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A Computational Framework for Unified Biological Databank 
to Overcome Heterogeneity of Biological Data Format
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Razi Iqbal, and Muhammad Idrees
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Department of Computer Science and Engineering,

University of Engineering and Technology, 
Lahore, Pakistan

Abstract: Building block of life is DNA which produces RNA and protein sequences; all these molecular 
blocks lie in the category of biological data. Biological data which comprises various organisms like animals, 
plants, viruses, bacteria and humans,throughout the globe has heterogeneous nature. This heterogeneity is 
caused by different parameters such as storage mechanism, information representation and content format. 
The abundance of heterogeneity creates a havoc towards optimized exploitation, integration, storage and 
retrieval of existing biological data. This work introduces a computational framework for achieving a unified 
format for biological data, which can accommodate different formats of storage; and data presentation. 
An information retrieval system for biological data has been developed which sheds light on different 
recompenses gained by this unified format of the biological data.

Keywords: Biological data, heterogeneous format, unified format, integration, parser

1. 	 INTRODUCTION

Biological information is electronically available 
in the form of databanks under certain categories 
of organisms such as Homo sapiens, plants, virus, 
bacteria and animals [1]. These databanks have 
towering versatility of biological data formats as 
compared to other information [2]. These biological 
data are available in scrappy form under certain 
molecular categorization like DNA, RNA and 
protein sequences.

	 There are multiple sources of molecular 
databases, e.g., DNA Databank of Japan (DDBJ) 
[3], National Centre for Biotechnology Information 
(NCBI) [4], European Molecular Biology 
Laboratory-European Bioinformatics Institute 
(EMBL-EBI) and some others [4, 5]. These 
databanks provide heterogeneous [6] biological 
data under certain formats. It is observed that this 
heterogeneity leads to numerous hurdles towards 

the storage, retrieval, data mining [2], semantic 
search, integration [7], discovery and optimized 
utilization of existing biological data [8].

	 Upon critical inspection of different databanks, 
i.e., GenBank, DDBJ and EMBL-EBI, we 
formalize three levels of heterogeneity in relation 
to biological data which are storage mechanism, 
content format and information representation 
format. Storage mechanism: leads to the storage 
techniques used to store molecular information 
physically such as txt, dat, seq and web pages. 
Content format: expresses the methodology to 
store a sequence such as FASTA [9], GenBank,  
and EMBL. Information Representation: depicts  
the format in which biological information is 
presented to the user, e.g., as text and images. Table 
1 shows three levels of heterogeneity for existing 
biological databanks, i.e. storage, presentation and 
content.
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So far, it seems as if there is no such versatile databank 
with unified format that can accommodate all levels 
of heterogeneity, with respect to biological data. It 
is important to note that it is not a complete list of 
available formats across the globe, but it provides 
the most common list of biological databanks with 
their format information. To cope with heterogeneity, 
we propose a unified format which is capable to 
accommodate all levels of heterogeneity. 

1.1	 Contributions and Goals

Development of unified biological databank with 
unified format has following goals and contribu-
tions: 

1.	 To provide unified biological repository.

2.	 To provide unified format for heterogeneous 
biological data formats.

3.	 Integration of all molecular data at a single 
point.

4.	 Generation of a biological databank service in 
Pakistan.

5.	 24/7 Retrieval of unified biological databank.

6.	 Availability of updated biological information.

7.	 Download services for databank.

8.	 Addition of molecular data discovered at wet 
labs for sharing with the public.

9.	 Provide an efficient, authorized and scalable 
hub for biological research purposes.

2. 	 MATERIALS AND METHODS

This section covers the physical arrangement of 
databank, which is composed of various modules 
and processes such as data acquisition process, 
computational modules (download server, 

biological data processing engine, data server 
and reporting server), security mechanism of 
databank and interface for internal and external 
communication. Furthermore, the conversion from 
heterogeneous to unified format is also discussed in 
this section. 

2.1 Enactment of Unified Biological Databank

Physically unified biological databank [10] is based 
on four core components. Fig.1 shows the abstract 
overview of unified biological databank.

2.1.1 Data Acquisition Process

There are various sources of biological data such as 
wet lab and dry lab [11]. By considering dry lab, the 
data are available in diverse forms i.e. web pages, 
images, videos and text files. In the context of text 
file format there are various existing databanks 
which provide molecular information for different 
organisms like Homosapiens, Musmusculus, 
Rattusnorvegicus, Oryzasativa and others [12]. 
These databanks provide information to the public 
for further utilization per requirements. In this work 
we have downloaded various data sets for numerous 
molecules and organisms. Some of the considered 
data sources for our work are given below:

1.	 DDBJ :   ftp://ftp.ddbj.nig.ac.jp/ddbj_database/
2.	 ENA:   ftp://ftp.ebi.ac.uk/pub/databases/embl/

cds/
3.	 NCBI:     ftp://ftp.ncbi.nlm.nih.gov/blast/db/

FASTA/
4.	 Ensemble:   ftp://ftp.ensembl.org/pub/

release72/fasta/homo_sapiens/dna/
5.	 Vector Base: https://www.vectorbase.org/

downloads
6.	 RNAfam: ftp://ftp.sanger.ac.uk/pub/databases/

Rfam

Molecule type Data bank Storage format Presentation Content  format

DNA

DDBJ Dat, Seq, Fasta Text Fasta, GenBank

ENA Seq Text EBML

NCBI A, Fasta Text Fasta, GenBank

Human Genes GeneCards Web Page Text, Image -

Table 1. Three levels of biological data format heterogeneity.
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Detailed Diagram (For Servers)

Fig. 1. Proposed framework for unified biological databank.

Fig. 2. Abstract view of data mapping layers.
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7.	 miRbase: ftp://mirbase.org/pub/mirbase/
CURRENT/

	 The above list consists of the most common but 
not all databanks which are publically available. 

2.1.2 Download Server

The outcome of data acquisition process is the data 
source links through which we can download our 
required data on our download server. These data 
source links are stored into local index file and 
a request is send to these links one by one under 
file transfer protocol. On the behalf of request, a 
response is generated by the server [13] for the 
links which communicate with the download 
server and firewall to make the internet traffic more 
secure. After negotiating the protocol destination 
file server provides a list of all those files which 
exist on that link. 

	 Firstly, download server sends a request to the 
data source link under file transfer protocol to start 
the communication. In response to the sent request, 
data source file acknowledges and negotiates 
the underlying protocol to start the transfer of 
data. As soon as download server receives the 
acknowledgement from download server, it starts 
receiving the list of all those files which exist on 
that link. This transfer continues till the end of last 
file. Next step of this process is to read the content 
of those files which exist in the list of those files 
received from particular data source link. 

	 Local index file which contains the list of all 
those files which exists on a particular data source 
link is read out. The first index of local index file is 
the name of the file which exists at index 0 on that 
data source link. After getting the first index from 
local index file it is searched on download server 
that either this file already exists or not, if that file 
does not exist then a new file is created in the name 
of 0th index file. Next step is to read the file content 
from source server and write that content into 
newly created file at download server. This process 
goes on till the end of the file. 

	 Other than text files, biological information 

which is available on web pages is also gathered 
using the hypertext transfer protocol (HTTP) 
[14]. To gather the interested set of biological 
information, a request is sent to the particular web 
server under http and the response is generated by 
the web server which permits the download server 
to receive the requested data. Download server 
has several parsers which read the content of that 
particular web page. 

	 Since there exist a lot of other information in 
addition to biological information, so utilities to 
scrutinize the data are applied for filtering, sorting 
[15], trimming [16] and examining the required 
biological information from the web pages. At the 
end of this process the content and data source 
files are stored on download server on underlying 
mapping layers which determines the hierarchy in 
which data has to be stored physically as shown in 
Fig. 2.

	 Some of the download utilities interact with the 
underlying system software throughout the process 
from request to the storage of data on particular 
memory location of data server. System software 
interacts with the bare machine to accomplish the 
task of storage. 

2.1.3 Biological Data Processing Engine

The main purpose of this databank is to provide biotic 
information in unified form using some standards 
and rules. This engine takes heterogeneous data 
which is in FASTA, GenBank and EBI format from 
data server and on the behalf of incoming format it 
chooses an appropriate parser that converts it into 
unified format.

Rule 1: 	 If incoming stream has FASTA format 
then extracted identifier, organism and 
sequence are to be converted into unified 
format.

Rule 2: 	 If incoming stream has DDBJ format the 
command is to extract all tags which are 
in upper case for conversion into unified 
format.

Rule 3: 	 If incoming stream has EBI format, it 
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commands to extract all tags such as ID, 
XX, and SQ to convert those into unified 
format.

2.1.3.1 Data server: The outcome of biological data 
processing engine is the unified data which has to 
be stored on data server. To start the storage on data 
server biological data processing sends a request to 
the data server using request handler. After getting 
the response from data server it receives the data 
from biological data processing engine and starts 
receiving the data. On this received unified data, 
scrutinizer algorithms are applied using utilities 
which examine the type of molecule, databank 
and organism. After examining the incoming data, 
mapping layer communicates with the underlying 
database management system which defines the 
rules to store the unified biological data under 
certain molecule categories such as DNA, RNA 
and protein. System software interacts with bare 
hardware to make possible the storage of unified 
biological data on data server. Rules which are 
applied to store the unified data are as under:

Rule 1: 	 If incoming data has DNA molecule and 
organism is animal then store it into DNA 
repository under “wildlife” category.

Rule 2: 	 If incoming data has DNA molecule and 
organism is Homo sapiens then store 
it into DNA repository under “human” 
category.

Rule 3: If incoming data has Protein molecule 
and organism is animal then store it 
into protein repository under wildlife 
category.

Rule 4: 	 If incoming data has RNA molecule and 
organism is animal then store it into RNA 
repository under wildlife category

2.1.3.2 Report server: To make sure the availability 
of unified biological databank a user interface, i.e., 
web page is provided via report server. A user can 
give input and sends request to generate the desired 
report using a secured channel such as firewall to 
control the incoming and outgoing network traffic. 
The process from user input to the generation of 

report is as follows:

	 Whenever user provides the input a request 
handler of report server sends a request to the 
data server to enable the communication for data 
exchange. Data server sends an acknowledgement 
using response handler indicating a ready state for 
data transfer. After negotiating the communication 
protocols the query analyzer performs the 
examination on requested query.

	 The user’s query and input parameters are 
provided to the query engine which executes the 
incoming query and communicates with the data 
server to fetch the required data from unified 
database. At this stage report server and data server 
simultaneously communicate with each other using 
message passing to execute the query and transfer 
of data. Data server transfers the requested data 
which is received on report server to generate the 
reports. 

2.1.3.3 Options: To generate report there are many 
options available such as:

1.	 Generate report on web page: If the users 
avails this option then generated report has to 
be showed on the web page and user can easily 
approach it.

2.	 Generate report which is downloadable: In this 
option if the user does not want to receive the 
report of web page and is desirous to download 
this report for later use, then pdf based reports 
be provided to facilitate the user.

3.	 Sends the generated report via email: If user 
wants to receive its generated report into mail 
box then the user has to provide his valid email 
address.

2.1.3.4 Levels: There are many users of this 
databank and every user wants the information 
on report according to his level and requirements. 
There are some of the levels of report content such 
as:

(a) 	Biologists, pathologists: These users require 
more detailed report because they deal with the 
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Fig. 3. Conversion steps from heterogeneous to unified format.

Fig. 4. Physical structure of unified format.
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invention, diagnose, repairing and treatment of 
molecular level substance.  

(b) 	Researchers: They deal with the invention and 
research of biological data at molecular level 
for all organisms. So they required report which 
contains the more information about taxonomy.

(c) 	Layman, newbies: They use this databank for 
studies, for DNA matching and for learning 
purpose.

2.2 Exertion of Unified Format

To convert the heterogeneous format into unified 
format for biological data a framework is proposed 
which receives heterogeneous biological data, 
analyze it, selects a particular parser, converts 
it into unified format and stores it into unified 
databank. Framework of unified format is shown 
in Fig. 3. For internal processing of unified 
formatter, we designed numerous parsers for each 
type of incoming format based on heterogeneous 
data stream. Upon careful inspection of input data 
stream of heterogonous nature, a particular parser is 
selected by the unified formatter that automatically 
converts and accommodates all the fields into unified 
format to overcome three levels heterogeneity. 
Outcome of this unified data formatter is the unified 
biological data without any kind of heterogeneity 
treated as unified data set. This data set is accessible 
via information and retrieval system using different 
searching parameters. Detail of this framework is 
as follows:

2.2.1 Heterogeneous Data Format

Biological data is available in heterogeneous 

formats such as FASTA, GenBank and EMBL. 
Some formats are less descriptive like FASTA and 
other formats provides sequence related information 
in details, most common features of formats are 
identifier, organism and raw sequence.

2.2.2 Unified Data Formatter

Working of data formatter is as follows:

Downloading of Heterogeneous biological data: 
According to Table 2 all downloading links of 
various databanks are maintained in a file and 
files are downloaded on our down server using the 
following algorithm.

2.2.2.1 Download files: Get file list form the link 
by sending request to the ftp server.

Step1- > IF: File does not exist or time; start 
download.

	 Else: Goto Step2
Step2-> 	 IF: Time or date of file that exist in our 

system is less than time on the ftp server.
	 Delete the file and start download again.
	 Else: Goto Step3
Step3- >	 IF: Size of the file that exists on our 

system, is less then size on the ftp server. 
Delete the file and start download again.

	 Else: Goto next iteration of loop (Goto 
next file.)

	 It is important to store the files in 
some layered fashion physically. We 
maintained this approach using the 
following algorithm.

2.2.2.2 Hierarchy maintenance: Read all the 
databanks from the file databank.txt

Format Fields

FASTA Definition line, sequence

GenBank Accession, Version, Reference, Author, Origin, Reference, Keywords, Source, Title,  
Journal,Remark,CommentFeatures,Basecount,Consortium

EMBL Accession, Project, Date, Keyword, Organism classification, Organelle, Reference 
Number, Reference Position, Reference Comment, reference cross-reference, Reference 
Group, Reference Author, Reference Title, Reference Location, Third Party Annotation, 
Feature Header, Feature Table

Table 2. Various attributes of existing heterogeneous format.
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Step1-> 	 IF: Folder of the databank in the databank.
txt, present. Go to Step2.

	 Else: Create the Folder and its txt file 
for databanks and Go to Step2.Checking 
for all databanks in the .txt file of the 
particular databank using threads. For 
each Data bank of databank in threads= 
number of banks of a particular databank.

Step2->	 IF: Data bank folder exist then
	 Go to Step3
	 Else: Create Folder and Go to step 3.
Step3- > 	Read links from the .txt file of the 

databanks and then start to download 
files.

	 Upon careful inspection of these downloaded 
data files it can be argued that these files contains 
most common formats such as FATSA, EBML and 
GenBank format and has these following fields 
which are shown in Table 2. 

2.2.3 Unified Format

Unified format holds all the fields of heterogeneous 
formats as mentioned in Table 2 and some of the 
additional fields. Unified format contains all the 
fields of FASTA, GenBank and EMBL format. 
Detail of all fields of unified format with physical 
structure is as shown in Fig. 4.

	 All these tables are linked via a sequence 
identifier which plays a role as primary field and all 
other fields are considered to be the secondary fields 
because they provide data related to the primary 
field. This schema contains various tables such as 
author table which contains information of author 
and sequence identifier. Sequence table stores 
the information about sequence only such as raw 
sequence which is a combination of nitrogen bases, 
its original unique identifier and the identifier which 
we used to store this sequence in our database. 

Other tables contains the information of base 
pairs of raw sequence, definition, organism name, 
molecule type and the information of publication 
with respect to author, journal title, sequence. 
Furthermore the additional information in form of 
annotation is also stored in feature table and header 

table format. Detail of some of the extra fields in 
unified format is as below: 

2.2.4 Secondary Identifier

This is the unique identifier which is assigned 
to every record which has to be entered into our 
databank. Format of this field is as: name of 
original data bank, name of organism, actual 
unique identifier. Actual identifier could be strain, 
accession number, genome identifier or any unique 
property that can distinguish every record, i.e.:

“Name of reference databank + name of organ/
organism+ uniquely identified feature e.g. DDBJ_ 
HomosapienDNA_AB1001”

CountA: 	Contains total count of adenine base in a 
sequence.

CountG: 	Contains total count of guanine base in a 
sequence.

CountC: 	Contains total count of cytosine base in a 
sequence.

CountT: 	 Contains total count of thymine base in a 
sequence.

2.2.5 Parser Rule

There are certain rules which are followed while 
converting heterogeneous format into unified format.

Rule 1:	 Tag matching for GenBank format: If 
data stream has any tag locus, accession, 
version, keyword then split the stream 
and store the chunk of stream from 
current Index+1 to the length of stream. 
If data stream does not have any tag then 
concatenates it with the previous stream.

Rule 2:	 Tag matching for FASTA format; If data 
stream starts with > symbol then split the 
stream by special letters and store each 
splitting region from current Index to the 
length of stream by the increment of 1.

Rule 3: 	 Tag matching for EMBL format. If data 
stream has any tag ID, OS, FT, PA, SQ 
then split the stream and store the chunk 
of stream from current Index+1 to the 
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length of stream: If data stream does not 
have any tag then concatenates it with the 
previous stream.

2.2.6 Unified Dataset

Outcome of the parsing is the unified biological 
data which is stored in a repository under molecule 
category such as DNA, RNA and protein sequence. 
This unified dataset is actually known as unified 
biological databank.

2.2.7 Information Retrieval Tools

Unified biological databank is made accessible 
via information retrieval engine. Where users can 
input any query such as accession number, raw 
sequence, author name, organism, specie and other 
parameters. Against these parameters information 
retrieval engine searched the repository and show 
the results to the user.

2.2.8. Demo

We have developed a prototype of unified biological 
databank, which will be deployed at the link 
http://kics.edu.pk/edanbioinformatics/home.html. 
Currently, the web page indicates the objectives and 
main milestones of the project, while the link and 
accessibility to the utilization of software/databases 
will be provided to public at the completion of 
the project. This application initially downloads 
existing heterogeneous biological data at download 
server and converts it into unified format using 
biological processing. Unified biological data is 
stored on our data server, from which user can 
download unified data and generate reports. Initially 
searching criteria from unified biological repository 
is accession number, which can be enhanced in the 
upcoming versions.

	 In order to use this application, the user has to 
enter the accession number of a sequence as input 
to our system. In addition to input, the user has to 
select the target database from which the search 
will be carried out. After providing input the result 
will be shown on the screen consisting of accession, 
organism and sequence as shown in Fig. 5.

3. RESULTS AND DISCUSSION

There are multiple formats of biological data and 
it is analyzed that FASTA, GenBank and EMBL 
formats are fiasco to accommodate all types of 
molecule information by compensating all levels 
of heterogeneity. It is clear that unified format is 
more versatile which has enough capability to 
accommodate variety of formats without losing 
any useful information. It accommodates all fields 
of heterogeneous formats, all formats of files such 
as seq, fa, fasta, xls, txt and others using parsing 
rules. So we can argue that unified format tackles 
all issues of heterogeneity. 

3.1 	Evaluation

To validate this unified format, we store various 
datasets of FASTA, GenBank and EMBL format 
in unified format by using numerous parsers. This 
unified repository is accessible via information 
retrieval system. Information retrieval system takes 
input which is passed to the information retrieval 
engine to perform analysis. Searching criteria is 
extracted from the input query for processing and 
the required data is fetched based on provided 
searching criteria. 

	 The output of query processor displays on 
graphical user interface in a unified manner.

3.2 	Demonstration

Initially, we used a single parameter; accession 
number as searching criteria keeping in mind the 
fact that every record has an accession number. 
On the behalf of provided input retrieval system 
provides the name of author, sequence Id and 
author id. This result is purely based on user end, 
which fields or information they want in return. We 
will extend the searching criteria in next versions. 
Fig. 5 shows the sample of output based on unified 
format.

	 To evaluate the performance of this tool, a 
task based evaluation strategy was planned, where 
an end user is asked to search and retrieve some 
specific record according to his requirement.  
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Fig. 5. Sample screen of the developed software.

Fig. 6. Evaluation of information retrieval system based on various queries provided by the user.
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3.2.1 Task Based Evaluation

A group of testers used this tool according to their 
role some and evaluate the performance of this tool 
as showed in Fig 6.

3.2.2 Relevance of Searching Criteria

This evaluation was performed to find the relevance 
of retrieved information. Users were given a 
questionnaire with the following three questions.

i.	 Retrieved information is highly relevant.

ii.	 Retrieved information is relevant.

iii.	 Retrieved information is not relevant.

	 In this type of evaluation the searching result 
was tested. There are certain levels of relevance 
such as highly similar, average and low showed 
the degree of searching result as per desire and 
searching criteria. Fig.7 shows the overall degree 
of relevance of search result.

	 To tackle certain issues of heterogeneity, we 
proposed a unified format, which holds all the fields 
of heterogeneous format, which is enough adept to 
accommodate data of all file formats.

	 There are many heterogeneous biological 
databanks and sequence alignment tools such 
as NCBI, DDBJ and BLAST, respectively. The 
major drawback in these databanks is that these 
are providing heterogonous biological data which 
is a major issue in integration and semantic 

search. These databanks are confined to specific 
organism sequences only [6, 13]. Furthermore, 
BLAST analysis has become a ubiquitous method 
of interrogating new sequence data, but these are 
the major limitation to using BLAST alone as a 
discriminating tool and its output is often skewed 
[16].

	 This project will basically deal with the 
establishment of a biological databank for the 
purpose of serving the community because in 
Pakistan such type of databank does not exist as 
yet. The need of this project urged due to some of 
the factors, i.e., economic stability, employment 
opportunity for undergrads and graduates, 
distance learning, agricultural and forensic science 
development. Setting up a new laboratory with 
equipment and trained staff for research purpose 
is highly costly job, by using this databank 
scientist can take access biological data efficiently 
and effectively. Newbies in bioinformatics and 
biotechnology can use this databank for study 
and research work. Even some pharmaceutical 
companies can sue it for drug discovery and their 
experimental work. This project can also help in 
detection of dengue, polio and other viruses which 
directly attacks human DNA structure [17– 20]. 

4. 	 CONCLUSIONS

Globally, biological information is available in 

Fig. 7. Role-based evaluation.
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segregated form with heterogeneous flavor and 
in Pakistan a unified biological databank is not 
available. Heterogeneity nature of biological data 
is a main hindrance towards the semantic searching 
and integration of various biological data sets. To 
address these issues, a unified format might be 
proposed which holds all the fields of heterogeneous 
format, which is enough adept to accommodate data 
of all file formats. As an implementation we provide 
unified biological databank which is composed 
of four processing machine e.g. download server, 
data server, reports server and biological data 
processing engine. Firstly, heterogeneous data is 
acquired and stored on data server, which is further 
provided to the engine to convert it into unified 
form. This unified data is stored on data server 
which communicates with the reports server to 
generate reports on the behalf of user’s input. To 
make available this unified biological databank an 
interface is provided which receives the input from 
user and displays the result.
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Abstract: A concentrating solar collector was developed for convective drying of green chilies by providing 
optimum drying environment. A temperature in the range of 45-65oC and relative humidity of less than 10% 
was observed during the drying period provided by the solar collector from 9.00 am to 5.00 pm. Different 
levels of drying temperature and air mass flow rates were tested to find their effect on drying time of the 
chilies. The experiment was laid out as a randomized complete block design with a factorial arrangement 
of the treatments consisting of 3 levels of temperature and 3 levels of air mass flow rate, replicated 3 times.  
Drying temperature and air mass flow rates effected the drying time significantly. The means comparison 
showed that minimum drying time of 17.96 h was recorded at high temperature of 65oC followed by a drying 
time of 20.27 and 21.43 h at temperatures of 55 and 45oC. The means of air mass flow rates showed that 
minimum drying time of 18.49 h was noted at high air mass flow rate of 3.50 kg min-1 followed by 20.32 and 
20.86 h at air mass flow rates of 1.5 and 2.30 kg min-1. Chilies dried at temperature of 65oC and air mass flow 
rate of 3.5 kg min-1 showed an average drying rate of 0.02 g(H2O) hr-1 cm-2 as compared to the slow drying rates 
at 55 and 45oC. It was concluded that chilies must be dried at high temperature and high air mass flow rates 
to get on time quality dried chilies. 

Keywords: Concentrating solar collector, green chilies, drying rate

1. INTRODUCTION

Solar drying of condiments is most famous and 
ancient technique for preserving food. This 
technique is very economical as we save energy 
and preserve food as well. Most of the condiments 
were dried with the help of the sun drying method. 
If chilies were dried in open sun, then there 
would be chances of microbial infestation and 
the products would be spoiled quickly. For this 
purpose development of solar drier which provides 
controlled drying conditions in a scientific way is 
the best option  [1-2].

	 Chili (Capsicum sp.) is the main ingredients for 
making condiments as it adds flavor and spiciness 
in our food.  Chilies in the form of dried powder 

can compliment any dish with better taste. They can 
enhance our gastronomic experience with a mild 
heat. The chili powder gives your recipe a distinctive 
flavor and a unique culinary flair [3].  During 
drying, chilies must be dried at a temperature of 50 
to 60oC and air mass flow rates of more than 3.0 kg 
min-1. It is due to a reason that drying rate is directly 
proportional to the air temperature and air mass 
flow rates. Thus the increase in both temperature 
and the air mass flow rate will accelerate the 
drying mechanism. Drying time is minimized 
when a drying rate is accelerated. So drying must 
be accomplished at high temperatures and air mass 
flow rates. The upper limit for drying chilies is 60 
°C and air mass flow rate of 3.5 kg min-1 [4]. 
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	 The present research study was on solar drying 
of green chilies using a concentrating solar collector 
to get good quality dried chilies. After drying, the 
chiles were ground to make powder. Different 
parameters studied were drying conditions of 
drying chamber, moisture lost in each hour by 
chilies on wet and dry basis. The objective of the 
study was to find the effect of different levels of 
drying temperatures and air mass flow rates on the 
drying time and drying rate of chilies.

2. 	 MATERIALS AND METHODS 

2.1.	Site Selection 

The collector was tilted on the rooftop of the 
Department of Agricultural Mechanization, The 
university of Agriculture Peshawar, Pakistan located 
between the longitudes 71.0.15o and 72.0.45o East 
and Latitudes 33. 0. 45o and 34. 0. 01o. 

2.2 	Description of the Concentrating Solar 
	 Collector Assembly 

The concentrating solar collector assembly consists 
of two parts ( Fig. 1).

2.2.1  The Concentrating Solar Collector

The dish solar collector was composed of a 

concentrating reflector. The reflector was basically 
a mirror which concentrates the solar radiation on 
the Absorber. The absorber consists of two black 
painted steel pipes having a diameter of 0.05 m. 
Both the pipes are covered by a glass to minimize 
heat loss. The pipes receive air from outside 
environment which was heated here and then this 
hot air was delivered to the drying chamber.

2.2.2 Drying Chamber

The drying chamber was made of steel, fully 
insulated from inside with the help of polystyrene 
foam. The chamber was 1.0 m high and 0.55 m 
wide and 0.57 m long. The chamber was divided 
internally into two compartments in which upper 
compartment was provided for drying while the 
lower compartment was filled with rocks for solar 
energy storage. This stored energy in the rocks was 
used when there was no sunlight available or after 
sunset. There are three exhaust fans each having 
a diameter of 0.054 meters is fixed to each outlet 
which sucked hot air from the absorber inside the 
drying chamber. The flow rate of each fan was 3.56 
kg.min-1. These fans run on a solar panel during day 
time. The total volume of the drying chamber was 
0.3135 m3. The total air flow of three fans is 10.5 
kg.min-1. There was an outlet fixed at the top of the 

Fig. 1 The concentrating solar collector assembly showing different parts 
of the collector.



	 Convective Drying of Chilies Using Concentrating Solar Collector	 105

drying chamber having a diameter of 0.02 m for 
emission of humid air. 

2.3	 Relative Humidity and Temperature of air  
	 pumping through the collector 

Relative humidity and temperature data were 
recorded with the help of digital thermo-hygrometer 
after each hour during drying of chilies. 

	 Moisture content of green chilies was 
determined after each hour of drying. The products 
were dried  down to 5% moisture content to 
minimize mold, insects and bacterial attacks. The 
initial moisture content was determined by the oven 
method while the moisture loss after each hour 
in drying on wet basis was determined by using 
equation 1 [5].

  ………………… 	 (1)

Where M.C. is moisture content (%), Wi is the intial 
weight of each sample before drying (g) and Wf is 
the finalweight of sample after each hour of drying 
(g).

2.4 	Determining Drying Rate 

Similarly moisture loss on dry basis was calculated 
using equation 2 [6].

                ………………	 (2)

	 Where Dr is the drying rate of samples  
(g(H2O). hr-1.cm-2), M.L is the moisture lost per hour 
of drying (g), t is drying time (hr) and A is area of 
the product (cm-2).

	 Chilies were considered dried when their 
moisture content reached to less than 10%. Drying 
time was noted as soon as the chilies were placed 
on the trays in the dryer till the required level of 
moisture was achieved. 

2.5 Experimental Procedure 

Only good quality and disease free chilies were used 
in this experiment. About 4.0 kg of fresh chilies were 
dried, without any chemical pre-treatment, until the 
required final moisture content was attained. The 

fresh chiles were loaded over the trays of the dryer. 
The initial moisture content was calculated by the 
oven method by taking three different samples. Then 
the fan switched on and the air flow rate through the 
collector was adjusted to 1.5 kg min-1. The velocity 
of air at the inlet of the tray was measured with the 
help of Digital anemometer. Solar intensity was 
measured using pyranometer. Temperatures at the 
inlet and outlet of the solar collector and drying 
chamber were measured at one hour intervals. 
During idle conditions, the chiles were covered 
with polyethylene sheet to avoid re-absorption of 
moisture. All the experimental observations were 
made after the drier attained the required drying 
condition. The experiments were repeated thrice 
and an average value was considered. The drying 
characteristics of chilies such as moisture content, 
drying rate, and drier thermal efficiency were 
determined [4, 8].

2.6 	Experimental Design and Treatment 
	 Applications 

The experiment was laid out as a randomized 
complete block design. Both the Temperature and 
air mass flow rates were consisting of 3 levels. The 
data were replicated three times, resulting in a total 
of 27 treatments. Factors and their treatment levels 
are given as below

Temperature  

	 T1 = 45oC

	 T2 = 55oC	

	 T3 = 65oC

Air mass Flow Rates 

	 F1 = 1.50 kg min-1

	 F2 = 2.30 kg min-1    

	 F3=3.50 kg min-1

3.	 RESULTS AND DISCUSSIONS

3.1	 Drying Conditions for Chilies

Chilies were dried at a temperature of 50oC and 
humidity of less than 10%. Chilies took almost 26 
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hours of drying in the drying chamber to reduce 
moisture from 76% at initial to 5% when fully 
dried, as Brewer et al [8] reported  that moisture 
content less than 10% in any product increases its 
shelf life and also attack of mycoflora, bacteria and 
other pathogens are minimized.

3.2 	Drying Time Taken by Chilies 

The initial moisture content of chilies was 76% and 
was dried until the final moisture content reached 
to less than 10%. It is due the fact that pathogen 
attack was minimized when chilies have a moisture 
content less than 10%. Drying temperature, air 
mass flow rate and their interaction have significant 
(P < 0.01) effect on the drying time of chilies. 
Minimum drying time of 17.96 h was recorded at 
high temperature of 65oC followed by a drying time 
of 20.27 h and 21.43 hr at temperatures of 55oC and 
45oC. The means of air mass flow rates revealed 
minimum drying time of 18.49 h, which was noted 
at high air mass flow rate of 3.50 kg min-1 followed 
by 20.32 and 20.86 h at air mass flow rates of 1.5 
and 2.30 kg min-1. These results are in accordance 
with the findings of Mohanraj & Chandrasekar [7], 
Brewer et al [8] and Morison [9] and Santos et al 
[3] and Mahmood et al [4] also found significant 
effects of mass flow rates and temperature on 
drying time of chilies.

3.3 	Moisture Loss in Each Hour 

Chilies were dried at an average temperature of 
50oC and a humidity of 5%. Chilies took almost 
26 hours of drying period (Fig. 2) in the drying 
chamber to be dried. The initial moisture content 
of chilies was 75%, which was reduced up to 5% 
in the 26 hours of drying period, these results are 
in argument with the findings of Brewer et al [8]. 
Chilies showed a very slow drying rate (Fig. 3) of 
0.003 g(H2O). hr-1.cm-2 at first four hours of drying, 
which was constant rate drying, which was then 
decreased to 0.0015 g(H2O). hr-1.cm-2 after 13 hours 
of drying because 50% reduction in the moisture 
content of the chilies. The drying rate becomes at 
falling rate and slower at the end of drying chilies 
which were about 0.0010 g(H2O). hr-1.cm-2 because 

chilies were having less moisture of 15%, which 
was difficult to be dehydrated from chilies by the 
hot convective air. These results are in accordance 
with the findings of Santos et al [3], Morison [9],  
Ahmad [10], Henderson and Perry [11] and  Masit 
et al [12].

4.	 CONCLUSIONS 

It was concluded that concentrating solar drier 
provided optimum drying conditions for drying 
of green chilies. Chilies must be dried at high 
temperature and high air mass flow rates to get 
minimum time for drying. Solar drying of green 

Fig. 2 Moisture loss on wet basis by  chilies.

Fig. 3 Moisture loss on dry basis by chilies.
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chilies using a concentrating solar collector is time 
saving, economical and the product dried were safe 
from pathogen attack. It is recommended that to get 
good quality and valuable dried green chilies they 
must be dried at a temperature of 60°C and high 
air mass flow rate of 3.5 kg min-1 to get spicy and 
valuable dried green chilies to be ground easily to 
powder for taste in food. 

5. 	 ACKNOWLEDGMENTS 

The Author acknowledges the help provided by Mr. 
Muhammad Aamir in the construction and installation of 
the concentrating solar collector. 

6. 	 REFERENCES 

1.	 Wilcke, W.F. Low Temperature Solar Grain Drying 
Handbook. Midwest Plane Press, University of 
Illinois, USA (1980).

2.	 Karim, A.M. & M.N.A. Hawlader. Development of 
Solar Air Collectors for drying applications. Journal 
of Energy Conservation and  Management 45(3): 
329-344 (2003).

3.	 Santos, B.M., R. Quiroz & T.P. Borges. A Solar 
Collector Design Procedure for Crop Drying. 
Brazilian Journal of. Chemical Engineering 22 (1): 
104-132 (2005).

4.	 Mahmood, Z., K. Mazzullah, A. Masood & M. Asif. 
Design and development of a gable type solar dryer 
for drying fruit and vegetables. Sarhad journal of 

Agriculture 21(4): 525-529 (2005).
5.	 Ehiem. J.C., S.V. Irtwange & S.E. Obetta. Design 

and development of an industrial fruit and vegetable 
dryer.  Journal of Applied Science, Engineering and 
Technology 1(2): 44-53 (2009).

6.	 Hanif. M., M. Ramzan & M. Aamir. Drying of 
grapes using a concentrating solar air heater. Journal 
of Agricultural Research 50 (3): 487–496 (2012).

7.	 Mohanraj, M. & P. Chandrasekar. Performance of a 
forced convection solar drier integrated with gravel 
as heat storage material for chili drying. Journal of 
Engineering Science and Technology 4(3): 305-314 
(2009).

8.	 Brewer, N. R., A.F.J. Clifford, S.T. Elwynn, L.K. 
Joe & W. Morris. Solar Applications in Agriculture. 
The Franklin Institute Press. Auburn University, 
Auburn, Alabama, USA (1981).

9.	 Morrison, D. Agricultural Solar Design Booklet. 
Cooperative Extension Services Press, Agricultural 
University of Illinois, USA (1981).

10.	 Ahmed, A.G. Design and construction of a solar 
drying system with a cylindrical section and it’s 
analysis of the performance of the thermal drying 
system. African Journal of Agricultural Research 6 
(4): 343-351 (2011).

11.	 Henderson, S.M. & R.L. Perry. Agricultural Process 
Engineering. Engineering. University of California, 
AVI Press California, USA (1976).

12.	 Masit, L., A.E. Fossdal, K.M. Broch & B. Erisksen. 
Renewable Energy. The Center for Renewable 
Energy, Norwegian University of Science and 
Technology, Norway (2007).





Research Article

Proceedings of the Pakistan Academy of Sciences 52 (2): 109–116 (2015)	  Pakistan Academy of Sciences
Copyright © Pakistan Academy of Sciences
ISSN: 0377 - 2969 (print), 2306 - 1448 (online)

————————————————
Received, December 2014; Accepted, April 2015
*Corresponding author: M.A. Javid; Email: ma.javid@hotmail.com

Influence of Situational Constraints and Public Transport Incentives 
on Acceptability of Car Use Restrictions in Lahore, Pakistan

Muhammad A. Javid

Department of Civil Engineering,
National University of Computer and Emerging Sciences, Faisal Town, Lahore, Pakistan

Abstract: The rapid increase in private car ownership and its usage has resulted in traffic congestion on road 
infrastructure in Lahore city. It is very important to explore the potential of some travel demand management 
policies under local socio-economic context. This paper aims to explore the influence of situational constraints 
and public transport incentives on acceptability of car use restrictions. A questionnaire survey was conducted 
in Lahore city to obtain the required data. Data was analyzed using structural equation modeling technique. 
Results revealed that situational constraints and public transport incentives have significant influence on 
people’s travel behavior and acceptability of mobility restrictions on car use. The findings of this study would 
be useful for local planners in making decision regarding transit improvements and implementing car use 
reduction measures.    	

Keywords: Travel demand management (TDM), structural equation modeling (SEM), situational constraints, 
traffic congestion, public transport

1.	 INTRODUCTION

The rapid increase in private vehicle ownership 
and its usage has resulted in traffic congestions 
on road infrastructure in most of the developing 
countries. The traffic jams tend to increase social 
cost in terms of increase in energy congestion 
and air pollution, increase in travel time and cost, 
and increase in accidents. Building more road 
infrastructure results inequitable solutions for 
the reduction of traffic congestion because it just 
facilitates the private vehicle users. It does not 
provide any appropriate mobility options for the 
poor people such as non-motorized and public 
transport modes users. Moreover, such supply 
side measures encourage more private vehicle 
ownership and its usage, and tend to increase 
social cost. In developing countries, the main focus 
is on supply side measures in order to reduce the 
gap between demand and supply. However, lack 
of financial, technical and institutional resources 
and environment sustainability related problems 

argue from planners and policy makers to look for 
demand side solutions with supply side measures. 
In this perspective, travel demand management 
(TDM) strategies are considered as effective tools 
in reducing the traffic congestion and its related 
social and environmental problems. The TDM 
strategies tend to influence the individual’s travel 
behavior for the reduction of traffic congestion and 
have impact on reduction in travel time and cost, 
and convenience of travel options [1]. Garling and 
Schuitema [2] believe that it is vital to promote such 
policies that should reduce the advantage of car use 
and increase benefits of public transport usage. The 
TDM strategies are mainly classified into two types 
such as push or disincentive measures aiming to 
reduce the advantages of car use (e.g., increase in 
fuel and road taxes), and pull or incentive measures 
where alternative travel choices are provided (e.g., 
improved public transport, van pooling, HOVs 
lanes) [3]. Another classification includes hard 
measures such as road pricing, parking charges, 
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new public transport service and soft measures 
such as workplace travel plans, personalized travel 
planning, public transport marketing and travel 
awareness campaigns [4]. 

	 According to Meyer [5], it is required to 
manage travel demand efficiently for commuting 
and non-commuting trips and for recurring and 
non-recurring congestion events in order to 
optimize the performance of existing transportation 
system. It is argued that those TDM strategies will 
be effective in developing countries which offer 
cheaper travel alternative to the majority of the 
residents [6]. The TDM measures such as support 
for ridesharing, public transport improvements and 
implementation of land use policies can reduce the 
private vehicle trips. Implementation of parking 
control measures, and support for pedestrians 
and cyclists can also be effective in altering the 
travel demand and pattern [7]. Faiz et al [8] argue 
that imposing vehicle ownership and other usage 
related taxes like road tax and parking charges may 
discourage both car ownership and usage. It is very 
important to evaluate the public acceptability for 
the specific TDM strategies before implementing 
[9] because commuter’s behavior will be key factor 
in their success and effectiveness. In some studies, 
push measures like road pricing and parking 
charges perceived low acceptance from public 
compared with pull measures like public transport 
improvements [10-11]. However, it is believed that 
commuters normally perceive pull measures to 
be more suitable; though push measures are often 
believed to influence car use reduction to a greater 
extent [12, 3]. In addition, the acceptability of a 
measure is important if its objectives have to be 
achieved [9, 13]. 

	 Different factors can influence the acceptability 
of TDM policies. These factors include individual’s 
socio-economic demographics (SED), lifestyle, 
attitudes and intentions [3, 12, 17-18]. It is 
vital to explore the influence of such factors 
on acceptability of TDM strategies in the local 
context. Therefore, the objective of this paper is to 
diagnose the influence of situational constraints or 

coupling constraints and public transport incentives 
on acceptability of car use restrictions. The findings 
of this study are based on results of a questionnaire 
survey and structural equation modeling. This 
paper organized in the following manner. Section 2 
describes the characteristics of study area and data 
collection methods. Section 3 presents the results 
and analysis part and last section summarize the 
key findings of this study. 

2.	 STUDY AREA AND DATA COLLECTION

In this study, Lahore city selected for case study. It 
is the second largest city of Pakistan after Karachi 
and largest one of Punjab Province. The population 
of Lahore city is almost 8.65 million and area about 
1792 km2 [14].  The urban population growth rate 
is almost 3% per annum [14]. It is concentrated 
with educational, economic and medical facilities. 
The people from other parts of the country travel 
to Lahore in order to enjoy the culture and better 
living facilities. The presence of such facilities 
attracts many people from suburban areas and 
generates huge travel demand. The number of trips 
generated is very high from the inner zones of the 
city due to high density development. Population 
density varies from 450 persons per hectare in 
the inner zone to 100 persons per hectare in the 
outer zone and almost 80% of population is living 
within a radius of 7-8 km from the city centre [14]. 
Considering the number of trips generated and 
attracted due to this high density development in 
the inner zone and concentration of facilities, it 
can be argued that Lahore city has high potential 
for mass transit development. On the other hand, 
the rapidly growing population and traffic demand 
has resulted persistent traffic congestion on roads 
despite significant supply of related infrastructure 
in the last decade. The ownership of private 
vehicles is increasing at an alarming rate of 17 % 
per annum [14]. Insufficient and inefficient existing 
public transport system is one of the main reasons 
for this increase. Other main elements in the rapid 
increase of car ownership and usage are banking 
leasing policy to own a car, changing lifestyles, 
status symbol and low ownership and usage cost. It 
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is believed that motorized traffic also threatens the 
safety of non-motorized modes users in the busy 
urban areas [15]. The increased social costs due to 
heavy traffic congestion in terms of increase in travel 
time and cost increase in energy consumption and 
air pollution demands the provision of sustainable 
travel options. In the context of these stated 
issues it is required to consider and implement 
demand management measures in order to solve 
the congestion oriented problems, and ensure the 
sustainability of the city. 

	 A questionnaire survey was conducted in 
Lahore to obtain the required data in order to 
accomplish the study objectives. A comprehensive 
questionnaire was designed consisting of following 
two parts. Part one included only personal and trip 
information of the respondents i.e. gender, marital 
status, age, income, education, occupation, vehicle 
ownership, possesses driving license or not, etc. 
In part two of the questionnaire respondents were 
requested to state their behavioral intentions for 
the use of improved public transport under some 
situational constraints, mobility restrictions on car 
use, and public transport incentives. A five point 
Likert scale was used in this part to evaluate the 
respondents stated intentions, i.e., never (1), almost 
never (2), sometimes (3), almost every time (4) 
and every time/always (5). There were fourteen 
conditional statements as presented in Table 2 and 
respondents needed to show their intentions for the 
use of public transport against each statement using 
five point Likert scales as mentioned above. The 
respondents were asked to show their preferences 
to use public transport under different situational 
constraints such as travelling alone, travelling 
with family members or friends, and travelling 
with elder family members.  Some incentives were 
given to the respondents on public transport usage 
such as reliable service, direct access to important 
destinations along transit route, low travel cost and 
less travel time as compared to private car. Some 
mobility restrictions on car use were included such 
as limited car parking space at destination; parking 
is very far from the destination, imposition of road 
tax and heavy parking fees on car use, and entry 

restrictions on car in public transport service area. 

	 This questionnaire survey was conducted in 
the various private and civil organizations and 
educational institutions located in Lahore city. The 
survey locations were selected keeping in view the 
target groups of respondents. The target groups 
were included the current and potential car users. 
Therefore, only those locations were selected for 
survey where such kinds of travelers were easily 
available and accessible.  These locations included 
some engineering departments of University of 
Engineering and Technology and the University 
of the Punjab, National University of Computer 
and Emerging Sciences, NESPAK Pvt. Ltd., 
Transportation Planning Unit (TPU), and some 
other private organizations. It was assumed that 
such professional workers and students belonging 
to engineering fields have more potential to use car.   

	 The questionnaire was equipped with the 
objectives and details of the conducting authority. 
The filling guidelines were also mentioned at 
the start of each part. The respondents were 
selected randomly at each survey location. The 
survey was conducted with the help of university 
graduate students and they were properly trained 
for this purpose. A pilot survey was conducted 
before the actual survey in order to assure the 
clarity of designed questionnaire items. Self-
completion approach by respondents was used in 
this survey. The questionnaires were distributed 
at selected locations, and instructions were given 
to the respondents regarding the contents of the 
questionnaire and the procedure to answer the 
questions. The respondents were requested to return 
the completed questionnaire after two weeks, and 
completed questionnaires were collected with the 
help of the survey team. An additional one week 
was given to those respondents who were not able 
to complete the questionnaire in the initial period. 

3.	 RESULTS AND ANALYSIS

3.1.	Distribution of Respondents’ Socio-economic  
	 Demographics (SEDs)

A total of 550 questionnaires were used in the 
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survey, and only 372 samples were obtained, 
which represented a return rate of 67.7%. Eighteen 
samples were discarded because of incomplete 
information and double answers on some questions. 
Therefore, the results of only 354 samples were 
used in further analysis. The proportions of male 
and female respondents in the sample were 67.5% 
and 32.5%, respectively. There were fewer female 
respondents because they do not ride motorcycles, 
and the proportion of working women is also lower 
in Lahore city. Almost 84% of respondents were 
aged 21–30 years, and only 48% had a driving 
license. Details of socioeconomic demographics 
(SEDs) are given in Table 1. 

3.2.	Average Response on Stated Preferences

Average response was calculated for respondent’s 
behavioral intentions to use public transport under 
stated conditions. For this purpose, respondents’ 
response was coded on bipolar scale, i.e., -2 (never), 
-1 (almost never), 0 (sometimes), 1 (almost every 
time) and 2 (every time). 

	 It can be seen from results presented in Table 2 
that respondent’s intentions to use public transport 
vary under different situational constraints. 
Travelling with family members accounts less 
average response. It can be said that people 
feel insecure and less privacy while travelling 

with family members especially with female. 
In acceptability of mobility restrictions on use, 
estimated average response depicts that restriction 
on car entry in public transport service area has 
more potential of reducing car use compared to 
fiscal and parking restrictions. It can be said that 
improvement in service quality of public transport 
with car entry restrictions is an effective policy to 
reduce the traffic congestion in highly congested 
areas. Parking charges and road tax on car use have 
almost same influence on car use reduction. In 
public transport incentives, average response shows 
that direct access to destination and reliability are 
the most influencing attributes of public transport 
along with less travel cost. It looks that sitting has 
less significance in defining the service quality 
level of public transport for target group of people. 

3.3.	Structural Equation Modeling (SEM)

Analyses were conducted using structural equation 
modeling technique to evaluate influence of public 
transport incentives and situational constraints on 
acceptability of car use restrictions. Many studies 
in the field of transportation research have applied 
SEM technique to diagnose casual relationship 
between different factors [16-19]. The SEM is 
a multivariate statistical analysis tool which can 
elaborate direct and indirect relationships between 

Table 1. Descriptive statistics of respondents’ socioeconomic demographics.

Characteristics Distribution (%)

Marital status Single (65), Married (35)

Occupation Students (22.7), private employees (30.6), civil employees (43.1), entrepreneurs (3.6)

Personal income per  
   month (PKR)

< 10,000 (19.5), 11,000–20,000 (13.8), 21,000–30,000 (16.7), 31,000–40,000 (17.2), 
41,000–60,000 (17.8), 61,000–80,000 (8.8), > 80,000 (6.2)

Household income per 
   month (PKR)

< 20,000 (4.5), 21,000–30,000 (11.6), 31,000–40,000 (10.5), 41,000–60,000 (24.9), 
61,000–80,000 (17.0), > 80,000 (31.2)

Vehicle ownership None (9.9), Motorcycle (60.2), Car (52.0)

Vehicle driven None (23.2), Motorcycle (43.2), Car (40.0)

Modal share (usual 
   daily travel mode)

Walk (7.3), Bicycle (1.5), car (31.2), motorcycle (27.6), auto-rickshaw/taxi (12.3), 
campus/office transport (7.1), Qingqi/wagon (7.2), bus (5.8) 

Frequency of usual 
   travel mode

5–7 days a week (86), 3–4 days a week (9), 1–2 days a week (2), a few times a month or 
less (3) 
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Table 2. Average response for public transport usage under incentives and restrictions.

Description of items Mean

Situational Constraints (SC)

Commuting with family members (SC-1) -1.083

Travelling with elder family members (SC-2) -1.232

Commuting with friends (SC-3) -0.427

Public transport incentives (PTI)

If public transport is reliable than car (PTI-1)  0.517

When travel cost by public transport is half of car (PTI-2) 0.412

When travel time by public transport is 10 minutes less than car travel time (PTI-3) 0.263

When seat is assured in public transport with same travel time as car (PTI-4) 0.146

When seat is assured in public transport with same travel cost as car (PTI-5) -0.008

When you can directly access many important places by public transport (PTI-6) 0.576

Acceptability of mobility restrictions on car use (AMR)

When parking is limited at destination (AMR-1) 0.121

When you need to pay Rs. 100 parking fee at destination (AMR-2) 0.350

When you need to pay road tax Rs.100 for use of car (AMR-3) 0.429

When entry of car is restricted in public transport service area (AMR-4) 0.673

Fig. 1. A typical structural model diagram.

the variables. In a SEM model, it is possible to 
include latent variables. The SEM technique 
permits the researcher to interpret the covariance 
structure without considering the multicollinearity 

issue. For this purpose various users’ friendly 
software are available such as SPSS AMOS 19.0. 
A typical structural model diagram for this study is 
shown in Fig. 1. This diagram shows the influence 
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Table 3. Results of structural equation modeling.

Limited parking at 
destination (AMR-1)

Rs. 100 parking 
free (AMR-2)

Rs. 100 road tax
(AMR-3)

Car entry restriction 
(AMR-4)

PTI-1 -- .10** .26*** .32***

PTI-2 .21*** .24*** .24*** .26***

PTI-3 -- .09** -- --

PTI-4 -- -- -.12*** -.10**

PTI-5 .14*** .07* .11*** .37***

PTI-6 .12** .15*** .16*** .12**

SC-1 .24*** -- -- --

SC-2 .29*** -- -- --

SC-3 -.16*** -- -- -.09**
Note: PTI: public transport incentive, SC: social constraints, AMR: acceptability of mobility restrictions, *** significant at 1%, ** Significant at 
5%, * Significant at 10%

of public transport incentive (PTI) variables and 
various situational constraints (SC) variables on a 
particular car use reduction measures. Table 3 gives 
the details of significant structural relationships 
between influencing factors and car use reduction 
measure.  Next sub-sections discuss the results one 
by one.

3.3.1. Limited Car Parking Space at Destination 
(AMR-1) 

The less travel cost of public transport compared 
to car has significant and positive relationship with 
limited parking restriction policy at destination. It 
implies that limited parking policy has some impact 
on car use reduction if the public transport travel 
cost is less. Similarly, in public transport incentives 
seat assurance and direct access by public transport 
to most of the destination have positive and 
significant impact on reduction of car use under 
limited parking policy. In situational constraints, 
travelling with family members has positive 
association with limited parking policy. It means 
that limited parking policy has significant influence 
on reduction of car use even when people travelling 
with family members. The negative relationship 
between this policy and SC-3 depict that people 
would prefer to use private car instead of public 
transport while travelling with friends.   

1.3.2.	 Rs. 100 Parking Fee on Car Use (AMR-2)

The halved travel cost of public transport as 
compared to car and direct access to important 
destinations by public transport have very strong 
association with acceptance of Rs. 100 parking fee 
on use of private car. It implies that reduced travel 
cost of public transport along with imposition of 
parking charges would have significant influence 
on reduction of private vehicle usage. 

3.3.3.	 Rs. 100 Road Tax Imposition on Car Use 
(AMR-3)

The provision of public transport incentives has 
positive influence on acceptability of Rs. 100 road 
tax on car use. These incentives include reliability, 
less travel cost compared to car, and higher access of 
public transport service. The negative relationship 
of assured seat with same travel time with road tax 
policy imply that people would prefer to use their 
private vehicle even if they need to pay Rs. 100 
road tax on car use. In situational constraints, none 
of the relationship is significant with this policy. 

3.3.4.	 Car Entry Restriction in Public Transport 
Service Area (AMR-4)

The incentives of reliability, less travel cost 
compared to car and higher access of public transport 
have positive influence on acceptability of this 
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policy. However, the incentive of assured seat with 
same travel time as car has negative relationship 
with this policy. It depict that this incentive would 
not help in reducing the use of private vehicle. In 
situational constraints, people would prefer to use 
private vehicle while travelling with friends even 
with the imposition of this policy as relationship is 
negative. 

4.	 CONCLUSIONS

Reliability of service, less travel cost of public 
transport and direct access to important destinations 
by public transport are significant incentives in 
order to enhance the acceptability of imposed 
mobility restrictions on car use in Lahore city. It 
was also revealed that assurance of seat in using 
public transport with same travel time as private 
car would not have any impact on reduction of car 
use even in the presence of mobility restrictions. 
These findings imply that before imposition of 
such restrictions on car use we need to enhance 
the reliability and accessibility of public transport 
service. It is also required to keep travel cost of 
public transport on lower side in order to make it 
attractive for car and non-car users. It was observed 
that some situational constraints have significant 
influence on acceptability of car use restrictions 
such as travelling with friends and family members. 
People would prefer to use their private vehicle 
while travelling with friends because they feel better 
in the society. These findings would be helpful in 
taking preparatory steps for the improvements of 
public transport system before imposing above 
mentioned restrictions on car use. 
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Abstract: Natural polymers, extracted from plants, can be used as coagulants for water treatment in addition 
to metal salts and synthetic polymers. Natural materials may offer benefits such as local production, lesser 
health hazards and affordability for developing world. Opuntia stricta plant, a cactus specie native to Mexico, 
has been explored in this study for its efficacy as coagulant. Efficiency of Opuntia stricta was assessed on 
the basis of turbidity removal from lab prepared and surface water samples. The effect of water pH on its 
performance was also analyzed. The study results revealed that removal efficiency of Opuntia stricta for 
turbidity removal remains consistent within a wide pH range (pH 5 to 10), in contrast to other coagulants which 
are pH dependent. Furthermore, pH of the water remains constant during coagulation and pH adjustment may 
not be required for subsequent treatment processes, which is often needed in case metal coagulants are used. 
Residual turbidity below 20 NTU is conveniently achieved by using Opuntia stricta even when it is used at 
very low doses. Formation of exceptionally large flocs and their linear configuration reveals the possibility 
that mechanism of coagulation by Opuntia stricta is adsorption and inter-particle bridging. 

Keywords: Opuntia stricta, cactus, water, treatment, coagulation 

1.	 Introduction 

About 187 million of world population relies on 
the unimproved surface water sources [1]. Such 
water use poses high risk of water borne diseases. 
Turbidity is one of the major problems of surface 
waters and shallow open wells, as observed in 
studies in Pakistan [2], Bangladesh [3], Ghana 
[4, 5], Malawi [6] and Cameroon [7]. Removal of 
turbidity is necessary to improve its bacteriological 
quality by subsequent treatment i.e. disinfection. 
Conventional coagulants, such as aluminum and 
iron salts, have been successfully used in treatment 
of turbid waters. Effectiveness of these chemical 
coagulants is well recognized [8,9]; however, certain 
disadvantages such as production of large sludge 

volumes, ineffectiveness in low-temperatures, high 
procurement costs, and Alzheimer’s disease [10, 
11] tend to limit their use, particularly in countries 
of the developing world. Synthetic polymers, such 
as poly acryl-amide and poly diallyl-dimethyl 
ammonium chloride, are alternative coagulants 
used to remove turbidity in water. They can reduce 
the turbidity of water without increase in sludge 
volumes;however, health concerns related to the 
release of carcinogenic oligomer constrain their use 
[12-15].

	 In addition to conventional metallic coagulants 
and synthetic polymers, natural materials like 
Moringa oleifera, Opuntiaspp., Strychnos 
potatorum and Tannin can also be used for treating 
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turbidity present in the water through coagulation 
[12]. These coagulants are not only naturally 
reproducible but may also offer many other 
advantages like local availability, adaptability, 
and lesser health hazards than residual mineral 
coagulants or synthetic polymers. Among these 
coagulants, Opuntia Spp. are the ones which have 
been recently deliberated for detailed laboratory 
investigations to explore its coagulation properties 
and mechanisms [13].

	 Opuntiagenus is a group of succulent plants 
which spreads from Mexico to other parts of the 
world. Opuntiaficus-indica is most common specie 
of this group which has multiple uses in the industry 
and everyday life [14].Opuntia ficus-indica has been 
extensively studied for the coagulation of colloidal 
suspensions by some researchers [13, 15-17]. Mostly, 
internal part (parenchyma) of Opuntia cladode 
has been used to prepare coagulant solutions after 
drying and grinding to make a powder. However, 
Butticeet al. [17] have used chemically extracted 
mucilage of the Opuntia cladode in coagulation 
studies. Mucilage is the gummy material and a 
biopolymer found in Opuntia cladode [12]. While 
treating colloidal suspensions with Opuntia ficus-
indica, as coagulant, zeta potential of colloids and 
micro-photographs of flocs indicate that potential 
mechanism of coagulation is absorption and inter-
particle bridging [13].  It is found that Opuntia 
ficus-indica has the ability to bring down residual 
turbidity to around 5 NTU for different initial 
turbidities of  synthetic and natural colloidal 
samples but the best removal occurs around pH 
9-10, and the removal efficiency decrease gradually 
by lowering the pH to 7 [12-13, 16]. However, the 
required pH range of the drinking water is 6.5-8.5 
according to WHO guidelines for drinking water 
[18]. Adjustment of pH of natural water to pH 9-10 
for optimal coagulation using Opuntia ficus-indica 
requires significant amount of chemicals, which 
might not be affordable for developing countries. 

	 Opuntia stricta, have not been studied for 
its coagulation characteristics so far. It is a less 
common Opuntia spp. than Opuntiaficus-indica, 
but is widely spread over South America and 

Australia. It is also found in Cuba, Haiti and 
West Indies as well. Opuntia stricta has light-
green oval to elliptical shaped matured cladodes, 
which are more often spineless; however, there 
are widely spaced small glochids on the cladodes. 
It has seasonal lemon-yellow colored flowers and 
carmine-red colored elongated club-shaped ripped 
fruits [19]. Fig. 1 shows cladodes, flowers and fruits 
of Opuntia stricta.

	 Although actual coagulating agents in Opuntia 
are uncertain;mucilage was found with coagulation 
properties pertaining to Opuntia [12]. Chemically, 
mucilage of Opuntia stricta contains protein, fat, 
crude fiber, and ash content of about 5.18%, 0.38%, 
0.07% and 29.93%, respectively. It has low acute 
toxicity levels and can be used as additives in the 
pharmaceutical and food products [20]. Mucilage 
has complex chemical ingredients, but mostly it is 
considered to contain polysaccharides abundantly 
[21]. Mucilage contains varying proportions of 
l-arabinose, d-galactose, l-rhamnose, and d-xylose, 
as well as galacturonic acid [22]. The results of a 
study indicated that turbidity removal of synthetic 
polysaccharides of mucilage was about 50% only, 
which suggests the presence of some other active 
coagulant agents than mucilage in the Opuntia [13]. 
However, analysis of the poly-galacturonic acid, a 
major constituent of many plants, for coagulation 
rather than simple galacturonic acid, used by Miller 
S.M. et al, 2008, may yield a better insight into 
coagulation ingredients of Opuntia [12]. 

	 Keeping in view the potential advantages of 
Opuntia spp. as coagulant and constraints of pH 
adjustment for Opuntia ficus-Indica, turbidity 
removal in surface water using Opuntia stricta have 
been explored in this study. 

2.	 MATERIALS AND Methods

2.1	 Water Sampling

Both natural and synthetic colloidal samples 
have been used in the study. Natural sample was 
obtained from River Ravi near Ravi Syphon, 
District Lahore, Punjab-Pakistan. Samples were 
stored at room temperature and used for study after 
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Fig. 1. Cladodes, flowers and fruits of Opuntia stricta.

Fig. 2. Extraction and preparation of coagulant solution.
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homogenization through mixing. Synthetic samples 
were prepared using industrial grade kaolin. Ground 
kaolin was sieved to get particles less than 75 µm 
in size and mixed in the blend of distilled and tap 
water (1:1), settled for 1 hour and supernatant was 
decanted. The decanted supernatant was used as 
synthetic colloidal sample for coagulation analysis. 
Important physical and chemical characteristics 
of the samples are given in Table 1. Tests were 
performed according to the “Standard Methods for 
Examination of Water and Wastewater” [23].

2.2	 Preparation of Coagulant Solutions 

Opuntia stricta cladodes were obtained from 
Karachi Golf Club, Karachi, Pakistan. Pads were 
brought to Lahore and planted in the sandy soil for 
further natural growth. For preparation of coagulant 
solution, cladodes were washed with tap water and 
laterally cut into strips of about 1cm, outer skin 
was removed manually using knife, and internal 
parenchyma part was dried in the oven at 65ºC for 24 
hours. Dried Opuntia was grinded in the Panasonic 
MJW-176P grinder and sieved to get powder 
containing particles of sizes ranging from 180 µm 
to 300 µm. This fine powder was used to make 
suspension of 1 g/L in distilled water and stirred for 
1 hour to liberate active coagulant agents,which was 
then used as the coagulant solution. The process of 
coagulant extraction and preparation of coagulant 
solution is shown in Fig. 2. 

2.3	 Experimental Procedure   

Coagulation experiments were performed using 
Phipps & Bird BP-900 jar test apparatus. Water 

samples were poured in 1 liter beakers and varying 
doses of Opuntia were added in different beakers.
pH of the Synthetic colloidal suspensions was 
measured using HACH SensIon3 pH meter and 
adjusted to desired pH using 1N solutions of NaOH 
or H2SO4. Natural colloidal sample was used 
without adjustment of its pH. A blank sample was 
also analyzed in parallel for comparison. Samples 
were stirred at 100rpm for 2 minutes and slowly 
mixed at 30 rpm for 20 minutes followed by settling 
of 30 minutes. Effectiveness of Opuntia stricta was 
evaluated by measuring removal of turbidity at 
various pH and coagulant doses, both for synthetic 
and river water. Turbidity of the settled samples was 
measured using HACH 2100N turbidity meter. All 
the samples were tested three times and mean values 
are reported. Flocs formed during coagulation, at 
optimum dose and pH, were examined with the 
help of Olympus STM 6 microscope and micro-
photographs were taken at appropriate resolution.

3.	 Results and Discussion 

Coagulation of synthetic water, at Opuntia dose of 
2 mg/L to 30 mg/L, was carried out at pH 5 to 10. 
Results of the experiments are presented in Fig. 
2. Over the tested pH range, there is insignificant 
change in residual turbidity for a given coagulant 
dose. Furthermore, there is a gradual increase in 
residual turbidity with increasing coagulant dose 
from 2 mg/L to 30 mg/L. This may be due to 
destabilization of particles observed at high doses 
of adsorbed polymers [24].

	 For initial turbidity of 150 NTU, residual 

Table 1. Salient physical and chemical characteristics of colloidal samples.

Sr. No. Parameter Units
Sample Type

River water* Synthetic water

1 Turbidity NTU 105 150±10

2 pH - 7.1 8.0-8.3

3 Electrical Conductivity µS/cm 238 270±20

4 Alkalinity mg/L as CaCO3 138 104±10

* Average Values
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Fig. 3. Initial and residual turbidity in synthetic water sample for different doses of Opuntia stricta at 
varying pH.

Fig. 4. Initial and residual turbidity of synthetic sample using different doses of Opuntia stricta at pH 7.0.

turbidities at pH 9-10 lie between 18 NTU – 
63 NTU for different Opuntia doses and at pH 
5-6, residual turbidities are 18 NTU – 78 NTU. 
Similarly, residual turbidities in pH range 6-8 lie 
between 14 NTU – 65 NTU for different Opuntia 

doses. These results indicate that efficiency of the 
Opuntia stricta is not strictly dependent upon the 
pH of the water; whereas, efficiency of Opuntia 
ficus-Indica and other coagulants is highly pH 
dependent [13]. It was also observed that there is 
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Fig. 5. Initial and residual turbidity of river sample using different doses of Opuntia stricta at pH 7.1.

Fig. 6. Flocs formed during coagulation of river water with Opuntia stricta.

no significant change in the pH during coagulation 
process. Insignificant change in the final pH has 
been reported for Opuntiaficus-Indica by Miller 
et al. and Yang et al. [13, 16].Such performance of 
Opuntia stricta which is independent of water pH 
along with the least effect on the final pH is unique 
and favors its practical use. 

	 To explore the effect of Opuntia stricta dose 
on turbidity removal, jar test was performed for 
both synthetic and natural samples at pH 7.1. Fig. 
3 is showing the results of synthetic water, when 
dose was increased from 2 mg/L to 40 mg/L. It is 

seen that minimum residual turbidity of 18 NTU 
was achieved for 2 mg/L dose and the residual 
turbidity sharply increases by increasing the dose. 
This implies significant sensitivity of Opuntia 
stricta towards over-dozing. Fig. 4 presents results 
of coagulation of natural river water sample 
when Opuntia dose is increased from 2 mg/L 
to 20 mg/L. Turbidity reduced from 105 NTU to 
minimum of15 NTU for Opuntia dose of 10 mg/L. 
Increased residual turbidity was also observed at 
high doses for river sample; however, the trend was 
not as sharp as was in the case of synthetic water. 
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Fig. 7. 50x enlarged view of flocs shown in Fig. 6.

Although, turbidity of the river sample was less than 
synthetic water, but significant higher requirement 
of Opuntia dose indicates the possible reaction of 
Opuntia with humic substances naturally present 
in surface waters. Residual turbidities less than 10 
NTU were achieved using Opuntia ficus-Indica 
[13, 16]; however Opuntia stricta was not able to 
get such better removal (Fig. 3 to 5). The reason 
may be the development of a number of smaller 
flocs which were not able to grow in size or attach 
with larger flocs,and thereby were unable to settle 
within 30 minute settling time. 

	 Fig. 6a and Fig. 6b exhibit the floc formation 
during the coagulation of river water using Opuntia 
stricta. It is observed that large thread like flocs 
(Fig. 6a) were formed during rapid mix stage, which 
started diminishing during initial slow mixing but 
again grew in size (Fig. 6b) as slow mix proceeded.
Fig. 7 gives a 50x enlarged view of these flocs under 
microscope indicating strong binding links within 
the flocs. Such behavior is only possible with a 
high molecular-weight polymer with numerous 
active sites. Linear configuration of the flocs also 
justifies the inter-particle bridging mechanism 
of coagulation through Opuntia as suggested by 
Miller et al [13].

4.	 Conclusions

Contrary to Opuntia ficus-Indica, removal effi-
ciency of Opuntia stricta as coagulant for turbidity 
removal in surface water remains consistent within 
a wide pH range (pH 5 to 10). Furthermore, pH of 
the water remains unaffected during coagulation 
and pH adjustment may not be required for 
subsequent treatment processes such as filtration or 
disinfection,which might be needed in case metal 
coagulants are used. Presence of humic substances 
in natural surface water may significantly alter 
Opuntiadose for optimal coagulation. Opuntia 
stricta was not able to bring residual turbidity 
below 10 NTU as achievable through Opuntia ficus-
indica. However, residual turbidity below 20 NTU 
is conveniently achieved even at very low doses 
of Opuntia stricta. Therefore, Opuntia stricta may 
prove useful as primary coagulant for subsequent 
treatment through slow sand filters. However, its 
efficiency should also be further investigated for 
water of different qualities in addition to its use 
as coagulant aid. Analysis of size and nature of 
flocs achieved through coagulation using Opuntia 
strictais coherent with the previous suppositions 
that potential mechanism of coagulation through 
Opuntia is adsorption and inter-particle bridging. 
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Abstract: A three-dimensional numerical groundwater flow model was developed using Feflow 5.1 software 
to investigate the aquifer behavior of Upper Jhelum Canal command under variable scenarios of groundwater 
pumpage. The results of the study show that the groundwater system is effected by variable conditions of the 
groundwater pumpage thus influencing the watertable status in the Indus irrigated plain. The groundwater 
levels indicated sensitivity to both increase in numbers of tubewells and pumpage rates. Although lowering 
of the watertable due to increase in groundwater pumpage may result in minimizing the negative effects of 
waterlogging and salinity in the area but other influential factors (physical and management) also need to be 
investigated in order to reduce future risks of these problems on sustainable basis. A detail investigation of 
the groundwater system is required in context of increasing number of private/public tubewells and rapidly 
changing environment in the Indus irrigated plain. 

Keywords: Finite element modeling, groundwater system, Indus basin 

1.	 INTRODUCTION

The agriculture production in Pakistan depends 
on canal irrigation of Indus basin. The canal 
supplies are not adequate particularly during winter 
season when rivers discharges are low due to 
less snowmelt and rainfall. The overall irrigation 
efficiency is only about 30% [1]. A significant 
percentage of irrigated area is totally dependent on 
groundwater alone and the larger part of it is used 
in conjunction with surface water supplies [2]. 
The induction of local diesel engines along with 
subsidized power supply resulted in rapid growth 
in numbers of private tubewells e.g. increase from 
10,000 to about 0.8 million within 1960-2006 
period. The total groundwater abstraction from 
these tubewells is estimated at 51x109 m3 against a 
recharge of 40 – 60x109m3 [3]. Out of this, about 
33x109m3 is extracted through private tubewells 
whereas the rest 18x109 m3 comes from large 

capacity public tubewells [4]. The total estimated 
recoverable groundwater potential is about 67.84 
BCM (55 MAF). This leaves about 8.63 BCM 
(7 MAF), which remains to be exploited [5]. 
Although, exploitation of the useable groundwater 
has provided an opportunity for the farmers to 
supplement their irrigation requirements but the 
problem of overdraft of the aquifers has emerged in 
many areas of the Indus basin due to uncontrolled 
and unregulated use of groundwater [6]. In some 
of the central and southern parts of Chaj Doab in 
Indus basin, waterlogging and salinity have also 
created a problem mainly due to high seepage 
from canal system, ineffective water management 
practices and poor drainage system. The main 
cause behind some of these groundwater problems 
might be non-synchronization of the groundwater 
resource management and its development [7]. 
Tariq and Latif [8] studied the optimal management 
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of groundwater and suggested various strategies 
for management under high watertable areas and 
declining watertable areas. Alam and Chaudhry 
[9] studied the environmental issues relative to 
groundwater management and presented guidelines 
for its environmental sustainability. There is a need 
to study the groundwater behavior under different 
stress conditions of discharge for sustainable 
management and use of groundwater in the Indus 
basin area in future. 

	 The technique of groundwater modeling is 
known as a powerful tool to evaluate groundwater 
systems quantitatively. The finite element method 
(FEM) has been adopted as an effective tool to 
solve groundwater problems in various fields like 
civil engineering [10] and groundwater hydrology 
[11]. In this method, the domain is discretized into 
regular elements where heads/concentrations are 
computed on each node of the flow domain. In this 
paper, response of the groundwater aquifer has been 
studied under different scenarios of groundwater 
withdrawals for effective water management and 
coping situation of groundwater depletion in the 
target Indus basin area. 

1.1	 Study Area

The study area of Upper Jhelum Canal command 
lies within longitudes 73° to 74° 5′ E and latitudes 
32° to 32° 45′ N in the Indus plain of Punjab, 
Pakistan (Fig. 1). The area comprises of Mandi 
Bahauddin and part of Gujrat districts between 
Jhelum and Chenab Rivers. It is fairly level and 
slopes towards southwest direction. The elevation 
ranges within 200-238 meters above sea level 
(masl). Major landforms in the area include alluvial 
plain and bar uplands while piedmont plain and 
sub-mountainous ravines exist over minor area in 
the north. The area is mainly irrigated by canal 
system. Under irrigation by water wells, the main 
crops are wheat, sugarcane, tobacco and fodder 
[12]. The climate is generally sub-humid to semi-
arid. Rainfall is erratic and the mean annual is about 
778 mm. About two third of the rains are received 
during monsoon period i.e. between July and 

mid September. In summer, the mean maximum 
temperature is about 39.5°C and mean minimum 
temperature is about  25.4°C while in winter, the 
mean maximum and minimum temperatures are 
about 21.5°C and 5.1°C [13].  

1.2	 Hydrogeology

The Chaj Doab belongs to Indus plain that form part 
of Indo-Gangetic Syncline [14] where Quaternary 
alluvium is deposited over semi-consolidated 
Tertiary rocks [12]. The area’s groundwater 
reservoir is contained almost exclusively in 
the alluvial deposits. The general flow of the 
groundwater is from NE to SW direction. Hydraulic 
gradient ranges between 0.4-1.35 m/km [15]. There 
is a vast unconfined aquifer underlying around 6 
million ha. The watertable exhibits an annual cycle 
of rise and fall. It is lowest in the period prior to the 
monsoon (April-June) and as a result of the Kharif 
canal supplies and the effect of the rains, it rises and 
comes closest to the land surface in October before 
declining again. The watertable of April-June is 
used as index of waterlogging because it persists 
throughout the year. There lie three schemes of 
SCARP-II project of WAPDA namely Sohawa, 
Phalia and Busal (Fig. 1) where SCARP tubewells 
were operating to reduce waterlogging in the area. 
The aquifer data of 10 test holes of WAPDA [16] 
was used to estimate base conditions for model 
simulation in this study. According this data, the 
horizontal hydraulic conductivity ranges from 39.6 
m/day to 118.6 m/day while transmissivity (T) 
values range within 1565.2-4045.6 m2/day in the 
study region.

	 The main recharge sources include seepage 
from the canal system, precipitation, return flow 
and seepage from watercourses and fields. Aquifer 
discharge sources are groundwater pumpage, 
evapotranspiration, outflows to drains and the 
rivers, and subsurface flows from the model 
domain. The groundwater is mainly obtained 
through hand pumps i.e. from depth of 2.5-8 m 
and through shallow tubewells i.e. from depth of 
32-40 m for domestic and irrigation purpose [13]. 
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Fig. 1. Location map of the study area.

A large number of electric and diesel tube wells 
are functioning besides numerous hand pumps 
in the area. The data of public tubewells is fairly 
accurate but the pumpage from private tubewells is 
based on sporadic surveys carried out by various 
organizations at one time or the other. 

2.	 MATERIALS AND METHODS

2.1	 Conceptual Model of Groundwater Flow

A conceptual model represents different aspects 
of the physical hydrogeological system along 
with its hydrological behavior in a simplified and 
an adequate manner [17]. However in developing 
an adequate conceptual model, sufficient degrees 
of freedom need to be incorporated in a model to 
allow simulation of a broad range of responses. 
Based on the characteristics of subsurface lithology 
and groundwater pumpage from various tubewells, 
three layers were defined in the aquifer: 1) The 
first layer which contains mainly fine material 
(silt and fine sand) is assumed to have 8 m depth 

below the average watertable, 2) The second layer 
extends from 8 m to 40 m depth representing zone 
of groundwater pumpage from relatively shallow 
tubewells and, 3) The groundwater zone within 40-
107 m depth from where the pumpage from deep 
tubewells is made. 

	 The first layer was simulated as an unconfined 
unit, the second layer as convertible from a confined 
to an unconfined unit depending upon the position 
of the watertable, while the third layer is treated as a 
confined unit of the aquifer. Canal seepage has been 
observed as a major source of recharge in the study 
area. Groundwater in the irrigated areas is derived 
mostly from seepage from the conveyance system 
and fields and as such its renewability is dependent 
on the availability and use of surface supplies. 

2.2	 Galerkin's Method

In finite element model (FEM), the major goal is 
not just to approximate the governing equation but 
rather is to approximate the solutions [18]. Galerkin 
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method of weighted residuals is the main function 
operating behind the FEM that attains the best 
approximate solution for the finite element mesh 
by reducing the weighted sum of the residuals 
for each of the finite elements. Galerkin's method 
and the finite element technique are combined so 
frequently in computer solutions of groundwater 
problems that the two have become practically 
synonymous. The method is based on a particular 
weighted residual principle which turns out to be 
equivalent to a variational principle, if one exists 
for the problem under consideration [19]. The nodal 
heads are obtained as the solution of a system of 
algebraic equations if a particular weighted average 
of the residual is forced to vanish. The first step is 
to define an approximate or trial solution, (x,y) 
expressed as a series summation; each term is a 
product of a nodal head hL and an associated nodal 
basis function NL(x, y) (Equation a)

	 (a)

The subscript L indicates nodal number and NNODE 
is the total number of nodes in the problem domain. 

	 The next step is to require a total of NNODE 
conditions to determine the NNODE values of hL. 
In the Galerkin’s method, the NNODE conditions 
are that the residuals of the governing equation 
weighted by each of the NNODE basis functions be 
zero when integrated over the entire domain of the 
problem (Equation b).

	 (b)

Where L = 1, 2,.... , NNODE, and D signifies that 
the integration is done over the entire problem 
domain. The quantity in parentheses is the residual. 
If the trial solutions  (x, y) were exact, Laplace's 
equation would be satisfied throughout the problem 
domain and the residual would be zero everywhere. 
In Galerkin's method, the requirement imposed 
is that NNODE weighted average of the residual 

vanish; the basis function NL(x, y) are the weighting 
functions. 

2.3	 Development of Groundwater Flow Model

A three-layered 3-D numerical groundwater flow 
model was developed using Feflow 5.1 software 
[20]. The active area of the model is about 3,417.2 
km2. The finite element model comprised of 5,343 
elements and 3,928 nodes was generated from 
mesh of 5 super elements drawn over the model 
area. The super elements mesh represents the basic 
structure of the study domain. The model area 
with locations of 34 observation wells is shown 
in Fig. 2. The rivers and main canals are treated 
as constant head boundaries in the numerical 
groundwater flow model. In vertical discretization 
of the grid, topographic surface defines the upper 
boundary and the alluvium cover up to 107m depth 
the lower boundary of the aquifer. Ten hydraulic 
conductivity zones were developed using Thiessen 
polygon method from the point data of hydraulic 
conductivity values obtained from pumping 
tests analysis. Based on the hydrological setup, 
geomorphology and land capability of the area, 
5 recharge zones were developed to estimate the 
recharge in the model domain (Fig. 2). 

	 The steady-state simulation of groundwater 
flow was performed, which is fully implicit. 
The steady-state modeling refers to the arrival 
of a condition in the groundwater regime when 
hydraulic heads are no longer changing and the 
magnitude and direction of the flow velocity 
becomes constant with time [21]. The model was 
calibrated for steady-state simulation using initial 
conditions through Parameter estimation ‘PEST’ 
module [22] in Feflow model. Later, the model was 
rerun for transient-state calibration for a six-month 
period. The sensitivity analysis was carried out to 
evaluate performance of various parameters and 
model assumptions. The flow chart of methodology 
followed for groundwater modeling modified after 
[23] is shown in Fig. 3. The steady-state calibrated 
model was rerun for pre-stress period of variable 
time steps until 2005. The average watertable values 
(the spatial average over the whole region) was used 
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Fig. 3. Flow chart of numerical modeling steps followed in 
the present study. Modified after [23].

Fig. 2. Location of the observation wells and canal network in various recharge 
zones of the model domain.
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to foresee the overall effect of the watertable in the 
model domain. Different scenarios of groundwater 
pumpage were developed to analyze its effect on 
the groundwater levels of base year 2005.

3.	 RESULTS AND DISCUSSION

During the calibration phase, the mean residual of 
0.06 m and variance of 1.46 m was achieved for 
observed and calculated heads of the steady-state 
model. Similarly, the mean residual and variance 
obtained during transient-state calibration were 
0.002 m and 1.86 m respectively. The equipotential 
surface map of steady-state condition indicated 
an overall groundwater flow from northeast 
towards southwest direction following the trend 
of topographic relief (Fig. 4). The hydraulic 
conductivity values estimated through calibration 
of steady-state simulation varied from 2 to 158 m/
day for layer 1; 2 to 153 m/day for layer 2; and 
0.7 to 168 m/day for layer 3 with mean values of 
69.3, 72.2, and 74 m/day, respectively. In layer 1, 

high velocity of groundwater (>0.12 m/day) was 
observed near Rasul Barrage. The velocity in the 
center and southern parts varied between 0.04 m/day 
and 0.08 m/day. The patches of low velocity zone 
(<0.02 m/day) were found in northern, northeastern 
and western parts which extend downward in other 
layers also.  In layer 2, velocity zone 0.02-0.04 m/
day dominates in most of the central part while the 
zone 0.04-0.08 m/day has reduced into a narrow 
belt in the centre and appears in the southern part 
of the area. In layer 3, velocity less than 0.02 m/day 
dominates in most of the northeastern part, 0.02-
0.04 m/day in the center and 0.04-0.08 m/day in the 
southern part of the model area. The variations in 
the velocity of groundwater flow in each layer of 
the model domain are shown in Fig. 5. The regional 
groundwater flow component in the southern part 
is indicating existence of a potential aquifer zone 
in this area. The low velocity zone (<0.02 m/day) 
in the northeastern and western parts exists more 
or less in all the three layers thus indicating low 
potential of aquifer here.

Fig. 4. Velocity vectors and equipotential contours indicating groundwater flow 
pattern (2005).
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Fig. 5. Groundwater flow velocity during the steady-state condition.

	 In layer 1, the specific yield values vary 
between 0.06 - 0.15, in layer 2 between 0.04 - 0.22, 
and in layer 3 between 0.76 - 0.27. Mean of specific 
yield values for layer 1 and layer 2 appear to be 
0.1 and for layer 3 is 0.15. The lower values in 
zones 3 and 4 can be attributed to the presence of 
piedmont deposits containing intercalation of clay 
and fine silt and sand. Likewise, the higher values 
of specific yield in zone 6 may represent thick 
alluvium deposits of medium to coarse sand, and 
gravels. 

3.1	 Scenarios of Groundwater Pumpage

The calibrated model of 1985-2005 period were used 
to predict future changes in average groundwater 
levels of the target area. The following scenarios 
were developed to analyze the groundwater behavior 
under varying tubewell pumpage conditions. The 
watertable depth of year 2005 was used as base for 

the analysis.

Scenario 1: In this scenario the pumpage from 33 
deep tubewells continued at a constant rate of 5,000 
m3/d from 1 to 3 years period and its impact on the 
groundwater levels of base year was studied. The 
groundwater levels indicated an average decline 
from 0.04m in the 1st year to 0.135m in the 3rd year 
(Table 1, Fig. 6). 

Scenario 2: The pumpage is increased upto 
60 percent (at constant rate of 8,000 m3/d) and 
continued from 1 to 3 years period. The increase 
in pumpage rate accelerated the watertable decline 
process. The average decline in groundwater levels 
was about 132%, 116% and 87% from that of 1st, 2nd 
and 3rd year decline values of the scenario-1. 

Scenario 3: In this scenario, numbers of tubewells 
was increased two folds i.e. 66 and pumpage 
continued at a constant rate of 5,000 m3/d from 1 
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Table 1. Summary of different scenarios of watertable variations (Base watertable depth: 2.95 m).

Scenario Particulars Year Change in Watertable 
depth (m)

1 Groundwater pumpage from 33 TWs
1 -0.044
2 -0.086

3 -0.135

2 60% increase in pumpage from 33 TWs
1 -0.102
2 -0.186
3 -0.252

3 Groundwater pumpage from 66 TWs
1 -0.158
2 -0.293
3 -0.413

4 60% increase in pumpage from 66 TWs
1 -0.285
2 -0.509
3 -0.706

Fig. 6. Watertable response under different scenarios of groundwater pumpage during 3-year period.

to 3 years period. The decline of watertable ranges 
from 0.158 to 0.413m during 1-3year period from 
that of base year. This was about 259%, 241% 
and 206% from that of 1st, 2nd and 3rd year decline 
values of the first scenario. The situation shows 
a rapid effect of increase in tubewells use on the 
groundwater levels in the target area. 

Scenario 4: The pumpage increased to 60 percent 
and continues from 1 to 3 years period. The decline 
of watertable was observed which ranged from 

0.285 to 0.706 m during 1-3 year period from that 
of base year. The average decline in groundwater 
levels was about 548%, 492% and 423% from 
that of 1st, 2nd and 3rd year decline values of the 
scenario-1. 

4.	 CONCLUSIONS

A 3-dimensional numerical groundwater flow 
model calibrated for Upper Chaj Doab in Indus 
basin indicated mean residuals of 0.06 m and 
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0.002 m between the observed and calculated 
heads during steady-state and transient-state 
modeling respectively. The results of the study 
show that groundwater system is affected by 
variable conditions of groundwater pumpage thus 
influencing the groundwater levels in the Indus 
irrigated area. During the process of groundwater 
flow modeling, the groundwater levels indicated 
sensitivity to both increase in numbers of 
tubewells and pumpage rates. In areas of gradual 
decline in groundwater due to over exploitation, 
introduction of water efficient crops and shifting 
in the cropping pattern can be a few options to 
increase the water productivity in future. Although 
lowering of the watertable due to increase in the 
groundwater pumpage may result in minimizing 
the high risk of waterlogging and salinity in the 
area but other influential factors (physical and 
management) also need to be investigated in order 
to cope with these problems efficiently in future. 
A detail investigation of the groundwater system 
is required to study the impact of growing number 
of private/public tubewells in the Indus irrigated 
area. The study findings would help in formulating 
effective groundwater monitoring and management 
strategies to ensure sustainable development in the 
Indus basin in future. 
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Abstract: The numerical solution has been obtained for the hydromagnetic flow of an incompressible, 
steady and viscous fluid between two stretching sheets in the presence of variable surface temperature. The 
governing highly nonlinear partial differential equations are reduced to ordinary differential form by using 
similarity functions. The resulting equations are solved by using Successive Over Relaxation (SOR) 
method and Simpson’s (1/3) rule. The results have been improved by Richardson extrapolation. The effects 
of flow parameters namely magnetic parameter M, the Reynolds number R, the suction parameter , 
Prandtl number Pr and temperature index parameter n have been observed on velocity and temperature 
distribution. 
Keywords: Flow between plates, hydromagnetic fluid, Reynolds number, suction parameter, Richardson 
extrapolation 

 
1. INTRODUCTION 

Studies of fluids flow induced by stretching 
boundaries and heat transfer have relevance to 
some important applications such as extrusion 
process and production of plastic sheets. The 
quality of final product can be improved with 
proper adjustment of cooling and heat transfer. 
Hence, for slower rate of solidification, the 
application of magnetic field is useful because of 
its easy implementation. The effect of magnetic 
field in different engineering applications such as 
the cooling of reactors and many metallurgical 
processes involve the cooling of continuous tiles 
has been under more considerable attention. Ganji 
et al [1] reported the analytical solution of the 
magneto-hydrodynamic flow over a nonlinearly 
stretching sheet. Ahmad et al [2] obtained closed 
form solution for a viscous, incompressible, MHD 
flow over a porous stretching sheet. Baag et al [3] 
analyzed MHD flow on a stretching sheet 
embedded in a porous medium. The fluid flow 

problems about stretching surface have been 
studied extensively in various topics such as 
porous medium, MHD flows, heat transfer and 
non-Newtonian fluids.  

Several engineering processes, such as 
materials manufactured by extrusion processes and 
heat-treated materials traveling between a feed roll 
and a wind-up roll on convey belts possess the 
characteristics of a moving continuous surface. 
Sakiadis [4, 5] examined the boundary layer flow 
on a continuously stretching surface with a 
constant speed. Erickson et al [6] extended the 
work of Sakiadis to include blowingorsuction at 
the stretched sheet surface on a continuous moving 
surface with constant speed and investigated its 
effects on the heat and mass transfer in the 
boundary layer. Crane [7] found an exact solution 
of two-dimensional Navier-Stokes equation for a 
stretching plate.  Chiam [8] analyzed steady two 
dimensional oblique stagnation point flow of a 
viscous fluid. The magneto-hydrodynamic flow 
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over a stretching surface has been studied 
extensively [9-12] for both permeable and 
impermeable surfaces.  Flow of an electrically 
conducting non- Newtonian fluid past a stretching 
surface was studied by Able et al [13], when a 
uniform magnetic field acts transverse to the 
surface. Kumaran et al [14] obtained an exact 
solution for a boundary layer flow of an 
electrically conducting fluid past a quadratically 
stretching and linearly permeable sheet. 
Sheikholeslami et al [15] analyzed hydromagnetic 
flow between two horizontal plates in a rotating 
system, where the lower plate is a stretching sheet 
and the upper is a porous solid plate and   studied 
heat transfer in an electrically conducting fluid 
bounded by two parallel plates is in the presence 
of viscous dissipation using Homotopy 
perturbation method. Pandya [16] considered 
hydro-magnetic flow between two horizontal 
plates in a rotating system where the lower plate is 
a stretching sheet and obtained numerical solution 
for the governing coupled ordinary differential 
equations by employing quantic spline collocation 
method.  Chakrabarti and Gupta [17] studied the 
hydromagnetic flow and heat transfer in a fluid, 
initially at rest and at uniform temperature, over a 
stretching sheet at a different uniform temperature. 
Banerjee [18] studied the effect of rotation on the 
hydromagnetic flow between two parallel plates 
where the upper plate is porous and solid, and the 
lower plate is a stretching sheet. Arthur and Seini 
[19] investigated the hydromagnetic stagnation 
point flow of  an  incompressible  viscous  
electrically conducting fluid towards a stretching 
sheet in the presence of radiation and viscous 
dissipation. 

In this research paper, hydromagnetic fluid 
flow between two horizontal stretching plates has 
been examined. The non linear coupled equations 
governing the flow and heat transfer have been 
solved numerically by using a very simple and 
efficient numerical scheme. The effects of the 
physical parameters of the study namely M, R, , 
Pr and n have been noticed on velocity and 
temperature function. 

2. MATHEMATICAL ANALYSIS 

Consider steady, incompressible fluid flow 
between two horizontal parallel non-conducting 
plates, the lower one is a stretching sheet and the 
upper one is a porous stretching. Cartesian 

coordinate system is used where the y-axis is 
perpendicular to the plates located at y=h, y=-h. 
The fluid with constant velocity 0V  is injected 
through the upper porous plate.  Two equal and 
opposite forces are introduced to stretch the lower 
and the upper plates in a way that the position of 
the points (0, h), (0, -h) remains fixed. A uniform 
magnetic field of strength 0B is applied in the 
positive y-direction normal to the stretching sheet. 
The external electric field is zero and the electric 
field due to polarization of charges is negligible. 
The induced magnetic field is neglected which is 
valid for small magnetic Reynolds number. The 
temperature of the fluid at the surface of the lower 

sheet is  n
w cxTxT  )( .  The heat flux 

boundary conditions are used and viscous 
dissipation is neglected. Here  c  and n are 
constants with c>0 stands for heated surface and 

T  is ambient fluid temperature. The geometry of 
the problem is depicted in Fig. 1. 

 Under the above assumptions the equations of 
motion become as: 

0







y
v

x
u                                      (1) 

u
B

y

u

x

u
x
p

y
uv

x
uu







2
0)2

2

2

2
(1





















  (2) 

)2

2

2

2
(1

y

v

x

v
y
p

y
vv

x
vu




















 


             (3) 

)( 2

2

yy
v

x
u TTT











 

 (4) 

where vu,  are velocity components andT  is fluid 
temperature, and  are kinematic viscosity and 
thermal diffusivity, respectively and the relation 
for electromagnetic body force as given by 
Rossow [20] is VBBBVEBJ 2)(    
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Fig. 1. Geometry of the problem. 

 
 
 

 
 

 Fig. 2. Graph of   for different values of Pr when M=1, R=0.05,  =1, n=1. 
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Using similarity transformations: 

,  
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
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TwT
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)(  (6) 

where the primes denote differentiation with 
respect to  and cxu   represents the velocity of 
both the plates. Equation of continuity (1) is 
identically satisfied.       

 Substituting (6) in to equations (2) and (3), we 
have 

 (7) 

 (8) 

Now, differentiating equation (7) with respect to   
and equation (8) with respect to x, we obtain  

02)(  fMffffRivf  (9) 

The integration of equation(9) yields, 
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Where A is the constant  of integration and 
equation(4) becomes as: 
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3. COMPUTATIONAL PROCEDURE 

For numerical purpose, we reduce the order of 
ODE (10) and let, 

gf   (13)  

The equation(10) becomes: 

AgMgfgRg  22 )(  (14) 

Equation (14) and equation (11) are discretized by 
central difference approximation. 

 The resulting finite difference equations are 
solved by using SOR method, Smith [21] and the 
first order ordinary differential equation (13) is 
solved by Simpson’s (1/3) rule, Gerald [22] with 
the formula given in Milne [23] subject to the 
appropriate boundary conditions. 

 The steps for the sequence of iterations are as 
follows: 

1. The corresponding difference equations for the 
solution of g and  are solved subject to the 
following boundary conditions: 

 1,0  gf , 1  when 1  

 1,  gf  ,  0  when  1 . 

2. For the solution of f , we use the computed 
values of g from above step in to equations 
(13) and integrate by Simpson's (1/3) rule.   

3. The optimum value of the relaxation 
parameter opt  is estimated to accelerate the 
convergence of the SOR method. 

4. The SOR procedure is terminated when the 
following criterion is satisfied for q: 
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Where q denotes the number of iterations and U  
stands for g and  .  

 The above steps 1 to 4 are repeated for higher 
grid levels h/2 and h/4. The SOR procedure gives 
the solution of f = g  in the order of accuracy 

)( 2hO due to second order finite differences used 
for  derivatives and Simpson’s (1/3) rule gives the 
order of accuracy )( 5hO in the solution of f. 

Higher order accuracy )( 6hO in the solution of 
f = g is achieved by using Richardson's 

extrapolation [24]. 

4.  RESULTS AND DISCUSSION 

The nonlinear ordinary differential equations (11) 
and (14) are solved numerically subject to the 
appropriate boundary conditions. Our numerical 
scheme is straight forward and very efficient as 
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Table 1. Results show the effects of the parameters R, M and on f  at  =0. 

R M   A f   
0.05 1.0 1.0 1.093626 0.261939 
0.05 3.0 1.0 -2.267975 0.326008 
0.20 3.0 3.0 -16.3264 1.675328 
0.40 2.0 1.0 -0.16873 0.291429 
0.40 4.0 1.0 -5.36558 0.357061 
0.40 2.0 3.0 -9.081195 1.709340 
0.80 2.0 3.0 -10.33248 1.707032 
0.80 4.0 3.0 -29.01695 1.647703 

 

Table 2. Numerical results using Richardson Extrapolation Method. 

R=0.25, M =1, =1, Pr=0.7, n=1 R=0.05, M =4, =3,Pr=0.7,n=1 
h=0.2   h=0.1   h=0.05     Extrapolated 
   f   f   f   f   

h=0.2         h=0.1       h=0.05     Extrapolated 
   f   f   f   f   

   0.000  1.000000  1.000000  1.000000    1.000000 
   0.200  0.875013  0.874960  0.874946    0.874941 
   0.400  0.767668  0.767608  0.767591    0.767586 
   0.600  0.672598  0.672559  0.672548    0.672544 
   0.800  0.585113  0.585109  0.585107    0.585105 
   1.000  0.501016  0.501052  0.501059    0.501061 
   1.200  0.416443  0.416513  0.416529    0.416534 
   1.400  0.327717  0.327809  0.327831    0.327838 
   1.600  0.231219  0.231311  0.231334    0.231341 
   1.800  0.123266  0.123331  0.123346    0.123352 
   2.000  0.000000  0.000000  0.000000    0.000000 

   0.000  1.000000  1.000000  1.000000    1.000000 
   0.200  1.362455  1.366961  1.368149    1.368550 
   0.400  1.527394  1.531557  1.532644    1.533010 
   0.600  1.601332  1.604336  1.605114    1.605376 
   0.800  1.632242  1.634416  1.634972    1.635159 
   1.000  1.640323  1.642228  1.642715    1.642878 
   1.200  1.631037  1.633260  1.633830    1.634021 
   1.400  1.598749  1.601842  1.602642    1.602911 
   1.600  1.523363  1.527618  1.528729    1.529104 
   1.800  1.357970  1.362519  1.363719    1.364125 
   2.000  1.000000  1.000000  1.000000    1.000000 

 

Table 3. Numerical results using Richardson Extrapolation Method. 

R=0.05, M =3, =3,Pr=0.7,n=1 R=0.2, M=3, =3,Pr=0.7,n=1 

h=0.2   h=0.1   h=0.05     Extrapolated 
   f   f   f   f   

h=0.2         h=0.1       h=0.05     Extrapolated 
   f   f   f   f   

   0.000  1.000000  1.000000  1.000000    1.000000 
   0.200  1.334084  1.336862  1.337578    1.337819 
   0.400  1.516063  1.519251  1.520069    1.520343 
   0.600  1.612367  1.615250  1.615985    1.616231 
   0.800  1.658401  1.660943  1.661589    1.661805 
   1.000  1.671292  1.673711  1.674324    1.674529 
   1.200  1.656125  1.658697  1.659351    1.659570 
   1.400  1.607904  1.610832  1.611580    1.611831 
   1.600  1.509951  1.513178  1.514006    1.514284 
   1.800  1.328270  1.331056  1.331774    1.332016 
   2.000  1.000000  1.000000  1.000000    1.000000 

   0.000  1.000000  1.000000  1.000000    1.000000 
   0.200  1.341450  1.344216  1.344923    1.345160 
   0.400  1.524671  1.527783  1.528582    1.528850 
   0.600  1.619392  1.622161  1.622871    1.623109 
   0.800  1.662694  1.665125  1.665747    1.665955 
   1.000  1.672386  1.674730  1.675328    1.675527 
   1.200  1.653726  1.656269  1.656920    1.657138 
   1.400  1.601822  1.604762  1.605511    1.605761 
   1.600  1.500667  1.503903  1.504732    1.505011 
   1.800  1.318725  1.321479  1.322189    1.322428 
   2.000  1.000000  1.000000  1.000000    1.000000 
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 Fig. 3. Graph of  for different values of n when M=1, R=0.05,  =1, Pr=0.7. 
. 
 
 
 

 
 Fig. 4. Graph of f   when both the plates are stretching sheets. 
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compared to the numerical methods used in 
previous studies [15, 16]. The results have been 
computed for different values of the parameters M, 
R,  , Pr and n in order to observe  their effect on 
velocity and temperature function. The results are 
presented in tabular and graphical forms. Table 1 
presents the values of the unknown constant A are 
chosen by hit and trial technique to satisfy the 
boundary conditions. The results for f   in the 

higher order accuracy O )( 6h  are given in Table 2 
and Table 3. Table 4 shows that higher order 
accuracy solution is obtained with very small 
number of iterations by choosing opt.  

Fig. 2 and Fig. 3 depict the curves of heat 
distribution under the effect of Prandtl number Pr 
and heat index parameter n, respectively.  The 
non-dimensional temperature function    
decreases with increase in the values of Pr and n.  

Fig. 4 and Fig. 5 demonstrate the behavior of 
horizontal velocity component f  , when both the 
plates are stretched. Fig. 6 depicts f  , when the 
lower plate stretches. It is noticed that f   attains 
maximum value in the midway of the channel. 
When the two sheets are stretching there is almost 
symmetry of the curves of f   about the line

)0(  . The magnetic parameter M decreases f 
around the lower sheet and increases it around the 
upper sheet for small 1 . 

The increase in Reynold number R (small 
R<1) decreases f   in the upper half of the channel 
and increases it in the lower half of the channel. 

The suction parameter   has increasing effect on
f  . This effect is maximum at the mid of the 

channel. Fig. 7 shows that the normal velocity 
component f increases with the increase in the 
values of  when M is constant. 

5. CONCLUSIONS 

Numerical solution has been sought for 
hydromagnetic fluid flow between two horizontal 
stretching plates with heat flux.  Results have been 
computed to notice the effects of the physical 
parameters (M, R, , Pr and n) on velocity and 
temperature distributions. The main results of this 
study are summarized as follows: 
 The horizontal velocity f   attains maximum 

value in the midway of the channel. 
 There is almost asymmetry of the curves of 

f   about the line )0(  , when the two sheets 
are stretching. 

  The magnetic parameter M decreases f   
around the lower sheet and increases it around 
the upper sheet for small 1 . 

 The increase in Reynolds number R (small 
R<1) decreases f   in the upper half of the 
channel and increases it in the lower half of 
the channel. 

 The suction parameter   has increasing effect 
on f  .This effect is maximum at the mid of the 
channel. 

 The normal velocity component f   increases 
with the increase in the values of   when M 
is constant.  

Table 4. Optimum value of relaxation parameter in SOR method and number of iterations when both the 
plates are being stretching sheets. 
 

M   R 
NI is Number of  Iterations in SOR method with opt 

h=0.1 h=0.05 h=0.25 
NI opt NI opt NI opt 

1.0 1.0 0.05 41 1.65 74 1.67 235 1.65 
3.0 3.0 0.05 87 1.60 82 1.65 102 1.70 

2.0 3.0 0.05 37 1.65 173 1.70 397 1.75 
4.0 1.0 0.40 46 1.55 38 1.66 52 1.60 
2.0 3.0 0.80 52 1.70 54 1.70 877 1.72 
4.0 3.0 0.80 67 1.75 61 1.70 65 1.75 
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 Fig. 5. Graph of f   when both the plates are stretching sheets. 
 
 

 

 
 Fig. 6. Graph of f   when lower Plate being a stretching sheet. 
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Nomenclature 

22
0

2 hBM



  : Magnetic parameter  

ch

V0 : Suction parameter  



2ch
R  : Rynold’s number:  

Pr: Prandtl number 

0B :  Strength of transverse magnetic field 

 :  Electrical conductivity 

 : Coefficient of kinematic viscosity  

c : Positive constant 

 : Fluid density 

V0: Injection velocity 

u, v :  Velocity components along x-,y- axes, respectively 

η : Dimensionless variable 
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Fig. 7. Graph for different values of M, R and  . 
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 The temperature function    decreases with 
increase in the values of Prandtl number Pr 
and heat index parameter n.  
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Abstract: This study presents an indigenous work to investigate periodicity in Solar Flare Duration (SFD) 
at Pakistan atmospherics region over a period of 1979-2006. The disorderly behavior of solar flare 
generates solar protons which often associated with gradual flares and Coronal Mass Ejection (CME). Their 
adverse effects are on space weather and hence orbiting satellites and radio wave communication system. 
Therefore a better understanding of periodic activities in the sun is useful for the prediction of the effects of 
solar activity on Earth. We revealed the first peak periodicity in the mixed series of Solar Flare Duration 
(SFD) and implemented a test of periodic ordinate and confidence interval to substantiate the results. 
Gradual flares are undesirable to the terrestrial climate so we separate the series of impulsive and gradual 
flares from the mixed series and revealed their periodic behavior as well. This study intended to propose 
that periodic behavior in the solar flare duration may be one of the important aspects of solar flare activity.  

Keywords: Solar flare duration (SFD), spectral analysis, fast fourier transform (FFT), mixed series of 
flares, gradual flares, impulsive flares  

 
1.  INTRODUCTION 

Solar flares were discovered by C. Carrington and 
R. Hodgson on September 1, 1859. They are 
closely related to the Sun’s magnetic field and 
occur in the active region of the solar atmosphere 
that superimposes sunspots [1]. 

 The Sun’s turbulent magnetic fields provide 
the fuel of flares. The swift release of energy in a 
flare results from a process called reconnection, 
whereby oppositely directed magnetic field lines 
come close together and partially annihilate each 
other [2]. Gradual flares are the long duration 
flares that lasting more than an hour and are 
associated with Coronal Mass Ejection (CME) [3]. 
These are the streams of solar particles and have 
numerous adverse effects on the terrestrial climate.  

 Physical origins of solar cycles are not known. 
They can be the internal property of the Sun as a 
star and its dynamo action as mostly believed now. 
Further the planetary influences and interstellar 
causes may contribute their effects as well [4-5]. 

The largest flares called CME, pose a potential 
threat to space travelers and may disrupt Earth 
communications [6]. CMEs are also the cause of 
geomagnetic storms that may initiate also in quiet 
parts of the Sun, without any association of solar 
flares. But it is misleading to jump to a conclusion, 
that the flares are not important any more in solar 
terrestrial relations. Flares are excellent indicators 
of coronal storms and actually indicate the 
strongest, fastest and most energetic disturbance 
coming from Sun [7]. Intense radiation from solar 
flares can change the electrical properties of our 
atmosphere; partially or totally black-out of radio 
wave communication systems. Friction can 
develop between the expanded atmosphere and 
satellite travelling in it, altering their orbit that 
drags them into outer space or down to earth [8].    
 
2. METHODOLOGY 

This evaluation based on two aspects of solar 
flares that are termed as impulsive and gradual 
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flares in addition to their mixed series. By using 
spectral techniques, it is possible to look insight 
into different types of signals that are 
superimposed with each other. The spectral 
technique termed as Periodogram has been 
implemented for detecting the hidden periodicities 
in terms of their frequency and time contents. The 
results are analyzed by applying confidence 
interval to the peaks of these spectral estimates 
and by a test of periodic ordinates named as Fisher 
test.  

 The periodogram was introduced by Shuster in 
1898 for studying the periodicities in the sunspot 
series. Any stationary time series is actually be the 
random superposition of sines and cosines 
oscillating at various frequencies and periodogram 
may be given us an idea of variance components 
associated with each frequency. This could be 
used to identify important harmonic components 
in time series data [9-11].  

 The period gram is defined by, 

 ( )   
 
*(∑         

   )  (∑         
   ) +  (1) 

The function  ( ) is then computed for, 

   
   
   --- (2);               ( | ) (2) 

By searching the squared amplitudes for large 
values we can thus locate the approximate values 
of the true frequencies (  ) ,  -  

 For strong periodic components, the 
periodogram values corresponding or near to those 
frequencies will be large whereas the 
corresponding values of the periodogram will be 
small for periodic components not present in the 
data. 

The amplitude of the pth harmonic is 
22
ppp baR     (3) 

The phase of the pth harmonic is  

φ p = tan–1 (bp /ap) (4) 

The corresponding time lag for the pth component 
is   

p

p
p f

t



2
  (5) 

 The Fourier transform determine the energy 
distribution of a time series so there is need to find 
its Fourier transform. This determines the 
coefficients in the Fourier series or evenly the 
amplitudes and phase lags [13]. 

 An approximate 100(1−α) % confidence 
interval for the spectral density function would be 
of the form  

2
2/1,

2
2/,

)()(

 







ftof


   (6) 

The degree of freedom for the Hamming 
window is 2.50 (N/M) respectively. A useful 
rough guide is to choose M to be about 2 N . 
A window minimize the side-lobes and maximizes 
(concentrates) the energy near the frequency of 
interest in the main lobe [12, 14]. 

 

3. RESULTS AND DISCUSSION 

3.1. Test of Non-stationarity 

Spectral analysis is only appropriate for stationary 
time-series data. In order to detect non-stationary 
behavior, spectral analysis may perform on the 
originally observed series.  Trend in data may 
detectable by a peak in the spectral density 
function at zero frequency [11, 15]. The spectral 
density function in Fig. 1-3 identified the peak in 
mixed series of flares at a frequency of 0.0123 
whereas for impulsive and gradual flares these are 
0.0056 and 0.0068 respectively. As these values 
are not exactly equal to zero, therefore it may 
consider that there is no need to implement the 
methods of removing the trend. 

 
Fig. 1. Spectral Density for mixed series of flares. 
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Fig. 2. Spectral Density for impulsive series of 
flares. 

 

 
Fig. 3. Spectral Density for gradual series of 
flares. 

 
3.2. Estimation of Highest Frequency and 
Corresponding Periods 

From periodogram analysis, highest peaks have 
been detected both in frequency and time domain. 
Fig. 4-9 depict the periodicities in mixed, 
impulsive and gradual series of flares. The 
periodicity in each of the mixed, impulsive and 
gradual series identified respectively as 81, 178 
and 146 months per cycles. In addition to the basic 
periodicities identified above, there are well-
defined peaks corresponding to periods of 54, 162, 
and 64.8 for the mixed series of flares, 25.4, 14.8, 
59.3 for the impulsive phase and 24.3, 48.6, 18.2 
for gradual phase. 

 

 
Fig. 4. Periodogram for the mixed series of SFD in 
frequency domain. 

 

 
Fig. 5. Periodogram for the mixed series of SFD in 
time domain. 

 

 
Fig. 6. Periodogram for the series of impulsive 
flares in frequency domain. 
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Fig. 7. Periodogram for the series of impulsive 
flares in time domain. 

 

 
Fig. 8. Periodogram for the series of gradual flares 
in frequency domain. 
 

 
Fig. 9. Periodogram for the series of gradual flares 
in time domain. 

 

3.3. Confidence Intervals for the Spectrum 

 A 95% confidence interval for the first highest 
peaks in the data series of SFD has been evaluated 
using Hamming window as mentioned in Table 1. 
 
Table 1. First highest peak identified by 
periodogram.  

Data Series )(ˆ f  T C.I (H.W) 

SFD-Mixed 0.0123 81 0.0074 - 0.0242 

SFD-Imp. 0.0056 178 0.0031 - 0.0125 

SFD-Grad 0.0068 146 0.0037 - 0.0162 

C.I. = Confidence Interval 
H.W. = Hamming Window 

 

3.4. Test for Periodic Ordinates 

It may possible that peaks in the periodogram may 
not represent true periodicity in the given data 
series because of the random fluctuations in the 
error term. In such cases, it is suitable to apply 
certain tests to find the stability of the 
periodogram. 

Fisher’s Test: Fisher (1929) derived an exact test 
for max (I p) based on the test statistic  

 

 2/

1

)max(
N

p p

p

I

I
g  ------------- (7) known as ‘Fisher’s 

g statistic’  [8]. 

The critical values for the Fisher test of 
significance for periodogram analysis at α = 5 % 
and N = 160; g' = 0.08997; N = 165; g' = 0.08811 
N = 500; g' = 0.03368   

 For all of the three series the Fisher’s g 
statistic is greater than their critical values, 
confirms the significance of their peak frequency 
and therefore the periodicity obtained by the 
periodogram. The test statistic is illustrated in 
Table 2.  
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Table 2. Fisher’s g statistic for verifying accuracy 
of highest peak identified by periodogram.  

Data 
Series     (  ) ∑   

   

   
             

SFD-
Mixed 

       
         ∑   

   

   
          0.1516 

SFD-
Imp. 

       
        ∑   

  

   
         0.1251 

SFD-
Grad 

       
         ∑   

  

   
          0.1633 

3.5. Spectral Energy Estimates 

The amplitudes of the Fourier coefficients define a 
periodogram that give the contribution of each 
oscillatory component in the total energy of the 
observed signal [13-15]. The phase angle that 
gives the relative ‘lag’ of the component and the 
corresponding time lag are illustrated in Table 3.  
 

Table 3. Periodogram values with their amplitude, 
phase and time lag. 

Data Series   ( )            

SFD-Mixed 71512.99 4 21.0 0.65 8.44 

SFD-Imp. 3572.2 1 6.33 0.197 5.59 

SFD-Grad 22115.2 1 17.40 0.165 3.83 

R p = Amplitude         φ p = Phase                t p = time lag 
 

  4.  CONCLUSIONS 

This study of periodic variations in solar activity is 
sufficient for predicting future activity levels. 
Strongest amplitude is revealed in solar flare 
activity according to their duration. Through 
periodogram we define the highest peak and 
highest spectral energy at that portion of the time 
series. The direct impact of solar variability in 
accordance with the solar flare duration (SFD) 
becomes more pronounced in mixed series and 
less pronounced in impulsive and gradual phases 
of flares may be due to their partially non-
stationary behavior. The periodicities identified in 
these series are more significant by investigating a 
long-term modulation of solar activity.  In addition 
to the sunspot cycle, the cycles of solar flare 

duration are also be one of the manifestation of 
solar activity, is driven by the variations in the 
magnetic field.  
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1.  INTRODUCTION 

Consider a two point 2nd order nonlinear boundary 
value problem (BVP) of the type  

( , , )y f x y y  ,  ,x a b ; ,a b R       (1) 

jointly among the boundary conditions 

( )y a   and ( )y b  .      (2) 

Where α and β are constants. 

 The approach for solving this problem has been 
projected by a number of researchers such as 
Roberts and Shipman [1], Malathi [2], Ha [3], 
Auzinger et al [4] and Attili and Syam [5]. 

 In this research paper, we considered nonlinear 
shooting method (NLSM), finite-difference method 
(FDM) and fourth order compact method (FOCM) 
for the solution of above two points 2nd order 
nonlinear boundary value problems (BVPs). 

 

2. NONLINEAR SHOOTING METHOD 
(NLSM) 

Consider a two point’s 2nd order non-linear 
boundary-value problem (BVP)  

( , , ), ( ) , ( )y f x y y y a y b       (3) 

where a x b  and α, β are constants. 

 Here, we used the solutions to a sequence of 
initial value problems (IVPs) of [3, 5, 6] 

( , , ), ( ) , ( )y f x y y y a y a t      (4) 

 Concerning a parameter t, and a x b  , to 
approximate the solution to our BVP (3).  

By choosing parameters kt t  in such a way that 

lim ( , ) ( )kk
y b t y b 


    (5) 

Where ( , )ky x t  is the solution to the IVP (4) with

kt t and y(x) is the solution to the BVP (3). 

 This procedure is called a Shooting method. 

 We begin with a parameter 0t  that find out the 
initial elevation at which the object is excited from 
the point ( , )a  and beside the curve described by 
the solution to the IVP [6]. 

0( , , ), ( ) , ( )y f x y y y a y a t      (6) 
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If 0( , )y b t  is not satisfactorily close to β, we try 
to correct our approximation by choosing another 
elevation 1t and so on, until ( , )ky b t  is 
satisfactorily close to striking β [3]. 

 To decide how the parameter kt  can be chosen, 
suppose a BVP (3) has a single solution. If y(x, t) is 
the solution to the IVP (4), then we need to 
determine t so that 

    ( , ) 0y b t                   (7) 

 Since this is a nonlinear equation, we use 
Newton’s method 

                1
( )
( )

n
n n

n

f xx x
f x  


 

to solve the problem. We need to choose initial 
approximation 0t  and then generate sequence by 

      1
1

1

( , )

( , )
k

k k

k

y b tt t dy b t
dt







                (8) 

this requires the knowledge of 1( , )k
dy b t
dt  . This 

presents a complexity, since an explicit illustration 
for y (b, t) is not identified; we only know the 
values 

0 1 1( , ), ( , ), .........., ( , ).ky b t y b t y b t   

 Suppose we modify the IVP (4), emphasizing 
that the solution depends on together x and t. 

 ( , ) , ( , ), ( , )y x t f x y x t y x t  , a x b  , 

 ( , )y a t  , ( , )y a t t        (9) 

retaining the prime notation to indicate 
differentiation with respect to x. 

 Since we need to determine ( , )dy b t
dt

, when

1kt t  , we take partial derivative of (9) with 
respect to t. 

 , ( , ), ( , )( , ) f x y x t y x ty x t
t t




 
 

f x
x t
 


 

 

( , )f y x t
y t
 


 

 

( , )f y x t
y t

 


 
 

 Since x and t are independent, 0x
t





, so 

( , )( , )y f y x tx t
t y t
  


  

 

( , )f y x t
y t

 


 
 (10) 

for a x b  . The initial conditions give 

( , ) 0y a t
t





, and  ( , ) 1 .y a t
t





 

 If we make simpler the notation by using

( , )z x t to denote ( , )y x t
t




 and suppose that the 

order of differentiation of x & t can be reversed, Eq. 
(10) with initial conditions becomes IVP [6] 

( , ) ( , ) ( , )f fz x t z x t z x t
y y
   

 
, 

a x b  , ( , ) 0z a t  , ( , ) 1z a t     (11) 

 Therefore, one requires that two IVPs be solved 
for each iteration, (4) and (11). 

Then from Eq. (8), 

       1
1

1

( , )
( , )

k
k k

k

y b tt t
Z b t







               (12) 

 In practice, none of these IVPs is solved 
exactly; instead, the solutions are approximated by 
one of the IVP solvers [3]. 

 Hence, in shooting method for nonlinear BVPs, 
we use classical Runge-Kutta fourth-order method 
to approximate both solutions required by 
Newton’s method. 
 
3. FINITE-DIFFERENCE M ETHOD (FDM) 

Methods involving finite differences for solving 
boundary value problems (BVPs) replace each of 
the derivatives in the differential equation by an 
appropriate difference-quotient approximation. The 
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difference quotient is chosen to maintain a 
specified order of truncation error [7]. 

 The nonlinear second order BVP of the form 
(3) requires that difference–quotient 
approximations be used to approximate both

.y and y   First, we take N>0, which is an 

integer, and break up  ,a b into N+1 equal 
subintervals, whose end points are mesh points

, 0,1,2,..., 1 .
1i

b ax a ih for i N where h
N


    
  

 At interior mesh points, ix
0,1,2,..., ,for i N following differential- 

equation is to be approximated 

 ( ) , ( ), ( )i i i iy x f x y x y x   (13) 

 Expanding y, in the third Taylor-polynomial, 
about ix evaluated at 1ix  and 1ix  , we get 

2 3 4
4

1( ) ( ) ( ) ( ) ( ) ( )
2! 6 24i i i i i i
h h hy x y x hy x y x y x y  

         

for some i
 in  1,i ix x  , and 

2 3 4
4

1( ) ( ) ( ) ( ) ( ) ( )
2 6 24i i i i i i

h h hy x y x hy x y x y x y  
       

 

for some i
 in  1,i ix x , assuming

 4
1 1, .i iy C x x   By adding the above two 

equations, we have 

 
2

4 4
1 12

1( ) ( ) 2 ( ) ( ) ( ) ( )
24i i i i i i
hy x y x y x y x y y

h
  

        

 
 Using intermediate value theorem, this can be 
simplified even further as 

 
2

4
1 12

1( ) ( ) 2 ( ) ( ) ( )
12i i i i i
hy x y x y x y x y

h
     

 
(14)

 

for some  1 1, .i i iin x x    This is called the 

centered-difference formula for ( ).iy x   

 A centered difference formula for ( )iy x is 
obtained in a related manner resulting in 

 
2

1 1
1( ) ( ) 2 ( ) ( )
2 6i i i i

hy x y x y x y
h

       (15) 

for some i in 1 1( , )i ix x  . 

The use of the centered difference formulas in 
equation (13) gives 

1 1
2

2 2
(4)1 1

( ) 2 ( ) ( )

( ) 2 ( ), ( ), ( ) ( )
2 6 12

i i i

i i
i i i i

y x y x y x
h

y x y x h hf x y x y y
h

 

 

 

 

     
 

 

for some i iand  in the interval 1 1( , )i ix x  . 

As in linear case, the difference method results 
when the error terms are deleted and boundary 
conditions employed [7]: 

0 1, ,Nw w and    

1 1 1 1
2

2 , , 0
2

i i i i i
i i

w w w w wf x w
h h

         
 

 

for each 1,2,..., .i N  

The N N nonlinear system obtained from this 
method is 

2 2
1 2 1 1

2 3 1
1 2 3 2 2

2 2
2 1 1 1

2 1
1

2 , , 0,
2

2 , , 0,
2

............

............

2 , , 0,
2

2 , , 0.
2

N N
N N N N N

N
N N N N

ww w h f x w
h

w ww w w h f x w
h

w ww w w h f x w
h

ww w h f x w
h

 

 


   




     
 

      
 

      
 

      
 

 To approximate the solution to this system, we 
use Newton’s method for nonlinear system. A 

sequence of iterates  ( ) ( ) ( )
1 2, ,.....,

tk k k
Nw w w is 

generated that converges to the solution of system, 
provided that the initial approximation

 (0) (0) (0)
1 2, ,.....,

t

Nw w w is sufficiently close to 

the solution,  1 2, ,....., t
Nw w w , and that the 

Jacobian matrix for the system is nonsingular. For 
the system, the Jacobian matrix is tridiagonal. 

 Newton’s method for nonlinear systems 
requires that at each iteration, the N N linear 
system [8] 
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   1 2 1 2

2 2
1 2 1 1

2 3 1
1 2 3 2 2

2 2
2 1 1 1

2 1
1

, ,..., , ,...,

2 , , ,
2

2 , , ,...........,
2

2 , , ,
2

2 , ,
2

t t
N N

N N
N N N N N

t
N

N N N N

J w w w v v v

ww w h f x w
h

w ww w w h f x w
h

w ww w w h f x w
h

ww w h f x w
h



 


   




        
 

      
 

      
 

       
  

 

be solved for 1, 2 ,,........, sinNv v v ce
( ) ( 1) , 1,2,....., (16)k k

i i iw w v for each i N    

4.  FOURTH ORDER COMPACT   
METHOD (FOCM) 

A fourth order general differencing scheme, 
proposed by Kreiss [9], is developed and it is 
applied on the three test problems to confirm 
accuracy and applicability of this technique. 
Burger’s equation, the Howarth’s retarded 
boundary flow, and the incompressible driven 
cavity, are the solved test problems [6, 8, 9]. A 
number of researchers have contributed in this 
method, some of them are Ahmad [8], Orsazag and 
Israeli [10], Richard [11], Leventhal and Ciment 
[12] and Pettigrew and Rasmussen [13]. The 
detailed work on compact method was done by 
Ahmad [8]. We follow the procedure of Pettigrew 
and Rasmussen [13] to derive the compact method 
for nonlinear ODEs [14, 15]. 

 Consider the nonlinear two point second order 
BVP of the form (3). Let us denote first and second 
derivatives with respect to x of y by F and S 
respectively, i.e. 

,y F and y S    (17) 
   F S   
Consider      y F   

Integrating both sides from 1 1i ix to x  , we get 
1

1

1 1 ( )
i

i

x

i i
x

y y F d 




   
 

(18) 

     
1

1

1 1 ( )
i

i

x

i i
x

y y F d 




     

Approximating integral by Simpson’s rule [8] 

  5 4
1 1 1 1

14 ( )
3 90i i i i i
hy y F F F h F        

  5 4
1 1 1 1

14 ( )
3 90i i i i i
h F F F y y h F         

multiplying both sides by 3
h

, we get 

  4 4
1 1 1 1

3 14 ( )
30i i i i iF F F y y h F

h
       

and to the fourth order, we have 

 1 1 1 1
34 0i i i i iF F F y y
h       

 
(19) 

Thus we have a relationship between y and F and it 
is the first difference-equation. 

Now for the second equation, we start by 
evaluating equation (eq) (1) at the midpoint i . 
Thus equation (1) becomes [7] 

 , ( ), ( )i i i iy f x y x y x   

Since y S  , so we have 

 , ( ),i i i iS f x y x F  (20) 

Now, we require an expression for iS . 

If we expand y in the 5th Taylor’s polynomial on
ix evaluated at 1ix  and at the 1ix  , we get 

2 3 4 5 6
(4) (5) (6)

1 ( )
2! 3! 4! 5! 6!i i i i i i i i i
h h h h hy y hy y y y y y  

         

for some i
 in  1,i ix x  , and 

2 3 4 5 6
(4) (5) (6)

1 ( )
2! 3! 4! 5! 6!i i i i i i i i i
h h h h hy y hy y y y y y  

         

for some i
 in  1,i ix x , assuming

 6
1 1, .i iy C x x   If we add these equations, 

terms involving (5),i i iy y and y  are eliminated 
and we get 

4 6
2 4 (6) (6)

1 1 2 ( ) ( )
12 720i i i i i i i
h hy y y h y y y y  

          
4 6

2 4 (6) (6)
1 1 2 ( ) ( )

12 720i i i i i i i
h hy y y h S y y y  

          

Here intermediate-value theorem is used to further 
simplify this as

 
4 6

2 4 (6)
1 1 2 ( )

12 360i i i i i i
h hy y y h S y y      

 
(21)
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for some i in  1 1,i ix x  . 

Now expanding F in Taylor series 
2 3 4 (5)

(4) (5)
1 ( )

2! 3! 4! 5!i i i i i i i i
h h h hF F hF F F F F  

        
 

(22)
 

2 3 4 (5)
(4) (5)

1 ( )
2! 3! 4! 5!i i i i i i i i
h h h hF F hF F F F F  

        
 

(23)
 

On subtracting eq(23) from eq(22), we get 
3 (5)

(5) (5)
1 1 2 ( ) ( )

3 120i i i i i i
h hF F hF F F F  

          

By using intermediate value theorem, we get 
3 (5)

(5)
1 1 2 ( )

3 60i i i i i
h hF F hF F F  

        

For a few i in  1 1,i ix x  . 

Since, (4) (5) (6), , ,F S F y F y    So, 
3 (5)

(4) (6)
1 1 2 ( )

3 60i i i i i
h hF F hS y y     

 
(24)

 
Eliminating (4)y from eq (21) and (24), we get 

   
(4)

(6)
1 1 1 12

2 12 ( )
2 360i i i i i i

hS y y y F F y
h h

        

By a similar procedure, we get 

   
(4)

(6)
1 1 1 1 12

1 123 16 7 6 8 ( )
2 90i i i i i i i i

hS y y y F F F y
h h

           

   
(4)

(6)
1 1 1 1 12

1 17 16 23 8 6 ( )
2 90i i i i i i i i

hS y y y F F F y
h h

          

and to the fourth order, we have 

   1 1 1 12

2 12
2i i i i i iS y y y F F

h h       
 

(25)
 

   1 1 1 1 12

1 123 16 7 6 8
2i i i i i i iS y y y F F F

h h          
 

(26)
 

   1 1 1 1 12

1 17 16 23 8 6
2i i i i i i iS y y y F F F

h h         
 (27) 

From eq (25), putting the value of iS in eq (20), we 
get 

     1 1 1 12

2 12 , ( ),
2i i i i i i i iy y y F F f x y x F

h h       
 

(28)
 

We have replaced now differential equation (3) by 
two difference-equations (19) and (28). 

Now, consider 1st boundary condition i.e. at x=a, 
and denote the points , ,x a a h 

2 0,1,2.a h by  the first difference-equation, 
we obtain from the boundary condition, is [7] 
                0y    (29) 
Now to obtain the second equation, we begin with 

differential equation at points 0 and1. 

          0 0 0 0, ,S f x y F  (30) 

           1 1 1 1, ,S f x y F  (31) 

For 1, eq(26) impliesi   

   0 0 1 2 0 1 22

1 123 16 7 6 8
2

S y y y F F F
h h

      
 

(32)
 

Eq (25) implies 

   1 0 1 2 2 02

2 12
2

S y y y F F
h h

    
 

(33)
 

Eq (19) implies 

 0 1 2 0 2
34 0F F F y y
h

    
 

(34) 

Now, we have five equations from (30) to (34). 
We eliminate 0 1 2 2, , ,S S y F from these equations. 

From eq (30) and (32), we have 

 0 0 0 0 1 2 0 1 22 2 2

23 8 7 6 8 1, ,
2 2

f x y F y y y F F F
h h h h h h

       (35)
 

From eq (31) and (33), we have 

 1 1 1 0 1 2 2 02 2 2

2 4 2 1 1, ,
2 2

f x y F y y y F F
h h h h h

     (36)
 

From eq (34), we get 

2 0 0 1 2
4

3 3 3
h h hy y F F F   

 
(37)

 
Putting this value of 2y  in equations (35) and 
(36), we get 

 0 0 0 0 1 0 1 22 2

8 8 29 10 1, ,
6 3 6

f x y F y y F F F
h h h h h

     
 
(38)

 
 1 1 1 0 1 0 1 22 2

4 4 7 8 1, ,
6 3 6

f x y F y y F F F
h h h h h

     
 

(39)
 

Subtracting eq (38) from eq (39), we get 

   1 1 1 0 0 0 0 1 0 12 2

12 12 6 6, , , ,f x y F f x y F y y F F
h h h h

    
 

(40)
 

In a similar approach, we derive the following two 
difference-equations for y and F at x=m. i.e. at the 
right boundary point [7] 

              my   (41) 

       1 1 1 1 12

12 6, , , ,m m m m m m m m m mf x y F f x y F y y F F
h h        

 
(42)

 
Thus for each point we have two difference 
equations. If we write them all together, we have 
the following “Fourth Order Compact Scheme”. 
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5.  RESULTS AND DISCUSSION 
 
Test Problem-1: 
Consider the two points 2nd order nonlinear BVP of 
the form 

3 1 1( ) 2 , 1 5, (1) , (5)
4 8

y x y x y y       

and its exact solution is
1( )

3
y x

x



. 

Table 1. Comparison of results. 
x Exact values FDM results FOCM results NLSM results 

1.00000000 0.25000000 0.25000000 0.25000000 0.25000000 
2.00000000 0.20000000 0.15976405 0.20019856 0.20002568 
3.00000000 0.16666667 0.12060503 0.16719549 0.16668811 
4.00000000 0.14285714 0.11056759 0.14333433 0.14286864 
5.00000000 0.12500000 0.12500000 0.12500000 0.12500000 

The above Table shows that results of NLSM are more accurate to the exact solution as compared with the 
results of FDM and FOCM. 

 
 Fig. 1. Comparison of results. 

 
Table 2. Comparison of absolute errors. 

x FDM results FOCM results NLSM results 

1.00000000 0.00000000 0.00000000 0.00000000 

2.00000000 0.04023595 0.00019856 0.00002568 

3.00000000 0.04606164 0.00052882 0.00002144 

4.00000000 0.03228955 0.00047719 0.00000115 

5.00000000 0.00000000 0.00000000 0.00000000 
 

The above table shows the comparison of absolute errors for FDM, FOCM and NLSM. It is found that an 
absolute error for NLSM is less as compared to the other two methods. 
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Test Problem-2: 

Consider the two points 2nd order nonlinear BVP of the form 31( ) ,
2

y x y   

21 2, (1) , (2) 1
3

x y y
      and its actual solution is

2( )
4

y x
x




. 

Table 3. Comparison of results. 

x Exact values FDM results FOCM results NLSM results 

1.00000000 -0.66666667 -0.66666667 -0.66666667 -0.66666667 

1.25000000 -0.72727272 -0.78365013 -0.72732785 -0.72727455 

1.50000000 -0.80000000 -0.88144644 -0.80010259 -0.80000299 

1.75000000 -0.88888888 -0.95496986 -0.88999967 -0.88889178 

2.00000000 -1.00000000 -1.00000000 -1.00000000 -1.00000000 

 
The above table shows that results of NLSM are more accurate to the exact solution as compared with the 
results of FDM and FOCM. 

 
 Fig. 2. Comparison of results. 
 

Table 4. Comparison of absolute errors. 

x FDM results FOCM results NLSM results 
1.00000000 0.00000000 0.00000000 0.00000000 
1.25000000 0.05637741 0.00005513 0.00000183 
1.50000000 0.08144644 0.00010259 0.00000299 
1.75000000 0.06608098 0.00111079 0.00000029 
2.00000000 0.00000000 0.00000000 0.00000000 

 
The above table shows the comparison of absolute errors for FDM, FOCM and NLSM. It is found that an 
absolute error for NLSM is less as compared to the other two methods. 
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6. CONCLUSION 
 

In this paper, we considered two different nonlinear 
2nd order two points BVPs for ordinary differential 
equations (ODEs) and solved these problems using 
NLSM, FDM and FOCM. All the above methods 
are appropriate for solving two points 2nd order 
nonlinear BVPs, but it was found that NLSM is 
more accurate than FDM and FOCM. 
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Abstract: A large part of Balochistan in southwest Pakistan was devastated by an earthquake of magnitude 
Mw 7.7 and focal depth of 10 km on 24 September, 2013. Located in the Makran Accretionary Zone, the 
Awaran Earthquake was followed by a major aftershock of Mw 7.2 that occurred 90 km NNE of Awaran 
on 28 September, 2013. The earthquake caused widespread destruction in the remote and poorly accessible 
area, with death toll exceeding 825. An intensity of IIX on MMI scale is assigned to the epicenter of the 
main shock using the information from the print and electronic media and some field studies. The damage 
to property and loss of lives occurred due to non-engineered construction of structures within 100 km of the 
main shock. Fault-plane solutions of both the main event and its largest aftershock, and the distribution of 
aftershocks suggest that the NNE-SSW-trending left-lateral strike-slip Awaran Fault is currently active. This 
is also supported by the analysis of more aftershocks fault-plane solutions. The formation of a mud volcano 
is the probable cause of the emergence of a 200 x 100 m island off the coast of Gawadar a few hours after 
the main shock. On the one hand, this event has released high seismic energy in NE-SW direction along the 
Chaman Fault Zone and Makran Subduction Zone, and on the other it has increased the tectonic stresses in 
the northern and SE directions, which may cause higher seismicity in future.
Keywords: Awaran Earthquake, Makran Accretionary Zone, Awaran Fault, focal mechanism solutions, 
intensity map, island emergence

1.	 INTRODUCTION

A devastating earthquake of magnitude Mw 7.7 
(according to United Sates Geological Survey 
(USGS) and Pakistan Meteorological Department 
(PMD)) took place in the evening (16:29:50 Pakistan 
Standard Time (PST)) of 24 September 2013 in 
Balochistan, southwestern Pakistan. Located about 
66 km NNE of Awaran this earthquake took the 
lives of 825 people; several hundred people were 
injured. The main shock was followed by a major 
aftershock of Mw 7.2 (PMD) or Mw 6.8 (USGS), 
which occurred about 90 km NNE of Awaran (Fig. 
1, 2) at 12:34:13 PST on 28 September, 2013. This 
aftershock, along with nine others, increased the 
death toll by at least 22 people in the epicentral 
region. The Awaran District was damaged 

drastically where 80% homes either collapsed or 
were seriously damaged. Minor damage, including 
collapse of a few buildings, was reported from 
Karachi and Hyderabad according to local media 
reports. The Earthquake was felt in Rawalpindi/
Islamabad, Larkana, Lahore, and also in some parts 
of India, Oman and United Arab Emirates. 

	 The northward subduction of the Arabian Plate 
beneath the Eurasian Plate and the northward left-
lateral motion of the Indian Plate with respect to 
Eurasian Plate are the main causes of seismicity 
in the region. The most active tectonic structure 
within the area is the Chaman Transform Fault Zone 
(Fig. 1). This paper does not go into the details of 
regional tectonics; it describes the seismicity and 
seismotectonics of the area in the vicinity of the 
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Awaran earthquake. Fault-plane solutions of the 
main event, its largest aftershock on 28 September, 
2013, and the aftershock distribution suggest that 
the NNE-SSW-trending left-lateral strike-slip 
Awaran Fault (AF), first identified by Quadri and 
Quadri [1] and Kazmi [2], as shown in Fig. 2, is 
currently active. However, this assumption is 
based on limited seismicity data; more fault-plane 
solutions are needed to understand better the active 
tectonics and related seismicity level in the region.

2.	 SEISMOTECTONICS

The active tectonic features in the southwestern part 
of Pakistan are referred to by Kazmi and Rana [3] 
and Kazmi and Jan [4] as the Makran-Accretionary 
Zone (MAZ). Shallow crustal depths (15-20 km), 
oblique-strike-slip movement in its northern parts 
and deepening inland to about 80 km, are indicated 
by various authors [2-5]. Regionally speaking, the 
active tectonics in MAZ is due to northward sliding 
of Indian plate with respect to Eurasian plate in the 
east and northward subduction of Arabian plate 
beneath the Eurasian plate in the west (Fig. 1, 2). 
The structures formed due to these motions are NS 
to NE-SW-striking, and are initially accommodated 
along the Chaman Fault System. The southern parts 
of this fault system, referred to as the Ghazaband 
and Ornach-Nal Faults [6], are the most active 
tectonic features in the area. The MAZ is bound 
by left-lateral Ornach-Nal Transform Fault in its 
east, together with Nai Rud, Ras Malan and Aghor 
Faults which strike in NE-SW direction and join 
the Ornach Fault. According to Lawrence et al 
[7], these strike-slip faults, parallel or subparallel 
to the Ornach-Nal Fault, form a dense network of 
fractures (Fig. 1, 2). Southward this zone widens 
and undergoes transition from a transform to a 
convergence regime and the structures gradually 
swing from north-south to southwest and then 
towards west [4]. 

	 Several smaller faults, e.g., Hudishi and 
Awaran Faults, with signs of recent activity 
manifested as fault scarps in Recent to Sub-Recent 
alluvial deposits, have been mapped earlier [2, 5, 

8]. However, detailed work is required to locate 
the causative fault of the Awaran Earthquake. 
Seismically, this part of Pakistan is active, but a 
small number of damaging earthquakes has been 
documented in the recent past. The most important 
of these are the 1945 (M 8.0) subduction-zone 
earthquake [9] and 1947 (M 7.3) earthquake 
[10] having offshore epicenters. The 1945 event, 
which severely damaged coastal towns and caused 
a vertical displacement of 4.5 m on the shore, 
generated a tsunami, and produced upheaval of 
the sea floor in the form of a row of small offshore 
islands or mud volcanoes as happened with the 
Awaran Earthquake [10]. The limited instrumental 
documentation of seismicity since 1970 shows that 
shallow depth earthquakes with magnitude range of 
3-7 M (Fig. 3) have occurred inland.

3.	 SEISMIC OBSERVATIONS FOR THE 24 
	 SEPTEMBER 2013 EARTHQUAKE 

The local seismic observatory (PMD) provided the 
following source parameters of the main shock:
Date: 	 24.09.2013
Time:	 15:29:50 PST
Magnitude: 	 Mw 7.7
Epicentral location: 	 27.09° N, 65.61° E
Focal depth: 	 10 km

	 According to the location provided by the 
PMD, the main event occurred in an area of 
MAZ characterized by complex tectonic features 
dominated by several active thrust as well as oblique 
strike-slip faults (Fig. 2, 3). The dominant of these 
faults are Ornach-Nal, Awaran and Hudishi, which 
are left-lateral strike-slip, faults trending NNE. The 
main shock was followed by a major aftershock 
(6.8 Mw according to USGS, and 7.2 Mw according 
to PMD), which occurred 30 km NNE of the main 
shock (the main shock resulted in the death of 359 
people in the epicentral area). PMD data show the 
occurrence of 6 foreshocks and 10 aftershocks 
till 28 September, 2013. The distribution of these 
foreshocks and aftershocks (Fig. 3) shows some 
cluster along the Ornach-Nal Fault. However, 
they are mostly located between the Awaran and 
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Fig. 1. Tectonic setting of Pakistan and adjacent areas. Location of the 24 September, 2013 Awaran 
Earthquake and the Chaman Transform Fault are also shown. Modified from Quadri & Quadri [1].

Hudishi faults in a NNE-SSW direction (Fig. 2, 3) 
suggesting that more than one fault were activated. 
Most of the foreshocks and aftershocks are at a 
depth of 10 km. Thus both the aftershocks pattern 
and depth distribution indicate the activation of 
shallow surface features, including the Awaran 
Fault.

4.	 FOCAL MECHANISM SOLUTIONS (FMS)

The first arrivals of the main event (10 km depth), 
using the available data of the local as well as 
international seismic observatories, e.g., PMD, 

International Seismological Centre and USGS, were 
used for FMS. The beach ball diagrams were then 
plotted using the computer programs of AZMTAK 
and PMAN [11] as shown in Fig. 4. Structurally, this 
earthquake is surrounded by a number of left-lateral 
strike-slip faults (Fig. 2). The SSW-NNE-oriented 
sinistral strike-slip FMS (Table 1) is consistent 
with the orientation of already existing prominent 
faults, e.g., the Ornach-Nal Fault, Awaran Fault 
and Hudishi Fault, along with the major trend of 
the aftershocks of the main event plotted for the 
purpose (Fig. 2, 3). Thus, based upon the strike 
and depth of these faults, the nodal plane striking 
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Table 1. Focal Mechanism Solution (FMS) parameters of 24 September, 2013 Awaran Earthquake.

FMS 
No. Type of FMS

Fault Plane (FP) Auxiliary Plane 
(AP) P-Axis T-Axis

Strike Dip Strike Dip Strike Plunge Strike Plunge

1 LLSS 231° 70°NE 141°0 90°NW 173° 14° 94° 14°

Fig. 2. Active Faults in south-western Pakistan. The 24 September, 2013 Awaran Earthquake 
and the Chaman (No. 62), Ghazaband (No. 60), Ornach-Nal (No. 35), Aghor (No. 34), Ras 
Malan (No. 33), Hudishi (No. 31), Awaran (No. 29), NaiRud (No. 23) faults are also shown. 
Updated from Kazmi and Rana [3].

NE-SW and dipping NW is considered to be the 
rupture plane (Fig. 4, 5). The location and FMS of 
this earthquake were consistent with rupture within 
the Eurasian Plate above the Makran Subduction 

Zone (Fig. 5); yellow filled circles are showing the 
locations of epicentres of the Awaran Earthquake 
and its aftershocks, where the Arabian Plate is 
subducting beneath the Eurasian Plate [12].
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Fig. 3. Map of the study area showing seismicity, active faults, and distribution of foreshocks and 
aftershocks of the Awaran Earthquake. Focal-mechanism solutions of the main shock from all 
available sources, i.e., HRV, Harvard, PS, Present Study, USGS, GFZ, Geo Forschungs Zentrum 
Potsdam, are also shown.

Fig. 4. Focal mechanism solution (FMS) of 24 
September, 2013 Awaran Earthquake. 

5.	 INTENSITY AND DAMAGE  
	 DISTRIBUTION

The September 24, 2013 Awaran Earthquake was 
one of the most damaging earthquakes to have 
occurred in the southwestern part of Pakistan (i.e., 
Balochistan). Balochistan is the largest but least 
populous province of Pakistan, with a population of 
just under eight million. The Balochistan Provincial 
Disaster Management Authority (PMDA) reported 
that the main earthquake caused 359 deaths and 
affected 185,000 people. However, "moderate" 
to "rather strong" shaking (levels 4 and 5 on the 
12-point Mercalli Intensity Scale) were estimated 
by the USGS across the heavily populated Indus 
River valley, having a population of some 140 
million people. The earthquake was originally 
rated with a magnitude of Mw 7.4 on the Richter 
scale, later on upgraded to 7.8, but then revised 
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Fig. 5. Map showing the major faults and focal mechanism solutions (FMS) of selected events, including 
24 September, 2013 Awaran Earthquake, in the Makran Accretionary Zone and adjacent areas. Dark area in 
FMS plots shows compression and blank area dilatation [13].

Fig. 6. Intensity map of 24 September, 2013, Awaran Earthquake prepared in the present study.



	 Awaran, Pakistan, Earthquake of Mw 7.7, September 2013: Seismotectonic Investigations	 165

to 7.7. The destruction caused by this earthquake 
covered an area of about 100 km radius, but the 
most severe damage was observed within 30 km 
of the epicenter. The Awaran Earthquake and its 
aftershocks, especially its largest aftershock (Mw 
7.2 by PMD) of 28 September, 2013 triggered 
some landslides also which resulted in additional 
damage. On the basis of information obtained from 
the print and electronic media, an intensity of MM 
IIX has been assigned at the epicenter of the main 
shock. 

The intensity map of the Awaran Earthquake, 
prepared in the current study using the damage/
destruction information from the print media and 
local sources (Fig. 6), shows the intensity within 
100 km area of the main shock. One possibility of 
this heavy damage is the very shallow focal depth 
of the main shock: 10 km according to PMD. The 
Awaran District, where > 60,000 people are living 
within 50 km of the epicenter, is the worst affected 
area, with over 80 per cent of mud houses reportedly 
damaged [14]. Majority of the construction in the 
district is highly vulnerable to earthquake shaking 
and there are only a few resistant structures. The 
vulnerable structures are of adobe block and 
unreinforced brick masonry construction. Other 
districts affected by the Earthquake include Kech, 
Gwadar, Panjgur and Khuzdar. The Government 
of Balochistan, Federal Government, National 
Disaster Management Authority, and the armed 
forces of Pakistan provided rescue and immediate 
relief services (Fig. 7d). Many NGOs have also 
supported the relief work, providing health care 
services, shelter, and food items [14], but their 
efforts were being hampered by the remoteness 
of the affected areas and insecurity. Some of the 
damage in Awaran can be seen in the photographs 
displayed in Fig. 7a–7d.

6.	 ISLAND EMERGENCE

Close to Pakistan-Iranian political border, an 
island, about 200 m long and 100 m wide, emerged 
near Gawadar [1]. Two smaller islands appeared 
soon after the first island near Ormara town, with 

diameters of about 10-13 m and a height of <1 m (Fig. 
8a, 8b). These islands are mud volcanoes, which are 
commonly attributed to seismic activity although a 
number of other factors may also have contributed 
to their eruption [15]. Balochistan contains over 
70 active mud volcanoes [16]. Along with the ten 
mud volcanoes near the epicentral location of the 
Awaran main shock, hundreds of meters below the 
sea floor, MAZ is rich in gas hydrates (sometimes 
called frozen methane gas, resembling ice). The 
seabed near the Makran coast has vast deposits of 
gas hydrates, or frozen gas having large methane 
content [17]. These hydrates may be explored for 
commercial purpose, using several safe and cost-
efficient technologies available in many countries, 
including US, Japan, Canada and India. Therefore 
a survey of the reserves may be carried out 
immediately. An island emerges within the water or 
on the sea surface whenever an earthquake occurs 
in the nearby area. Such islands also accompanied 
the 1945 Makran (M 8.1) earthquake but were 
eroded away within a year (as happened in case of 
AE). These islands emit flammable gas, according 
to print media.

7.	 DISCUSSION 

The western part of Pakistan and southeastern 
Afghanistan are experiencing comparatively high 
velocity left-lateral strike-slip movement along the 
Chaman Fault. Shallow and destructives earthquakes 
are commonly related to strike-slip, reverse-slip 
and oblique-slip faults. In 1505, a segment of the 
Chaman Fault system near Kabul, Afghanistan 
ruptured in an earthquake estimated as Ms 7.3, 
causing widespread destruction in Kabul city and 
surrounding villages [18]. In the same region, the 
more recent 17 April, 2013 Mw 7.8 Khash (Iran) 
Earthquake (near Pakistan-Iran border; 35 deaths), 
and 28 October, 2008 Mw 6.4 Ziarat Earthquake 
[19] and 30 May 1935, M7.6 Quetta earthquake 
(within the Sulaiman Range) killing 300, and 
30,000 - 60,000 people, respectively [18], have been 
significant events. Off the south coast of Pakistan 
and southeast coast of Iran, the MSZ is the present-
day surface expression of active subduction of the 
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Fig. 7: (a) to (c)  Damage and destruction in Awaran, Balochistan; (d) Rescue operation by the Pakistan 
Army.

Fig. 8a and 8b. The Island emerged after 24 September, 2013 Awaran Earthquake (courtesy of NASA 
and local TV channel). Yellow filled circles in (a) represent the location of Awaran Earthquake and its 
aftershocks, whereas (b) shows the offshore island.
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oceanic leading edge of the Arabia Plate beneath 
the continental Eurasia Plate, with a convergence 
rate of approximately 20 mm/yr [18, 19]. Although 
the MSZ has a relatively slow convergence rate, 
it has produced large devastating earthquakes and 
tsunamis. For example, the November 27, 1945 
M 8.1 mega-thrust earthquake produced a tsunami 
within the Gulf of Oman and Arabia Sea, killing 
more than 4,000 people. Northwest of this active 
subduction zone, collision of the Arabia and 
Eurasia plates forms the approximately 1,500-km 
long fold and thrust belt of the Zagros Mountains, 
which crosses the whole of southwestern Iran and 
extends into northeastern Iraq [20]. 

	 Based on this preliminary seismotectonic study 
of the 24 September, 2013 Awaran Earthquake, it 
is hypothesized that the MSZ is seismically active, 
and the Awaran Fault is probably the source of 
this event. The epicenter of the 1945 earthquake 
is also located in this region. This 8.1 magnitude 
earthquake was also of shallow focal depth. We 
further conclude that the Awaran Fault, which 
trends NNE-SSW, extends for about 40-50 km 
from the epicentral location. This is evident by the 
aftershock pattern, depth distribution and the focal 
mechanism (Fig. 3, 4, 5).  Previous workers, such 
as [10, 21], have indicated the possibility of a large 
earthquake in MAZ after 1945 earthquake. A long 
awaited large earthquake in this area is postulated 
immediately west of 1945 earthquake site on the 
basis of recent seismicity pattern. Some parts of 
this area are also presenting a diffused distribution 
of earthquakes which cannot be explained at 
present but can be related with shallow to steeply 
dipping faults [10]. More detailed integration of the 
available seismological, geophysical and geological 
data is required to develop a seismotectonic model 
for the area.

	 An intensity of IIX (MMI scale) is observed 
using the information of damages and destruction 
from print media (Fig. 6). The damages to 
construction and loss of lives occurred due to poor 
construction of structures within 100 km of the 
main shock (Fig. 7a–7d). Over 80% of Awaran has 
been completely destroyed, and this damage was 

escalated by the occurrence of its largest aftershock 
(Mw 7.2 by PMD) of 28 September, 2013. 

	 The emergence of an off shore island about 
200 m long and 100 m wide a few hours after the 
main shock, is the result of the formation of a mud 
volcano. Two more, smaller islands appeared soon 
after the first island. This is basically a combination 
of mud, sand and water that gushed to the surface 
after the earthquake. Liquefaction of sand and mud 
layers may take place after an earthquake, but it 
takes a strong one to produce an island such as 
the island off Gawadar [22]. The other possibility 
can be a rotational landslide, which moves along 
a rupture surface that is curved or concave (Fig. 
8a, 8b). However, more evidence is required to 
support this assumption. In fact, the causes of the 
eruption of mud volcanoes, despite their triggering 
by earthquakes, are yet to be clearly understood 
[15], Further, the emission of methane gas is 
not an exception as the energy released by the 
seismic movement of these faults in MSZ activates 
inflammable gases in the seabed. 

8.	 CONCLUSIONS

The Awaran Earthquake event has released high 
seismic energy in NE-SW direction along the 
Chaman Fault zone and MSZ; however it has 
increased the tectonic stresses in the northern and 
SE directions, which may cause high seismicity 
in future. It is also worth noting that this big event 
triggered many off shoots and splays of the larger 
faults (data to be presented separately). Thus, the 
possibility of large earthquakes, in future, causing 
serious damage in the cities situated in the area, 
cannot be excluded. It is, therefore, suggested 
that an effective National Seismic Hazard Study 
program should be perused with emphasis on 
precise delineation of high risk zones.
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