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Abstract:



Papua New Guinea is blessed with a plethora of enviable natural resources, but at the same time it is also cursed by quite a few natural disasters like volcanic eruptions, earthquakes, landslide, floods, droughts etc. Floods happen to be a natural process of maintaining the health of the rivers and depth of its thalweg; it saves the river from becoming morbid while toning up the fertility of the riverine landscape. At the same time, from human perspective, all these ecological goodies are nullified when flood is construed overwhelmingly as one of the most devastating events in respect to social and economic consequences. The present investigation was tailored to assess the use of multi-criteria decision approach (MCDA) in inland flood risk analysis. Categorization of possible flood risk zones was accomplished using geospatial data sets, like elevation, slope, distance to river, and land use/land cover, which were derived from digital elevation model (DEM) and satellite image, respectively. A pilot study area was selected in the lower part of Markham River in Morobe Province, Papua New Guinea. The study area is bounded by 146°31′ to 146°58′ east and 6°33′ to 6°46′ south; covers an area of 758.30 km2. The validation of a flood hazard risk map was carried out using past flood records in the study area. This result suggests that MCDA within GIS techniques is very useful in accurate and reliable flood risk analysis and mapping. This approach is convenient for the assessment of flood in any region, specifically in no-data regions, and can be useful for researchers and planners in flood mitigation strategies.
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1. Introduction


Heavy rain, especially over the upper catchment, in a short period of time causes flooding or flash flooding in the lower catchment. Flooding is a natural disaster caused by high intensity downpours. A flood occurs when overland flow of waters inundate land and may cause damage to crops, damage to infrastructure, or even loss of human lives [1,2]. More than 140 million people are affected each year in the world due to flood [3]. Flood management and mitigation are vital to the physical and social environment of a nation, which assumes an important role in economic development [4,5]. Flooding can be classified into three different categories based on how fast it is occurring like (i) flash floods, which occur due to heavy rain for a few hours and with little or no warning and disperse quickly, (ii) rapid onset floods, that happen with several hours of heavy rainfall and can last for several days, and (iii) slow onset floods, which occur gradually over a fairly long period of time [6]. Flood risk mapping and hazard analysis for any watershed or drainage basin engage several factors or parameters and criteria [7,8]. Geographic information system (GIS) and remote sensing (RS) techniques have made significant contributions in natural hazard analysis [9,10]. During the last few decades, researchers were involved in developing different methods and models for natural hazard mapping using RS and GIS techniques [11,12]. Frequency ratio [13,14], analytical hierarchy process [15], fuzzy logic [16], logistic regression [17], artificial neural networks [18,19,20] and weights-of-evidence [21], and multi-criteria decision support systems [22,23] are a few well known and acceptable methods in natural hazard modelling for analyzing complex problems in different regions. MCDA and GIS have been familiarized as an imperative tool in spatial data analysis and mapping [24,25]. This research is focussed on assessing the use of an MCDA approach in inland flood risk analysis based on four different geospatial data sets, like elevation, slope, distance to river, and land use/land cover. This research was conducted in the lower part of the Markham River in Morobe Province, Papua New Guinea.




2. Study Area and Materials Used


The study area includes a geographical area extending from 146°31′ to 146°58′ east and 6°33′ to 6°46′ south and envelops an area of 758.30 km2. The area is located in the lower part of Markham River in the Morobe Province of Papua New Guinea (Figure 1). The upper catchment area of Markham is dominated by primary forests and rugged mountains with steep slopes [26]. Markham river is the fourth longest river in Papua New Guinea originated from Finisterre range (457 m) and gets emptied into Huon Gulf after 180 km of checkered path. Erap River from the Saruwage range (from the northern side) and Watut from Wau-Bulolo (from the southern side) are two major tributary rivers of the Markham (Figure 1). The upper catchment area of the Markham is dominated by primary forests and rugged mountains with steep slopes. Absence of any soil conservation measure exacerbated by commercial logging, mining, and small scale mining on the river for alluvial gold extraction are the major economic activities which cause accelerated soil erosion within the catchment area. The study area is characterized with tropical humid climate with an average rainfall of 4200 mm. The Markham carries flows from the 12,450 km2 catchment with huge mobile bed load ranging from fine silt to cobbles [27]. The lower catchment of the Markham River has a wider valley ranging in width between 3 km and 8 km. In last two decades, the area has been subjected to several destructive floods, which were chosen as verification sites for finalizing flood risk zoning. Final 58 km flow of the Markham River starts from the Watut junction to the mouth (Huon gulf) and the average 7.5 km distance from the river on each side was considered for hosting this research (Figure 1- bottom: sketch on satellite data).


Figure 1. Location map of the study area.
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Identification of possible flood risk zones was performed using geospatial data sets, like elevation, slope, distance to river, and land use/land cover. These parameters were derived from digital elevation model (DEM) and satellite image respectively. Optical bands with false color combination of Landsat 8, operational land imager (OLI) was used to derived land use/land cover of the study area. River lines were digitized from the satellite image and used to find the distance from river. One of the most widely used high-resolution topographic data or Digital Elevation Model (DEM) source is advanced space borne thermal emission and reflection radiometer (ASTER) mission. ASTER provides topographic data in 30-meter spatial resolution. All other details of the data sets are given in the Table 1.



Table 1. Data sets used for Identification of possible flood risk zones.







	
Sl No

	
Data Type

	
Resolution

	
Year

	
Source






	
1

	
LANDSAT-8, OLI

	
15 m Pan-Sharpen

	
2013

	
Department of Surveying and Land Studies, The PNG University of Technology




	
2

	
ASTER-DEM

	
30 m

	
2001




	
3

	
Village locations and population data sets of Morobe

	
Point and statistics

	
2009

	
Geobook, PNGRIS




	
4

	
Historical flood magnitude

	
Point location

	
2002 to 2006

	
GFDS, Version 2

http://www.gdacs.org/











3. Methodology


To generate a flood risk map in the lower catchment of a drainage basin, the area selection of effective parameters is vital [19,28]. Although it is difficult to choose factors unanimously to be applied in flood susceptibility assessments, some important variables have a definitive role in flood risk mapping as mentioned by many researchers [29]. Different geospatial data sets, such as elevation, slope, distance to river, and land use/land cover were considered as dependent parameters. Landsat 8, OLI (Path/Row of 96/65 with a spatial resolution of 15 m Pan-sharpen) satellite image was used to digitize river lines in the study area (Figure 2a).


Figure 2. Markham river (a); digital elevation model (b); slope in degree (c); distance from river (d); and land use/land cover characteristics (e), derived from ASTER-DEM and Landsat 8, OLI satellite image.



[image: Hydrology 03 00029 g002 1024]






Elevation plays a vital role on the spread of flooding and depth [30] of flood in the lower catchment area. Slope is another independent parameter which can accelerate the soil erosion and surface runoff as well as vertical percolation [31]. Both parameters, elevation and degree slope were derived from ASTER DEM (30 m spatial resolution) in ArcGIS 3-D analysis extension (Figure 2b,c). Elevation database was reclassified into nine groups within a given range, namely less than 20, 20–40, 40–60, 60–80, 80–100, 100–200, 200–300, 300–500, and more than 500 m (Figure 2b). The slope in degree database was categorized into nine groups, such as less than 1, 1–2, 2–3, 3–4, 4–5, 5–10, 10–15, 15–20, and more than 20° (Figure 2c).



Floodplains and the areas in the vicinity of river are the most affected areas during floods [32]. Proximity analysis in ArcGIS was used to produce distance from river data sets. Nine different distance class were generated (Figure 2d) with a specific interval of distance, such as - up to 100, 100–200, 200–300, 300–400, 400–500, 500–750, 750–1000, 1000–2000, and more than 2000 m.



Infiltration or the vertical downward movement of water has profound bearing on the incidence of floods. Areas dominated by vegetation, especially tree vegetation/forests, which are known for inducing high infiltration rates, have eventually low susceptibility to flooding, thus have a negative relationship of flood occurrence and vegetation density. Surface runoff is very high in urban and built-up areas because of impervious surfaces. So land use/land cover is an important factor for flood susceptibility mapping [33]. Land use/land cover characteristics of the study area were analyzed following maximum likelihood algorithm of supervised classification in Erdas Imagine software v11 [34]. The entire study area was classified into 10 classes, such as inland water, river water, river course shrub, river course grass, river course vegetation, other shrub, other grass, low density vegetation, dense vegetation, and impervious road cum built-up areas (Table 2 and Figure 2e).



Table 2. Land use/land cover characteristics generated from satellite image using supervised classification.







	
Value

	
Land Use/Land Cover Classes

	
Area (km2)

	
% Area






	
1

	
Inland Water

	
3.55

	
0.47




	
2

	
River Water

	
35.82

	
4.72




	
3

	
River Course Shrub

	
25.10

	
3.31




	
4

	
River Course Grass

	
20.81

	
2.74




	
5

	
River Course Vegetation

	
33.73

	
4.45




	
6

	
Other Shrub

	
91.49

	
12.07




	
7

	
Other Grass

	
152.86

	
20.16




	
8

	
Low Dense Vegetation

	
48.33

	
6.37




	
9

	
Dense Vegetation

	
340.75

	
44.94




	
10

	
Road and Built-up

	
5.86

	
0.77










Different rates for all the classes under each parameters and weights for the parameters were assigned simultaneously to take a final decision on suitable rates and weights, which produced better results. The pair wise comparisons of all the parameters were taken as the inputs while the relative weights and rates of the parameters and sub classes were the outputs. After preparation of all parameters and their individual class, user defined rate (R) [35] on a scale of 1 to 9 [36] were assigned depending on their significance or influence on flood risk. The highest rate of 9 refers to extreme vulnerability to flood risk and rate of 1 refers to almost no risk. For example, the probability of flood occurrences and intensity are high close to the river [32], so the rank of 9 was assigned to the areas which are located within 100 m distance from the main river. Normalized rating index (NRI) was calculated using total rate dividing with individual rate. Based on the individual significance a total weight (W) of 10 was assigned after divided amongst all four parameters. Weight of 4 was assigned to the distance from river because the most affected areas during floods are those near the river, as a consequence of bank overflow [32]. Slope of the land plays an important role in determining surface runoff velocity and rate of vertical percolation and a W value of 3 was assigned to this parameter. Altitude has an important impact on the spread of flooding and has a key role in the control of the direction of overflow movement and also in the depth of the flood. A W value of 2 was assigned to this parameters. Normalized weight index (NWI) was calculated using total weight dividing with individual weight as shown in Table 3. Figure 3 shows the detailed methodology adopted in this research.


Figure 3. Methodological flow chart for flood risk analysis through MCDA.



[image: Hydrology 03 00029 g003 1024]






Table 3. Rate, normalized rating index, weight index based on MCDA.







	
Parameters

	
Category/Class

	
Rate (R)

	
Normalized Rating Index (NRI) [Individual/Total]

	
Weight (W)

	
Normalized Weight Index (NWI)






	
Elevation (in m)

	
<20

	
9

	
0.20

	
2

	
0.2




	
20–40

	
8

	
0.18




	
40–60

	
7

	
0.16




	
60–80

	
6

	
0.13




	
80–100

	
5

	
0.11




	
100–200

	
4

	
0.09




	
200–300

	
3

	
0.07




	
300–500

	
2

	
0.04




	
More than 500

	
1

	
0.02




	
Total

	
45

	
1.00




	
Slope (in Degree)

	
<1

	
9

	
0.20

	
3

	
0.3




	
1 to 2

	
8

	
0.18




	
2 to 3

	
7

	
0.16




	
3 to 4

	
6

	
0.13




	
4 to 5

	
5

	
0.11




	
5 to 10

	
4

	
0.09




	
10 to 15

	
3

	
0.07




	
15 to 20

	
2

	
0.04




	
More than 20

	
1

	
0.02




	
Total

	
45

	
1.00




	
Distance from River (in m)

	
<100

	
9

	
0.20

	
4

	
0.4




	
100–200

	
8

	
0.18




	
200–300

	
7

	
0.16




	
300–400

	
6

	
0.13




	
400–500

	
5

	
0.11




	
500–750

	
4

	
0.09




	
750–1000

	
3

	
0.07




	
1000–2000

	
2

	
0.04




	
More than 2000

	
1

	
0.02




	
Total

	
45

	
1.00




	
Land Use/Land Cover

	
Inland Water

	
N/A

	
N/A

	
1

	
0.1




	
River Water

	
9

	
0.20




	
River Course Shrub

	
8

	
0.18




	
River Course Grass

	
7

	
0.16




	
River Course Vegetation

	
6

	
0.13




	
Road and Built-up

	
5

	
0.11




	
Other Shrub

	
4

	
0.09




	
Other Grass

	
3

	
0.07




	
Low Dense Vegetation

	
2

	
0.04




	
Dense Vegetation

	
1

	
0.02




	
Total

	
45

	
1.00











4. Result and Discussions


4.1. Land Use/Land Cover


The land use/land cover map shows that the area is mostly dominated by dense vegetation, which covered an area of 340.75 km2 and it is about 45% of the total area (Table 2 and Figure 2e). Lae city is located outside of the study area as it is sitting within another drainage basin, but the extension of the city (roads and other nearby developments) towards Nazab airport is within the study area, covering an area of 5.86 km2 (0.77%) (Table 2 and Figure 2e). Other land use/land covers classes, like inland water covered an area of 3.55 km2 (0.47%), river water 35.82 km2 (4.72%), river course shrub 25.10 km2 (3.31%), river course grass 20.81 km2 (7.74%), other shrub 91.49 km2 (12.07%), other grass 152.86 km2 (20.16%), and low density vegetation 48.33 km2 (6.37%). The overall classification accuracy and kappa statistics were derived as 91.5 % and 0.85, respectively.




4.2. Elevation and Slope


Maximum altitude of 1032 m and slope of 53° are found in the southern part of study area indicating rugged terrain, whereas going towards the east it became very gentle/smooth (Figure 2b,c). Both elevation database and slope data sets were reclassed into nine groups. Elevation classes 100 to 200, 200 to 300, and 300 to 400 m cover total area of 466.05 km2 (61.46%). About 40.63 km2 (5.36%) area are located above 500 m from mean sea level where flood risk is about zero. Other classes that ranged up to 100 m altitude covered an approximate area of 251.62 km2 (44.31%) and are marked as high potential to flood. Slope classes above 10° occupy total area of 490.52 km2 (64.69%), which are marked as ‘no risk’ zones. About 218.77 km2 (28.85%) area consist in low slope terrain, which ranged up 5° are considered as ‘high risk’ zone of flood. All statistics related to different classes of elevation and slope are summarized in Table 4.



Table 4. Elevation and slope characteristics of the study area after reclassification.







	
Elevation (m)

	
Area (km2)

	
Percentage

	
Slope (degree)

	
Area (km2)

	
Percentage






	
<20

	
16.67

	
2.20

	
< 1

	
53.26

	
7.02




	
20–40

	
26.08

	
3.44

	
1 to 2

	
34.87

	
4.60




	
40–60

	
38.89

	
5.13

	
2 to 3

	
40.5

	
5.34




	
60–80

	
78.58

	
10.36

	
3 to 4

	
62.58

	
8.25




	
80–100

	
91.4

	
12.05

	
4 to 5

	
27.56

	
3.63




	
100–200

	
170.65

	
22.50

	
5 to 10

	
49.01

	
6.46




	
200–300

	
171.52

	
22.62

	
10 to 15

	
100.45

	
13.25




	
300–500

	
123.88

	
16.34

	
15 to 20

	
203.94

	
26.89




	
More than 500

	
40.63

	
5.36

	
More than 20

	
186.13

	
24.55




	
Total

	
758.3

	
100.00

	
Total

	
758.3

	
100.00










Weighted sum operation in spatial analysis extension of ArcGIS 10 was followed to integrate all NRI and NWI (Table 3) and to generate a pixel by pixel (30 m spatial resolution) flood risk/susceptibility database (Figure 4a). Flood risk index values of the output database range from 0.22 (Low) to 2.00 (high). Flood risk data was reclassified into five categories through a manual classification method as: (i) no risk (0.22–0.50), low risk (0.50–1.00), medium risk (1.00–1.50), high risk (1.50–1.75), and very high risk (1.75–2.00) (Table 5 and Figure 4b). ‘No risk’ refers to zones where the chances of flood occurrences are about zero and ‘high’ and ‘very high’ risk refer to the plausible areas where flood can eventuate due to seasonal as well as sporadic heavy rainfall (might be El Nino/Southern Oscillation induced episodes that have the potential to capture both ‘high’ and ‘medium’ risk areas). The ‘medium’ risk is considered along the areas that might be seasonally inundated in the wet season [37,38].


Figure 4. Flood risk analysis map based MCDA- resulted flood risk index (a) and classified flood risk zones (b).
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Table 5. Flood risk index and its impact based on MCDA for FRA mapping.







	
Value

	
Flood Risk

	
Flood Risk Index Value

	
Area (km2)

	
Area (%)

	
No of Village

	
Population

	
Length of Road (km)






	
1

	
No Risk

	
0.22–0.50

	
90.97

	
12.00

	
NA

	
NA

	
2.28




	
2

	
Low Risk

	
0.50–1.00

	
329.72

	
43.48

	
60

	
23282

	
89.66




	
3

	
Medium Risk

	
1.00–1.50

	
249.17

	
32.86

	
35

	
16584

	
58.88




	
4

	
High Risk

	
1.50–1.75

	
40.98

	
5.40

	
3

	
1328

	
6.55




	
5

	
Very High Risk

	
1.75–2.00

	
47.46

	
6.26

	
1

	
162

	
1.95










Finally spatial analysis tools of ArcGIS v-10 are used to calculate inundated area, villages, total population, and road infrastructure that are coming under different flood risk zone. The flood risk map shows that about 88.44 km2 (11.66%) of area on both sides of the Markham River is highly vulnerable as it falls under high to very high risk zones (Table 5 and Figure 4). About 249.17km2 (32.86%) of area is moderately vulnerable and falls under medium risk. According to population statistics and road infrastructure of year 2008 [37,38], 8.50 km of road and four villages (population size of 1490) are marked as highly vulnerable as they come under ‘high’ and ‘very high’ flood risk zones (Table 5 and Figure 5). On the other hand, 58.88 km of road and 35 villages (population size of 16,584) are moderately vulnerable, which are situated under medium flood risk zones (Table 5 and Figure 5).


Figure 5. Validation of flood risk analysis at different sites with historical flood events and its vulnerability.
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Historical floods events were used as verification sites (VP1 to VP3) to validate the output generated through flood risk analysis. VP1 to VP3 are stationed on the high to very high flood risk zone (Figure 5) based on flood risk analysis through MCDA. Figure 5 shows three different extremes flood events and the damages within the study area. Extreme flood magnitudes were measured during 2012 at GFDS, site 2523 (VP1 - location: 6.615° S, 146.745° E) by global flood detection system [39]. The second verification point is located about at the end of the Markham Bridge (VP2 - 6.693° S, 146.891° E) and had experienced a devastating flood in March 2004. A portion of the bridge, the abutment and the piers were damaged on the approach road to the Lae city (Figure 5). Another flood incident occurred in the same year (February-2004) at 1.5 km upstream from Markham Bridge (VP3 - 6.697° S, 146.874° E). 120 m road was washed out (on Lae-Bulolo road) in this event (Figure 5). The peak discharge was estimated as in the range 2600 m3/s to 3200 m3/s and peak flood velocity as 3.4 m/s respectively in the main channel near Markham Bridge during this event [27]. Another set of validation points (VP4 to VP16) were collected from inundation characteristics layer of PNGRIS database of Papua New Guinea [38] to validate of flood hazard risk map. Validation points, VP4 to VP10 are characterized by periodic flooding. Periodic flooding refers to the areas which are generally flooded for 3 to 4 days or less as a result of brief spate river or short term breach of river bank due to intensive rainfall events. According to flood risk map VP4 to VP10 are marked as ‘high’ to ‘moderate’ flood risk. Finally six other validation points (VP11 to VP16) are characterized as no flooding or inundation based on the PNGRIS database [38] which are situated in areas of either ‘low risk’ or ‘no risk’ of flooding based on the analysis output through MCDA (Table 6).



Table 6. Validation of flood risk map through MCDA.







	
Validation Point (VP)

	
Ground Observation/Existing Data Base

	
Flood Risk Analysis






	
VP1

	
Flood, 2012

	
High




	
VP2

	
Flood, 2004

	
Very high




	
VP3

	
Flood, 2004

	
Very high




	
VP4

	
Periodic flooding [38]

	
High




	
VP5

	
Moderate




	
VP6

	
Moderate




	
VP7

	
Moderate




	
VP8

	
High




	
VP9

	
High




	
VP10

	
Moderate




	
VP11

	
No flooding or inundation [38]

	
No risk




	
VP12

	
Low risk




	
VP13

	
Low risk




	
VP14

	
Low risk




	
VP15

	
Low risk




	
VP16

	
No risk












5. Conclusion


In this research, a flood risk map was developed based on multi-criteria decision approach (MCDA) using different geospatial data sets, like elevation, slope, distance to river, and land use/land cover. The validation report suggests that MCDA and GIS techniques are very powerful methods in flood risk analysis and mapping. The MCDA approach used in this study can be enhanced further after including many more parameters like rainfall, surface runoff, river discharge, river channel morphology, etc. The same can be used for flood preparedness and mitigation activities in any region, like in a river basin as a hydrological unit or particularly in no-data regions. As the most damaged were found close to the Markham bridge which connect Lae city and Bulolo town. It can be mentioned that a part of the Lae city also appears a bit vulnerable where it is quite close to the Markham River. The river bank protection strategy can be adopted by constructing suitable dykes. Diversion of channels can also be another option through the mid-stream island near to the bridge on the Markham river.
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