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Abstract

:

Increasing wildfire activity has led to complex ecosystem consequences, with direct effects on the subsystems that affect the presence and movement of water. Although studies have investigated the cascading effects of wildfires on the water balance, our understanding of broad-scale groundwater modifications post fire remains unclear. This review aims to elucidate fire-induced shifts in the water balance, their causal factors, and their potential effects on groundwater recharge. By scrutinizing prior research examples that modeled post-fire recharge scenarios, the review highlights persistent knowledge gaps. The challenge of quantifying and integrating fire-induced alterations in precipitation, wind, and land temperature patterns into recharge projection models is specifically addressed. Despite these gaps, post-fire values of hydrologically meaningful parameters such as leaf area index (LAI), curve number (CN), and near-surface saturated hydraulic conductivity (KST) have been identified. Simulating post-fire recharge via the extrapolation of these values requires the consideration of site-specific conditions, vegetation recovery, and ash removal. It frequently results in a reduced interception and increased surface runoff, while evapotranspiration remains dependent on site-specific factors and often dictates groundwater recharge estimates. Although post-fire recharge simulations are inherently complex and imprecise, their growing application can guide land-use alterations and support policy implementation that considers fire-induced water availability changes.
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1. Introduction


Most research suggests that wildfire activity has increased in recent decades [1,2] due to a combination of anthropogenic climate change and damaging forest management practices [3,4,5,6,7]. For example, Gillet et al. [8] demonstrated that the rise in burned areas in Canada over the past 40 years can be attributed to human-induced climate change. Flannigan et al. [2] predicted a doubling of burned areas and a 50% rise in fire frequency within certain circumboreal regions by the end of this century. In the past, Siberia, Canada, and Alaska have already been affected by the impact of fire. Similarly, in the Amazon basin, Brando et al. [9] predicted that the burned area by wildfires will double by 2050, impacting around 16% of the region’s forests. The escalation of wildfire events is further exacerbated by practices like “chaqueo”, commonly observed in Bolivia, where fires deliberately set for agricultural land clearing often escape control and substantially contribute to the regional fire burden [10,11]. Such trends indicate that in some areas, wildfires will continue to be a problem exacerbated by human management [12] and could significantly impact water-related ecosystems.



Groundwater discharge from springs and wells is a crucial water supply for numerous communities worldwide [13]. Providing drinking water to almost 50% of the global population [14] directly supports SDG 6 (Clean water and sanitation) by ensuring universal and equitable access to safe and affordable drinking water. It is also the most cost-effective and durable approach to enhance water access for dispersed communities [15,16,17]. Furthermore, groundwater is less susceptible than surface water to impacts from drought and climate change [18,19,20,21]. It can thus provide a hydrological buffer to water availability fluctuations and foster climate resilience in communities [22], aligning with SDG 13 (Climate action) to strengthen resilience and adaptive capacity to climate-related hazards [23,24]. However, as groundwater recharge is a function of rain or snowmelt water interacting with the land cover and its subsequent movement through the subsoil, fire-induced changes in the soil and vegetation can reduce groundwater infiltration and recharge [25]. Groundwater flow systems and water quality parameters evolve dynamically in response to wildfires and climatic stresses [26,27,28], contributing to uncertainties in groundwater security [26,29]. These post-fire changes threaten water availability, making it more vulnerable to drought and climate-warming effects [30].



The impacts of wildfires on the mechanisms influencing groundwater presence and movement are complex [31]. Direct alterations in a post-fire scenario include surface weathering and the reduction in or damage of vegetation and litter cover [32]. These changes modify the water budget, resulting in altered water distribution among its components, often diminishing groundwater recharge [33,34]. Following a wildfire, the water table may drop, affecting spring discharge and groundwater levels [34]. Conversely, wildfires can also lead to increased recharge rates and enhanced post-fire base flows [35]. Furthermore, fire-induced water partitioning may fluctuate over time, and the decrease in soil moisture can favor subsequent fires by desiccating organic fuel sources [5,36]. Due to the dynamic nature of water distribution after wildfires, projecting water availability is even more challenging.



Growing evidence shows that wildfires trigger cascading impacts water distribution across a variety of spatial and temporal scales [37,38,39,40,41]. Researchers worldwide have studied the effects of wildfires on the water budget through two main approaches. The first approach found that land cover and soil property alterations can modify the magnitudes of water-balance components. These impacts, frequently studied independently, lead to reduced interception and transpiration rates and increased evaporation and runoff rates [6,42,43,44,45]. The second approach, at the catchment scale, reveals the occurrence of enhanced peak streamflow and soil erosion rates following a wildfire [42,46,47,48,49]. These effects have received more attention than changes in total streamflow due to their more direct measurement and the increased risk posed by sediment loss and transport during peak streamflows [32].



Despite this research, there are several reasons why the impact of wildfires on groundwater recharge remains unclear. First, there is a lack of a comprehensive conceptual framework to support a robust understanding of post-fire groundwater recharge. The interdisciplinary nature of the research, given the numerous impacts triggered by wildfires, has led to a substantial portion of the literature being scattered across technical reports and peer-reviewed academic journals in various disciplines, addressing specific spatial and temporal scales. Second, while post-fire simulation models must be parameterized and validated with independent long-term data [50], the evolution of the post-fire hydrological response over time causes the parameters to fluctuate. Hydrological processes that depend on the regenerative capacity of vegetation and the washing of ashes from the soil could be more dynamic. Unfortunately, validation is typically not possible since pre- and post-fire hydrologic and hydrogeologic measurements are often unavailable [51]. In practice, obtaining baseline groundwater levels in fire-prone areas proves challenging due to the unpredictable nature of wildfires and the high cost of long-term groundwater monitoring [51]. This highlights the need for further research to establish a comprehensive conceptual framework and enhance our understanding of the impact of wildfires on groundwater recharge.



Moreover, studies on the long-term impact of fires on groundwater recharge have produced conflicting results. Some have suggested that the reduction in soil moisture and infiltration following a fire can lead to a decrease in groundwater recharge [52,53,54]. Conversely, others have indicated that reduced water loss through precipitation interception can increase soil moisture and groundwater recharge [37,55,56]. Some studies supporting these findings are based on direct observations [48,57,58,59]. Moreover, Atchley et al. [51] demonstrated that the severity of wildfires can be a determining factor that can either increase or decrease groundwater recharge. For example, high-severity wildfires can drastically reduce soil permeability, resulting in a significant increase in runoff as the dominant process. Consequently, the increased runoff reduces the amount of water available for infiltration, thereby decreasing groundwater recharge.



This review comprehensively explores the impacts of wildfires on the water balance and groundwater recharge by examining each water-balance component and providing guidance for their incorporation into medium- and long-term catchment-scale simulations. Initially, the soil–water balance is elucidated, focusing on its primary components and the effects wildfires may have on them. Qualitative information is provided, and the variables most sensitive to these changes are highlighted. Subsequently, how past studies have estimated these variables and parameters on small scales immediately following a fire is reviewed, illustrating their temporal evolution using examples of integration into water-balance simulations. The feasibility of incorporating these changes into post-fire recharge simulations is also examined. This process also considers site conditions and temporal scales. Finally, gaps and research opportunities are identified to enhance recharge estimation at larger scales. By addressing these gaps, we aim to improve the estimation of recharge on a larger scale, ultimately informing decision-making processes related to land-use changes in fire-prone regions that rely heavily on groundwater resources.




2. Examining the Influence of Wildfires on Water Budget and Groundwater Recharge


Assessing groundwater recharge has progressed from a scientific interest to a pressing and crucial matter in hydrogeological research. Quantifying groundwater recharge rates is essential for effective and sustainable groundwater management, as groundwater is critical in preserving ecosystem services [60,61,62,63]. Nevertheless, its spatial dynamics in a forest result from a series of complex interacting processes [64], making recharge estimation challenging. Numerous methods exist for estimating groundwater recharge, most of them based on the physical principle of water budget [65]. Employing this approach, the processes can be reduced to a system of water storage components and water movement as solid, liquid, or gas within and between these components [37]. As a result, recharge can be estimated as the residual of this balance, namely the difference between the volume of precipitation and the portion that fails to infiltrate.



In forests, the partitioning of rainfall into interception, evapotranspiration, runoff, and soil water recharge is intimately linked to the presence of vegetation [64,66,67]. As described by Jost [64], typically, lower runoff rates and higher evapotranspiration rates are simulated in forests compared to other land covers [68,69,70]. Evapotranspiration, for instance, is particularly sensitive to variations in the physiological characteristics of vegetation, leading to significant fluctuations if vegetation is altered or removed [64,71]. Consequently, events that substantially modify land cover will result in changes to water distribution [72]. Alterations to land cover cause changes in water distribution patterns and related properties, including hydraulic ones [73]. These changes are crucial for preserving ecosystem resilience and managing water resources effectively in the face of environmental disturbances [72].



Wildfires directly affect land cover by burning vegetation and litter as well as depositing ash on the land surface. As illustrated schematically in Figure 1, these alterations influence all hydrological processes, including groundwater recharge [74]. The cascading effects on water balance can be divided into three phases. First, following a wildfire, the diminished canopy leads to reduced interception, resulting in a higher water surplus (runoff + groundwater recharge) [35]. Second, the increased volume of water reaching the soil surface compacts or dislodges it due to raindrop splash [75]; this effect, combined with ash deposition, increases runoff and alters soil properties [76]. Third, the absence of shade and changes in surface albedo [77] are thought to increase evaporation after wildfires [36]. These divergent redistributions of water following wildfires underscore the importance of understanding the effects of such events on water budget and the need for their joint quantification for recharge estimations purposes [78].



Meteorological variables, including precipitation, temperature, and wind velocity, play a crucial role in shaping the microclimate that influences water balance within a specific area [79]. These variables can be affected after a forest fire, subsequently impacting water recharge [80]. Additionally, the canopy loss eliminates the buffering effect and enhances wind flux, which, along with changes in albedo, promotes evaporation. However, as fire does not directly modify these variables, correlations are complex and dependent on various factors, such as regional climatic patterns [79]. Furthermore, the spatial heterogeneity of a wildfire’s impact and the forest’s varying recovery capacity results in a higher difficulty level. The complexity and interdependence of these mechanisms and their implications for water management highlight the need for increased efforts to understand and conceptualize them [80].




3. Soil-Water-Balance Components and Their Post-Fire Response: An Overview


3.1. Exploring the Complexity of Post-Fire Precipitation and Its Implications for Water-Balance Management


Rainfall plays the most significant role in a watershed, as it controls the amount of available water. In a post-fire situation, changes in surface properties can indirectly impact rainfall [74]. Fire-induced removal of vegetation and the reduction of surface albedo alter humidity and surface temperature, which in turn affect precipitation through feedback mechanisms [81]. For example, the post-fire albedo influences the rate at which soil dries in burned areas compared to unburned areas. These new conditions increase the occurrence of convective storms [82]. The literature has shown that post-fire floods are more frequent and are sensitive to precipitation following wildfires [74,83]. However, this does not necessarily reflect changes in precipitation metrics themselves. Instead, peak flows tend to increase due to a combination of increased rainfall and reduced soil permeability [84]. Consequently, understanding post-fire rainfall is necessary both independently and on larger time scales to better manage water resources in the face of increasing wildfire risks [74,84,85].



In continuous water-balance models, rainfall is typically expressed as cumulative depth over a given interval [81]. Some models also incorporate storm-related metrics indirectly within their empirical dependencies. For example, the number of rainy days is a metric used by specific models to estimate the water interception threshold [86]. This then affects the interception calculation, which is calculated on a monthly basis. Although post-fire precipitation amounts can be easily measured with a rain gauge, the challenge lies in determining which precipitation metrics best reflect post-fire responses [81]. Moody et al. [81] outlined a variety of precipitation metrics, categorizing them into four groups. These range from typical time-dependent metrics such as total rainfall to qualitative metrics related to the origin of the rainfall, such as convective rain. The latter is associated with rainfall redistribution on a smaller scale. Additionally, it is crucial to determine how to incorporate these metrics into post-fire interception calculations and subsequent water distribution estimations. However, the potential for upscaling to larger areas warrants further discussion. Incorporating fire-induced rain into post-fire conceptual models may be possible if long-term post-fire trends for this metric are identified, allowing analysts to make consistent projections.




3.2. Fire-Induced Albedo Alterations and Evapotranspiration: Analyzing Recovery Patterns and Vegetation Response


Interception and evapotranspiration are crucial water-balance components significantly affected by fires. Vegetation plays an essential role in interception and transpiration, leading to a cascade of impacts on other hydrological processes [87]. As previously mentioned, reducing leaf cover and, therefore, interception results in increased water availability for infiltration and runoff. Neary et al. [37] described how both vegetative canopies and accumulations of litter and decomposed organic material on the soil surface can disrupt the penetration of rainfall into the soil layer. High-severity wildfires diminish interception, thereby decreasing the amount of water available for evaporation. In mature forests, a substantial portion of precipitation intercepted by leaves evaporates [37]. Moreover, leaf combustion considerably reduces transpiration [35] since vegetation primarily transpires through leaves. Vegetation recovery after a fire is important for restoring the ecosystem’s hydrological functions, though it is not always guaranteed. These observations underscore the intricate relationship between wildfires and water distribution mechanisms, whose joint action must be framed in the water budget.



Veraverbeke et al. [88] described that charring-induced ground surface blackening after a fire reduces surface reflectance or albedo [89,90,91,92,93]. Lower albedo increases net surface radiation, the primary energy source for the evaporation process [94], thereby enhancing evapotranspiration rates post wildfire. However, this impact is brief, as albedo rapidly returns to its pre-fire levels once burnt materials are cleared away by weather and once the ground vegetation regenerates [93]. In fact, some studies reveal that albedo may exceed pre-fire values in the medium term [88,90]. As described by Veraverbeke [88], albedo values are highly sensitive to surface conditions, and fire-induced changes in albedo can range from one year in grasslands [89] to several decades in forests [91]. This highlights the differences between forest types and their stationarity. The regeneration of ground vegetation not only restores ecological functions but also modifies the albedo, which is critical for regulating future evaporation rates [95]. Consequently, conceptually modeling these post-fire mechanisms necessitates detailed knowledge of the vegetation and its projected changes, as it is influenced by land use and vegetation recovery capabilities.




3.3. Impacts of Fire on Soil Infiltrability and Runoff Generation


Runoff and recharge are closely interrelated mechanisms that are also affected by fire. Research has revealed considerable variability of pre- and post-fire runoff dynamics due to wildfire effects across various environments. Changes in land cover and fire dynamics can alter soil infiltrability [96], leading to increased runoff and potentially decreased infiltration. Removing the highly porous and organic-rich upper soil layers results in pore sealing due to rain splash and ash particulates [97,98,99], while ash removal through natural processes like rainfall and wind can facilitate soil recovery [100]. As vegetation regenerates, it stabilizes the soil and mitigates this hydrophobic effect, thus improving soil infiltrability and reducing runoff [101]. Conversely, soil heating alters both physical and chemical properties, affecting water-repellency behavior and aggregate stability. [102,103,104]. The soil aggregates suffer a reduction in size with the fire and become less stable [87]. These alterations lead to higher surface overland flow, particularly peak flows [32], which have been the focus of numerous studies in the past two decades.



The soil surface dynamics during and after a wildfire lead to decreased soil infiltrability [42,105,106] in the topmost centimeters, thereby increasing surface water flow (Figure 2). Moody et al. [42] suggested three possible reasons for this: the removal of highly porous and organic layers that created obstructions, increasing frictional drag during runoff; pore compaction and sealing by splashing raindrops, exacerbated by the removal of plant cover; and the soil water repellency effect produced as a consequence of alterations in the soil’s physical and chemical properties caused by heating. In practice, runoff can be estimated using runoff coefficients, which are typically higher in post-fire conditions, leading to increased surface overland flow and enhanced peak flows [32]. The heightened risk of flooding has prompted the investigation of the connection between runoff response and wildfires using episodic rainfall-runoff models, with hydrological parameters such as runoff coefficients serving to quantify this relationship. To ensure accurate hydrological modeling, these coefficients require adjustments reflecting both the type of ash deposits and any vegetation recovery, as these factors significantly influence soil infiltrability and runoff dynamics [100,107].



Fire-induced changes in soil properties have gained significant attention over the past two decades [32] due to their critical impact on infiltration excess and the recharge process [109]. These changes in parameters related to various infiltration equations have been characterized [109]. The saturated hydraulic conductivity (KST) has been extensively studied and is known to experience long-term changes due to fire. Like most other metrics, fire’s effects on KST are typically confined to patches of ashes [81] and are more significant in the top 1 cm of soil [75]. Fire-induced water-repellent effects are typically restricted to areas beneath canopies [105] and act synergistically to reduce infiltration while increasing the generation of surface runoff [110]. A key finding is that reductions in KST are often associated with the collapse of the most prominent near-surface pores due to the loss of soil stability caused by heating [32,109]. This promotes the persistence of lower KST values over time, prolonging increased runoff. Consequently, relationships have been established that link KST fire-induced alterations with the differenced normalized burn ratio (ΔNBR) [111]. Simple ratios have also been proposed to parameterize infiltration models on a larger scale [109]. A critical focus of current research is the development of improved techniques for numerically simulating infiltration in burned areas, considering soil and ash properties [110].





4. The Feasibility of Incorporating Changes in Post-Fire Recharge Simulations: Lessons Learned from Past Studies


As mentioned, estimating recharge within the water budget framework relies on accurately determining other water budget components. Different methods can be used to estimate each component, and the integration is usually performed through numerical continuum models. These models apply the mass balance equation at the model-cell level, considering non-uniformity at larger scales. [65]. The processes in each cell are set in a cascading way such that there is an order of occurrence of the processes affecting water [112]. After the precipitation event, rain interception by the forest canopy, runoff/infiltration, evapotranspiration, and ultimately groundwater recharge are affected. In practice, implementing this approach has been limited due to scarce information, resulting in empirical dependencies in the processes involved in these models. Most of them comprise parameters obtained from detailed soil and land-use maps. Consequently, the accuracy of current practices for recharge estimation depends on the accuracy of the water-balance components and hence the quality of the inputs.



Upon validation, water-balance models can simulate future groundwater recharge scenarios under varying regional conditions, adjusting to represent the impacts of surface changes on recharge rates [113]. Analysts require hydrological inputs reflecting post-fire conditions to employ this approach for post-fire scenarios [114]. Experimental studies comparing pre- and post-fire vegetation type/species, soil, and climate conditions provide valuable inputs. While this was once a constraint, the growing availability of published values, ranging from ratios to nonlinear functions linking pre- and post-fire metrics, enables estimating recharge rates for various post-fire scenarios. Nonetheless, these alterations should be cautiously extrapolated to different site conditions.



4.1. Fire Severity and Post-Fire Metrics


Numerous methods exist for quantifying the impact of wildfires based on the principle that measurable contrasts between burned and unburned environments are present in space and time [115]. Despite recent studies highlighting terminology issues [116,117,118], two definitions and various metrics commonly appear in the literature to address these contrasts. Both are related to severity, often loosely defined as “the magnitude of ecological change due to the fire” [116,117,118]. Fire severity, based on the first definition, infers vegetation and soil changes occurring within minutes to hours [117,119]. The second definition of burn severity typically describes the long-term effects of fire, ranging from weeks to decades [116,120]. This latter definition encompasses accumulated changes in ecological communities that compose the landscape and is framed by our interpretation [111] and hence can have a considerable impact on the long-term environmental and hydrological processes [121].



Assessing the severity of burn is commonly done at the landscape level by utilizing remote sensing mapping techniques [117]. The difference between pre-fire and post-fire conditions provides the basis for mapping large fires on public lands [77,122,123,124]. The most frequently used technique for determining burn severity is the normalized burn ratio (NBR) [117]. Key and Benson [111] described how this metric integrates two Landsat bands (4 and 7) that respond most to burning but in opposite ways [111]. Band 4 measures the reflected radiation from vegetation in the near-infrared range (0.76–0.90 × 10−6 m). After a fire, vegetation typically decreases, resulting in a decrease in the reflected radiation measured by band 4. On the other hand, band 7 measures the reflected radiation from bare soil in the short-wave infrared range (2.08–2.35 × 10−6 m), which typically increases following a fire. [42]. The NBR is calculated as shown in Equation (1), where R values represent satellite reflectance quantities per band computed per pixel after atmospheric transmittance correction. The resulting change in normalized burn ratio (ΔNBR), calculated using Equation (2), distinguishes burned from unburned areas, providing a quantitative measure of the change. Given the critical role of NBR in distinguishing burned from unburned areas, this metric proves indispensable for refining hydrological modeling and ecological assessments, directly linking the satellite-derived measurements to practical applications in managing post-fire landscapes.


  N B R =    R 4 − R 7   R 4 + R 7       



(1)






  ∆ N B R =      N B R   p r e f i r e       N B R   p o s t f i r e         



(2)







Burn severity is typically classified into discrete descriptive classes, such as high (>640), moderate (315 to 640), and low (70 to 315) [125,126]. According to Moody et al. [42], these classes aim to reflect the degree of canopy layer removal, which intercepts rain, and the removal of ground cover, litter, and duff (decayed organic matter) layers. For example, Benavidez-Solorio and MacDonald [127] found that after a high-severity fire, the surface organic layer is entirely consumed, and the surface layer of the underlying mineral soil is altered. In contrast, after low-severity fires, only a portion of litter and duff are burnt, as there is less soil exposure to fire. These changes in post-fire land cover have distinct effects on water redistribution. As a result, certain fire impacts on a region’s hydrology have been associated with the burn severity [37,128], as exemplified in the following sections.




4.2. Long-Term Interception and Evapotranspiration Estimates Focused on Continuous Water-Balance Models


Evapotranspiration and interception are both functions of vegetation density, specifically canopy foliage content [51]. This characteristic is often measured, analyzed, and modeled across various spatial scales as leaf area index (LAI) [129]. LAI refers to the leaf area (m2) within a canopy per unit ground area (m2) and is broadly considered as a basic descriptor of vegetation condition across various studies. [129]. Reduced post-fire LAI, in addition to decreasing interception, alters evapotranspiration rates. If soil water is not limited, transpiration will be constrained by leaf area [130,131]. Some studies have examined fire-induced LAI alterations and linked LAI to burn severity [51,132]. For mixed conifer vegetation, Atchley et al. [51] estimated post-fire LAI values using allometric functions for ΔNBR. Simulations were conducted using the continuous water-balance model ParFlow-CLM (Version 895) [133,134] with the conclusion that the ascribed alteration in LAI drives the simulated response of decreased evapotranspiration through transpiration reduction. This shows that transpiration reduction is closely related to vegetation density, which is proportional to LAI [72,135].



Increased evaporation is associated with reduced aerodynamic resistance, as it becomes easier for the wind to mobilize water vapor [136]. The Penman-Monteith method, which incorporates this variable in intermediate computations, is widely recognized by the scientific community for its accuracy in estimating evapotranspiration rates under diverse global conditions [137,138]. This method’s high precision can be attributed to its consideration of energy and aerodynamic factors [139].



In the context of forest fires, the Penman-Monteith method’s usefulness may not change significantly, as the equation accounts for altered aerodynamic resistance, radiation balance, and vapor pressure deficit. However, changes in vegetation characteristics such as leaf area index (LAI) and canopy structure may impact the method’s accuracy by altering parameters like aerodynamic resistance and surface albedo [67]. Thus, it is crucial to consider these vegetation changes when applying the Penman-Monteith equation to post-fire scenarios. Also, time scales must be considered, as new land use or forest regenerative capacity change parameters. Consequently, simulating post-fire scenarios by utilizing fire-induced LAI is possible if there is an understanding of vegetation cover depletion and regeneration processes [140].



As previously mentioned, fire disturbances have been found to reduce surface albedo [51], which is a sensitive variable used for estimating actual evapotranspiration by calculating net radiation through the balance between incoming and reflected solar radiation [88,137]. Albedo is incorporated in evapotranspiration estimation methods ranging from the standardized Penman-Monteith approach to remote sensing-based techniques grounded in the energy balance equation [44]. However, albedo’s complex temporal dynamics and high sensitivity make post-fire albedo inference challenging. Veraverbeke et al. [88] studied the effects of the 2007 Peloponnese wildfires in Greece on broadband surface albedo changes using MODIS satellite imagery. They observed a strong initial drop in albedo, followed by diminishing fire-induced changes as seasonality began to dominate the time series.



Post-fire albedo dynamics, including a sharp decrease immediately after the fire event and varying increases during summer and winter periods, complicate correlations with fire severities in the literature [88,89,90,92,93]. This makes incorporating post-fire albedo into long-term evapotranspiration estimates complex and uncertain due to time scale and vegetation type considerations. Areas with high-severity burns exhibit significantly higher post-fire albedo during spring and faster increases during summer than moderate and low-severity burns [141]. Moreover, deciduous ecosystems have higher summer albedo than evergreen forests, while winter differences are more minor [88]. Although albedo is sensitive, its tendency to recover pre-fire values over time suggests that modifying this variable in long-term evapotranspiration rate estimation and water-balance models may be irrelevant.




4.3. Post-Fire Runoff and Infiltration Dynamics: Approaches from Peak Flow Model Studies


Over the past two decades, peak flows have been the subject of numerous studies. Runoff has been extensively studied in catchments [142], and its estimation typically depends on runoff coefficients. These empirical and widely used parameters represent how easily non-infiltrated water can move over the land surface for a given rainfall and may have variants depending on the methodology used. Curve number (CN) analysis is one of the most well-known approaches developed by the Soil Conservation Service (SCS) in the United States (now the Natural Resources Conservation Service; NRCS) [143,144]. The SCS-CN method has been widely used to predict runoff from watersheds due to its straightforward conceptual basis [53]. In this method, the runoff is determined using the CN, which reflects the combined effects of soil type, land cover, and antecedent soil moisture conditions on runoff generation [145].



The CN and other coefficients involved in the runoff process are also used in continuous models, but they are not the same as those employed in episodic models. The reason is that these coefficients and their correction factors are developed for specific methods that are not always comparable. Furthermore, their operation within episodic models differs from continuous models. The runoff process contains thresholds of rainfall intensity and duration [109], which differ significantly from monthly accumulation to storm events. However, the Soil Conservation Service curve number (SCS-CN) has also been employed in numerous continuous simulation models since the 1980s [146]. For example, Rodriguez et al. [33] applied an adjusted curve number (CN) through the SWAT model to anticipate the impacts of fire on infiltration and runoff. In Batelis and Nalbantis’ study [52], a modified CN was applied under the premise that less permeable patches of ashes are formed under the burned vegetation, resulting in a quadratic decrease in infiltration rates for different percentages of burned area. Given these differences, refining the curve number is crucial in post-fire scenarios through experiments that monitor streamflow in burned watersheds. Adjustments should account for the variability in vegetation types and the unique characteristics of ash, which collectively have a profound impact on soil permeability and runoff dynamics, enhancing the precision of hydrological models.



In the literature, continuous models based on mass balance often integrate runoff coefficients in their estimates. Since runoff is frequently one of the final outputs of these models, its computation is affected by intermediate results from previous processes directly influenced by the fire. Moreover, the recalculation of runoff coefficients for every time step can be conducted as a function of antecedent humidity [33] or using more empirical and simplified approaches, such as correcting the runoff coefficient based on fire-induced evapotranspiration. Consequently, changes in runoff involving a runoff coefficient (or equivalent) must be carefully incorporated along with parameters reflecting post-fire conditions in other water-balance components. Adjustments to runoff coefficients are essential to accurately model hydrological responses in burned areas, taking into account changes in vegetation and ash properties that significantly influence the water balance.



Water-balance models are often coupled with groundwater flow models in an interactive process to enhance the accuracy of model outputs. This approach is adopted because fluctuations in the water table can impact other balance components, which, in turn, affect the water table. Groundwater depth recalculations specifically influence evapotranspiration and runoff components. A decrease in groundwater levels can induce lower rates of evapotranspiration and reduced soil humidity, thereby buffering runoff rates. In models like WetSpass, for instance, a runoff correction factor (Ch) can be set as a function of evapotranspiration. Similarly, subsurface flow models can be coupled with water-balance models, requiring consideration of spatial variability through the concept of patches or, more precisely, a patch mosaic with variable thickness [81].



Atchley et al. [51] incorporated lower permeability layers through this type of assembly, demonstrating that reduced infiltration plays a predominant role in the distribution between infiltration and runoff for high-fire severities. Atchley also showed that post-fire evapotranspiration reduction is a more dominant process than water loss through terrestrial flow in continuous models. However, in cases of high fire severity, surface flow can dominate the water balance, leading to a turning point that results in drier conditions.



Fire-induced parameter changes linked to different infiltration equations have been characterized [109]. Saturated hydraulic conductivity (KST) is one of the most studied properties because of its importance in the infiltration process. Fire effects on KST are usually confined to ash patches [81] and are more pronounced in the top 1 cm of soil [75]. Water-repellent effects from fire are typically limited to areas beneath canopies [105], reducing infiltration and amplifying surface runoff generation.



One of the more critical findings is that reductions in KST are typically associated with the collapse of the largest near-surface pores due to the loss of soil stability from heating [32,109]. This promotes the persistence of lower KST over time, prolonging the increased runoff. Relationships connecting KST fire-induced alteration with ΔNBR have been established [111]. Simple ratios have been proposed to parameterize infiltration models on a larger scale [109]. Recent studies are focused on improving methods for numerically modeling infiltration in areas affected by fires, considering soil and ash and incorporating these changes into physically based models [110]. This will require improved parameterization of hydraulic conductivity through site-specific infiltration tests after a fire, accounting for the dynamic post-fire soil evolution.



Table 1 and Table 2 present examples of relationships that can aid in model parameterization for post-fire simulations. Some parameters, such as post-burn runoff, appear more sensitive to soil type, as demonstrated by values for ash patches proposed by Batellis and Nalbantis [52] using a modified version of the SCS-CN method for different soil types. Other parameters, like unsaturated hydraulic conductivity, vary exponentially and depend more on burn severity than soil type.



LAI exhibits a strong linear dependency with burning, affecting interception [51] and additionally impacting post-fire evapotranspiration. These post-fire values, derived from specific sites, provide practical examples of how disturbances have been incorporated into specific water budget components. The linear relationships reported in the literature represent a small fraction of the available knowledge; continued literature review may uncover new insights applicable to specific study sites. Future research should focus on deriving these relationships for a more diverse range of environments.



Wildfires have been shown to influence all water-balance components, including recharge. Fire-induced alterations can lead to reduced interception and increased runoff, resulting in less evident impacts on recharge. These processes tend to counteract each other due to the magnitudes of highly sensitive parameters involved in both mechanisms. Furthermore, wildfire-driven changes influence various aspects of the water balance, such as evapotranspiration, soil moisture, and groundwater levels, ultimately affecting the overall water balance in a given region [74,97,109]. Consequently, it is crucial to analyze these interactions within site-specific conditions.





5. Modeling the Impacts of Wildfires on Groundwater Recharge: Challenges and Opportunities


Although parameters such as LAI have been studied, and some post-fire data are available, it is crucial to continue characterizing them due to their direct impact on interception. In the case of runoff, the rapid increment of this process, reflected in the exponential reduction of KST, demonstrates that runoff will be the dominant process for high fire severities, leading to reduced recharge rates. This highlights that groundwater recharge is highly sensitive to permeability reduction and canopy loss. Zomlot et al. [150] supported this statement, stating that the main factors contributing to recharge are vegetation cover, soil texture, and precipitation, in that specific order. In contrast, precipitation rates would be more critical in dry climates, where recharge becomes more sensitive to weather [65]. This also suggests that low foliage loss combined with soil not heavily altered by fire can lead to slightly higher recharge rates. This finding aligns with the new paradigm on the vegetation–recharge relationship [151,152], which indicates that groundwater recharge will be maximum for intermediate tree densities. This understanding is also important for informing the sustainable urban planning and management of natural resources in fire-prone areas, in support of SDG 11 (Sustainable cities and communities).



Less direct post-fire processes are associated with evapotranspiration rates, which are sensitive to on-site conditions and fire severity, turning into a dominant process for recharge under low to moderate fire scenarios. The changing dynamics of wildfires can lead to critical feedback in global and regional climates [36]. These changes are connected with evapotranspiration, a key process in basin-scale hydrology, controlling water availability under certain conditions. Around half of the typical yearly rainfall can be lost in tropical regions like the Amazon via evapotranspiration [153]. However, the increases in evaporation rates, together with the reduction in post-fire transpiration, make it challenging to determine the increase or reduction of fire-induced evapotranspiration. Moreover, the direct dependence on post-fire climate trends and a highly time-sensitive albedo hinder the prediction of evapotranspiration. Consequently, it is relevant to improve the comprehension of the microclimate after a fire and the projection of climatic variables included in recharge models.



5.1. Challenges and Advances in Measuring Wind Speed for Improved Post-Fire Evapotranspiration Estimation


The effect of fire on wind speed is relevant to explain possible changes in evapotranspiration (ET). Wind speed will increase after a wildfire, raising evaporation rates. Since its effect is directly related to vegetation reduction, transpiration could decrease just after the fire. Transpiration tends to return to its pre-fire values if the vegetation regenerates or is replaced. Furthermore, in the short term, it is also variable, as wind speed is quite dynamic even over short periods, and its correlation with burned areas varies seasonally. For example, the combined effect of increased wind speeds with increased temperature would accentuate the evaporation process in winter. Experimental studies showed a correlation between burned area and wind velocity can be suppressed during the summer season [36]. This occurs because surface cooling driven by wind during times of high solar intensity may counteract the drying effect of increased wind speed [154]. The relationship between wind and forest fires is evident, dynamic, and codependent on other hydrometeorological variables, which strongly depend on vegetation cover.



Incorporating these changes into models requires accounting for wind speed, a significant variable affecting evapotranspiration. For instance, the Penman-Monteith method incorporates wind speed values into estimates of aerodynamic roughness, representing the resistance water vapor encounters when moving through specific land cover types. While the metric is well defined, data quality is often associated with uncertainty [36], potentially magnifying simulation inaccuracies for post-fire wind data. The actual values of wind velocity may not be reflected in meteorological databases. In forests, increased surface roughness and complex structure can partially dissociate wind velocity measurements within the canopy from those outside it [36,155]. As a result, measuring wind speeds in montane forests is more challenging compared to open landscapes with more accessible wind speed measurements. Some advancements offer approaches for obtaining more accurate wind speed data within forest canopies. While existing techniques in the literature aim to improve wind databases, further data acquisition is needed to enhance post-fire wind predictions.




5.2. Impacts of Wildfires on Surface Temperatures and Evapotranspiration in Forest Ecosystems


The soil and understory vegetation cover beneath the forest canopy generally exhibit smaller temperature variations between day and night due to light absorption and evaporative cooling from transpiration. [156,157,158,159,160,161]. When this buffering effect is disrupted, combined with decreased albedo after a wildfire, it leads to higher surface temperatures and increased potential for heating soil and air [93,136,162,163]. This effect is primarily reflected in increased maximum surface temperatures, especially in coniferous forests covering soils with high water availability. Furthermore, this increase in maximum land temperature is most evident immediately after a wildfire during summer periods [164]. It diminishes over time as vegetation gradually regenerates. Consequently, changes in surface temperature become minimal and almost insignificant in the first years following a wildfire [88]. The logical consequence in the water balance includes increased evaporation and decreased soil moisture, reducing transpiration of damaged vegetation [161].



Temperature is a crucial variable widely used to estimate reference evapotranspiration (ETo), primarily due to the ease of its measurement and significant data availability. Various methods for calculating ETo, such as those of Thornthwaite, Hargreaves, and Turc, rely on empirical dependencies on temperature and are straightforward to compute. Other methods, like the Penman-Monteith, which is partly based on energy fluxes, use temperature as a proxy for atmospheric humidity [36]. The vapor pressure deficit (VPD), which is the difference between the saturation and actual vapor pressure, has garnered recent interest. Since it increases exponentially with temperature, it is easier to correlate it with different fire severities. However, given the difficulty in inferring future trends, VPD could emerge as an interesting alternative, as its sensitivity to fire has generated increasing interest [165].



Temperature and wind speed are essential factors influencing evapotranspiration, a water-balance component with substantial uncertainty. Vapor pressure deficit (VPD) has been proposed as an alternative, but its use remains subject to debate. Remote sensing-based corrections for forest wind velocity data are being promoted as a valuable option, particularly in areas lacking comprehensive hydrometeorological instrumentation. Further research is required to redefine sensitive metrics, enhance measurement quality, and calibrate models with independent data.



Post-fire microclimate research is an area that needs additional research. The challenges of predicting future trends are accentuated by the potential influence of global warming and concurrent climate extremes on recharge. These interconnected processes impact not only water distribution but also raise the likelihood of fire occurrence, as depicted in Figure 3. The literature highlights the need to account for complex interactions among water-balance components when incorporating climatic factors into hydrological models in post-fire settings given that even in areas close to fire-prone zones, changes in temperature and other climatic variables cause a gradual redistribution of water [166]. Nevertheless, integrating significant climatic inputs into post-fire hydrological models remains a challenge.




5.3. Harnessing Opportunities: Validation Alternatives with Satellite Insights and Neighboring Basin Analyses


The validation of hydrological models plays a crucial role in the accurate prediction of wildfire impacts on groundwater recharge [85]. Advanced satellite technologies like the Gravity Recovery and Climate Experiment (GRACE) offer comprehensive hydrological data [167,168,169] essential for the global-scale monitoring of hydrological dynamics and shifts in water storage, critical factors in understanding and predicting post-fire recovery processes. Furthermore, these satellite observations are indispensable for tracking fire-sensitive variables like the Leaf Area Index (LAI) and burn severity, offering refined inputs for hydrological models. These observations are crucial for understanding post-fire recovery processes, and incorporating advanced modeling techniques [170] enhances our ability to capture the dynamic changes in LAI post-fire, ensuring more accurate predictions of groundwater recharge in affected areas.



Employing neighboring basin studies for monitoring base flows significantly enhances model validation capabilities [171], particularly in regions affected by wildfires. Such studies not only enable multi-site validation but also allow for precise adjustments of model parameters, leveraging empirical data from areas that are ecologically similar yet differently affected by wildfires. [172]. Instrumenting burned basins to monitor recovery processes such as transpiration in regenerating vegetation, sap flow, soil moisture, and albedo provides a deeper understanding of this dynamic recovery. This strategic approach is crucial for the effective management of water resources in regions recovering from wildfire disturbances.





6. Conclusions


The intuitive rationale behind physically based water-balance models has facilitated a deeper comprehension of the impacts of fire on individual hydrological processes. These models prove valuable in evaluating fire-induced alterations affecting groundwater recharge calculations as well as in examining the interconnectedness of these processes. The present analysis reveals several crucial knowledge and numerical gaps concerning post-fire recharge, particularly in relation to microclimatic conditions. Addressing these gaps is vital for enhancing our knowledge of the influence of fire on groundwater.



Currently, knowledge in this field can be applied to wildfire-prone areas to anticipate and mitigate the detrimental effects of fire on water availability. Numerous experimental studies have examined the impacts of fire on soil permeability and vegetation density parameters such as LAI, CN, and KST. These parameters, cataloged for various post-fire periods, are primarily based on the DNBR metric, serving as the standard framework for post-fire hydrological research. Moreover, it is essential to extrapolate these parameters to a broader range of locations while advancements in remote sensing technology continue to enhance the accuracy of meteorological inputs.



Though simulating post-fire scenarios can be imprecise and uncertain, modeling remains the most effective decision-making tool for promoting sustainable water management. We now possess a wealth of published data on crucial hydrological parameters, a solid understanding of the variability of each hydrological component following a fire, and guidelines for implementing them through modeling. Evaluating the performance of these models will equip decision makers with the technical foundation necessary for the sustainable management of water resources in the context of changing land use. Incorporating refined strategies that integrate contemporary sustainable approaches can further enhance the management of wildfires and water resources, acknowledging the complex influence of human activities on ecological dynamics. As the use of post-fire simulations becomes more widespread, research on hydrological inputs under a broader range of conditions will be encouraged, and validation will become increasingly important, ultimately leading to improvements. This expanded research will encourage ongoing model validation and refinement, ultimately leading to significant improvements in our understanding and management of post-fire water dynamics.
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Figure 1. Schematic representation of hydrological processes in a forest ecosystem, illustrating the hypothesis that altered water-balance components contribute to reduced groundwater recharge after a wildfire. Subfigure (a) shows the region before the wildfire, highlighting normal hydrological processes. Subfigure (b) focuses on the same region after being heavily affected by high-intensity wildfires, detailing the cascading effects on water cycle components: interception (I), transpiration (Tr), evaporation (Ev), surface runoff (Sr), and recharge (R). 
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Figure 2. Representation of the interaction between interception (I) and runoff (Sr) based on the description by Atchley et al. [51], depicting (a) natural conditions, (b) moderate-intensity fires, and (c) high-intensity fires. The linear decrease in Leaf Area Index (LAI) and the exponential decrease of saturated hydraulic conductivity (KST) characterized by Moody et al. [108] are illustrated. 
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Figure 3. Schematic representation of the feedback mechanism between forest fire-impacted processes affecting water distribution. The figure emphasizes the sequential impacts on water-balance components, with a specific focus on the color (darker), highlighting the directness of the post-fire impact. The process begins with direct effects on vegetation and progresses to subsequent effects on soil and subsoil. 
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Table 1. Summary of the most significant hydrological parameters/variables that change after a fire and their importance in the context of estimating recharge.
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Component

	
Approximate Relationship with ΔNBR

	
Initial Change in the Component Relative to Unburned Value

	
Post-Fire Timeline

	
Context and Study Reference

	
Relevance to Long-Term Groundwater Recharge






	
Leaf Area Index (LAI)

	
Linear (↓)

	
Decreases by approximately 34.0% (low severity) to 96.5% (high severity).

Recovery to 90–108% of pre-fire levels during regeneration.
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Estimated for a mixed conifer vegetation community in New Mexico [51] and for deciduous grasses and shrubs in Canada [141].

	
Moderate, indirect impact; applicable only when regeneration is absent since severe crown damage could negatively affect the survival of burned trees [140].




	
Albedo (  λ  )

	
Linear (↑) after the first year

	
High-severity wildfires cause a 52% spring albedo increase, rising to 76% after 5–7 years, significantly larger than the 16% summer albedo decrease (26% later).

The severity gap reaches 60%.

	
Estimated for 4 Canadian ecozones dominated by needleleaf forests, broadleaf/mixed forests, and closed and open shrublands [141].

	
Low, indirect impact; it does revert to its original value; however, special attention should be paid to the spring albedo.




	
Curve number for normal moisture conditions (CN II)

	
Inferred through burn patch formation (↑) associated with soil-based characteristics

	
Ash patch values range from 77 (sand) to 94 (clay), representing an increase between 71% and 13% of their pre-fire values in a broad-leaved forest. These values persist for at least the following 1.5 years [128].

	
Distinct ash patch values suggested by Batellis and Nalbantis [52] for various soil types (A, B, C, and D).

	
High; it does not revert to its original value and is directly linked to recharge.




	
Saturated hydraulic conductivity (KST)

	
Exponential

decrease (↓) for low severity wildfires; no changes observed

	
Variability ranges up to 93% in soil with 4 cm pre-fire litter-duff depth consumed after a high-severity fire.

	
Adjusted for sandy loams (    K   S T   = 0.0325   m / h  ) based on Atchley et al. [51], in reference to Moody et al. [108].

	
High; it does not revert to its original value and is directly linked to recharge.











 





Table 2. Summary of some relations that link hydrological parameters with alterations caused by three regimes of wildfires.
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Component\Wildfire Severity Scenario ΔNBR

	
70 < Low < 315

	
315 < Moderate < 640

	
640 < High

	
Guidelines for Its Application and References






	
P




	
I




	

	
↓

	
Leaf Area Index (LAI)

	
  L A I =   0.696 ± 0.095   ×   unburned value

	
  L A I =   0.66 ±   0.03   ×   unburned value

	
  L A I =   0.035 ±   0.005   ×   unburned value

	
Estimated for mixed conifer vegetation community [51].




	
↓

	

	
Dail