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Abstract

:

The September 1973 flood in the Mahi Basin was one of the most catastrophic and widespread in the 20th century. However, the hydro-meteorological characteristics of the 1973 flood were not studied. Therefore, an attempt has been made to analyze the meteorological and hydrological processes that led to the 1973 flood. Accordingly, daily rainfall data, river discharge, and cross-section data were obtained for the analysis. The 1973 flood was associated with very heavy rainfall resulting from two successive low-pressure systems (LPS) from 26 to 31 August 1973 and 2 to 5 September 1973. The rainfall variability in the Mahi Basin was 24% (annual) and 25% (monsoon) in 1973. The analysis showed that out of 69 rainfall stations, 13 stations received 100% rainfall in the monsoon season in 1973. Under the influence of the second LPS (7 and 9 September 1973), 21 rain gauge stations recorded very heavy rainfall (124.5–244.4 mm) on 8 September. As a result, the maximum discharge of the Mahi River (40,663 m3/s) was observed at Wanakbori on 9 September. The flood hydrograph denoted two flood peaks of 28,125 m3/s and 33,097 m3/s magnitudes resulting from LPS at Kadana. A newly constructed bridge (in 1972) on the Mahi River at the Kailashpuri village washed out due to a large discharge of 21,553 m3/s magnitude on 7 September 1973. The hydro-meteorological analysis of the 1973 flood specified the significance of the LPS in a flash flood disaster in the Mahi Basin. This study will benefit hydrologists and civil engineers creating design floods for the construction of the hydraulic structures in the Mahi Basin, and will help to avoid any future catastrophic floods.
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1. Introduction


Flooding is regarded as one of the most destructive natural disasters, causing loss of life and economic damage [1,2,3]. Worldwide, many researchers have evaluated the effects of flash floods and their significant monetary losses, damage to infrastructure, displacement, and loss of life [4,5,6,7,8,9,10,11]. According to Pereira et al. [12], flash floods are short-duration and intense hydrometeorological events that affect small basin areas for a short period. The flooding problem is aggravated by several other factors, for instance, a decrease in the discharge-carrying capacity of the river due to heavy sediment load from the catchments, sedimentation in the river channel, alterations in the river channels due to erosion of beds and banks, and damming of flows in the river and tributaries due to landslides [13]. Floods are accompanied by river dynamics, and become natural disasters when they affect humans and their actions [14,15]. Most of the flood-affected population (about 1.36 billion) is found in Asia (South and East), mainly in China (329 million) and India (225 million) [16].



An investigation of extreme hydro-meteorological events for the design of hydraulic structures is essential [17]. Historic pre-instrumental records and longest stream flow time series data have great significance in the design of hydraulic structures, namely, dams, bridges, and culverts [18]. Extreme rainfall, resulting in floods and scour, is the most dynamic cause of bridge failures [19,20]. Globally, numerous studies have been conducted on the effects of floods on infrastructure in different countries. Shah [21] stated that the 1998 65-day flood in Bangladesh devastated roads and bridges along with houses, crops, and livestock. Similarly, Mustafa [22] reported that the 1987 flood caused serious damage to bridges, roads, railway lines, telephone connections, and dams in Pakistan. In India, Dhar et al. [23] have provided an investigation of the rainstorm that caused the Machhu-2 earth dam (6 km upstream of Morvi) to collapse under the onrush of an unprecedented volume of water on 11 August 1979. Flood-induced dam failure events have resulted either from mismanagement practices or inaccuracy in the computation of the design flood that did not consider or project extreme meteorological events under climate change circumstances, or the reservoir capability [24,25]. According to Adamo et al. [26], overtopping caused by floods has been one of the major causes of dam failure, which exceeds the spillway capacity as a result of insufficient knowledge of the hydrological conditions of the region and incorrect assessment of the inflow design discharge.



The climate of South Asia is significantly determined by the southwest monsoon. There are spatiotemporal variations in rainfall in the different countries of South Asia because of their geographical location, topography, and meteorological conditions [27]. According to Kronstadt, [28] heavy monsoon rainfall connected with the low depressions originating over the Bay of Bengal and moving west/northwest through India is the main cause of the floods in Pakistan. As a result, heavy rainfall in different regions of Pakistan during the monsoon season (July to September) caused severe floods in the Indus River Basin [29]. According to Dewan [30], flash floods are the most common in Bangladesh due to heavy rainfall in the hilly areas of the rivers and resulting streamflows, poor drainage, and storm surges that create flooding in the flood plains of major rivers and coastal regions. According to Sharma et al. [31], rugged hilly topography, fragile geology, and high-intensity monsoon rainfall is making Nepal more vulnerable to flooding. The flood hazard affects the population, infrastructure, and settlements in rural areas as well as in urban areas of Bangladesh and Nepal [30]. Likewise, floods in the large rivers of India, such as the Brahmaputra, Kosi, Ganga, Teesta, Mahanadi, Narmada, Tapi, Mahi, Godavari, and Kaveri, have received greater attention from researchers in various fields in India [32,33].



In India, heavy to very heavy monsoon rainfall associated with a low-pressure system (LPS) that forms over the Bay of Bengal and adjoining land regions and moves west or northwestward, with an extent of about 1000–2000 km and duration of 3 to 6 days, is the foremost reason for flash floods [34,35,36]. According to Roxy et al. [37], the average monsoon rainfall over India has decreased; nevertheless, the frequency of extreme rainfall events (daily rainfall ≥150 mm) increases by approximately 75% during the monsoon season. The monsoon variability has been greater in recent decades, causing natural disasters such as droughts and floods [38,39]. A comprehensive analysis of rainfall distribution, variability and trends has great significance for effective flood and drought management, water resource planning, and design of hydraulic structures [40,41,42].



The rainfall characteristics of the Mahi Basin are significantly governed by the monsoon rainfall. The major floods in the Mahi Basin associated with LPSs and subsequent heavy rainfall were the 1913, 1920, 1927, 1937, 1941, 1952, 1959, 1968, 1973, 1976, 1990, 1994, and 2006 floods [43]. Flood discharge time series data (from 1959 to 2016) specified that high-magnitude discharges recorded at Wanakbori are associated with LPSs. The high-magnitude flood (40,663 m3/s) observed at Wanakbori in 1973 was the largest in the Mahi River [44]. Nevertheless, very little geomorphological, hydrological, and meteorological information about the 1973 flood is known. Therefore, it is essential to understand the hydro-meteoroidal characteristics of the Mahi River to protect against losses caused by any future floods. The present study provides a comprehensive and multi-dimensional assessment of the 1973 flood in the Mahi Basin. Therefore, the objective of this research is to investigate the hydro-meteorological characteristics of the 1973 flood in the Mahi Basin.




2. Study Area


The Mahi River is the third largest interstate west-flowing river in India (refer to Figure 1). The river originates near the Minda village of the Sardarpur tehsil in the Dhar district (Madhya Pradesh) at an elevation of 580 m. It flows for a length of 583 km and meets the Gulf of Khambhat in Gujarat. The Som River, the Jakham River, the Anas River, and the Panam River are the major tributaries of the Mahi River (Figure 1). The Mahi Basin extends between 22°12′55″ to 24°35′22″ N latitudes and 72°46′11″ to 75°16′55″ E longitudes [43]. The drainage area of the basin is 34,842 km2. It covers 19.22% of the area of Madhya Pradesh, 47.22% area of Rajasthan, and 33.56% of the area of Gujarat. The annual average rainfall (AAR) of the Mahi Basin is 889 mm. About 97% of the annual rainfall occurs during the monsoon season (June–September). July (33%) is the rainiest month throughout the basin, followed by August (32%). The basin contains two climatic regions; the northern part of the basin comprises a subtropical wet climate in the upper reaches and a tropical wet climate in the lower reaches. The Mahi Basin is significantly influenced by the LPSs that form over either Bay of Bengal or adjoining land and move in western and northwestern directions [43]. These LPSs are accountable for boosting the rainfall of the Mahi Basin. Table 1 denotes some of the notable flash floods in the Mahi Basin in the past (1901–2020). The geology of the Mahi Basin encompasses the rocks of the Deccan Trap (Basalt), the Proterozoic Vindhyan Supergroup (sedimentary and metasedimentary rocks), Aravali Supergroup rocks (Leucogranite intrusion, granites, amphibolites), and Banded Gneissic Complex (BCG) rocks [45]. The vast area of the basin is occupied mainly by red and black soils. The maximum area of the basin is covered by finely textured soils (65.60%), followed by rocks and non-soil, accounting for 12.96% [46]. According to Patle et al. [47], agriculture is the most dominant land use land cover in the Mahi Basin (65% of the area), followed by 11% forest cover and about 2.9% taken up by water bodies.




3. Data and Methodology


3.1. Hydro-Meteorological Data


The main objective of the research is to understand rainfall characteristics and synoptic conditions responsible for the catastrophic flood of 1973 in the Mahi Basin; therefore, daily rainfall data for the 1973 flood were obtained for 69 stations located in the basin. (Figure 2). The rainfall data were procured from the India Meteorological Department (IMD), Pune, and from the Water Resource Department, Madhya Pradesh (MPWRD). The 1973 flood was associated with heavy to very heavy rainfall due to LPS. Accordingly, The LPSs track data were obtained from the “Cyclone eAtlas-IMD” published by IMD. Further, some data about synoptic situations responsible for the 1973 flood in the basin were obtained from a monsoon report published in the Indian Journal of Meteorology, Hydrology, and Geophysics in 1974 [48]. The annual maximum series (AMS) data for the Wanakbori sites (Figure 1) were derived from the Central Water Commission (CWC), Gandhinagar (Gujarat), and daily discharge data for the 1973 flood event for the Kadana (Figure 1) from the dissertation work of More in 1986 [49]. The 1973 flood levels were obtained with reference to flood marks during fieldwork in the Mahi Basin.




3.2. Methodology


One of the aims of this research is to understand the rainfall characteristics and synoptic conditions associated with the 1973 flood in the Mahi Basin. Therefore, annual and monsoon rainfall data were analyzed using elementary statistical methods such as mean, standard deviation, and coefficient of variation. The LPSs that follow a west or northwestward track either close to the basin or through the basin are the important cause of heavy rainfall-associated floods in central India [32]. Therefore, an attempt has been made to identify and study the LPS tracks noted in 1973 using eAtlas and ArcGIS 10.1 software. The inverse distance weighted (IDW) technique of interpolation of point data is used for spatial analysis of the rainfall. The hydro-geomorphic efficiency of the 1973 flood was studied concerning the Mahi River bridge washout near the village of Kailashpuri and its effect on the ongoing construction of Kadana Dam (Figure 1). The methodology used for the hydro-meteorological analysis of the 1973 flood is shown in Figure 3.





4. Results


4.1. Rainfall Analysis of the 1973 Flood


Spatio-temporal distribution of annual rainfall showed that annual rainfall of the Mahi Basin varied between 661 mm (at Dewal) and 1961 mm (at Danpur) during 1973 (Figure 2 and Figure 4a). In 1973, the AAR of the Mahi Basin was 1334 mm, which was about 50% more than the AAR (889 mm) of the basin. The minimum and maximum monsoon rainfall observed for the Dewal (661 mm) and Danpur (1961 mm) are shown in Figure 2 and Figure 4b. The Dewal, Danpur Babalwara, Badgama, Balasinor, Barawarda, Bhungra, Dohad, Galiakot, Godhra, Jagpura, Kanba, and Kanore stations received 100% annual rainfall from June to September (monsoon season) in 1973 (Figure 2 and Figure 4a,b). Moreover, the annual (monsoon) rainfall deviation was 327 mm (324), and rainfall variability was 24% (annual) and 25% (monsoon) in 1973. Analysis of percent deviation from the mean monsoon rainfall of the Mahi Basin showed that the Sardarpur, Danpur, Mahi Dam, Bhungda, Salamgarh, Kushalgarh, Sajjangarh, Galiakot, Limkheda, and Devgarh Baria stations recorded excessive (+60% and above) monsoon rainfall in 1973. (Figure 2 and Figure 5). During the 1973 monsoon season, the western, central northern, and lower basins received normal rainfall (−19% to +19%). Nevertheless, most of the Mahi Basin received excess rainfall (+20% to +59%) during the 1973 monsoon because of the impact of synoptic conditions (Figure 5).




4.2. Synoptic Conditions and Rainfall Analysis


In 1973, the catastrophic flood of the Mahi Basin was widespread and associated with LPSs. The prominent synoptic conditions are depressions (D) formed over the Bay of Bengal and adjoining headland region from 26 to 31 August 1973 and 2 to 5 September 1973 (Figure 6). The first LPS formed as a monsoon low over the North Bay of Bengal on 24 August, became a depression on the morning of 26 August, and crossed the coast south of Balasore. It became a deep depression (DD) on 27 August, near Jamshedpur. The depression moved northwest across north Madhya Pradesh from 28 to 31 August and weakened into a low depression on the morning of 1 September over south Rajasthan. The monsoon low persisted over south Rajasthan until the morning of 3 September 1793, and merged with the monsoon trough [48,50,51].



Under the influence of the LPS, widespread and heavy rainfall was recorded in the Mahi Basin on 30–31 August and 1 September 1973 (Table 2; Figure 7a–c). The highest 24–hr. rainfall on 30 August 1973 was recorded at Limkheda (125 mm) (Table 2; Figure 2 and Figure 7a). The highest 24 h rainfall in the Mahi Basin on 31 August 1973 was recorded at Babalwara (215 mm), and Kherwara recorded the maximum 24–h rainfall (153 mm) on 1 September 1973 (Table 2; Figure 2). The maximum rainfall (375 mm) in the basin over 3 days (30–31 August and 1 September) was documented at Limkheda and Simalwara (Table 2; Figure 2 and Figure 7c). Table 2 shows that out of 69 stations, 26 stations received very heavy rainfall (124.5–244.4 mm), and 28 stations recorded heavy rainfall (64.4–124.4 mm) on 31 August. As a result, wet conditions prevailed over the Mahi Basin.



Figure 6 shows that the second depression (D) formed near Contai in the coastal region of West Bengal on 2 September 1973. A depression moved westward and weakened into a well-marked low (L) over central Madhya Pradesh on 5 September 1973. The low moved to the west over east Rajasthan and merged with the monsoon trough on 9 September 1973 [48,50,51]. The significant effect of LPS was observed over western Madhya Pradesh on 5 September, east Rajasthan, and Gujarat Region on 5 and 7 September. Consequently, a large flood was observed in the Mahi Basin. The antecedent moisture conditions (AMC) resulted from the preceding LPS (29–31 August), and heavy to very heavy rainfall resulted from the current LPS (2–5 September) over the Mahi Basin; these factors were the root cause of the 1973 flood.



Under the influence of the second LPS (7 and 9 September 1973), the basin received heavy rainfall (Table 2; Figure 7d–f). The remarkable rainfall associated with this LPS over the Mahi Basin was observed between 7 and 9 September (Table 2). The extremely heavy rainfall spells were observed at Mahi Dam (247 mm), Bhungda (254 mm), and Shergarh (249 mm) on 7 and 8 September 1973 (Table 2; Figure 2 and Figure 7d,e). Table 2 shows that out of 69 stations, 21 rain gauge stations recorded very heavy rainfall (124.5–244.4 mm), whereas heavy rainfall was observed on 8 September 1973 (Table 2; Figure 2 and Figure 7e). Heavy to extremely heavy rainfall in the upper catchment of the basin on 7 and 8 September produced a catastrophic flood in the Mahi Basin. The highest discharge (40,663 m3/s) of the Mahi River on record was observed at Wanakbori on 9 September 1973 (Figure 1).




4.3. Hydrological Analysis of the 1973 Flood


Long-term and well-documented historical flood records for the Mahi Rivers are not available. Besides, systematic discharge records at gauging sites in the Mahi Basin are short (30 to 40 years), except at Wanakbori (57 years). Long-term (1959–2016) AMS data of the Mahi River are available only for the Wanakbori site. Therefore, very little information about the 1973 flood on the Mahi River is available. Fieldwork and surveys were conducted to obtain more information about the 1973 flood. High flood level (HFL) marks of 1973 were observed at Bhairongarh, Kailashpuri, Sevaliya, Khanpur, and Vasad (Figure 8). Besides, HFL evidence of the 1973 flood was observed on the Som River at Depur, the Gomati River at Jaisamand Dam, and the Jakham River at Dhariawad (Figure 8).



Flood hydrograph studies based on historical storm events have importance, as does computing design floods to construct hydraulic structures such as dams, weirs, and bridges. The flood hydrograph derived for the Kadana site showed a steep rising and falling limb with two pronounced flood peaks (Figure 9). It revealed the flashy nature of the Mahi River. The upstream catchment area of the Mahi Basin received heavy rainfall on 30–31 August 1973, and the first peak of hydrograph with 28,125 m3/s magnitudes was observed on 1 September 1973 at the Kadana. However, the highest peak of 33,097 m3/s was recorded on 9 September 1973 at the Kadana (Figure 9). The foremost reason for the high-magnitude flood at Kadana was the AMC and heavy rainfall in the upstream catchment of the Mahi Basin. Several scholars have emphasized the significance of AMC to flood runoff by evaluating the effects of AMC and rainfall on surface runoff, the volume of direct runoff, and flood magnitude [52,53,54,55,56]. Bronstert et al. [57] stated that the dynamics of the AMC of the catchment are frequently used to define sensitivity in order to produce surface flow and subsurface flow.




4.4. Impact of the 1973 Flood


The flood impact data from the 1973 flood event were collected during fieldwork. The 1973 flood was more significant for redesigning the design flood of the Kadana Dam. The construction of the Kadana dam was planned based on the estimated design flood (31,087m3/s). However, the previously estimated design flood (31,087 m3/s) of the Kadana Dam was again revised because of the highest observed peak discharge of 21,820 m3/s in the 1968 flood at the Kadana. The revised design flood of the proposed dam at the Kadana was fixed at 36,840 m3/s [49]. The highest peak discharge of 33,097 m3/s observed at the Kadana in the year 1973 caused damage to the construction of the Kadana Dam. This enormous discharge again forced to the design flood of the Kadana Dam to be revised [49]. Normally, the shape and peak of the outflow hydrograph are considered to improve the existing flood peak estimation and design the spillway of a dam [58,59]. Accordingly, the design flood of the Kadana Dam was fixed at 46,871 m3/s discharge [49]. The main spillway of the Kadana Dam was designed to pass a discharge 36,871 m3/s through 21 radial gates, and an additional spillway was constructed based on a design flood to permit 10,000 m3/s discharges through 6 radial gates (Figure 10). The flood caused damage to the construction of the Kadana Dam in 1973 [49,60].



One of the significant effects of the 1973 flood was noticed at Kailashpuri, where a newly constructed bridge (1972) on the Banswara–Sagwara highway was washed out due to a large discharge of 21,553 m3/s on 7 September 1973 (Figure 11). A low level of the bridge and less spacing between two pillars caused damages to the bridge due to high magnitude discharges and uprooted trees in the flows. The slabs and pillars of the bridge were observed at a 50–60 m distance from the present pillars of the bridge. This suggests the importance of accurate estimation of design flood for hydraulic structures. Besides, the 1973 flood caused damage to several settlements and agriculture on both the banks of the Mahi River and its tributaries.




4.5. Floods and Climate Change


Flash floods can be managed in many ways, including structural and non-structural measures. However, non-structural measures would be more cost-effective in areas such as the Mahi basin. Flood inundation maps can be developed using satellite images, and matched with the respective flood discharges [61]. These inundation maps can then be used to define safer areas for the residents. In addition, the maps can be used to identify evacuation routes in an emergency state. Prior identification of those evacuation routes will be highly important to secure lives and properties [62]. Climate change and global warming have impacted the river basin’s hydro-meteorology and groundwater [61,63]. Climate change has not only increased the frequency of extreme rainfall but also affected the magnitude and frequency of flooding that causes damage to agriculture, infrastructure, and human life in various regions of the world [64,65,66]. The flood forecasting and warning system (FFWS) is one of the most effective measures to cope with climate change and global warming [67]. However, modeling is not easy, with changing future catchment characteristics in developing countries due to unstable development policies being in place. Manzoor et al. [29] propose numerous suggestions for efficient and sustainable flood control in Pakistan that can be used for South Asian countries such as India, Sri Lanka, and Bangladesh.




4.6. Limitations of the Research


The present study mostly focused on the 1973 flood. However, the availability of long-term continuous flood records is the major limitation of this research. Some of the tributaries of the Mahi River do not have discharge gauging stations.





5. Conclusions


The spatiotemporal rainfall characteristics of the Mahi Basin are significantly determined by the monsoon rainfall (June–September). The monsoon rainfall varies between 661 mm (at Dewal) and 1961 mm (at Danpur). The 1973 catastrophic flood was associated with chronological LPSs that produced heavy to very heavy rainfall over the Mahi Basin. As a result, most of the Mahi Basin received excess rainfall (+20% to +59%) in the 1973 monsoon season. Nevertheless, the annual rainfall of the basin was about 50% more than the normal annual rainfall (889 mm) in 1973. Some of the stations’ monsoon rainfall was above 60%, such as Sardarpur, Danpur, Mahi Dam, Bhungda, Salamgarh, Kushalgarh, Sajjangarh, Galiakot, Limkheda, and Devgarh Baria. Extremely heavy rainfall spells were observed at Bhungda (254 mm), Shergarh (249 mm), and Mahi Dam (247 mm), under the influence of the second LPS. Heavy to extremely heavy rainfall in the upper catchment of the basin on 7 and 8 September produced a catastrophic flood in the Mahi Basin. One of the notable impacts of 1973 was observed at Kailashpuri, where the slabs and pillars of the bridge were washed out and observed at a 50–60 m distance from the present pillars of the bridge. The catastrophic flood caused damage to several settlements and agricultural areas on both the banks of the Mahi River and its tributaries. Therefore, this study has significance for future flood disaster management and hydraulic structure construction in the Mahi Basin.
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Figure 1. Location of the study area and discharge station in the Mahi Basin. 
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Figure 2. Rain gauge stations in the Mahi Basin. 
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Figure 3. Flow chart of the methodology used for hydro-meteorological analysis of 1973 flood. 
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Figure 4. Spatial distribution of (a) annual rainfall; (b) monsoon rainfall in the Mahi Basin in 1973. 
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Figure 5. Spatial distribution of 1973 rainfall deviation from mean rainfall in the Mahi Basin. 
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Figure 6. Tracking of the low pressure systems (LPSs) that produced the 1973 flood in the Mahi Basin. 
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Figure 7. Spatial distribution of rainfall of first LPS (a) day 1 (b) day 2 (c) day 3, and second LPS (d) day 1 (e) day 2 (f) day 3. 
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Figure 8. Location map of the 1973 HFL in the Mahi Basin. 
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Figure 9. Flood hydrograph of the Mahi River at Kadana (1973 flood). Data source—More [49]. 
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Figure 10. Kadana Dam with additional spillway after 1973 flood. 
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Figure 11. A view of collapsed Mahi Bridge as a result of the flood on 8 September 1973 from the new bridge on the Banswara–Sagwara highway near Kailashpuri (Sagwara, Rajasthan—captured by Hire, P.). 
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Table 1. Flash floods occurring in the Mahi Basin in the past (1901–2020).
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	Month, Date and Year of Flood
	Monsoon Rainfall of the Mahi Basin in mm
	Synoptic Conditions





	27 July 1913
	1072.43 (+24.27%)
	Bay of Bengal Depression



	27 July 1927
	1143.57 (+32.51%)
	Bay of Bengal Depression



	September 1933
	1278.40 (+48.13%)
	Bay of Bengal Depression



	July 1941
	1078.33 (+24.95)
	Bay of Bengal Depression



	August 1944
	1347.11 (+56.10%)
	Bay of Bengal Depression



	24 September 1945
	1148.41 (+33.07%)
	Bay of Bengal Depression



	5 August 1946
	1184.27 (+37.23%)
	Land Depression



	15 September 1959
	1352.49 (+56.72%)
	Land Depression



	6 September 1970
	995.85 (+15.39%)
	Land Depression



	7 September 1973
	1287.94 (+49.24%)
	Bay of Bengal Depression



	30 August 1976
	1247.81 (+44.59%)
	Bay of Bengal Depression



	30 August 1978
	1025.24 (+18.80%)
	Bay of Bengal Depression



	2 August 1994
	1369.06 (+58.64%)
	Bay of Bengal Depression



	August 2006
	1580.94 (+83.19%)
	Bay of Bengal Depression







Note: Values in brackets show the excess rainfall from the average rainfall of the basin for respective flood years. Data source—Pawar [43].
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Table 2. LPS-associated station-wise rainfall distribution over the Mahi Basin.
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