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Abstract: Forest fire is a common concern in Mediterranean watersheds. Fire-induced canopy
mortality may cause the degradation of chemical–physical properties in the soil and influence
hydrological processes within and across watersheds. However, the prediction of the pedological
and hydrological effect of forest fires with heterogenous severities across entire watersheds remains
a difficult task. A large forest fire occurred in 2017 in northern Italy providing the opportunity
to test an integrated approach that exploits remote and in-situ data for assessing the impact of
forest fires on the hydrological response of semi-natural watersheds. The approach is based on
a combination of remotely-sensed information on burned areas and in-situ measurements of soil
infiltration in burned areas. Such collected data were used to adapt a rainfall–runoff model over an
experimental watershed to produce a comparative evaluation of flood peak and volume of runoff
in pre- and post-fire conditions. The model is based on a semi-distributed approach that exploits
the Soil Conservation Service Curve Number (SCS-CN) and lag-time methods for the estimation of
hydrological losses and runoff propagation, respectively, across the watershed. The effects of fire
on hydrological losses were modeled by adjusting the CN values for different fire severities. Direct
infiltration measurements were carried out to better understand the effect of fire on soil infiltration
capacity. We simulated the hydrological response of the burned watershed following one of the most
severe storm events that had hit the area in the last few years. Fire had serious repercussions in
regard to the hydrological response, increasing the flood peak and the runoff volume up to 125%
and 75%, respectively. Soil infiltration capacity was seriously compromised by fire as well, reducing
unsaturated hydraulic conductivity up to 75% compared with pre-fire conditions. These findings can
provide insights into the impact of forest fires on the hydrological response of a whole watershed and
improve the assessment of surface runoff alterations suffered by a watershed in post-fire conditions.

Keywords: burned areas; hydrological modelling; infiltration capacity; SCS-CN; post-fire

1. Introduction

Fires severely alter the hydrological response of watersheds to rainfall [1,2]. Fire-
induced loss of canopy cover, litter consumption, and the formation of water repellent
layers on the soil surface reduce canopy interception and soil infiltration, increasing flood
peak and volume runoff [3–6].

Fire acts as a generalist herbivore that removes plant material above the ground
surface. Depending on fire behavior and species-specific resistance, trees can suffer death
or defoliation, survive, or re-sprout following fire. The ability to survive and re-sprout
depends on tree height, scorch and char heights, tree species, age, stem and bark thickness,
and fire intensity and residence time. In the hydrological cycle, this natural process leads
to a reduction in evapotranspiration fluxes, leaf rainfall interception and tree suction
capacity [7]. High temperatures can vaporize soil organic matter and generate a thin

Hydrology 2021, 8, 169. https://doi.org/10.3390/hydrology8040169 https://www.mdpi.com/journal/hydrology

https://www.mdpi.com/journal/hydrology
https://www.mdpi.com
https://orcid.org/0000-0002-1094-4051
https://orcid.org/0000-0002-4618-818X
https://orcid.org/0000-0001-8100-0659
https://doi.org/10.3390/hydrology8040169
https://doi.org/10.3390/hydrology8040169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/hydrology8040169
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com/article/10.3390/hydrology8040169?type=check_update&version=1


Hydrology 2021, 8, 169 2 of 17

hydrophobic layer (from 1 to 7 cm), which strongly reduces soil infiltration capacity [8]. In
addition, the burning process degrades soil structure and porosity, causing considerable
nutrient loss through volatilization, leaching and erosion, and alters the quantity and
specific composition of microbial and soil-dwelling invertebrate communities [9].

Such effects induce strong responses in watershed hydrology and flood hazard. In-
situ measurements carried out in European and North American natural watersheds
showed that the annual flood peak in post-fire conditions can increase between 1.2 and
10 times [10–17]. Such variability depends on watershed size, with stronger effects in
smaller watersheds [18]. After individual flood events, post-fire hydrological responses are
often sharper and quicker than in unburned sites, due to the simultaneous reduction in
hydrological retention and time of concentration [19]. Flood magnitude may also increase
after fire, e.g., from a 10-year to a 1-year return interval for the same discharge [20]. Youberg
et al. [21] estimated that a 2-year return period rainfall in a burned watershed can produce
a runoff similar to a 100-year event in pre-fire conditions. Such an exceptional increase
in hazard has a catastrophic impact on the economy of a region, although assessing the
costs of post-fire flooding is very difficult. The Emergency Events Database (EM-DAT),
an international disaster database (http://www.emdat.be/ , accessed on 8 October 2021), lists,
for instance, damages of Euros 200 billion related to various disasters since 1900 in the
Mediterranean countries, of which 85 billion are related to flooding.

Despite the knowledge accumulated on the effects of fire on soils, quantifying the
impact of different burn severities on the soil’s hydrological response and especially on
infiltration losses across whole watersheds remains a difficult task [22]. In many cases,
studies on post-fire hydrology have focused only on short time scales (from 1 to 3 years),
thus limiting the assessment of the longevity of fire impacts [23]. The first years after fire
are often considered the most critical in terms of hydrological instability [24,25]; however,
in some cases a significant increase in runoff discharge has been observed up to a decade
after burning [4,26]. Another reason for concern is the effect of climate change on both fire
frequency and severity, and on rainfall frequency and intensity. Mediterranean watershed
flood risk is expected to increase over time, with increasingly dangerous impacts on
infrastructures, human and economic activities in the watersheds affected by fire [27].

In light of these concerns, the main purpose of this study is to develop a robust
and rational methodology to assess the change in hydrological response of a post-fire
watershed, especially where the scarcity or absence of hydrometric data does not allow
the calibration of a more complex rainfall–runoff model. Thus, this study proposes an
integrated approach that combines spatial information on burned areas and levels of fire
severity, direct soil infiltration measurements, and rainfall–runoff modelling. Then it
was developed, implemented, and tested on a burned forest catchment in order to better
understand the repercussions of fire on the hydrological response of a natural watershed.
Flood peak and volume were computed through the application of the Soil Conservation
Service-Curve Number method (SCS-CN), whereas the flow propagation was simulated
through a lag-time approach based on the time–area curve of the catchment. The curve
number (CN) was adjusted according to the severity of burned areas, whereas direct soil
infiltration measurements were carried out to corroborate information about the effect of
fire on soil infiltration capacity. Finally, the proposed procedure could be a useful example
for hydrologists and foresters engaged in designing post-disaster interventions and in
planning silvicultural practices.

2. Study Area

The study domain is the Tinella watershed, a forested 2.6 km2 area located in the
province of Varese (Figure 1). It is an integral part of the Campo dei Fiori Regional Park, a
natural protected area of about 6 km2 where environment educational, cultural and sports
activities are promoted for tourists and local communities. Inside the Tinella watershed,
the elevation ranges between 470 m and 1200 m asl, while the average slope is about 46%.
It is mostly south-facing, which increases the risk of forest fire [25,28]. The climate is mild,
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and generally warm and temperate, and is classified as humid subtropical climate (Cfa)
according to the Köppen–Geiger classification. The average temperature is 12.0 ◦C with a
total annual precipitation of ~1500 mm.
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The Tinella watershed incorporates two nested sub-basins (WS10 and WS11 as shown
in Figure 1) that are of similar size, ~1.3 km2, and steepness ~45%, but they were affected
differently by the fire. Table 1 summarizes several geomorphological features calculated by
hydrological tools, implemented in QGis 3.10 and applied over the 5 m-resolution DEM,
which is freely downloadable from the regional database at the link (https://www.geoportale.
regione.lombardia.it/web/geoportale/download-dati, accessed on 8 October 2021).

Table 1. Morphometric features of the Tinella sub-basins WS10 and WS11.

Parameter WS10
Western Sub-Basin

WS11
Eastern Sub-Basin

Area (km2) 1.26 1.34
Perimeter (m) 8051 8751

Length of the main water stream (m) 2752.58 3426.99
Mean slope of the watershed (%) 45.07 ± 13.68 46.67 ± 15.84

Mean slope of the main water stream (%) 22.87 20.74
Minimum elevation (m) 475.72 475.00

Mean elevation (m) 841.56 ± 197.84 854.85 ± 198.77
Maximum elevation (m) 1221.02 1226.03

https://www.geoportale.regione.lombardia.it/web/geoportale/download-dati
https://www.geoportale.regione.lombardia.it/web/geoportale/download-dati
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The Tinella watershed is mainly covered by mesophilous broad-leaved forests (about
47% of the sub-basin area in WS10 and 35% in WS11) dominated by chestnut (Castanea
sativa Mill.) and maple-ash (Acer psudoplatanus L. and Fraxinus excelsior L.) on south-facing
slopes (about 28% of the sub-basin area in WS10 and 30% in WS11), whereas the dominant
species in the northern part is beech (Fagus sylvatica L.) (about 2% in WS10 of the sub-basin
area and 24% in WS11). Concerning the soil, a 1:250.000 regional soil map shows that the
watershed is mainly characterized by thin clay-loamy soil (about 80% of the sub-basin area,
both in WS10 and WS11), with a minor presence of deep silty-loamy spoils in the southern
part (10% of the sub-basin area).

The study area is located in the Lombardy region, one of the most forested regions
in Italy (about 650,000 ha) with a high exposure to forest fire risk [29]. In October 2017,
after a dry summer with little rain, a large fire burned 374 ha of the southern side of
Campo dei Fiori, destroying 318 ha of forest. In-situ post-fire surveys revealed that the
soil and the understory and overstory were severely compromised. The northern part
of the Tinella watershed lost approximately 10 ha of forest and underwent significant
hydrological changes (reduction in infiltration and water retention capacity). In fact, at
each following severe rainfall event, some damage was registered at the watershed outlet
in the municipality of Luvinate (in province of Varese), which was caused by a high-level
of flow and sediment, mobilized by slope (soil instabilities) and along the channel network,
bed and streambank erosion. The impacts of fire on post-rainfall runoff are still poorly
understood since the watershed is not instrumented. However, it appears that hydraulic
infrastructures are no longer able to channel the post-fire flood peaks and runoff volumes.
To alleviate such threats, Lombardy region has invested about Euro 2 million for the
restoration of burned areas and the building of new hydraulic infrastructures to reduce
channel gradient, solid transport, and downstream runoff.

3. Materials and Methods

3.1. Storm Severity Analysis

Storm severity analysis was conducted on the rainfall data obtained by 13 rain gauges
(Table 2). Twelve of them belong to the official network of meteorological stations managed
by the Regional Environmental Protection Agency (ARPA) (https://www.arpalombardia.it,
accessed on 8 October 2021), whereas the last one, very close to the outlet of the basin,
belongs to the Centro Meteo Lombardo (CML) (http://www.centrometeolombardo.com, ac-
cessed on 8 October 2021). CML is a citizen’s association with an interest in meteorology
that manages a dense recreational network of rain gauges uniformly distributed over
the regional territory. The distance between rain gauge positions and the outlet of the
watershed varies from 1 to 16 km, whereas data acquisition at each station is every 10 min.
Data from all rain gauges were weighted as a function of the inverse square distance from
the center of the watershed to obtain a single vector of rainfall data to use as input for
the rainfall–runoff model. In particular, the storm severity analysis was focused on an
extreme rainfall event that occurred on the 24 September, 2020, which was the last day
after a series of moderate rainfall events that occurred in 2018 and in 2019. Concerning
the methodology, storm severity was represented through a graph showing the return
periods of the storm for the different rainfall durations [30]. A moving-window procedure
for rainfall accumulation was adopted to detect the maximum rainfall depth observed for
each duration. Thus, the Depth–Duration–Frequency curve (DDF) was used to estimate
the return period for each maximum rainfall depth. DDFs are described through the Gener-
alized Extreme Value (GEV) probability distribution over the entire regional territory [31]
and their parameters (for rainfalls 1–24 h) were available on a raster map with a spatial
resolution of 2 km (http:// ita.arpalombardia.it/ITA/servizi/richiesta_dati/ idro_pluvio_termo.asp,
accessed on 8 October 2021). The Bell [32] formula was applied for adjusting DDF curve
parameters in case of rainfall duration of less than 1 h.

https://www.arpalombardia.it
http://www.centrometeolombardo.com
http://ita.arpalombardia.it/ITA/servizi/richiesta_dati/idro_pluvio_termo.asp
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Table 2. Coordinates of the rain-gauge stations and their distance from the watershed outlet.

Sensor Code Site East * North *
Distance from the
Watershed Outlet

(m)
Elevation (m asl)

8152 Arcisate 491,501 5,076,955 9451 334.66
9091 Castronno 486,058 5,066,146 12,658 365.76
8150 Cuveglio 480,047 5,083,338 5564 276.71

14,131 Lavena Ponte Tresa 488,398 5,090,913 14,193 273.53
8583 Laveno Mombello 471,939 5,084,222 11,848 950.00
8587 Laveno Mombello 470,425 5,084,109 13,121 194.37
8163 Luino 480,079 5,094,539 16,488 194.38

19,356 Porto Ceresio 491,668 5,082,687 10,550 279.99
22,022 Porto Valtravaglia 477,812 5,087,930 10,664 872.17
10,666 Valganna 485,317 5,084,612 7179 657.55
14,527 Varano Borghi 477,631 5,068,133 11,007 239.47
8228 Varese 486,300 5,075,452 4983 407.17
1111 Luvinate 481,511 5,076,293 1985 408.97

* WGS 84/UTM zone 32N—EPSG:32632.

3.2. Framework of the Integrated Approach

The integrated approach is characterized by a combination of (i) analysis of satellite
images for detecting burned areas and level of fire severity, (ii) measurements of the
soil infiltration capacity under different fire severities, and (iii) modelling rainfall–runoff
processes of the watershed (Figure 2).
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3.2.1. Detecting Burned Areas and Fire Severity

The spatial assessment of burned areas and fire severity was conducted by combining
field-based measures of the Geometrically structured Composite Burn Index (GeoCBI) [33]
and spectral signatures extracted from Sentinel-2 imagery. GeoCBI is a modification of the
original CBI [34] that consists of a score based on a subjective assessment of fire impacts on
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five different vegetation layers. Canopy loss at the watershed scale was then assessed by
the derivative differenced Normalized Difference Vegetation Index (NDVI), a traditional
vegetation index commonly used to identify the photosynthetic activity [35].

3.2.2. Measurements of Soil Infiltration Capacity

Unsaturated hydraulic conductivity of soil (K) was considered as a proxy for soil
infiltration capacity of the areas affected by different burn severity. K was measured directly
in situ using a Mini-Disk Infiltrometer (MDI) (METER Group Inc., Pullman, WA, USA,
2020), a highly portable and inexpensive tension infiltrometer. These measurements were
conducted following the standard protocols described in the MDI user manual [36]. In
detail, MDI was used to measure cumulative infiltration with a pressure head (suction) of
−2 cm, which is adequate for most soils—as reported in the MDI manual. Before placing
the MDI, the soil surface must be cleaned and delicately levelled using a trowel and scissors
to avoid the overturning of the device during measurements, as well as to allow perfect
adherence between the sintered filter of the instrument and the soil surface. To ensure the
contact between the sintered disk and soil surface, a thin layer of sand (about 0.5 cm thick)
must be added. The water level inside the minidisk water reservoir is recorded at 30 s
regular time intervals for no less than ~5 min for each test.

The unsaturated hydraulic conductivity is then derived by combining the obtained
cumulative infiltration measures with knowledge of van Genuchten’s soil parameters [37]
using Zhang’s method [38].

The cumulated infiltration rate measured with each test is expressed as a function
of the square root of time and interpolated through the function proposed by Zhang
(Equation (1)). C2 is determined as the slope of the curve obtained with this method:

I = C1t0.5 + C2 (1)

where I is the cumulated infiltration rate (mm), t is time (s), C1 (m s−1/2) and C2 (m s−1)
are two parameters related to soil sorptivity and unsaturated hydraulic conductivity.

The value of K (cm s−1) was then calculated as shown in Equation (2):

K =
C2

A2
(2)

where A2 (−) is a parameter dependent on soil texture and suction and defined by
Equation (3): 

A2 =
11.65 (n0.1−1) exp[2.92(n−1.9)α h0]

(α r0)
0.91 n ≥ 1.9

A2 =
11.65 (n0.1−1) exp[7.5(n−1.9)α h0]

(α r0)
0.91 n < 1.9

(3)

where r0 is the infiltrometer’s radius (equal to 2.25 cm), n (−) and α (−) are retention
parameters depending on soil texture and r0, according to the values reported in the MDI
manual, and h0 is the pressure head of the infiltrometer (set to −2 cm).

3.2.3. Rainfall-Runoff Simulation Strategy

The assessment of hydrological losses and runoff propagation was performed through
a simple approach widely described in the scientific literature and also easy to imple-
ment for ungauged basins or where details on physiographic characteristics of the wa-
tershed are scarce. The computation of hydrological losses was conducted using the
SCS-CN method [39–41], a semi-spatial-distributed approach, implemented for provid-
ing direct runoff after the separation of initial abstraction and infiltration losses from
total rainfall. This method is one of the commonly used heuristic approaches for estimat-
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ing the surface runoff from watersheds. Direct runoff (Pn) (mm) is calculated through
Equations (4) and (5):

Pn =
(P − Ia)

2

(P − Ia + S)
(4)

S =
25400
CN

− 254 (5)

where P (mm) is the gross rainfall depth, Ia (mm) the initial abstraction and S (mm)
the maximum potential retention of the basin, which depends by CN. The CN value
theoretically varies between 0 and 100. However, the practical values are typically in the
range of 40 to 98 [42] and are usually determined by combining land use and hydrological
group data through tables reported in technical manuals [43]. Ia includes surface storage,
interception and infiltration aptitude before runoff begins and it is calculated as follows
(Equation (6)):

Iα = α·S (6)

where α (−) is a constant, which in original formulation was set equal to 0.2, but recent
works demonstrate that its value can range from 0.05 to 0.2 [42,44–46] as a function of the
physiographic characteristics of the watershed, type of vegetation cover and severity of
potential alterations suffered by the watershed such deforestation and fire [47,48].

Then, the propagation of direct runoff was simulated through a simple translation of
water flow over the drainage watershed excluding natural storage. The runoff volumes
originating from different parts of the watershed were cumulated assuming no interaction
between them. The runoff travel time distribution was described by a time–area curve,
obtained by the combination of a constant flow transfer velocity and the area–distance
curve, which can be easily derived from the Digital Elevation Model (DEM) of the wa-
tershed using the ‘Overland Flow Distance’ tool of QGis. The corresponding time–area
curves were then derived by scaling the x-axis with the average runoff propagation velocity
obtained as the ratio of the length of the longest flow path and the time of concentration
(tc). In particular, tc is another key parameter for estimating the hydrological response of a
watershed. Despite the fact that the scientific literature describes a wide spectrum of empir-
ical formulations [49–51], in this integrated approach, the Natural Resources Conservation
Service-Soil Conservation Service (NRCS-SCS) method [41,52] was used. This method,
described by Equation (7), directly depends on the length of the main water stream L (km),
while it is inversely proportional to the average slope of the watershed (m m−1) and CN:

tc = 0.057
(

1000
CN

− 9
)0.7

L0.8 i−0.5
m (7)

where tc in hours. It was considered suitable because it was tested on several natural
watersheds. Moreover, the presence of the CN value as an input parameter allows us to
include the potential shift in the flood peak before and after fire conditions.

3.2.4. Setup of the Integrated Approach in the Study Area

For determining fire severity, the GeoCBI was assessed in 73 georeferenced, 30 m-
diameter plots randomly placed within the burned perimeter. The assessment of fire
impacts was caried out on a scale of zero (unburned) to three (maximum severity) on five
different vegetation layers (herbs, low shrubs <1 m tall, tall shrubs and trees 1–5 m tall,
intermediate trees, and dominant or co-dominant trees), and scores were weighted on
the fraction cover of each stratum [34]. Differenced NDVI (dNDVI) was calculated from
pre-treated, cloud-free 10-m Sentinel-2 (level 2A) images taken in July one year before and
one year after the fire, and bias-corrected using the average NDVI change across the whole
Sentinel-2 image outside the fire perimeter, to account for phenological differences between
years. Finally, dNDVI was then classified into three severity classes (low, moderate, and
high) and unburned, based on GeoCBI measures in the field.
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Concerning the determination of the soil infiltration capacity, 39 infiltration measure-
ments at 13 points in the Tinella watershed were carried out over areas affected by different
fire severity. The measurement points were selected randomly within the burned area as a
function of the level of the fire severity. The van Genuchten’s parameters (n and α) derived
from soil texture were assessed by collecting ad hoc soil samples at each measurement
point at a depth ranging from ~0 to 10 cm. This depth adequately represents both the
soil layer that is mainly involved in the surface runoff [53] and that is mainly affected by
burning. For each measurement point at least 3 repetitions were conducted.

Parametrizing the rainfall–runoff model is a fundamental step for assessing watershed
runoff, especially determining the spatial distribution of CN and Ia values. Concerning
CN, in the Tinella watershed, deciduous forests, evergreen coniferous and mix forests were
considered as three macro-types of land use, whereas the hydrological groups were derived
from soil characteristics, grouping sand, loamy sand, sandy loam in group A, silt loam in
group B, silt, loam and sandy clay loam in group C, and lastly, silt clay loam, clay loam,
sandy clay and clay in group D, according to the classification of USDA NRCS [54]. The
results of these classifications are reported in Table 3.

Table 3. CN values (-) applied over Tinella watershed as a function of forest type (deciduous broadleaf, evergreen coniferous
and mixed forests) and hydrological group (A, B, C and D).

Land Use A B C D

Deciduous broadleaf 42 66 79 85
Evergreen coniferous 34 60 73 79

Mixed forest 38 62 75 81

CN was assessed for each sub-area described by the area–distance curve and then
adjusted according to the Antecedent Moisture Condition (AMC) first condition, since in the
5 days before 24 September, and more, no rainfall events occurred over the basin. Although
there is consensus on the increase in flood peak after a fire, there is still no consistent
methodology to estimate post-fire CN values [55]. In fact, the analysis of the hydrologic
response of watersheds to fire is still a topic under investigation and only a few studies have
been undertaken [56]. Most of them are mainly based on practical rules and/or experience
and propose a modification of the CN value as a function of burn severity. In this study,
two different approaches were adopted and implemented following two practical manuals
provided by the U.S. National Forest Services: Uinta National Forest-Research Station [57]
(hereafter called the HSR method) and Rocky Mountain-Research Station [58] (hereafter
called the DS method). Table 4 summarizes the guidelines to choosing the post-fire CN.
Concerning Ia, the α parameter was considered proportional to the level of fire severity,
varying its value from 0.05 to 0.2 as a function of the soil infiltration capacity recorded in
the different fire severity areas.

Table 4. Post-fire CN as a function of burn severity.

HSR Method

High burn severity CNpost = CNpre + 15
Moderate burn severity CNpost = CNpre + 10

Low burn severity CNpost = CNpre + 5

DS Method

High burn severity with water repellent soils CNpost = 95
High burn severity without water repellent soils CNpost = 90 to 91

Moderate burn severity with water repellent soils CNpost = 90
Moderate burn severity without water repellent soils CNpost = 85

Low burn severity CNpost = CNpre + 5
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4. Results

4.1. Storm Severity

According to the rainfall data from the meteorological network, the storm event that
occurred on 24 September hit the study area and the Tinella watershed at different times,
intensity, and severity (Figure 3).
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Rain gauges located in the northwestern part of the study area were the first to record
the beginning of the storm event (at 5 p.m.). The storm was characterized by two rainfall
peaks separated by ~1.5 h. Considering the rain gauges located in the north-western part
of the study area, the first rainfall peak occurred between 5 and 6.15 p.m. and the intensity
was between 80 and 100 mm h−1 (Figure 4a). The second peak was generally less intense
(on average 55 mm h−1) and occurred between 8 and 9 p.m. Considering data from the rain
gauge close to the Tinella watershed (i.e., the rain gauge number 1111) the storm appeared
to shift temporally, and the first rainfall peak occurred at about 7 p.m., with the second one
at past 9 p.m. The rainfall intensity exceeded the 100 mm h−1 in the first peak, whereas in
the second one it was close to 60 mm h−1.

Severity graphs show that the storm was characterized by a return period of less than
10 years in large parts of the study area. However, in the northeastern part of the study
area, the storm was characterized by a return period exceeding 20 years. In particular,
severity calculated on data from rain gauge 10,666 and 14,131 showed a peak return period
of 30 and 21 years, respectively, obtained for a critical rainfall duration of 150 and 180 min.
Close to the Tinella watershed, however, the storm was extremely severe with two peak
return periods exceeding 40 years. Specifically, the first one was about 120 years with a
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critical rainfall duration of about 40 min, whereas the second one was about 45 years with
a critical rainfall duration of about 160 min. This contributed to the stress on the Tinella
watershed during the storm event with significant repercussions on flood peak.
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Concerning the spatial distribution of the return periods, the results of a linear interpo-
lation of the maximum storm’s return periods obtained from data from each rain gauge in
the study area, show that the front direction of the storm was oriented from the north-east
to the south-west of the study area, reaching the center of the Tinella watershed with its
maximum severity (i.e., 120 years) as shown in Figure 4b.

4.2. Burned Area

The fire event of October 2017 damaged about 62% of the Tinella watershed area
(Figure 5). Analyzing the WS10 and WS11 sub-basins separately showed they were affected
by different levels of burn severity. In the WS10, 29% of the sub-basin area (i.e., 0.37 km2)
had a high level of burn severity, 42% (i.e., 0.53 km2) had a moderate level of burn severity,
and 4% (i.e., 0.05 km2) had a low burn severity. Instead, in the WS11, 24% of the sub-basin
area (i.e., 0.32 km2) showed a high burn severity, 25% (i.e., 0.34 km2) had a moderate level
of burn severity, and 1% (i.e., 0.02 km2) had a low burn severity.
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4.3. Soil Infiltration Response to Burn Severity

Soil sample analysis showed that the texture of the first layer of the soil is homogenous
across the entire study domain, with no significant spatial pattern or differences in areas
affected by different burn severity levels (see Figure 5). Overall, the soils were sandy loam
(for about 62% of samples), followed by loam (23%) and loam-sandy (15). A good level
of skeleton ranging from 13 to 50% of sample weight was found in all detected points,
whereas from a visual inspection, soil samples presented a clear component of ash that was
observed in the soil–water mixture during the deposition step of the texture lab analysis.

Results of soil infiltration measurements performed over May–June 2021, revealed
that unsaturated hydraulic conductivity was smaller in highly burned sites than in low and
moderate burned areas (Figure 6). Specifically, K was on average 7.9, 17.7 and 32.7 mm h−1

in high, moderate and low burned areas, respectively. The reduction in infiltration capacity
from low burned areas to moderate and high burned sites was on average of 45% and 75%,
respectively. A slight increase in standard deviation was observed in measurements carried
out in low burned areas (about 10 mm h−1), whereas in moderate and high burned sites it
was about 5 and 4 mm h−1, respectively. No significant spatial pattern was observed across
the watershed.

4.4. Hydrological Impact of Storm on Watershed Runoff in Pre- and Post-Fire Condition

One of the impacts of fire on watershed runoff is the timing of hydrological response.
The presence of burned areas inside the Tinella watershed alters the time of concentration
value. In particular, tc was estimated as ~50 min both in WS10 and WS11 sub-basins in
pre-fire conditions, whereas its value decreases to ~40 min in post-fire condition using both
the HSR and DS method. The reduction of 20% in time of concentration led to speeding up
the hydrological response of both the watershed to the precipitation causing a shift of the
flood peak in post-fire conditions close to the rainfall peak (Figure 7a,b).
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In pre-fire conditions, the hydrological response of WS10 and WS11 sub-basins to the
two consecutive rainfall events (the first characterized by rainfall peak of about 60 mm h−1

and the second characterized by rainfall peak of about 40 mm h−1) was assessed to be very
similar. This is also confirmed by the CN value found on average for the two portions of
the Tinella watershed, which in pre-fire conditions was assessed to be about 66 in both
WS10 and WS11.

In pre-fire conditions, the simulations produced flood peaks ranging between 3.5 and
4 m3 s−1 for both sub-basins (Figure 7a,b). The hydrological losses (considered through the
CN value) in post-fire conditions were found to be 10% lower on average than in the pre-fire
conditions. In post-fire conditions, the CN value was assessed to be 76 and 73 on average
by applying the HSR method for the WS10 and WS11 sub-basin, respectively, whereas it
was assessed to be 72 and 71 by applying the DS method. This led to a substantial increase
in the flood peak in post-fire conditions in both the WS10 and WS11 sub-basins, however
several differences were revealed. Concerning the WS10, the increase in the maximum
flood peak from pre- to post-fire conditions was assessed to be 125%, more than doubling
from about 4 to 9 m3 s−1 using the HSR method, and 75% using the DS method (from 4 to
7 m3 s−1). Slight differences in flood peaks were found during the second rainfall event
using DS and HSR, with values ranging from 5.5 to 6.5 m3 s−1, respectively. In the WS11
sub-basin, the increase in the maximum flood peak from pre- to post-fire conditions was
assessed to be 86% using the HSR method (i.e., from about 3.5 to 6.5 m3 s−1) and 57%
using the DS method (i.e., from 3.5 to 5.5 m3 s−1). The flood peak difference between the
WS10 and WS11 sub-basins in post-fire conditions was 2 m3 s−1 on average, whereas the
maximum flood peak at the outlet of Tinella watershed was about 15 m3 s−1 (i.e., about
two times the maximum flood peak in the pre-fire condition). The overall flood volume
was estimated to be 39,700 m3 in the pre-fire condition, whereas in post-fire conditions it
was about 69,400 m3 using the HSR method (i.e., 75% higher than the pre-fire condition)
and 57,300 m3 using the DS method (i.e., about 45% higher than the pre-fire condition).

5. Discussion

Forest fire removed the canopy cover, and reduced soil infiltration capacity, all of
which then increased flood peaks after subsequent rainfall events. The reduction in the soil
infiltration capacity (−45% and −75% after moderate and high severity fires relative to low
severity areas) is consistent with those reported in previous studies [59,60]. Fire-induced
water repellency contributes to reduced soil infiltration rates, with stronger effects in higher
fire severities [59]. In particular, the clogging of soil pores, caused by small particles of
ash, reduces infiltration across the top layer of the soil, thus facilitating the development of
surface runoff [60]. Robichaud [61] found that hydraulic conductivity in natural watersheds
after high severity fire was 50% lower than in low severity fire, as a consequence of soil
surface crusting and sealing. Plaza-Álvarez et al. [62] found that soil hydraulic conductivity
in burned Mediterranean pine (Pinus pinaster Aiton) forests ranged from 20 to 50 mm h−1

with a constant decrease over all seasons of about 10 mm h−1 relative to unburned sites.
Flood peaks calculated under pre-fire conditions showed small variations (below

0.2 m3 s−1) between the first and second flood peaks occurring during the storm event (as
shown in Figure 7a,b). This can be explained considering the characteristics of the SCS-CN
approach applied for calculating the hydrological losses in the watershed. In particular, the
method allocated most of the hydrological losses in the first stage of precipitation, which
produced a stronger abatement of the flood peak resulting from the first rainfall relative
to the second one, although the intensity of the first rainfall event was about 50% higher.
Flood peaks increased in both watersheds as a result of forest fire, especially after the first
rainfall event (+75–125% and +57–86% in WS10 and WS11, respectively, according to the
methods used). Fire effects on flood peaks were less evident in WS11, where fire affected
only half of the watershed area. This evidence confirms that the difference in hydrological
response in WS11 compared to the WS10 sub-basin can be mainly ascribed to the different
size of the burned areas and local differences in fire severity.
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The enhanced hydrological response clearly highlights the increased sensitivity of
the burned basin to rainstorms. Additional reinforcing effects, although not analyzed
in this study, could be attributed to the reduction in water losses by evapotranspiration
after fire-induced tree mortality, and to the lower surface roughness produced by the
consumption of ground vegetation and litter [63]. Besides the impact on peak discharge,
forest fire can also strongly increase sediment yields, with repercussions on soil erosion
rates, water quality, and debris flow hazard [64].

The workflow illustrated in this study may contribute to the analysis of fire effects
in ungauged watersheds, integrating analysis of canopy mortality, soil hydrological prop-
erties, and hydraulic responses in catchments with spatially heterogenous disturbance
severities. These findings provide additional information that may help to improve the
understanding of the effect of forest fires on hydrological response, which is especially
relevant in the context of human-induced climate change. Global warming may in fact ex-
acerbate hydrological hazards as a consequence of forest fire, as a consequence of increased
fire frequency and severity [65], altered rainfall patterns [66], and loss of forest resilience
due to disturbances [67]. In this context, more research is required to improve the model
parametrization and calibration, while explicitly accounting for the spatial and temporal
variability of hydrological responses. Lastly, an integrated approach for the analysis of
hydrological consequences of forest fire in ungauged catchments could also support fire
prevention and recovery activities by highlighting spatial priorities for silvicultural actions
aimed at improving forest resistance to fire and accelerating post-fire recovery by afforesta-
tion measures, especially where natural vegetation response is not fast enough to ensure
hydrogeologic protection against future extreme rainfall [68].

6. Conclusions

In this study, an integrated approach that exploits a combination of remote and
in-situ data for a comprehensive evaluation of the impact of forest fire on hydrological
response of natural watersheds was tested on a real case study located in northern Italy.
Specifically, the NDVI obtained by Sentinel-2 images was used to identify burned areas
in the watershed and their level of fire severity, whereas direct infiltration measurements
performed in those areas through a Mini Disk Infiltrometer were used to better understand
the infiltration capacity of the soils in post-fire conditions. These data were included in a
semi-distributed rainfall–runoff model based on the SCS-CN method and lag-time for the
calculation of hydrological losses and flow propagation over the watershed, respectively.
Specifically, the impact of forest fire on the hydrological response was investigated through
a modelling experiment on the Tinella watershed, which was affected by a forest fire about
four years ago. On 24 September 2020, the Tinella watershed was hit by a storm event
with a maximum recorded return period of 120 years, which resulted in several damaged
sites within the watershed and downstream to the outlet. The characteristics of this storm
event were used as meteorological input to the modelling approach. The CN value was
adjusted as a function of the level of fire severity, whereas direct infiltration measurements
carried out in watershed areas affected by different burn severity were adopted to obtain
the proportional behavior of the initial abstraction as a function of burn severity level.

The results of this study show that the infiltration capacity of burned soil was deeply
affected by the forest fire with an unsaturated hydraulic conductivity that decreased by
45% and 75% from low to moderate, and from low to high burned sites, respectively. The
reduction in soil hydraulic conductivity and tree canopy cover actively altered the surface
runoff. Runoff hydrographs were found to be much sharper with considerably higher flood
peaks and runoff volumes. In particular, the flood peak and runoff volume in post-fire
conditions increased by up to 2.2 and 1.7 times compared to the pre-fire conditions.
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