PC3, 15.29%) had a strong positive loading on 
NH4-N and Oil and a moderate negative loading on DO. 
It was, therefore, a group of “petrochemical” source pol-

lution indicator parameters [18]. The fourth component 
(PC4) associated to 9.89% of the total variance, was 
weighted on WT and pH and represented the “physio-
chemical” source of variability. The former study also 
supports the idea [23]. Finally, the fifth component (PC5) 
of PCA and FA that had strong positive loadings on Hg 
and Cr(VI) presented the last 7.18% of the total variation. 
The authors reckoned that PC5 could be associated with 
“heavy metals” pollution from metal activities and in-
dustrial effluents. The same conclusion was drawn by at 
least one other research [24,25].  

Therefore, as the ‘‘organic’’ factor (PC1) has the larg-
est proportion of the total variance, we have come to the 
conclusion that anthropogenic pollution mainly due to 
the domestic and industrial wastewater disposal, was the 
major source of river water contamination. 

 
Table 3. Varimax rotated factor matrix for the whole data setsa. 

PC 
Parameter 

1 2 3 4 5 

WT -0.122 0.071 0.069 0.815 0.184 

pH 0.121 0.047 -0.183 0.725 -0.166 

SS 0.091 0.693 0.02 0.202 0.094 

DO -0.372 -0.324 -0.546 0.099 -0.053 

CODMn 0.870 0.354 0.098 0.007 -0.009 

BOD 0.885 0.135 0.31 -0.014 -0.008 

NH4-N 0.135 -0.09 0.847 -0.028 -0.065 

NO3-N -0.002 0.793 -0.126 0.004 -0.24 

VP 0.924 0.003 -0.134 0.016 0.022 

Oil 0.092 0.331 0.807 -0.046 -0.026 

CN 0.125 0.753 0.21 -0.02 0.013 

As 0.016 0.806 0.138 -0.118 0.072 

Hg 0.083 -0.128 0.281 0.054 0.736 

Cr(VI) -0.004 0.052 -0.063 0.033 0.942 

% variance 33.30 21.08 15.29 9.89 7.18 

Cumulative % variance 33.30 54.38 69.66 79.56 86.74 

a Significant factor loadings are bold faced. 
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Table 4. Sampling stations score matrix. 

PC 
Site 

1 2 3 4 5 
CFS 

1 4.152 1.303 2.181 0.375 0.941 2.095 

2 -0.900 -0.902 -1.014 -1.010 -0.754 -0.799 

3 -0.446 -0.122 -0.664 0.302 -0.200 -0.260 

4 -0.582 -0.064 -0.892 0.455 -0.371 -0.325 

5 -1.118 -1.378 -1.200 -1.240 -0.649 -1.015 

6 0.342 0.385 0.012 0.467 0.067 0.248 

7 -0.535 -0.049 -0.802 0.466 -0.297 -0.286 

8 -0.583 -0.082 -0.536 0.216 -0.249 -0.290 

9 -0.504 -0.348 -0.527 0.457 -0.245 -0.294 

10 -1.119 -1.661 -1.272 0.115 -0.243 -0.923 

11 -0.736 -1.053 -0.338 0.283 1.428 -0.388 

12 -0.914 -1.175 -0.614 -0.667 0.551 -0.672 

13 3.693 5.104 6.976 -0.809 0.384 3.320 

14 -0.875 -0.069 -1.342 0.274 -0.524 -0.522 

 
3.3.  Pollution Level Analysis 
 
With Equation (1) and Equation (2) the authors calcu-
lated the component score (CS) and composite factor 
score (CFS) of each sampling station. The values of CFS 
reflected the pollution levels of sampling stations 
whereas the CS of each site revealed the sources of pol-
lutants. The results of the 14 sampling stations are pre-
sented in Table 4, which showed high pollution levels at 
site 1 and 13, especially site 13.  

Water quality of site 13 was rated as "heavily pol-
luted" due to pollutions from domestic wastewater, 
wastewater treatment plants, and from industrial efflu-
ents located in the city of Changchun. Compared to the 
upstream samples at station 14, severe pollution seen at 
site 1 indicated rapid deterioration of water quality while 
the Songhua River flowed through the city of Harbin. 
Both of the cities are big cities, and whose municipal 
sewage and industrial waste water not meeting the dis-
charge standards [15,26,27] were found to be the imme-
diate cause.  

Site 4, site 6 and site 7 were situated at the lower pe-
ripheries of the city of Harbin. The pollution levels of 

these stations were moderate. Site 11 had a high value of 
PC5 which pointed heavy metals such as Hg and Cr(VI) 
in its samples. This station placed at the Nen River estu-
ary, so the Nen River was a source of the heavy metal 
pollution of the Songhua River [28]. In the rivers net-
work, site 3, site 8 and Site 9 were located in the me-
dium-sized cities (Mudanjiang and Jiamusi). These sites 
also had medium values of CFS. According to the CFS 
values, site 2, site 5, site10 and site 12 of cluster 2 
showed low pollution levels. Let’s recall the Figure 1, 
site 2, 5 and 10 were located at upstream whereas site 12 
was at the most downstream location of the rivers. This 
observation that site 12 demonstrated a low degree of 
pollution may suggest a strong self purifying and assimi-
lating capability of the rivers. Meanwhile, the above re-
sults also showed that the big cities had great impacts on 
the water quality of the Songhua River Basin. 

Referring to the result of the CA technique (Figure 1), 
cluster 1 (sampling stations 3, 4, 6-9, 11, 14), Cluster 2 
(sampling stations 2, 5, 10, 12) and cluster 3 (sampling 
stations 1, 13) corresponded to relatively moderate pollu-
tion (MP), low pollution (LP) and high pollution (HP) 
regions, respectively. 
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Table 5. Classification functions for discriminant analysis of temporal variations. 

Coefficient 
Parameter 

1st Quarter 2nd Quarter 3rd Quarter 4th Quarter 

WT -0.613 0.078 0.351 -0.178 

pH 38.72 38.62 37.32 39.379 

DO 0.564 1.061 0.954 1.088 

NH4-N 0.681 0.891 0.849 0.89 

NO3-N -1.919 -1.142 -0.109 -1.35 

(Constant) -143.902 -152.634 -147.697 -155.293 

 
Table 6. Classification matrix for discriminant analysis of temporal variations. 

Quarter assigned by DA 
Quarter % Correct 

1st 2nd 3rd 4th 

1st 90.4 85 0 0 9 

2nd 70.1 6 68 16 7 

3rd 86.3 4 9 82 0 

4th 73.5 7 16 3 72 

Total 79.9 102 93 101 88 

 
3.4.  Temporal and Spatial Variations in River 

Water Quality 
 
A total of 5,320 observations were categorized into four 
known groups (1st Quarter: January 1-March 31, 2nd 
Quarter: April 1-June 30, 3rd Quarter: July 1-September 
30, and 4th Quarter: October 1-December 31) and ana-
lyzed statistically using DA technique. The discriminant 
functions (DFs) and classification matrices (CMs) ob-
tained from the Bayesian model of DA are listed in Ta-
bles 5 and 6, respectively. The DA gave the CMs with 
79.9% correct assignations using only five discriminant 
parameters. Thus, the temporal DA results suggested that 
WT, pH, DO, NH4-N and NO3-N were the most signifi-
cant parameters to discriminate between the four differ-
ent quarters, which means that these five parameters ac-
count for most of the expected temporal variations in the 
river water quality. 

Box and whisker plots of the selected parameters 
showing quarterly trends are given in Figure 3. The 
variation of water temperatures (Figure 3(a)) showed a 
clear-cut seasonal effect. The water pH values (Figure 
3(b)) are higher in 2nd Quarter and Quarter 4th com-
pared to 1st Quarter and 3rd Quarter. The average con-

centration of DO (Figure 3(c)) was observed to be lowest 
in 1st Quarter when parts of the river were frozen over. 
During 2nd Quarter to 4th Quarter, the inverse relationship 
between temperature and DO was a natural process be-
cause warmer water became more easily saturated with 
oxygen and it can hold less DO. A decrease in average 
NH4-N concentration (Figure 3(d)) from 1st Quarter to 3rd 
Quarter followed by an increase in 4th Quarter was ob-
served. Similar temporal variations in concentration of 
NH4-N were also reported by [29]. The average concentra-
tion of NO3-N (Figure 3(f)) was highest in 3rd Quarter. It 
should be attributed to the influences from non-point 
sources such as agricultural runoff and atmospheric deposi-
tion. This fact was also supported by other studies [21,29]. 

Spatial DA was performed with the raw data after di-
viding the whole data sets into three spatial groups (LP 
region, MP region and HP region) obtained through the 
CA technique. The station (clustered) was the grouping 
(dependent) variable, while all the measured parameters 
constituted the independent variables. The DFs and CMs 
obtained from the Bayesian model of DA are listed in 
Tables 7 and 8, respectively. The DA gave the CMs with 
78.6% correct assignations using only eight discriminant 
parameters. Thus, the result showed that only WT, pH, 
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(a)                                                    (b) 

 

 
(c)                                                    (d) 

 

 
(e) 

Figure 3. Temporal variations: (a) WT, (b) pH, (c) DO, (d) NH4-N, (e) NO3-N in water quality of the Songhua River Basin. 
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Table 7. Classification functions for discriminant analysis of spatial variations. 

Site 
Parameter 

LP coefficient MP coefficient HP coefficient 

WT -0.191 -0.134 -0.057 

pH 41.194 43.78 44.74 

DO -0.584 -1.075 -1.986 

BOD 0.058 0.076 0.282 

NH4-N 0.604 0.724 1.561 

NO3-N 0.981 2.253 3.436 

VP -10.647 -11.866 -17.763 

As 4.877 9.99 333.564 

(Constant) -147.292 -163.931 -177.389 

 
Table 8. Classification matrix for discriminant analysis of spatial variations. 

Region assigned by DA 
Monitoring Region % Correct 

LP MP HP 

LP 75 168 51 5 

MP 83.8 17 88 0 

HP 83.6 9 0 46 

Total 78.6 194 139 51 

 
 
DO, BOD5, NH4-N, NO3-N, VP and As were the dis-
criminate parameters in space. And there were signifi-
cant differences between these three categories (LP, MP 
and HP), which were expressed in terms of eight differ-
entiating parameters. Hence, DA made a considerable 
data reduction. 

Box and whisker plots of discriminating parameters 
identified by spatial DA were constructed to evaluate 
different patterns associated with spatial variations in 
river water quality (Figure 4). The river water tempera-
tures (Figure 4(a)) were the highest at the MP sites as 
discharges of municipal wastewater merged. The water 
pH values (Figure 4(b)) were highest in the MP region 
and lowest in the LP region. The trends for DO (Figure 
4(c)), BOD5 (Figure 4(d)) and NH4-N (Figure 4(e)) sug-
gested a large load of dissolved organic matter at the HP 
sites where domestic wastewater from treatment plants 
and industrial effluents were injected. The MP sites had a 
high average concentration of NO3-N (Figure 4(f)), 
which should be attributed to the use of nitrogenous fer-
tilizers in orchard and agricultural areas [15]. Similar 
trends of spatial variations observed for VP (Figure 4(g)) 
and As (Figure 4(h)) suggested vast difference in pollu-
tion load and sources in regions of the river. 

4.  Conclusions 
 
In this study, different multivariate statistical techniques 
were used to evaluate variations in surface water quality 
of the Songhua River Basin. CA grouped the 14 sam-
pling stations into three clusters of similar water quality 
characteristics. PCA and FA helped to identify that the 
parameters responsible for water quality variations were 
mainly related to trace organic, inorganic, petrochemical, 
physiochemical and heavy metals, and the principal 
components revealed the Songhua River Basin water 
quality was mainly controlled by domestic wastewater 
and industrial discharges. DA rendered an important data 
reduction, as it used only five parameters (WT, pH, DO, 
NH4-N and NO3-N) affording more than 79% correct 
assignations in temporal analysis, while eight parameters 
(WT, pH, DO, BOD5, NH4-N, NO3-N, VP and As) af-
fording more than 78% right assignations in spatial 
analysis. Therefore, DA showed a reduction in the di-
mensionality of the large data sets, by delineating a few 
indicator parameters of the water quality. Consequently, 
this study illustrated the usefulness of multivariate statis-
tical techniques for interpretation of complex data sets, 
identification of pollution sources, understanding tem- 
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(a)                                                (b) 

 

 
(c)                                                (d) 

 

 
(e)                                                (f) 
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(g)                                                (h) 

Figure 4. Spatial variations: (a) WT, (b) pH, (c) DO, (d) BOD, (e) NH4-N, (f) NO3-N, (g) VP, (h) As in water quality of the 
Songhua River Basin. 

 
poral and spatial variations in water quality, analysis of 
pollution levels and design of monitoring strategy for 
effective river water quality management. 
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