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This study is focused on calculation of a 

reliable estimation of the hourly concentration value 
of NO2 at a monitoring station based on a data fusion 
approach. Different feature selection procedures 
have been tested and their results were used as inputs 
to an artificial neural network (ANN) two-stage 
approach. The final aim is to develop a data fusion 
estimation tool in order to aid the decision-making 
in the monitoring process. ANN models were trained 
using backpropagation and early stopping in order to 
avoid overfitting. Furthermore, the study compares 
the different combinations of methods to estimate 
hourly NO2 concentration values. The comparison 
was made using different performance indexes (R, d, 
MAE, MSE). The data from the Algeciras Bay was 
used as a case study. This approach may become a 
supporting tool for different purposes such as 
missing data imputation, automatic detection of 
decalibration or imprecise data in monitoring 
networks. 
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Air pollution has become an important environ-

mental problem in metropolitan areas [1]. EU and 
many national environmental agencies define quality 
objectives for allowable levels of atmospheric pollu-
tants [2]. An accurate air pollutants monitoring is re-
quired for air quality management to provide proper 
actions and control strategies [3]. The main urban-
related pollutants are CO, NOx, hydrocarbons, and 
particles. Nitrogen dioxide (NO2) it is a very reactive 
toxic gas, which produces a strong odour, is highly 
corrosive and have great irritating power. NO2 is the 
main responsible in the formation of the smog and 
acid rain in urban areas. In turn, it produces acute 
and chronic effects, particularly in sensitive people. 

The control and reduction of the high levels of NO2 
are one of the main targets of governments. 

Many atmospheric air quality reports have been 
regularly published in recent years. The meteorolog-
ical conditions have a marked effect over the pollu-
tants concentration as they diminish the ability of the 
atmosphere to disperse pollutants. The relationships 
between meteorological conditions and air pollu-
tions may suggest estimating concentration values 
using a multivariate regression model. These rela-
tionships (pollution-weather) are very complex and 
may have nonlinear properties. Thus, better perfor-
mance can be obtained using Artificial Neural Net-
works (ANNs) [4]. ANNs have become an alterna-
tive to traditional methods and they are an important 
tool to model air pollution with a wide range of pol-
lutants at several time scales [5]. ANN approaches 
have been frequently used in atmospheric and air 
quality modelling studies [6]. Some studies have 
used ANNs to estimate air pollution peaks using me-
teorological variables [7]. 

Environmental monitoring is a very important 
task. An environmental monitoring network consists 
of a number of sensor nodes (few tens to thousands) 
working together to monitor a region to obtain data 
about the atmospheric pollution. Typically, network 
maintenance such as detecting failures is difficult 
and expensive since there are so many nodes. It is 
necessary to make these applications more reliable 
and robust in the real world. One interesting ap-
proach deals with the data fusion of the multiple sen-
sors at the monitoring stations. Thus, sensor nodes 
can be able to self-organize and identify problems 
themselves. Data fusion has several advantages [8], 
mainly involving enhancements in data authenticity 
or availability. From network management and reli-
ability perspectives, it is important that sensor nodes 
are capable of self-organizing themselves. Soft com-
puting techniques have received an increasing inter-
est in research on multi-sensor data fusion technol-
ogy [9]. 

The main objective of the present work is to de-
termine the concentration values of Nitrogen Diox-
ide (NO2) at a certain monitoring station using a data 
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fusion approach of the meteorological variables, 
measured in other locations, and the concentration 
values measured in other monitoring stations located 
in the area of study. In this paper, authors have used 
different feature selection approaches in order to 
provide the best features as inputs to the following 
estimation stage. Different topologies of ANNs have 
been used in order to estimate the concentration val-
ues at a monitoring station as a function of the se-
lected features. The different approaches have been 
compared using an experimental framework. Au-
thors have also used a previously designed 
resampling procedure [10, 11] in order to statisti-
cally analyze and compare the results. 

The rest of this paper is organized as follows: 
Section 2 describes the data and the region. Section 
3 gives an overview of the feature selection methods. 
Section 4 gives a quick description of the artificial 
neural networks design. Section 5 presents the ex-
perimental framework. Section 6 discusses the re-
sults. Finally, Section 7 concludes the paper. 
 
 
'$7$�$1'�$5($�'(6&5,37,21 

 
This work is located in the Bay of Algeciras re-

gion, which is one of the most industrialized areas in 
Andalusia (South of Spain). Besides, Algeciras has 
the most important port of the Mediterranean Sea 
and a freeway (A-7), which links the entire region 
with almost 70,000 passenger cars and 4,000 heavy 
vehicles per day. It is a very populated region, with 
almost 300,000 people living in different towns, and 
many sources of particulate and gaseous air pollution 
are present. Despite that, there are only a few studies 
devoted to the study of air pollution in the region. 

A monitoring network located in the area of 
study has supplied the database used in this work. 
This network is composed of fourteen monitoring 
stations. Additionally, five weather stations have 
supplied meteorological data. On the one hand, the 
monitoring stations have recorded an hourly data-
base of NO2 concentrations during a period of six 
years (2010-2015). These measures are controlled by 
the Environmental Agency of the Regional Anda-
lusian Government (Spain). On the other hand, the 
meteorological information has been extracted from 
the weather stations located at three different sites, 
including a meteorological tower where the varia-
bles (wind speed and wind direction) have been 
measured at 60-meter height. No imputation meth-
ods have been used. Table 1 shows the stations that 
make up the monitoring network. Codes 1 to 14 in-
dicate NO2 monitoring stations, while codes W1 to 
W5 indicate weather stations. Figure 1 shows each 
station represented by its code. A description of each 
recorded variable can be found in Table 2. 

 

TABLE 1 
Monitoring and meteorological stations. 

Code Station name 

1 EPSA Algeciras 
2 Campamento 

3 Los Cortillijos 

4 Esc. Hostelería 

5 Col. Los Barrios 

6 Col. Carteya 

7 El Rinconcillo 

8 Palmones 

9 San Roque 

10 El Zabal 

11 Economato 

12 Guadarranque 

13 La Línea 

14 Madrevieja 

W1 La Línea weather station 

W2 Los Barrios weather station 

W3 CEPSA weather station (10 meters) 

W4 CEPSA weather station (60 meters) 

W5 CEPSA weather station (15 meters) 

 

 
FIGURE 1 

Location of the monitoring and weather stations. 
Map data: Google, Data SIO, NOAA, U.S. Navy, 

NGA, GEBCO TerraMetrics. 
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7ZR�PDLQ�DSSURDFKHV�FDQ�EH�FRQVLGHUHG�ZKHQ�
WKH�REMHFWLYH� LV� WR� UHGXFH�GDWD�GLPHQVLRQDOLW\�� IHD�
WXUH�VHOHFWLRQ�DQG�IHDWXUH�WUDQVIRUPDWLRQ�� 
2Q�WKH�RQH�KDQG��IHDWXUH�VHOHFWLRQ�KDV�EHHQ�ZLGHO\�
VWXGLHG�LQ�WKH�ODVW�\HDUV�LQ�WKH�OLWHUDWXUH�>��@��0RVW�
UHVHDUFKHUV� DJUHH� WKDW� WKHUH� LV� QRW� D� EHVW� JHQHUDO�
PHWKRG��7KXV��D�JRRG�PHWKRG�KDV�WR�EH�IRXQG�RXW�LQ�
HDFK�SDUWLFXODU�SUREOHP��7KH�SHUIRUPDQFH�RI�WKH�IHD�
WXUH�VHOHFWLRQ�PHWKRGV�UHOLHV�RQ�WKH�SHUIRUPDQFH�RI�
WKH�OHDUQLQJ�PHWKRG�XVHG�DIWHUZDUGV�DQG�LW�FDQ�YDU\�
QRWDEO\�>��@��7KHUHIRUH��WKH�PDMRULW\�RI�WKH�LQWHUHVW�
LQJ�FRPSDUDWLYH�VWXGLHV�DUH�IRFXVHG�RQ�WKH�SUREOHP�
WR�EH�VROYHG�>��@��)HDWXUH�VHOHFWLRQ�PHWKRGV�FDQ�EH�
GLYLGHG�LQWR�WKUHH�FDWHJRULHV��ILOWHU��ZUDSSHU�DQG�HP�
EHGGHG�PHWKRGV� >��@��$PRQJ� WKHP�� ILOWHU�PHWKRGV�
DUH�EDVHG�RQ�WKH�VXSSUHVVLRQ�RI�WKH�OHDVW�VLJQLILFDQW�
IHDWXUHV� 
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TABLE 2 
Variable description. 

 
9DULDEOH�QXPEHU 0HDQLQJ 9DULDEOH�QXPEHU 0HDQLQJ 

� (36$�$OJHFLUDV���12���PJ�P�� �� :����:LQG�GLUHFWLRQ��GHJUHHV� 
� &DPSDPHQWR���12���PJ�P�� �� :����5HODWLYH�KXPLGLW\���� 
� /RV�&RUWLOOLMRV���12���PJ�P�� �� :����5DLQIDOO��O�P�� 
� (VF��+RVWHOHUtD���12���PJ�P�� �� :����$WPRVSKHULF�SUHVVXUH��K3D� 
� &RO��/RV�%DUULRV���12���PJ�P�� �� :����6RODU�UDGLDWLRQ��Z�P�� 
� &RO��&DUWH\D���12���PJ�P�� �� :����5HODWLYH�KXPLGLW\���� 
� (O�5LQFRQFLOOR���12���PJ�P�� �� :����5DLQIDOO��O�P�� 
� 3DOPRQHV���12���PJ�P�� �� :����$WPRVSKHULF�SUHVVXUH��K3D� 
� 6DQ�5RTXH���12���PJ�P�� �� :����6RODU�UDGLDWLRQ��Z�P�� 
�� (O�=DEDO���12���PJ�P�� �� :����:LQG�GLUHFWLRQ��GHJUHHV� 
�� (FRQRPDWR���12���PJ�P�� �� :����7HPSHUDWXUH��&� 
�� *XDGDUUDQTXH���12���PJ�P�� �� :����:LQG�VSHHG��NP�K� 
�� /D�/tQHD���12���PJ�P�� �� :����:LQG�GLUHFWLRQ��GHJUHHV� 
�� 0DGUHYLHMD���12���PJ�P�� �� :����5HODWLYH�KXPLGLW\���� 
�� :����:LQG�GLUHFWLRQ��GHJUHHV� �� :����5DLQIDOO��O�P�� 
�� :����5HODWLYH�KXPLGLW\���� �� :����$WPRVSKHULF�SUHVVXUH��K3D� 
�� :����5DLQIDOO��O�P�� �� :����6RODU�UDGLDWLRQ��Z�P�� 
�� :����7HPSHUDWXUH��&� �� :����7HPSHUDWXUH��&� 
�� :����:LQG�VSHHG��NP�K� �� :����:LQG�VSHHG��NP�K� 

2Q� WKH� RWKHU� KDQG�� IHDWXUH� WUDQVIRUPDWLRQ�
PHWKRGV�DUH�EDVHG�RQ�WKH�WUDQVIRUPDWLRQ�RI� WKH�H[�
LVWLQJ�IHDWXUHV�LQWR�D�ORZHU�GLPHQVLRQDO�VSDFH��� 

,Q� WKLV� ZRUN�� WZR� GLIIHUHQW� DSSURDFKHV� KDYH�
EHHQ�DSSOLHG��IHDWXUH�VHOHFWLRQ�XVLQJ�ILOWHU�PHWKRGV�
DQG� IHDWXUH� WUDQVIRUPDWLRQ�� 7KRVH� DSSURDFKHV� UHO\�
RQ� WKH� JHQHUDO� FKDUDFWHULVWLFV� RI� WUDLQLQJ� GDWD� DQG�
FDUU\�RXW�WKH�GLPHQVLRQDOLW\�UHGXFWLRQ�SURFHVV�DV�D�
SUH�SURFHVVLQJ�VWHS�ZLWK�LQGHSHQGHQFH�RI�WKH�OHDUQ�
LQJ� DOJRULWKP�� 6SHFLILFDOO\�� WKH� IROORZLQJ�PHWKRGV�
KDYH�EHHQ�XVHG�LQ�WKLV�ZRUN� 

 
1. )HDWXUH�VHOHFWLRQ�XVLQJ�ILOWHU�PHWKRGV� 
� 5HJUHVVLRQ�S�YDOXHV��7KH�S�YDOXH�IRU�HDFK�WHUP�

LQ�D�UHJUHVVLRQ�DQDO\VLV�WHVWV�WKH�QXOO�K\SRWKHVLV�
WKDW�WKH�FRHIILFLHQW�LV�HTXDO�WR�]HUR��QR�HIIHFW���
$� ORZ�S�YDOXH� ��������� LQGLFDWHV� WKDW� \RX�FDQ�
UHMHFW�WKH�QXOO�K\SRWKHVLV��&RQYHUVHO\��D�ODUJHU�
�LQVLJQLILFDQW��S�YDOXH�VXJJHVWV�WKDW�FKDQJHV�LQ�
WKH�SUHGLFWRU�DUH�QRW�DVVRFLDWHG�ZLWK�FKDQJHV�LQ�
WKH�UHVSRQVH�� 

� 5HOLHI)�>��@��,W�ZRUNV�E\�UDQGRPO\�VDPSOLQJ�DQ�
LQVWDQFH� IURP� WKH� GDWD� DQG� WKHQ� ORFDWLQJ� LWV�
QHDUHVW�QHLJKERXU�IURP�WKH�VDPH�DQG�RSSRVLWH�
FODVV��7KH�YDOXHV�RI�WKH�DWWULEXWHV�RI�WKH�QHDUHVW�
QHLJKERXUV� DUH� FRPSDUHG� WR� WKH� VDPSOHG� LQ�
VWDQFH�DQG�XVHG�WR�XSGDWH�UHOHYDQFH�VFRUHV�IRU�
HDFK�DWWULEXWH� 

2. )HDWXUH�WUDQVIRUPDWLRQ�PHWKRGV� 
� 3ULQFLSDO�&RPSRQHQW�$QDO\VLV��3&$���$�ZHOO�

NQRZQ�RUWKRJRQDO� WUDQVIRUPDWLRQ� WR�FRQYHUW�D�
VHW�RI�REVHUYDWLRQV�RI�SRVVLEO\�FRUUHODWHG�YDULD�
EOHV�LQWR�D�VHW�RI�YDOXHV�RI�OLQHDUO\�XQFRUUHODWHG�
YDULDEOHV�FDOOHG�SULQFLSDO�FRPSRQHQWV�>��@��7KH�
ILUVW� SULQFLSDO� FRPSRQHQW� KDV� WKH� ODUJHVW� YDUL�
DQFH��7KH�QHZ�YHFWRUV�DUH�DQ�XQFRUUHODWHG�RU�
WKRJRQDO�EDVLV�VHW�� 

� 1RQ�QHJDWLYH�PDWUL[�IDFWRUL]DWLRQ��10)���,W�LV�
D�GLPHQVLRQ�UHGXFWLRQ�WHFKQLTXH�>��@�EDVHG�RQ�
D�ORZ�UDQN�DSSUR[LPDWLRQ�RI�WKH�IHDWXUH�VSDFH��

%HVLGHV�SURYLGLQJ�D�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�
IHDWXUHV�� 10)� ILQGV� QRQQHJDWLYH� PDWULFHV�:�
DQG�+��UHVSHFWLYHO\��WKDW�PLQLPL]H�WKH�QRUP�RI�
WKH�GLIIHUHQFH�;�±�:+��:�DQG�+�DUH�WKXV�DS�
SUR[LPDWH�QRQQHJDWLYH�IDFWRUV�RI�;��DQG�WKH�N�
FROXPQV�RI�:�UHSUHVHQW�WUDQVIRUPDWLRQV�RI�WKH�
YDULDEOHV�LQ�;� 

 
 
$57,),&,$/�1(85$/�1(7:25.6 

 
0XOWL�/D\HU�3HUFHSWURQ��0/3V��DUH�FRQVLGHUHG�

KHUH� VLQFH� WKH\�KDYH�SURYHQ� WKHLU�HIILFLHQF\� WR�GH�
VFULEH� WKH� QRQOLQHDU� UHODWLRQVKLSV� EHWZHHQ� D� VHW� RI�
LQSXW�DQG�RXWSXW�YDOXHV��)RU�WKHVH�UHDVRQV��0/3�LV�
WKH�PRVW�ZLGHO\�XVHG�QHXUDO�QHWZRUN�DUFKLWHFWXUH�IRU�
UHJUHVVLRQ�SUREOHPV�ZKHUH�DOO�WKH�QHXURQV�DUH�RUJD�
QL]HG� LQ� D� OD\HUHG� IHHGIRUZDUG� WRSRORJ\�� )HHGIRU�
ZDUG�$11V�XVLQJ�EDFNSURSDJDWLRQ�>��@�DUH�SURYHG�
WR�EH�XQLYHUVDO�DSSUR[LPDWRUV�>��@��+RZHYHU��WKHUH�
LV� QR� D� JHQHUDO�ZD\� WR�GHWHUPLQH� WKH�EHVW�$11� WR�
VROYH�D�SUREOHP��7KH�DLP�LV�WR�DFKLHYH�WKH�EHVW�JHQ�
HUDOL]DWLRQ� FDSDELOLW\� �IRU� D� WHVW� VHW� RI� VDPSOHV��
DYRLGLQJ� RYHUILWWLQJ�� ,Q� RUGHU� WR� GR� WKDW�� DQ� HDUO\�
VWRSSLQJ�KDV�EHHQ�XVHG� WRJHWKHU�ZLWK�D� UHVDPSOLQJ�
SURFHGXUH�XVLQJ�D�FURVV�YDOLGDWLRQ�VFKHPH�>��@�� 

 
 

(;3(5,0(17$/�'(6,*1 

 
7KH� REMHFWLYH� RI� WKLV� VWXG\� LV� WR� GHYHORS� D�

PRGHO�WR�HVWLPDWH�WKH�KRXUO\�FRQFHQWUDWLRQ�YDOXH�RI�
12��DW� WKH�(36$�$OJHFLUDV�PRQLWRULQJ�VWDWLRQ��VHH�
7DEOH�����DFFRUGLQJ�WR�WKH�YDOXHV�RI�WKH�UHVW�RI�VWD�
WLRQV�DQG� WKH�PHWHRURORJLFDO�YDULDEOHV�PHDVXUHG� LQ�
WKH�DUHD�RI� VWXG\��7KXV��D�GDWDEDVH�RI����YDULDEOHV�
ZDV�XVHG�WR�REWDLQ�WKLV�HVWLPDWLRQ��VHH�7DEOH����� 

7KH�XVH�RI�VRIW�FRPSXWLQJ�WHFKQLTXHV�LQ�HQJL�
QHHULQJ�DSSOLFDWLRQV�KDV�LQFUHDVHG�RYHU�WKH�ODVW�\HDUV�
>��@�� ,Q� WKLV� FRQWH[W�� WKH� FKRLFH� RI� WKH� HYDOXDWLRQ�
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WHFKQLTXH�LV�FULWLFDO��,Q�RUGHU�WR�HYDOXDWH�WKH�SHUIRU�
PDQFH�RI�WKH�PRGHO��FURVV�YDOLGDWLRQ�ZDV�XVHG�WR�GH�
WHUPLQH� ZKHQ� RYHUILWWLQJ� VWDUWV� GXULQJ� VXSHUYLVHG�
WUDLQLQJ� RI� D� QHXUDO� QHWZRUN�� 7KLV� WHFKQLTXH� LP�
SURYHV� WKH� SHUIRUPDQFH� DQG� UREXVWQHVV� IRU� SUHGLF�
WLRQ�DSSOLFDWLRQV�DV�LW�KDV�EHHQ�SURYHQ�HPSLULFDOO\�LQ�
D�ODUJH�QXPEHU�RI�ZRUNV�>��@� 

7KH� YDOXHV� RI� WKH� ZHLJKWV� DQG� ELDV�ZHUH� DG�
MXVWHG� DFFRUGLQJ� WR� WKH�/HYHQEHUJ�0DUTXDUGW� RSWL�
PL]DWLRQ�DOJRULWKP��7KH�RULJLQDO�GDWD�VHW�ZDV�SUHSUR�
FHVVHG��RQO\�FRPSOHWH�UHFRUGV�KDYH�EHHQ�XVHG��DQG�
DOO�WKH�PRGHOV�ZHUH�GHILQHG�XVLQJ�D�GLIIHUHQW�QXPEHU�
RI�KLGGHQ�QHXURQV��QKLGGHQV��DQG�WUDLQHG�XVLQJ�WKH�
��IROG� FURVV�YDOLGDWLRQ� ���&9�� DV� YDOLGDWLRQ� WHFK�
QLTXH�� 7KLV� YDOLGDWLRQ� SURFHGXUH� ZDV� UHSHDWHG� ���
WLPHV��WDNLQJ�WKH�DYHUDJH�YDOXH�RI�DOO�RI�WKHP��VR�WKDW�
WKH�UDQGRPQHVV�RI�WKH�SURFHVV�ZDV�JXDUDQWHHG��,Q�RU�
GHU�WR�VHOHFW�WKH�RSWLPDO�VWUXFWXUH�RI�WKH�PRGHO��IRXU�
VWDWLVWLFDO�SHUIRUPDQFH�LQGH[HV�KDYH�EHHQ�PHDVXUHG��
WKH�VWDQGDUG�FRUUHODWLRQ�FRHIILFLHQW��5���WKH�LQGH[�RI�
DJUHHPHQW��G��>��@��WKH�PHDQ�VTXDUH�HUURU��06(��DQG�
WKH� PHDQ� DEVROXWH� HUURU� �0$(��� 7KLV� UHVDPSOLQJ�
SURFHGXUH� KDV� EHHQ� DSSOLHG� LQ� WKH� SURSRVHG� WZR�
VWDJH�DSSURDFK�� 

,Q�WKH�ILUVW�VWDJH��WKH�GLIIHUHQW�IHDWXUH�VHOHFWLRQ�
PHWKRGV� ZHUH� WHVWHG� XVLQJ�$11V� DV� DQ� LQGXFWLRQ�
PHWKRG��DQG�WKH�EHVW�PRGHOV�ZHUH�VHOHFWHG��7KH�IRXU�
IHDWXUH�VHOHFWLRQ�PHWKRGV�ZHUH�DSSOLHG�WR�WKH�RULJL�
QDO� GDWD� VHW�� ,Q� WKH� FDVH� RI� UHJUHVVLRQ� S�YDOXHV�
PHWKRG��YDULDEOHV��VHH�7DEOH����ZHUH�VRUWHG�DFFRUG�
LQJ� WR� WKHLU� DVFHQGLQJ� S�YDOXHV�� )RU� 5HOLHI)�$OJR�
ULWKP�� YDULDEOHV�ZHUH� VRUWHG� DFFRUGLQJ� WR� WKHLU� GH�
VFHQGLQJ�ZHLJKWV��,Q�WKH�FDVH�RI�3&$��D�QHZ�VSDFH�
ZDV�REWDLQHG�DQG� WKH�FRPSRQHQWV�ZHUH�RUGHUHG�E\�
WKH�SURSRUWLRQ�RI�YDULDQFH�H[SODLQHG��)LQDOO\��GLIIHU�
HQW�DSSUR[LPDWLRQV�ZHUH�REWDLQHG� IRU�10)��ZKLFK�
ZHUH�RUGHUHG�E\�WKHLU�UDQNV��$IWHU�WKDW��WKH�EHVW�SRV�
VLEOH�PRGHO�ZDV�REWDLQHG�IRU�HYHU\�RI�WKH�DIRUHPHQ�
WLRQHG� VHOHFWLRQ�PHWKRGV� XVLQJ�$11V�ZLWK� D� VWHS�
ZLVH�>��@�LQVSLUHG�SURFHGXUH��7KH�DSSURDFK�ZDV�WKH�
VDPH�LQ�WKH�FDVH�RI�UHJUHVVLRQ�S�YDOXHV��5HOLHI)�DQG�
3&$��EXW�KDG�VOLJKW�GLIIHUHQFHV�LQ�WKH�FDVH�RI�10)�� 
� 5HJUHVVLRQ�S�YDOXHV��5HOLHI)�DQG�3&$��6WDUW�

LQJ�ZLWK� D� GDWDVHW� FRPSRVHG� RQO\� RI� WKH� YHU\�
EHVW�YDULDEOH��RU�ILUVW�FRPSRQHQW�LQ�WKH�FDVH�RI�
3&$���$11V�PRGHOV�ZHUH�GHYHORSHG�DQG�WKHLU�
SHUIRUPDQFH�LQGLFDWRUV�ZHUH�REWDLQHG��,Q�D�VHF�
RQG�VWHS��WKH�QH[W�YDULDEOH�DFFRUGLQJ�WR�WKH�VRUW�
RUGHU��RU�FRPSRQHQW�IRU�3&$��ZDV�DGGHG�WR�WKH�
GDWDVHW��$JDLQ��$11V�PRGHOV� ZHUH� GHYHORSHG�

DQG�WKHLU�SHUIRUPDQFH�LQGLFDWRUV�ZHUH�REWDLQHG��
$GGLWLRQDOO\��D�W�WHVW�ZDV�SHUIRUPHG�LQ�RUGHU�WR�
GHWHUPLQH�LI�WKH�GDWD�GLVWULEXWLRQV�RI�06(�DQG�
5�ZHUH�WKH�VDPH�DV�WKH�FRUUHVSRQGLQJ�WR�WKH�SUH�
YLRXV�VWHS��,I�WKH�GLVWULEXWLRQV�ZHUH�QRW�WKH�VDPH�
DQG� WKH� VWDWLVWLFDO� LQGLFDWRUV� ZHUH� EHWWHU�� WKLV�
VHFRQG�YDULDEOH�ZDV�NHSW��2WKHUZLVH��LW�ZDV�GLV�
FDUGHG��,Q�IXUWKHU�VWHSV��QHZ�YDULDEOHV��RU�FRP�
SRQHQWV��ZHUH�DGGHG�WR�WKH�GDWDVHW�DQG�WKH�SUR�
FHVV�FRQWLQXHG�XQWLO�DOO�WKH�YDULDEOHV��RU�FRPSR�
QHQWV��ZHUH�DGGHG�WR�WKH�GDWDVHW�DQG�WHVWHG� 

� 10)��,Q�WKLV�FDVH��WKH�GLIIHUHQFH�UHOLHG�RQ�WKH�
IDFW�WKDW�WKHUH�ZDV�QRW�DQ�DGGLWLRQ�RI�QHZ�YDULD�
EOHV�RU�FRPSRQHQWV�LQ�HDFK�VWHS��,Q�FRQWUDVW��WKH�
QH[W�UDQN�DSSUR[LPDWLRQ�LQ�DVFHQGLQJ�RUGHU�ZDV�
XVHG�� 
 
,Q�WKH�VHFRQG�VWDJH��WKH�IRXU�EHVW�PRGHOV��RQH�

IURP�HDFK�IHDWXUH�VHOHFWLRQ�PHWKRG��ZHUH�FRPELQHG�
LQ�D�IXVH�$11�DSSURDFK��,Q�WKLV�DSSURDFK��DIWHU�ILQG�
LQJ�WKH�EHVW�PRGHO�IRU�HDFK�PHWKRG�LQ�VWDJH����HDFK�
PRGHO�ZDV�WUDLQHG�WR�JHW�DQ�HVWLPDWLRQ�RI�WKH�HQWLUH�
RULJLQDO� GDWDVHW�� 1H[W�� WKHVH� IRXU� HVWLPDWLRQV� ZHUH�
XVHG�DV�LQSXWV�RI�WKH�VHFRQG�VWDJH�$11�PRGHO��DQG�
WKH� EHVW� SRVVLEOH� PRGHO� ZDV� IRXQG�� )LQDOO\�� WKLV�
PRGHO�ZDV�WUDLQHG�DQG�D�ILQDO�VWDJH���HVWLPDWLRQ�RI�
(36$�$OJHFLUDV�GDWDVHW�ZDV�REWDLQHG�� 
 
 
5(68/76�$1'�',6&866,21 

 
7KH�UHVXOWV�RI� WKH�H[SHULPHQWDO�SURFHGXUH�DUH�

SUHVHQWHG� LQ� WKLV� VHFWLRQ�� ,Q� WKH� ILUVW� VWDJH��$11V�
EDVHG�RQ�EDFNSURSDJDWLRQ�ZLWK�HDUO\�VWRSSLQJ�KDYH�
EHHQ� XVHG� DQG� KHUH� ZH� FRPSDUH� WKHLU� UHVXOWV� ZLWK�
GLIIHUHQW� IHDWXUH� VHOHFWLRQ� SURFHGXUHV� LQ� RUGHU� WR�
GHWHUPLQH� WKH� EHVW� PRGHO� WR� HVWLPDWH� WKH� KRXUO\�
FRQFHQWUDWLRQ�YDOXHV�RI�12�� DWPRVSKHULF�SROOXWDQW�
DW�(36$�$OJHFLUDV�PRQLWRULQJ�VWDWLRQ�� 

7DEOH���VKRZV�WKH�UHVXOWV�REWDLQHG�LQ�WKH�ILUVW�
VWDJH��7KH� IRXU� IHDWXUH� VHOHFWLRQ� PHWKRGV� SURGXFH�
GLIIHUHQW� UHVXOWV�� 7KHUHIRUH�� GLIIHUHQW�$11�PRGHOV�
FDQ� EH� VHOHFWHG� LQ� HDFK� FDVH� �XVLQJ� D� GLIIHUHQW�
QXPEHU�RI�KLGGHQ�XQLWV���%DVHG�RQ�WKH�YDOXHV�RI�WKH�
SHUIRUPDQFH� LQGH[HV�� WKH� JRRG� SHUIRUPDQFH� RI�
$11V�PRGHOV�ZLWK�HDUO\�VWRSSLQJ�LV�GHPRQVWUDWHG���
7DEOH���VKRZV�WKH�GDWD�VHW�XVHG�LQ�HDFK�EHVW�PRGHO�
RI�WKH�ILUVW�VWDJH�SHU�VHOHFWLRQ�PHWKRG� 

 
TABLE 3 

Results Stage-1. Best ANN models for each feature selection method. 
 

0HWKRG QKLGGHQV 5 06( 506( ' 0$( 
3&$ �� ����� ������� ������ ����� ����� 
10) � ����� ������� ������ ����� ����� 

3�YDOXHV �� ����� ������� ������ ����� ����� 
5(/,()) � ����� ������� ������ ����� ����� 
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TABLE 4 
Data set used in each ANN model of Table 3. 

 
0HWKRG 9DULDEOHV�QXPEHUV���&RPSRQHQWV����5DQN�DSSUR[LPDWLRQ 

3&$ ������������������������������������������������FRPSRQHQWV� 
10) ����UDQN�DSSUR[LPDWLRQ� 

3�YDOXHV �����������������������������������������������������������������YDULDEOH�QXPEHUV� 
5(/,()) ���������������������������������������������������������������������������������������YDULDEOH�QXPEHUV� 

 
7DEOH���VKRZV�WKH�UHVXOWV�REWDLQHG�LQ�WKH�VHFRQG�

VWDJH�� 6WDJH��� IXVHV� WKH� UHVXOWV� REWDLQHG� E\� WKH�
$11V� VHOHFWHG� LQ� 6WDJH��� XVLQJ� WKH� EHVW� VHOHFWHG�
$11�PRGHOV��LQ�7DEOH�����$V�ZH�FDQ�VHH��WKH�$11�
PRGHO�RI�6WDJH���RXWSHUIRUPV�WKH�PRGHOV�RI�6WDJH���
LQ�DOO�WKH�TXDOLW\�LQGH[HV�PHDVXUHG��&RQVLGHULQJ�WKH�
UHVXOWV�� WKH� LQWURGXFWLRQ� RI� WKH� SURSRVHG� WZR�VWDJH�
DSSURDFK� DFKLHYHG� EHWWHU� SUHGLFWLRQ� SHUIRUPDQFH�
DQG� ZHUH� VKRZQ� WR� EH� VXSHULRU� WR� WKH� VLPSOH� ILUVW�
VWDJH� PRGHOV� �FRPSRVHG� E\� D� IHDWXUH� VHOHFWLRQ�
PHWKRG���$11���7KH�SURSRVHG�SURFHGXUH�JXDUDQWHHV�
D�EHWWHU�SUHGLFWLRQ�SHUIRUPDQFH�RI�WKH�FRQFHQWUDWLRQ�
YDOXHV�DW�WKH�$OJHFLUDV�PRQLWRULQJ�VWDWLRQ�� 

 
TABLE 5 

Results Stage-2. Fusion of the selected models of 
Stage-1. Best ANN model. 

 
QKLGGHQV 5 06( 506( ' 0$( 

� ����� ������� ������ ����� ����� 

 
7KH�UHVXOWV�RI� WKH�HVWLPDWLRQ�RI� WKH� WZR�VWDJH�

DSSURDFK� IRU� (36$� $OJHFLUDV� PRQLWRULQJ� VWDWLRQ��
XVLQJ� RQH�PRQWK� RI� WKH� SHULRG� DV� DQ� H[DPSOH�� DUH�
SORWWHG� LQ� )LJXUH� ���$� JRRG� ILW� RI� WKLV� DSSURDFK� LV�
VKRZQ� ZLWK� D� FORVHU� DGMXVWPHQW� WR� WKH� REVHUYHG�
YDOXHV�� 7KH� JDSV� LQ� WKH� ILJXUH� LQGLFDWH� PLVVLQJ�
YDOXHV 

 

 
FIGURE 2 

Comparison of the observed and estimated 
values with the best model of the second stage. 

 
 
&21&/86,216 

 
$� GDWD� IXVLRQ� DSSURDFK� EDVHG� RQ�$11V� KDV�

EHHQ�SUHVHQWHG�LQ�WKLV�ZRUN�LQ�RUGHU�WR�HVWLPDWH�WKH�
KRXUO\� FRQFHQWUDWLRQ� YDOXHV� RI� 12�� DW� $OJHFLUDV�
�(36$�� PRQLWRULQJ� VWDWLRQ��$� VHW� RI� PRGHOV� ZLWK�

GLIIHUHQW� LQSXWV� �FRPLQJ� IURP� GLIIHUHQW� IHDWXUH�
VHOHFWLRQ� PHWKRGV�� DQG� FRQILJXUDWLRQV� �QXPEHU� RI�
KLGGHQ� XQLWV�� KDYH� EHHQ� WHVWHG� XVLQJ� D� UHVDPSOLQJ�
SURFHGXUH�LQ�WZR�VWDJHV�� 

7KH� UHVXOWV� IURP� WKH� WZR�VWDJH� DSSURDFK�
RXWSHUIRUP�WKRVH�REWDLQHG�E\�WKH�VLQJOH�PRGHOV��7KH�
UHVXOWV�REWDLQHG�GHPRQVWUDWHG�WKH�XWLOLW\�RI�WKLV�GDWD�
IXVLRQ� DSSURDFK�� 7KH� DSSOLFDWLRQ� RI� WKLV� DSSURDFK�
FDQ�EHFRPH�DQ�HIILFLHQW�VXSSRUWLQJ�WRRO�WR�GLIIHUHQW�
SXUSRVHV�VXFK�LPSXWDWLRQ�RI�PLVVLQJ�GDWD��DXWRPDWLF�
GHWHFWLRQ� RI� GHFDOLEUDWLRQ� RU� FDOFXODWLRQ� RI�
FRQFHQWUDWLRQ� YDOXHV� LQ� XQVHHQ� RU� XQUHJLVWHUHG�
SRLQWV�ZKHUH�QR�PRQLWRULQJ�VWDWLRQ�LV�ORFDWHG� 

 
 

$&.12:/('*(0(176 

 
This work is part of the coordinated research 

projects TIN2014-58516-C2-1-R and TIN2014-
58516-C2-2-R supported by MICINN (Ministerio de 
Economía y Competitividad-Spain). Monitoring 
data has been kindly provided by the Environmental 
Agency of the Andalucian Government. 
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