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Abstract
Background and Objective: The analysis of the behavior of daily PM10 occurrence is becoming important nowadays and the results
obtained may be useful for the prediction and decision making purposes. This study considered the behavior of PM10 concentration that
related with its dependency nature. Therefore, this study is attempted to determine the sequences of polluted and non-polluted days
affected by PM10  concentration based on the optimum order of a Markov chain model. Methodology:  Twelve years of monitoring records
which is from 2002-2013 and have been analyzed for this purpose. The PM10 concentration data that possess Markov chain properties
show that the successive event is dependent on the previous event and is suited for further analysis using this model. Results: The
optimum order of the Markov chain model for Shah Alam monitoring station shows that the order of two and three are optimum for
threshold values less than 120 µg mG3 and a simple order is optimum for a threshold value of 150 µg mG3. The results mean that the
occurrence of the polluted or non-polluted days affected by PM10 is dependent on the 2 or 3 days before the observed day for threshold
value less than 120 µg mG3. For a threshold value of 150 µg mG3, the occurrence depends only on a day before the observed day. Besides
that, the distribution of polluted events is well fitted based on the optimum order for each threshold value used. Conclusion: The
information of polluted (non-polluted) occurrences is important in monitoring the PM10 concentrations which can be used for predicting
related future events and helpful in providing the necessary precautionary measures to public and protect their health.
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INTRODUCTION

The PM10 particulate matter with an aerodynamic
diameter of less than 10 µm, is identified as a type of air
pollution that causes the greatest concern to public health
and also the environment. This pollutant is also the main air
pollutant exists during the haze events in Malaysia since
19801,2. Besides that, this pollutant can result in short and long
term health impacts. The presence of PM10 in ambient air may
cause severe health effects such as asthma, throat irritation,
respiratory problems and even hospital admission3. There are
five major sources of PM10 emissions: Power plants and heat,
motor vehicle exhausts, industrial sources and open burning4.
However, the most predominant sources of PM10 emissions in
Malaysia are heavy traffic and industrial emissions5.

Statistical  modelling  has  allowed  environmental
authorities to carry out daily air pollution forecasts since this
model provides a good insights in short term predictions of
future air pollution levels. The regression models and Artificial
Neural Network (ANN) are commonly used in predicting the
PM10 concentrations by previous studies6-8. Besides that,
Central  Fitting  Distributions  (CFD)  and  Extreme  Value
Distributions (EVD) can also yield good results to fit the mean
concentrations of PM109. There have been many efforts made
in monitoring this air pollutant. However, the sequence of
polluted and non-polluted days affected by PM10 still receives
less attention among researchers. A Markov chain model is
dependent on its previous state and this model is highly
suited to the pattern of observations. Hence, once the patterns
are identified, it is possible to predict the possibility of future
events based on the information of previous day event.

Markov chain models are intended to be simple models
requiring only two parameters and fitting various aspects of
occurrence patterns. Simple Markov chain models are widely
used in describing the sequences of daily rainfall occurrences
all over the world including Malaysia Chin10, Deni et al.11 and
Gabriel and Neumann12. The use of this method is also
beneficial in describing the sequences of daily PM10
occurrences  due  to  this  pollutant  being  controlled  by
weather  conditions  and  showing  similar  persistence13.
Rahimi et al.14 used Markov chain models in order to study the
persistence of days affected by PM10 in Tehran and found that
the first order of two states Markov chain models had a good
fitting on the data of five selected stations. Furthermore, this
model had been applied to other air pollution data such as
those in studies by Lin13 and Lin and Huang15.

Even though there are still few studies on PM10
concentration that apply this model, the advantage of using
a Markov chain model as a model suitable for future prediction

considering previous events, have made this model useful to
be applied in this study. Subsequently, this model is also
frequently used to forecasts the weather at some future time
by given the current state as reported by previous studies
such as Mangaraj et al.16, Deni et al.11 and Chin10.

Although, the first order of Markov chain models is simple
and the calculation is easier than the higher order, but
according to Chin10, a Markov chain model cannot be assumed
to always be one because sometimes it is inadequate to give
an appropriate model. Besides that, since the effect of being
exposed to PM10 is more than 24 h as reported by World
Health Organization (WHO)17, thus, there is a need to use a
higher order of Markov chain models in describing the
sequence of PM10 concentration (consider more than one
previous events) in order to obtain a better prediction of PM10
occurrences and improving the quality of reports from the
data generations. Thus, in this study, simple and higher orders
are considered. The aim of this study was to determine the
optimum order of Markov chain model in describing the
sequence of polluted (non-polluted) days of PM10
concentration in Shah Alam, Malaysia.

MATERIALS AND METHODS

The  air  quality  in  Malaysia  is  monitored  by  the
Department of Environment (DoE) through 52 continuous
monitoring stations. These stations are strategically located in
order to detect any significant changes of air quality in that
area. This study considers the PM10 concentration data from
Shah Alam, an urban area. SekolahKebangsaan Raja Muda,
Shah Alam, is where the monitoring station was placed. The
coordinates of this monitoring station reads 3.08E North
latitude and 101.51E East longitude. The main contributor of
PM10 concentration in this area is the emissions from motor
vehicles, since Shah Alam is the state capital of Selangor,
Malaysia and due to the increasing number of vehicles, as well
as rapid urban development18.

Twelve years worth of PM10 concentration data provided
by DoE from year 2002 until year 2013 were used to achieve
the objective of this study. In this study, a polluted day is
defined as a day when the PM10 concentration exceeds the
threshold value, while a non-polluted day is defined as a day
when the PM10 concentration is less than the threshold value.
For  example,  a  day  with  PM10  concentration  of  more  than
50   µg   mG3   is   a   polluted   day   if  the  threshold  value  is
50 µg mG3 and if the value is less than  50  µg  mG3,  it  is 
considered  a non-polluted day. The threshold values
considered  in  this  study  are  50  µg  mG3  (WHO  guideline),
52 µg mG3 (Background concentration of PM10 at this station);
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Table 1: Transition probabilities of the occurrence of PM10 concentration for Shah Alam station with threshold value of 50 µg mG3

Preceding days Observation day (t)
----------------------------------------------------------------------- Matrix condition ----------------------------------------------------

Order t-4 t-3 t-2 t-1 -------------------------------- 1 0 Total
0 n1 n0 2402 1981 4383
1 1 n11 n10 1900 503 2403

0 n01 n00 502 1478 1980
2 1 1 n111 n110 1609 292 1901

0 1 n011 n010 291 211 502
1 0 n101 n100 182 321 503
0 0 n001 n000 320 1157 1477

3 1 1 1 n1111 n1110 1407 203 1610
0 1 1 n0111 n0110 202 89 291
1 0 1 n1011 n1010 124 58 182
0 0 1 n0011 n0010 167 153 320
0 0 0 n0001 n0000 227 929 1156
1 0 0 n1001 n1000 93 228 321
0 1 0 n0101 n0100 50 161 211
1 1 0 n1101 n1100 132 160 292

4 0 0 0 0 n00001 n00000 166 762 928
0 0 0 1 n00011 n00010 111 116 227
0 0 1 0 n00101 n00100 39 114 153
0 0 1 1 n00111 n00110 111 56 167
0 1 0 0 n01001 n01000 43 118 161
0 1 0 1 n01011 n01010 29 21 50
0 1 1 0 n01101 n01100 32 57 89
0 1 1 1 n01111 n01110 154 48 202
1 0 0 0 n10001 n10000 61 167 228
1 0 0 1 n10011 n10010 56 37 93
1 0 1 0 n10101 n10100 11 47 58
1 0 1 1 n10111 n10110 91 33 124
1 1 0 0 n11001 n11000 50 110 160
1 1 0 1 n11011 n11010 95 37 132
1 1 1 0 n11101 n11100 100 103 203
1 1 1 1 n11111 n11110 1253 155 1408

100, 120  and 150 µg mG3 (New Malaysia ambient air quality
standard19). The purpose of using various levels of threshold
values is to investigate the effect of these values with the
optimum order of Markov chain model.

The example of calculation in order to achieve the aim of
this paper is illustrated at each section. For the example of
calculation, all the values used were based on the 12 years
data of PM10 concentration at Shah Alam monitoring station
with threshold value of 50 µg mG3 and the transitions
probabilities  of  the  occurrence  of  PM10  concentration  is
shown in Table 1.

Markov chain property: The purpose of checking the Markov
chain property is to statistically test whether or not the
successive events are independent. Furthermore, according to
Moon et al.20, the successive events can form or possess
Markov chain models when the events are dependent on each
other. As for the statistics, " is defined as in Eq. 1 if the
successive events are independent:

(1)
m

ij ij . j
i, j

2 n ln(P / P )  

where, the Pij denotes the conditional probability of the jth
day event depends on the ith day event and P.j is the
probability of the jth day event. Equation 1 is distributed a
symptomatically as  χ2  with degree of freedom of (m-1)2. The
m is the total number of state (in this case: m = 2) and the
marginal probabilities for jth column of the transition
probabilities (P.j):

(2)
m m

.j ij ij
i i, j

P n n  

For example, to obtain the value of the statistics, " for
threshold value of 50 µg mG3, the calculation is shown as given
below and all the values used in the calculation are obtained
from the transition probabilities:
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m
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i, j
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 

Determination the optimum order of Markov chain models
for occurrence of PM10 concentration: The sequence of
polluted (non-polluted) days of daily PM10 concentration is
denoted   as   X1,   X2,   X3,...,   Xt,...Xn,   for   n-arbitrary   days.   A
two-state Markov chain model was considered in this study
where  one  denotes  a  polluted   day   1   and  0   denotes   a
non-polluted day 0. The sequence of polluted (non-polluted)
days is assumed to follow a Markov chain of a first order at
time t, when X1t depends on previous events, Xt-1. Thus, the
two conditional probabilities of the first order can be given by
P10 = (Xt = 0*Xt-1 = 1) and P11 = P (Xt = 1*Xt-1 = 1). The transition
probability matrix P, which describes the 2-state Markov chain
model is as in Eq. 316:

(3)00 01

10 11

P P
P

P P
 

  
 

where, Pij = P(X1 = j*X0 = i) i. j = 0,1.
Note that P00+P01 = 1 and P11+P10 = 1. The definition of the

conditional probabilities is as follows:

P00: The probability of a day being non-polluted given that
the previous day was also a non-polluted day

P01: The probability of a day being polluted given that the
previous day was a non-polluted day

P10: The probability of a day being non-polluted given that
the previous day was a polluted day

P11: The probability of a day being polluted given that the
previous day was also a polluted day

As for the assumption that the Markov chain is stationary,
the transition probabilities of the kth order are as in Eq. 4 and
the joint probability distribution for X1, X2, X3,..., Xt,...Xn is as in
Eq. 510:

(4) 
1 k 1i ,...,i t k 1 t 1 k t k 1P P X i X i ,...,X i ;     i = 0, 1

      

P (Xn = in,..., X1 = i1) = P (in, in-1,..., i1) (5)

Akaike’s Information Criteria (AIC) and Bayesian
Information Criteria (BIC) are two decision criteria which
commonly used by the researchers in describing the optimum
order of the Markov chain models. The PM10 concentration is
determined when the minimum loss function is obtained. For
instance,  Berchtold  and  Raftery21,  Singh  and  Kripalani22,
Deni et al.11 and Dastidar et al.23 applied these two loss
functions in their studies. Both criteria are based on the
likelihood functions for the transition probabilities of the fitted
Markov chain models. The maximum likelihood function for
the kth order chain can be written as:

(6)  S ,...,S1 k

1 k

1 k

n
k 1 n s ,...,s

S ,...,S

ˆL X ,..., X P 

where,  is the estimated transition probabilities of eachS ,...,S1 k

1 k

n
s ,...,sP̂

of the sequence going from state s1 to s2, from state s2 to s3
and from state sk-1 to sk (sk is the state of the most recent
observation).  The  denotes the associated transition1 ks ,...,sn

counts. The maximum likelihood estimator used in Eq. 7 of the
transition probabilities is given by:

(7)
1 k

1 k

1 k
1

s ,...,s
s ,...,s

s ,...,s
s

n
P̂

n



The maximum likelihood computed is used to decide the
optimum order of two different Markov chain models, say the
Markov  chain  models  of  the  kth  and  mth  orders  where,
k<m  and  k  =  0,  1,...,  m-1.  Thus  the  maximized  likelihood
ratio statistics is given by:

ηk, m = 2lnλk, m (8)

Where:

k 1 n
k, m

m 1 n

L (X ,..., X )
L (X ,..., X )

 
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Table 2: Loss function, AIC and BIC values of Shah Alam monitoring station
Order Threshold value (50 µg mG3)
---------------------------------- ---------------------------------------------------------------------------------------------
k m 0k,m (kHm) AIC BIC Degree of freedom
0 1 1327.781 1325.781 1319.396 1
0 2 1519.525 1513.525 1494.368 3
0 3 1621.670 1607.670 1562.972 7
0 4 1666.950 1636.950 1541.168 15
1 2 191.743 187.743 174.972 2
1 3 293.889 281.889 243.576 6
1 4 339.169 311.169 221.772 14
2 3 102.146 94.146 68.604 4
2 4 147.425 123.425 46.799 12
3 4 45.280 29.280* -21.804* 8
4 4 0.000 0.000 0.000 0
AIC: Akaike’s information criteria, BIC: Bayesian information criteria, *Minimum loss function

For example, the maximized likelihood ratio statistics for
0H1 is calculated where k = 0 and m = 1. The parameter
estimation (P00, P11, P10 and P01) is then substituted into the
equation and the value of 0H1 is given by:

     
 
   
   

00 00 0 01 01 1 10 10 0
0 1

11 11 1

n ln P ln P n ln P ln P n ln P ln P
H 2

n ln P ln P
1478 ln 0.747 ln 0.452 502 ln 0.254 ln 0.548

2
503 ln 0.209 ln 0.452 1900 ln 0.791 ln 0.548

1327.78

      
   

    
     


As stated earlier, in determining the optimum order of
Markov chain model, two loss functions are used, namely AIC
and BIC. Tong24 proposed that the loss function (AIC) is to
define risk on the basis of the AIC criteria, while the BIC criteria,
introduced by Schwarz25 is to define risk on the basis of the BIC
criteria. The only difference between these two criteria is the
form of the penalty function. These criteria attempt to find the
value of k that minimizes the loss function. The equation of
AIC and BIC are as in Eq. 9 and 10, respectively:

AIC (k) = ηk, m-2v (9)

BIC (k) = ηk, m-vln (n) (10)

where, v = (sm-sk) (s-1) is the degree of freedom, s represents
the  number  of  states  which  in  this  case  is  2  (polluted  and
non-polluted) and n is the number of the sample size. For
example, for the value of AIC and BIC when k = 0 and m = 1 is
given as follows:

  1 0
0,1AIC(0) 2 2 2 2 1

1327.781 2(1)
1325.781

      
 


0,1BIC(0) ln(4383)
1327.781 8.386
1319.396

  
 


All the values obtained from the loss function of AIC and
BIC in determining the optimum order of Markov chain model
for a threshold value of 50 µg mG3 are presented in Table 2.
The comparison between the minimum values of the loss
function was done in order to choose the optimum order. For
example, based on Table 2, the minimum values for both
functions are at order three, which means that the optimum
order for this threshold is at third order of Markov chain
model.  Many studies had also used these two loss functions
in  determining  the  optimum  order  of  Markov  chain
model11,21-23.

Fitting the higher order of Markov chain model: The
information  obtained  from  the  transition  probabilities  was
also used to calculate the frequency distribution of the order
of Markov chain model, which was used to assess the
performance of the higher order. The first order of Markov
chain model was considered only for one preceding day and,
similarly for the second order, the observed day depends on
two preceding days and as does the other order. The joint
probabilities of the kth order of the Markov chain model is the
following11:

(11) 
2i k 1 1 k j j1

n k

n 1 i i ...i i ,...,.i2
j 1

P i ,...,.i i P ....P P
 





 

n>k+1; k = 0, 1.....

The conditional probabilities of events of n polluted days
with  the  kth  order  of  the  Markov  chain  can  be  written  as
Eq.  1211.  From  this  equation,  [n]  represents  n  times.  For
example, the conditional probability of two consecutive
polluted days can be written as P(011*0). The expected
number of polluted days is computed by multiplying the
conditional probabilities obtained from Eq. 12 with the total
number  of  non-polluted  days.  For  instance,  the  number  of
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non-polluted  days  of  this  station  for  a  threshold  value  of
50 µg mG3 is 1981 days (Table 1). The chi-square test with a
degree of freedom of d = v-1 was employed in this study to
compare the observed and expected distributions of polluted
events:

(12)  
   

   

n

1 0 0 n 0
i 1

k
n k
k 1i 0 0 k

i 1

P P
n k 1

P 0, n 0 ,
n k

P P P









    






In assessing the best fitted higher order Markov chain
model, the expected distribution which was closer to the
observed  distribution  of  polluted  events  was  considered.
The  information  from  the  transition  probabilities  was  used
to calculate the frequency. For example, the conditional
probabilities of the first order of Markov chain model for
polluted  events  in  Shah  Alam  with  a  threshold  value   of
50 µg mG3 are given by:

  
    

0
01 11 10

0

P 0 1 0 P P P

503 / 2403 1900 / 2403 502 /1980 0.05307



 

  
    

1
01 11 10

1

P 0 2 0 P P P

503 / 2403 1900 / 2403 502 / 1980 0.04196



 

  
    

2
01 11 10

2

P 0 3 0 P P P

503 / 2403 1900 / 2403 502 / 1980 0.03318



 

  
    

24
01 11 10

24

P 0 25 0 P P P

503 / 2403 1900 / 2403 502 /1980 0.00019



 

The calculation of the conditional probabilities was
continued until the maximum duration of polluted days for a
sequence of polluted days was met. For example, the
maximum number of polluted days for the Shah Alam station
was 25 days for the 12 years worth of data used. Then, to get
the expected frequencies of the first and higher orders, the
conditional probabilities obtained from Eq. 12 were multiplied
with the number of non-polluted days as mentioned earlier.

RESULTS AND DISCUSSION

Characteristics of PM10 concentration: The descriptive
statistics of PM10 concentration data in Shah Alam monitoring
station are shown in Table 3. Based on the Table 3, the
maximum PM10 concentration value of 587 µg mG3 had
occurred at Shah Alam monitoring station in August
(11/8/2005)  which  may  due  to  the  haze  event  caused  by
trans-boundary pollution from Kalimantan and Sumatera in
Indonesia26. The background concentration of PM10 is based
on the median value, thus, the value of 52 µg mG3 was used for
threshold value based on background concentration. The
average daily of PM10 concentration from year 2002 until 2013
as illustrated in Fig. 1. Figure 1 shows that, higher values
recorded  were  between  161st-231st  days  due  to  the
occurrence  of  the  dry  season  (Southwest  monsoon)  in
Malaysia that occurred in the months of June until August9.

Table 3: Descriptive statistics of PM10 concentration data in Shah Alam
monitoring station

Descriptive statistics PM10 concentration (µg mG3)
Mean 56.29
Median 52.00
Minimum value 14.00
Maximum value 587.00

Fig. 1: Average daily of PM10 concentration from year 2002 until 2013
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Table 4: Conditional probabilities of the sequence of polluted and non-polluted days of PM10 concentration and the values of " for all threshold values
Threshold value (µg mG3)
------------------------------------ ------------------------------------------------------------------------------------------------------------------------

Conditional probabilities 50 52 100 120 150
P1 0.548 0.476 0.045 0.014 0.006
P11 0.791 0.767 0.523 0.508 0.538
P111 0.846 0.822 0.596 0.516 0.500
P1111 0.874 0.853 0.613 0.563 0.571
P11111 0.890 0.870 0.605 0.444 0.750
P0 0.452 0.524 0.955 0.986 0.994
P00 0.746 0.789 0.977 0.993 0.997
P000 0.783 0.825 0.980 0.995 0.998
P0000 0.804 0.846 0.983 0.995 0.998
P00000 0.821 0.856 0.984 0.996 0.998
" 663.890 716.663 218.520 100.050 58.570

The conditional probabilities of the sequence of polluted
and non-polluted days of PM10 concentration and the values
of " for all threshold values which obtained from Eq. 1 is
shown in Table 4, respectively. These values were used to
check    whether    the    successive    events    (polluted    or
non-polluted) are independent of each other or not. The
events could form Markov chain models or possess Markov
chain properties if the events were dependent on each other.
Table 4 shows that, the values of " for all threshold values
used show that the successive events are dependent on each
other  and  possess  the  Markov  chain  property  where the
value of " is larger than χ2 with a value of 3.84 at a 5% level
with 1E of freedom. Therefore, future analysis could be done
since the events of PM10 concentration occurrence are
dependent on each other. The values of the conditional
probabilities  that  were  used  to  analyse  the persistency of
the  events  in  the  area  of  study  are  shown  in  Table  4.
Based on the Table 4, the conditional probabilities for both
events  show  an  increasing  values  where  these  values
indicate the strong relationship between the observed and
the previous event, which also means that the probabilities of
getting  polluted  or  non-polluted  day  influencing  by
previous events is higher regardless of threshold value used.
For example, the probability of getting a polluted day based
on the previous day that was also a polluted day (P11), is
greater than the unconditional probability (P1). Indirectly, it
also means that the higher persistency of polluted days
indicates  the  occurrence  of  two  or  more  consecutive
polluted days for a given threshold value. Besides, the
probability of two consecutive polluted days (P11) is found
higher  than  the  probability  of  polluted  day  (P1),  which
may  be  due  to  the  behavior  of  PM10  concentration
dependency since the effect of PM10 according to WHO is
more than 24 h.

Optimum order of Markov chain model in describing the
sequence of PM10 concentration at Shah Alam monitoring
station: The AIC and BIC values for Shah Alam monitoring
Station with different threshold values of PM10 concentration
is shown in Table 5. Table 5 shows the threshold value less
than 120 µg mG3, the higher order or an order of more than
one is optimum for both AIC and BIC, which means that the
occurrence of polluted (non-polluted) events for this station
is dependent on the events of two or three days before the
observed day. However, according to Katz27, the AIC has the
tendency to overestimate the optimum order. It was also
found that the BIC estimate for rainfall data of the Tel Aviv
data is unity. Besides that, Dastidar et al.23 stated the use of the
BIC also gives a mathematical formulation with a principle of
parsimony in model building. Thus, this study considers the
optimum order obtained from the minimum loss function of
the BIC. The table  also shows an order of three is optimal for
threshold values of less than 100 µg mG3, which best describes
the sequence. While for a threshold value of 120 µg mG3, the
optimum order is two. As for a threshold value of 150 µg mG3,
a  simple  order  is  the  optimum  order  that  best  describes
the sequence of polluted (non-polluted) days of PM10
concentration at this station. Thus, it can be concluded that
the higher order is more appropriate in describing the
sequence of polluted (non-polluted) days of PM10
concentration  at  this  station  for  threshold  value  less  than
120 µg mG3.

Besides that, the results obtained also show that there are
less dependency on previous events when the threshold value
is increasing, which indicates that it is not accurately predict
occurrences of PM10 concentration when the threshold value
used is more than 120 µg mG3 for this station. Indirectly, this
study also suggests the reason why the limit or threshold
value   of   PM10   should   be   revised   to   suit   with   Malaysia
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Table 5: AIC and BIC values for Shah Alam monitoring station with different threshold values of PM10 concentration
Threshold value (µg mG3) Order Akaike’s Information Criteria (AIC) Bayesian Information Criteria (BIC)
50 0 1636.95 1541.17

1 311.17 221.77
2 123.43 46.80
3 29.28 -21.80*
4 0.00 0.00

52 0 1711.84 1616.06
1 280.52 191.12
2 115.84 39.21
3 29.77 -21.32
4 0.00 0.00

100 0 492.25 396.47
1 57.20 -32.19
2 24.59 -52.04
3 -4.00 -55.08*
4 0.00 0.00

120 0 242.44 197.74
1 44.35 6.03
2 1.04 -24.51*
3 0.00 0.00
4 - -

150 0 124.49 105.33
1 9.35 -3.43*
2 0.00 0.00
3 - -
4 - -

*Minimum loss function

now-a-days  so  that  better  prediction  based  on  previous
events can be made for early precaution to the public and the
environment, as suggested by DoE28.

Appropriate order for polluted events: Since the third order
is found to be the optimum order in the sequence of PM10
concentrations, therefore, the investigation on the fitting will
be  carry  out  further  by  considering  the  distribution  of
polluted events at this monitoring station. The observed and
expected frequency distribution is computed as shown in
Table 6. The chi-square goodness of fit test is considered as to
select the most successful and the best fitted model for each
threshold  used.  All  the  expected  frequencies  are  more
than  5  days  and  met  the  assumption  of  chi-square  test.
Table 6 shows that, at " = 0.05 level of significant, there is
enough  evidence  to  conclude  that  the  observed  and
expected  days  of  polluted  events   at   threshold   value   of
50 and 52 µg mG3 for first and second order of Markov chain
model is seems not satisfy in representing the distributions of
polluted event at this station since the null hypothesis is
rejected. However, the threshold value of 50 and 52 µg mG3 for
third order produce better fit since the chi-square statistics
value is lower than other order and the observed and
expected days of polluted events also well describe the
distribution. This study also can conclude that higher order
(order three) produce better fit than other order since the

value of chi-square produced is lower than other order at all
threshold value used.

Figure 2 provides the observed and expected frequencies
for the threshold value used in this study based on the
appropriate order of the first three orders of the Markov chain
models, known as order of one (MCM1), order of two (MCM2)
and order of three (MCM3) for the distribution of the polluted
events at this station. However, the results obtained show that
the order more than one (MCM2 and MCM3) are the most
appropriate order that best describe the distribution of the
polluted events at Shah Alam monitoring station. The
observed and expected frequencies of polluted events based
on the best fitted order of Markov chain model at threshold
values of 50, 52, 100 and 120 µg mG3 is shown in Fig. 2,
respectively.  Obviously,  the  expected  frequencies  of
polluted events obtained from the order really describe the
observed distributions, since among P2, P2 for order three
(MCM3)  is  the  best  fitted  order  for   threshold   values   of
50,  52  and  100  µg  mG3,  while  for  a  threshold   value   of
120  µg  mG3,  the  distribution  of  polluted  events  does  fit  at
the order of two (MCM2). Besides that, Fig. 2 also shows the
number of polluted events decreasing when the threshold
value of PM10 increases. In conclusion, threshold value used is
also important in determining the optimum order and also
describing the distribution of polluted events at this
monitoring station.
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Fig. 2(a-d): Observed and expected frequencies of polluted events based on the best fitted order of Markov chain model at
threshold values of (a) 50 µg mG3, (b) 52 µg mG3, (c) 100 µg mG3 and (d) 120 µg mG3

CONCLUSION

This study has successfully discussed a complete
description of the occurrence of PM10 concentration at the
Shah Alam monitoring station by using Markov chain model.
For threshold value of less than 120 µg mG3, the optimum
order for this station is order of 2 and 3. This results indicate
that the occurrence of polluted (non-polluted) days depends
on the two or three days before the observed day and early
prediction can be made by responsible authorities as they can
predict the event of two or three days prior. As for a threshold
value of 150 µg mG3, an order of one is the optimum order,
which indicates that prediction can be made by referring to
the day before the observed day. As a conclusion, the higher
order Markov chain model is appropriate in making the
prediction of PM10 concentrations based on the minimum loss
function at this monitoring station.
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