

  sustainability-16-00325




sustainability-16-00325







Sustainability 2024, 16(1), 325; doi:10.3390/su16010325




Article



Spatiotemporal Land Use and Land Cover Changes and Associated Runoff Impact in Itaperuna, Brazil



Gean Carlos Gonzaga da Silva, Priscila Celebrini de Oliveira Campos, Marcelo de Miranda Reis and Igor Paz *





Instituto Militar de Engenharia, Praça General Tibúrcio 80, Praia Vermelha, Rio de Janeiro 22290-270, Brazil









*



Correspondence: igorpaz@ime.eb.br







Citation: da Silva, G.C.G.; Campos, P.C.d.O.; Reis, M.d.M.; Paz, I. Spatiotemporal Land Use and Land Cover Changes and Associated Runoff Impact in Itaperuna, Brazil. Sustainability 2024, 16, 325. https://doi.org/10.3390/su16010325



Academic Editors: David Lopez-Carr and Alejandro Javier Rescia Perazzo



Received: 30 November 2023 / Revised: 20 December 2023 / Accepted: 27 December 2023 / Published: 29 December 2023



Abstract

:

The urban growth intricately linked to the hydrological cycle outlines a crucial dynamic in the environmental transformations of cities. Utilizing the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) Urban Flood Risk Mitigation model, we conducted hydrological modeling to assess the impact of urbanization on land use and land cover (LULC) changes and their subsequent effects on runoff generation in Itaperuna, Brazil, spanning the years 2015 to 2020. The analysis, performed across 17 urban sub-basins, highlights rapid urban expansion, notably in sub-basins 3 and 7, reflecting the city’s spatial dynamics and growth. Significantly, sub-basin 3 exhibited a 7.42% increase in runoff production capacity. The study meticulously documents changes in six LULC categories—water bodies, urban area, exposed soil, forest, natural pasture, and grassland vegetation—revealing that urban growth has directly amplified surface runoff in specific sub-basins, thereby impacting water resource management and flood prevention. Emphasizing the urgency of environmental conservation, especially in deforested basins, the findings hold substantial importance for urban planners and local authorities, offering relevant insights for flood risk mitigation and water security. Future research directions may explore additional facets, including water quality, advanced hydrological models, impacts on biodiversity and society, socioeconomic assessments of preventative measures, public policy considerations, and monitoring systems.
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1. Introduction


Projections suggest that by 2050, approximately 68% of the global population will reside in metropolitan areas, with 55% already dwelling in urban centers in 2017 [1]. Urbanization fundamentally reshapes urban land use and land cover (LULC) [2], bearing manifold implications for urban hydrology [3,4,5,6]. As urban areas expand, the transformation from natural terrains into impermeable surfaces, encompassing structures, roadways, and pavements, diminishes rainwater absorption capacity, leading to increased surface runoff and peak flow during rainfall events [7,8,9]. This proliferation of impermeable surfaces also disrupts the natural hydrological cycle, causing alterations in water flow patterns within urban settings [10].



The surge in surface runoff and peak flows heightens vulnerability to urban flooding and inundation, especially in areas with inadequate drainage systems [11,12]. Additionally, urban growth can induce secondary effects on local weather patterns, influencing hydrological processes by shifting rainfall intensity and near-surface air temperature [13]. The decline in seepage results in an upsurge in surface runoff, as rainwater is impeded from infiltrating the soil and instead cascades over impermeable surfaces [14,15]. This presence of impermeable surfaces exacerbates runoff processes, while runoff from permeable areas remains uncertain due to the variable nature of infiltration [16]. Research consistently demonstrates that urbanization and the expansion of impermeable surfaces significantly impact hydrological processes, altering runoff characteristics such as heightened peak flows and increased flow volumes [17,18].



Urban runoff, stemming from precipitation reaching impermeable city surfaces that impede soil absorption, triggers several critical issues including flooding, erosion, pollution, and a decline in overall quality of life [19,20,21,22]. Managing urban flow within watersheds is crucial to safeguard water resources, preserve ecosystems, mitigate flood risks, and ensure the urban sustainability, necessitating an integrated approach encompassing land use planning, stormwater management, and natural hydrological process preservation [23,24]. Watersheds play a pivotal role in water resource management. Comprehending runoff processes, including the interplay between primary channels and tributaries and water storage quantification, is essential for effective watershed management [25,26]. This understanding is important in the planning, management, and sustainable development of water resources, especially considering the variations in watershed hydrological responses due to climate change [27,28]. Therefore, studying LULC changes and their impact on soil erosion and runoff at the watershed level is indispensable for effective urban water resource planning and management [29,30,31].



In the global context, where climate change is exacerbating water-related challenges, the use of technologies such as remote sensing and geographic information systems (GIS) plays a critical role in adapting to and mitigating extreme events [32,33,34,35]. Remote sensing provides detailed insights into key hydrological variables like rainfall, evapotranspiration, and wetland extent [36,37]. GIS complements this by integrating and analyzing such data with other geospatial information such as topography, geology, and LULC, offering a comprehensive view of hydrological systems [38].



The integration of these technologies has led to significant progress in water management. Remote sensing data aids in flood monitoring and prediction, identification of aquifer recharge zones, and development of sustainable water management strategies [39,40]. Furthermore, GIS facilitates information exchange among government institutions, water resource management organizations, and researchers, fostering effective collaboration in addressing water-related crises [41].



Managing and analyzing risk and performing mitigation studies for urban flooding heavily rely on software tools [42,43]. These tools, equipped with advanced functionalities, assist in identifying and evaluating flood-related risks in urban environments [44,45]. They aid managers and researchers in comprehensively understanding urban flood risks, facilitating well-informed decision-making for effective risk management, including prioritizing intervention areas and assessing mitigation strategies [46]. Various approaches currently exist for assessing and mitigating flood risks in urban areas. Some methods, like the Genetic Algorithm Rule-Set Production (GARP) and Quick Unbiased Efficient Statistical Tree (QUEST) models utilizing machine learning techniques, effectively identify areas with a higher probability of flooding [47]. Additionally, numerical techniques, such as Long Short-Term Memory (LSTM) neural networks and numerical model integration, expedite the prediction of flood-related risks in urban settings [44].



The InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) models represent an initiative spearheaded by the Natural Capital Project at Stanford University. Among these models, the InVEST Urban Flood Risk Mitigation (UFRM) tool has been utilized in various hydrological investigations to assess flood mitigation measures. For instance, research in Hyderabad, India [48], and Bose and Mazumdar [42] have highlighted the model’s effectiveness in identifying areas prone to elevated flood risk and evaluating mitigation measures. The Urban Flood Risk Mitigation model uses GIS and aligns with the Soil Conservation Service’s curve number method (SCS-CN). This method estimates surface runoff volumes resulting from specific rainfall events within an area by considering factors like cumulative precipitation, LULC, and antecedent moisture [49,50,51]. Its success lies in its simplicity, reliance on well-documented environmental data, and the incorporation of various runoff-generating factors into a single parameter, the curve number (CN).



Lately, the SCS-CN methodology, coupled with GIS, has gained attention in research by investigating the impact of LULC changes and urban development on surface runoff [52,53,54,55]. Therefore, the combination of GIS and remote sensing with the SCS-CN model offers a more efficient and cost-effective approach, providing satisfactory results in assessing the consequences of LULC alterations and urban expansion without the need for intricate data [55,56,57,58].



This study explores the changing patterns of LULC in Itaperuna city, located in the northwest of Rio de Janeiro (RJ), Brazil, scrutinizing its 2015 and 2020 LULC maps. Its discoveries contribute significantly to understanding the factors driving LULC changes at regional and national levels, affecting the risk of flooding in the area. The primary aims of this study encompass two aspects: firstly, investigating changes in land use and land cover, and secondly, assessing variations in surface runoff patterns while identifying crucial hydrological trends within the urban sub-basins of Itaperuna, located in the state of Rio de Janeiro, Brazil. The research initiated by gathering images from the Sino-Brazilian satellite CBERS-4 to evaluate LULC changes between 2015 and 2020. Following this, hydrological modeling, along with quantifying runoff, was executed utilizing the InVEST Urban Flood Risk Mitigation tool.




2. Materials and Methods


2.1. Study Area


The city of Itaperuna is located in the northwestern region of the state of Rio de Janeiro, sharing its borders with the state of Minas Gerais (Figure 1). Itaperuna stands as one of the largest urban centers in the region, covering a total area of 1106.694 km2. Approximately 27 km2 of this area is densely urbanized, accounting for about 2.39% of the total area. As of the most recent census conducted by the Brazilian Institute of Geography and Statistics (IBGE) in 2022 [59], the resident population of the city stands at 101,041 people. The study focused exclusively on urban areas, as defined by the IBGE criteria [60]. The delineation of these areas based on official IBGE data provided a clear and objective definition of urban geographical boundaries, ensuring a precise approach aligned with nationally recognized criteria.



The municipality of Itaperuna lies within the geographical context of the North-Northwest Fluminense, characterized by its extensive low-lying areas interspersed with staggered mountain ranges, boasting an average annual temperature of 23.61 °C. The highest and lowest temperature averages stand at 29.7 °C and 19.0 °C, respectively. February registers as the hottest month, reaching a maximum average temperature of 33.1 °C. The prevailing climate in the area is classified as Aw (tropical dry, by Köppen–Geiger), experiencing an average annual rainfall ranging from 1100 to 1200 mm. It exhibits two markedly contrasting seasons: a wet summer-spring period, with December recording the highest rainfall, and a dry autumn-winter phase, where August stands out as the driest month [61,62].



Hydrographically, the Itaperuna territory is situated within the Muriaé River basin, covering an expansive area of 8126 km2. The Muriaé River and the Carangola River serve as the primary tributaries within this basin [63]. Historically, the Muriaé River basin has been subjected to substantial deforestation since the 19th century, chiefly due to the proliferation of coffee plantations. This deforestation practice, coupled with the suboptimal occupation of areas near the river, has had adverse repercussions for the communities residing in municipalities within the watershed [64], leading to adverse effects on its sustainable development, akin to those in numerous other Brazilian municipalities [65].



In the latter decades of the 19th century, Itaperuna rose to national prominence due to its substantial coffee production. This agricultural progress concentrated commercial activities, elevating the city into a subregional hub within the state. However, starting from the 1930s, the coffee industry experienced a decline, transitioning to beef cattle farming and later evolving into dairy production, both becoming the predominant economic pursuits [66]. Throughout its history, the municipality of Itaperuna has experienced a recurring and detrimental pattern of flood events. Dating back to its establishment, Itaperuna endured significant floods in the years 1925, 1943 (twice), 1961, 1979, 1985, 2008, 2010, 2012, and notably, the most severe in terms of both flooded area and socioeconomic losses in 2020 [67,68]. An analysis conducted by Campos and Paz [68] revealed an escalating frequency of flood events, transitioning from a once-in-a-century occurrence to a biennial phenomenon.



The recurrent inundations in the municipality of Itaperuna demand immediate attention, as they significantly impact the north/northwest region of the State of Rio de Janeiro. A particular area of concern is the BR 356 highway, which traverses the city center, facilitating regional trade between the capital of the state of Minas Gerais, Belo Horizonte, and Campos dos Goytacazes in the state of Rio de Janeiro. Furthermore, the São José do Avaí Hospital, a highly esteemed healthcare facility in the region, frequently faces flooding, intensifying the challenges posed by these recurring floods.




2.2. Data Sources and Methodology


2.2.1. Land Use and Land Cover (LULC) Maps


To generate the land use and land cover maps, CBERS4 satellite images from 2015 and 2020 were employed. The selection of these specific years was intentional, aiming to capture significant urban changes within a relatively concise time frame. By concentrating on these two years, the objective was to highlight notable urban transformations relevant to the scope of the investigation. Additionally, building upon the methodological framework established in a prior study [29] that examined carbon storage and sequestration processes in Itaperuna during the same timeframe, this temporal focus enhances precision in identifying conspicuous alterations, such as urban expansion, emerging infrastructure, and substantial shifts in land use patterns. Consequently, the methodology adopted represents a systematically rigorous approach to scrutinizing the progression of urbanization, complementing the earlier research conducted by Felix et al. [29].



The CBERS4 satellite images were captured by the Regular Multispectral Camera (MUX), operating within the red, green, blue (RGB) and near-infrared (NIR) color spectrums. The spatial resolution of these images stands at 20 m [69]. Following this, the images underwent processing using the open-source QGIS software (QuantumGIS 3.22.8) [70]. Initially, the images were reprojected to the Official Datum of the Brazilian Geodetic System (SIRGAS 2000), Universal Transverse Mercator (UTM) 24S coordinates. Subsequently, a new vector layer was created to delineate the study area, specifically the urban zone. The next step involved extracting the raster data from the vector layer, marking the initiation of the classification process.



The training phase initiated with the computation of image statistics, which were subsequently utilized by the classification algorithm to identify the distinguishing features of each land use and land cover class. The adoption of a satellite grid with a 20-m resolution facilitated the identification of the spatial variability of six distinct LULC classes in the region. Thereafter, a machine learning algorithm, specifically support vector machine (SVM), was applied to the trained dataset, using samples classified according to the various LULC categories. In total, 396 distinct samples were selected, distributed across the six LULC classes chosen to be used in this study: water bodies; urban area; exposed soil; forest; natural pasture; and grassland vegetation. Ultimately, the images were classified by deploying the trained classifier. The classification process entailed analyzing the entire image pixel by pixel, leveraging the knowledge acquired during the previous stages of training and classification.




2.2.2. Soil Types and Hydrological Classification


The pedological map of the state of Rio de Janeiro was obtained from the EMBRAPA (Brazilian Agricultural Research Corporation) catalog [68]. The study area’s vegetation is characterized as seasonal semideciduous forest (subdeciduous tropical forest) with an alluvial nature, encompassing secondary vegetation and agricultural practices [71]. Across the entire expanse of the municipality of Itaperuna, three soil types were identified. However, within the study area, only two types were observed, specifically the red-yellow argisol and red argisol (Figure 2).



The hydrological classification of Brazilian soils, as proposed by [72], categorizes soils into four groups (A, B, C, and D) based on their erosion resistance. Group A comprises highly erosion-resistant soils, while groups B, C, and D encompass soils with moderate, low, and very low levels of erosion resistance, respectively. According to Technical Note 46/2018/SPR issued by the ANA (National Water Agency) [73], both red-yellow argisol and red argisol are hydrologically classified as members of Group C.




2.2.3. Precipitation Data and Digital Elevation Model


Precipitation data were obtained from both the ANA (National Water Agency) [74] and the INMET (National Institute of Meteorology) [75]. The precipitation data utilized in the modeling correspond to the lengthiest period of precipitation accumulation in the historical series for Itaperuna. Specifically, these data pertain to the month of January in the year 2020. The cumulative rainfall within a 24-h timeframe reached 128.4 mm. This value served as the basis for conducting hydrological modeling.



The digital elevation model (DEM) (see Figure 1) was obtained through the TOPODATA platform, a geomorphometric database of Brazil provided by the National Institute for Space Research (INPE) [76]. The TOPODATA project offers access to DEM and its local variations across the country, derived from SRTM data made available by USGS on the internet. Initially, the MDE layer was adjusted to the SIRGAS 2000 UTM-24S coordinates. The sub-basin delineation process was executed using the GRASS toolbox within QGIS 3.22.8. This yielded a vector layer containing the sub-basin delineations obtained through an algorithm that identifies the drainage network leading to a single point on the surface. To establish these delineations, a minimum value of 2000 cells was set, meaning that the algorithm would only recognize sub-basins with at least 2000 cells. Consequently, sub-basins with cell values below 2000 were amalgamated to fulfill the delineation criteria. This process revealed the presence of 17 sub-basins within the densely populated area of Itaperuna (Figure 3).





2.3. Urban Flood Risk Mitigation InVEST


The InVEST model comprises a collection of models designed for the mapping and valuation of nature’s resources. Most of these models are spatially explicit, utilizing maps as their primary data source and generating results that can be transformed into maps for visualizing and comprehending the process dynamics. One of these models, the Urban Flood Risk Mitigation (UFRM) tool, calculates the amount of runoff retained per pixel in relation to a precipitation event. This tool relies on the curve number method, originally developed by the United States Natural Resources Conservation Service (NRCS), as its foundational calculation basis. Runoff is estimated for each pixel by applying the curve number method (Soil Conservation Service) to the rainfall amount. The equation used for this estimation is defined as follows:


     Q   p , i   =         P −   S   m a x , i       2     P +   1 − λ     S   m a x , i           ,   if   P > λ ·   S   m a x , i    ,  



(1)




where     Q   p , i     represents the runoff per pixel in response to precipitation (m3);   P   denotes the precipitation amount (mm);     S   m a x , i     stands for the potential retention (mm); and   λ ·   S   m a x , i     corresponds to the rainfall threshold necessary to initiate runoff (mm) with   λ = 0.2  .



The potential retention is determined based on the SCS curve number (CN), and is expressed as:


    S   m a x , i   =   25400     C N   i     − 254  



(2)







The model also calculates the runoff retention per pixel     R   i     as follows:


    R   i   = 1 −     Q   p , i     P    



(3)







The runoff retention volume per pixel     R _   m   3     i     is obtained as:


    R _   m   3     i   =   R   i   · P · p i x e l _ a r e a ·   10   − 3    



(4)




where   p i x e l _ a r e a   is the pixel area in m2.



Subsequently, the runoff volume per pixel is obtained using the model for calculating the total runoff volume using the following equation:


    Q       m   3     i     =   Q   p , i   · p i x e l _ a r e a ·   10   − 3    



(5)







For the modeling, UFRM utilizes the following input data (Figure 4): a vector representing the area of interest with basin subdivisions, a biophysical table containing curve number values for the four soil hydrological groups, a raster depicting LULC, a raster representing the soil’s hydrological group, and precipitation height data.



The curve number (CN) values linked to the hydrological classification of each soil type were derived from Table 1 (adapted from Tucci [77]).





3. Results


3.1. Land Use and Land Cover (LULC)


The study applied the SVM method for LULC classification using machine learning techniques on CBERS4 satellite images from 2015 and 2020. The classification aimed to gain insights into the evolving dynamics of LULC, as well as to detect changes in the urban area of Itaperuna over the years. In the image classification, six LULC categories were distinguished: (1) water bodies; (2) urban areas; (3) exposed soil; (4) forest; (5) natural pasture; and (6) grassland vegetation. The classification accuracies of both LULC maps were assessed using various metrics, including the overall accuracy, kappa coefficient, producer’s accuracy, and user’s accuracy [78,79]. The classification in 2015 resulted in an overall accuracy of 96.93% with a kappa coefficient of 95.67%. In contrast, the results from 2020 displayed an overall accuracy of 97.64% and a kappa coefficient of 96.37%. Figure 5 displays the map of LULC categories within Itaperuna’s urban area, and Table 2 presents the associated confusion matrix.



The analysis of land use and land cover in the Itaperuna region from 2015 to 2020 unveiled several noteworthy trends and changes. Water bodies within the watersheds remained relatively stable in terms of extent, without clear indications of specific drivers for significant alterations. In the context of the urban area, there was an overall expansion in all sub-basins, except for sub-basin 12, which experienced a modest reduction of 0.24 hectares. Sub-basins 5, 14, and 15 emerged as the most urbanized sub-basins in terms of percentage change during this period. Nevertheless, the most substantial expansions in urban areas were observed in sub-basins 3 and 7, which increased by 46.04 hectares and 22.48 hectares, respectively. This phenomenon can be partly attributed to the location of these sub-basins in the area of highest growth in Itaperuna. The class of exposed soil underwent notable transformations, with sub-basin 7 leading in terms of reduction, displaying a decrease of 13.92 hectares. Percentagewise, the most significant negative changes in the exposed soil class were noted in sub-basins 5 and 9, with reductions of 123.1% and 60.8%, respectively, while sub-basin 17 witnessed the most substantial increase, with an expansion of 5.56 hectares.



Regarding the forested areas, only three sub-basins demonstrated an increase in this class, with sub-basin 14 being the standout, showing a percentage increase of 45.5%, equivalent to 6.64 hectares. Conversely, four sub-basins witnessed a substantial decrease in forested area, with reductions of more than 65%, particularly in sub-basin 10, which saw a decline of 24.92 hectares. Sub-basins 10, 16, and 17 were particularly affected by deforestation, experiencing reductions of 24.92 hectares, 24.56 hectares, and 21.36 hectares, respectively. Concerning the natural pasture class, only sub-basin 6 recorded an increase of 24.84 hectares, while the other sub-basins exhibited significant reductions, with sub-basins 3 and 17 being the most impacted, experiencing decreases of 50.88 hectares and 63.36 hectares, respectively. In sub-basin 12, there was a remarkable increase of 1329% in the grassland vegetation class, expanding from 1.24 hectares in 2015 to 17.72 hectares in 2020. This shift implies a replacement of forested areas and natural pastures with grassland vegetation.



Regarding the LULC category displaying the most significant average changes in basin occupancy, the natural pasture category stands out, which experienced a decrease from 51.29% to 44.78%. Conversely, there was an increase in the area covered by grassland vegetation, growing from 12.33% to 17.94%. The urban area also exhibited an average increase per sub-basin, rising from 19.10% in 2015 to 23.73% in 2020. Hence, Table 3 presents a quantitative summary of the area in hectares for the identified LULC classes.




3.2. LULC and Its Impact on Surface Runoff


Analyzing the changes in runoff per hectare in the Itaperuna region (Figure 6 and Table 4) in light of the alterations in LULC between 2015 and 2020 offers a comprehensive perspective on the watershed transformations. This method enables us to pinpoint the areas most affected by the shifts in land use and land cover within the municipality.



Sub-basin 3 emerges as a notable illustration of the adverse consequences of urbanization in the region, where urbanization significantly escalated the runoff capacity. This pattern is mirrored in sub-basins 5, 10, and 11, which have also experienced substantial alterations in runoff generation. Notably, the most impacted sub-basins are primarily situated in the northwestern sector of the urban area, aligning with the urban expansion pattern in Itaperuna. Nevertheless, it is worth highlighting that two of the three sub-basins that exhibited reduced runoff production are positioned in the city center, specifically sub-basins 8 and 12.



Sub-basin 7 is remarkable for having the highest runoff capacity among all the considered sub-basins (Figure 7). Between 2015 and 2020, this capacity increased significantly, experiencing a notable increase of 19.53 cubic meters per hectare. This exceptional behavior of the sub-basin can be attributed in large part to the significant urbanization rate characterizing it. In fact, sub-basin 7 is the only sub-basin in the region where more than 50% of the total area is occupied by the urban area class. In 2015, this proportion accounted for 54.04% of the territory, but over five years, it rose to 63.30% in 2020.



The analysis of land use and land cover in the sub-basins reveals significant patterns in runoff changes and landscape evolution between 2015 and 2020. One of the standout findings is the substantial increase in runoff in sub-basin 3. Over five years, the runoff generation in sub-basin 3 increased from 802.45 m3/ha to 865.03 m3/ha, representing a rise of 59.58 m3/ha. This number is particularly striking when compared to the average variation in runoff capacity across the sub-basins, which stands at 14.15 m3/ha, exceeding the average by more than four times.



This trend is visually supported by the LULC map analysis (Figure 8), which illustrates a significant expansion of the urban area, playing a pivotal role in the increased runoff. In 2015, the urban area covered 117.12 hectares, and by 2020, it had expanded to 163.16 hectares. The growth in the urban area is undeniably linked to runoff production.



Direct observation and quantitative data confirm this pattern in sub-basin 3, showing that the urban area has expanded at the expense of natural pasture areas. The extent of natural pasture areas decreased from 159.64 hectares in 2015 to 108.76 hectares in 2020. Additionally, a moderate decrease in forested areas within the sub-basin is also noticeable.



These findings underscore the ongoing urbanization process in the sub-basin, where the expansion of urban areas has significantly impacted land use and land cover. The transformation of natural spaces, such as fields and forests, into urban areas has brought visible changes to the landscape and, consequently, to the runoff process.



Among the examined sub-basins, sub-basin 6 stands out as having the lowest flow capacity. A noticeable rise in urban areas is evident in several sub-basins, coupled with a corresponding decline in grassland vegetation. These transformations are particularly pronounced in sub-basins 14 and 15, which exhibit a pattern similar to that of sub-basin 6 throughout the study period (Figure 9).



Sub-basin 14 illustrates a substantial loss of a forested area situated in the sub-basin’s central part. Furthermore, a significant expansion of the urban area is noticeable, signifying an ongoing process of urbanization in this specific region.



Conversely, in sub-basin 15, there is a localized increase in the urban area within the sub-basin’s northwestern segment. In the remaining region, there are predominantly minor variations between pastureland and grassland vegetation, suggesting a less pronounced dynamic compared to other sub-basins under examination.





4. Discussion


This research delves into the evolving land use and land cover (LULC) patterns within Itaperuna city, situated in the northwest region of Rio de Janeiro (RJ), Brazil, examining its LULC maps from 2015 and 2020. The findings significantly contribute to comprehending the factors influencing LULC changes on regional and national scales, impacting the area’s susceptibility to flooding. This proposition is substantiated by the studies conducted by Hernandez et al. [80] and Fohrer et al. [81], both of which emphasize an increase in runoff in areas transitioning towards urbanization.



This understanding is highly significant for policymakers aiming to craft effective environmental strategies that promote sustainable development in Brazilian projects associated with altering LULC. Notably, this research novelty stands out for its original approach, introducing a methodology applied worldwide to Brazil, thus supporting sustainable management practices, particularly in smaller and medium-sized cities. Furthermore, its objective is to advocate for the widespread use of this method in other Brazilian regions, especially those significantly impacted by LULC changes.



First and foremost, a significant transformation in land use and land cover was evident in the Itaperuna region between 2015 and 2020. The growth of the urban area was particularly noticeable across most sub-basins, reflecting the city’s development. Notable increases in urban area, driven by expansion in the most densely populated city areas, were observed in sub-basins 3 and 7.



Substantial alterations in exposed soil were also observed, with sub-basin 7 exhibiting the most significant reduction. Furthermore, there were considerable fluctuations in forest cover, with some sub-basins experiencing growth while others faced substantial reductions. Particularly, deforestation was most pronounced in sub-basins 10, 16, and 17, resulting in large areas losing forest cover.



Regarding water runoff, sub-basin 3 emerged as a notable example of the detrimental effects of urbanization, demonstrating a considerable increase in runoff generation capacity. A similar trend was observed in other sub-basins, including sub-basins 5, 10, and 11, which exhibited significant changes in runoff production. Sub-basin 7, with a high level of urbanization, was distinguished by having the highest runoff capacity. This remarkable increase in the urban area class’s coverage within this sub-basin is a key factor in explaining the observed high runoff capacity per hectare. This aligns with the dynamics of runoff and land use described by Zhang et al. [82].



The analysis of land use and land cover in the sub-basins unveiled significant patterns in the changes in water flow and the evolution of the natural landscape. The expansion of the urban area has had a significant impact on runoff generation, influencing water and environmental management in the region. This corroborates the findings established by Sajikumar and Remya [83], Marhaento et al. [84], and Astuti et al. [85].



Consequently, the findings of this study indicate that alterations in LULC in Itaperuna are closely linked to an increase in urban area and changes in LULC categories. These changes directly affect runoff production, underscoring the significance of considering them in water resource management and decision-making pertaining to regional urban and environmental planning.




5. Conclusions


In conclusion, this research shed light on the intricate relationship between land use and land cover (LULC) alterations in Itaperuna, showcasing a direct correlation with the expansion of urban areas. Notably, these transformations play a pivotal role in influencing runoff production, emphasizing the imperative consideration of such changes in the context of water resource management. This insight holds profound implications for regional urban and environmental planning, particularly in the pursuit of effective flood prevention and mitigation strategies.



Building upon the insights garnered from this study, which primarily focused on flood prevention and mitigation in Itaperuna, Brazil, several critical avenues for future research emerge. One such avenue involves investigating how changes in LULC impact water quality, recognizing the interconnected nature of land use alterations and environmental health. Additionally, the advancement of hydrological models is essential for more precise water flow predictions, enabling proactive measures to combat potential flood-related risks.



Moreover, a comprehensive understanding of the broader implications of these changes for biodiversity and society is crucial. This involves exploring the ecological and social repercussions, which can inform more holistic and sustainable flood management strategies. Evaluating the socioeconomic implications of preventative measures is equally vital, ensuring that interventions are not only effective but also equitable and socially responsible.



As a forward-looking recommendation, the implementation of advanced water resource management strategies is warranted. This includes a reevaluation of existing public policies to align them with the dynamic nature of urbanization and environmental changes. Establishing continuous monitoring systems is of great importance, providing real-time data that enhance the effectiveness of decision-making processes related to flood prevention.



In essence, these proposed research directions aim to contribute to a comprehensive understanding of the challenges associated with flood management in the region. By addressing these aspects, the research endeavors to provide valuable guidance for decision-makers, ultimately enhancing water security, reducing flood-related risks, and fostering sustainable development in the face of evolving urban landscapes.
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Figure 1. Geographical and digital elevation model maps of Itaperuna municipality, located in the northwestern region of the state of Rio de Janeiro, Brazil. 
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Figure 2. Pedological map of Itaperuna. 
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Figure 3. Subdivision of Itaperuna’s urban sub-basins. 
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Figure 4. Flowchart for the Urban Flood Risk Mitigation model. 
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Figure 5. Maps of Itaperuna’s LULC classes: 2015, on the top; and 2020, on the bottom. 
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Figure 6. Changes in Surface Runoff (m3/hectare) in Urban Sub-Basins of Itaperuna from 2015 to 2020. 
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Figure 7. LULC map of sub-basin 7 in 2015 (a) in comparison to 2020 (b). 
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Figure 8. Landscape transformation in LULC classes within sub-basin 3 from 2015 (a) to 2020 (b). 
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Figure 9. Contrasting LULC classes in sub-basins 6, 14, and 15. 
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Table 1. Curve number values for various soil types (adapted from Tucci [77]).
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	LULC Class
	LULC Code
	     C N   A     
	     C N   B     
	     C N   C     
	     C N   D     





	Water
	1
	100
	100
	100
	100



	Urban Area
	2
	93
	93
	93
	93



	Exposed Soil
	3
	74
	84
	90
	92



	Forest
	4
	36
	60
	70
	76



	Natural Pasture
	5
	36
	60
	73
	79



	Grassland
	6
	30
	58
	71
	78










 





Table 2. Confusion matrix of 2015 and 2020 LULC maps.
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LULC Class

	
Water

	
Urban Area

	
Exposed Soil

	
Forest

	
Natural Pasture

	
Grass-

Land

	
Overall Accuracy

	
Kappa Coeffi-cient






	
2015

	
User Accuracy

	
100.00%

	
98.63%

	
97.27%

	
94.67%

	
97.34%

	
96.47%

	
96.93%

	
95.67%




	
Producer Accuracy

	
100.00%

	
93.75%

	
96.35%

	
96.32%

	
96.85%

	
95.48%




	
2020

	
User Accuracy

	
100.00%

	
97.36%

	
98.26%

	
98.35%

	
98.52%

	
96.64%

	
97.64%

	
96.37%




	
Producer Accuracy

	
100.00%

	
94.64%

	
96.42%

	
97.63%

	
97.93%

	
95.93%











 





Table 3. Area (in hectares) of each LULC class in individual urban sub-basins of Itaperuna.
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Sub-

Basin

	
Water

	
Urban Area

	
Exposed Soil

	
Forest

	
Natural

Pasture

	
Grassland




	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020






	
1

	
1.68

	
1.84

	
9.96

	
14

	
7.48

	
8.68

	
7.84

	
10.8

	
96.16

	
77.72

	
29.04

	
38.88




	
2

	
0.32

	
0.12

	
22.4

	
33.72

	
11.12

	
7.28

	
17.4

	
14.04

	
132.12

	
118

	
37.2

	
48.68




	
3

	
1.52

	
0.96

	
117.12

	
163.16

	
49.56

	
49.32

	
14.48

	
12.24

	
159.64

	
108.76

	
22.56

	
30.12




	
4

	
16.24

	
15.8

	
47.6

	
60.32

	
13.84

	
8.92

	
27.08

	
23.64

	
113.6

	
100.2

	
30.44

	
39.64




	
5

	
11.04

	
12.4

	
0.24

	
2.56

	
0.52

	
1.16

	
11.84

	
10.28

	
71.68

	
65.36

	
12.6

	
16.2




	
6

	
0.12

	
0.04

	
6.08

	
10.04

	
5.36

	
3.84

	
18.56

	
19.52

	
119.64

	
144.48

	
68.12

	
40.04




	
7

	
1.36

	
1.12

	
131.16

	
153.64

	
30.72

	
16.8

	
10.68

	
3.52

	
63.96

	
44.4

	
4.84

	
23.24




	
8

	
18.16

	
17.44

	
22

	
24.8

	
6

	
4.52

	
6.84

	
6.12

	
29.92

	
22.56

	
8.6

	
16.12




	
9

	
0.2

	
0.2

	
54.12

	
60.64

	
12.36

	
4.84

	
25.36

	
16.2

	
124.48

	
110.56

	
26

	
49.68




	
10

	
0.12

	
0.2

	
125.48

	
137.12

	
19.12

	
22.4

	
37.8

	
12.88

	
119.64

	
85.64

	
23.2

	
66.4




	
11

	
0.68

	
0.44

	
25.92

	
37.72

	
7.8

	
4.12

	
14.08

	
13.36

	
98.2

	
85.92

	
35.52

	
41.44




	
12

	
16.72

	
16.2

	
44.08

	
43.84

	
6.08

	
2.56

	
7.48

	
2.24

	
32.72

	
26.08

	
1.24

	
17.72




	
13

	
17.8

	
18.68

	
75

	
91.6

	
22.76

	
13.36

	
23.36

	
15.12

	
136.96

	
134

	
53.32

	
55.68




	
14

	
0.16

	
0

	
3

	
7.44

	
3.84

	
4.04

	
14.6

	
21.24

	
91.44

	
82.2

	
26.88

	
24.64




	
15

	
0.08

	
0.08

	
2.64

	
6.16

	
3.04

	
3.92

	
4.2

	
3.56

	
107.72

	
103.48

	
11.08

	
10.8




	
16

	
8.84

	
8.24

	
68

	
81.48

	
17.92

	
10.96

	
31.88

	
7.32

	
213.48

	
202.28

	
36.68

	
66.16




	
17

	
5.52

	
4.36

	
15.08

	
27.56

	
9.52

	
15.08

	
95.32

	
73.96

	
355.8

	
292.44

	
69.84

	
137.12




	
Average

	
5.92

	
5.77

	
45.29

	
56.22

	
13.36

	
10.69

	
21.69

	
15.65

	
121.60

	
106.12

	
29.24

	
42.50




	
Total

	
100.56

	
98.12

	
769.88

	
955.8

	
227.04

	
181.8

	
368.8

	
266.04

	
2067.16

	
1804.08

	
497.16

	
722.56




	
2.49%

	
2.44%

	
19.10%

	
23.73%

	
5.63%

	
4.51%

	
9.15%

	
6.60%

	
51.29%

	
44.78%

	
12.33%

	
17.94%











 





Table 4. Surface runoff in urban sub-basins and variations in runoff volume and percentage between 2015 and 2020.






Table 4. Surface runoff in urban sub-basins and variations in runoff volume and percentage between 2015 and 2020.





	
Sub-Basin

	
Generated Runoff (m3/ha)

	
Variation




	
2015

	
2020

	
m3/ha

	
Percentage






	
1

	
643.09

	
657.27

	
14.18

	
2.21%




	
2

	
650.19

	
669.53

	
19.34

	
2.97%




	
3

	
802.45

	
862.03

	
59.58

	
7.42%




	
4

	
740.49

	
754.89

	
14.41

	
1.95%




	
5

	
651.83

	
673.01

	
21.18

	
3.25%




	
6

	
593.50

	
603.53

	
10.03

	
1.69%




	
7

	
907.76

	
927.30

	
19.53

	
2.15%




	
8

	
862.08

	
861.04

	
−1.04

	
−0.12%




	
9

	
710.99

	
708.56

	
−2.43

	
−0.34%




	
10

	
794.11

	
814.83

	
20.72

	
2.61%




	
11

	
668.00

	
691.90

	
23.90

	
3.58%




	
12

	
911.20

	
892.29

	
−18.91

	
−2.08%




	
13

	
759.23

	
774.09

	
14.86

	
1.96%




	
14

	
598.14

	
609.91

	
11.77

	
1.97%




	
15

	
604.72

	
618.16

	
13.44

	
2.22%




	
16

	
706.93

	
716.24

	
9.31

	
1.32%




	
17

	
602.40

	
613.02

	
10.62

	
1.76%




	
Average

	
718.06

	
732.21

	
14.15

	
2.03%
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