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Abstract: Climate change has increased forest fire risk across Europe, leading to negative impact on
air and water quality, biodiversity, soil and landscape aesthetics. Fire events in Mediterranean areas
are linked to adverse effects on watersheds’ hydrological regimes and increased surface runoff. The
objective of this work is to investigate the hydrological response under pre- and post-fire conditions
at a catchment scale. The study area is the mountainous area affected by the recent fire events of
July 2021 in Cyprus. The methodological approach that was developed and applied involves the
GIS-based implementation of the time-area (TA) diagram method for the unit hydrograph (UH)
determination, under the two scenarios (pre- and post-fire), as well as the estimation of hydrological
losses using the SCS-CN method for both scenarios. Two typical rainfall-runoff events for return
periods of 20 and 100 years are compared for both scenarios regarding total runoff volume, peak
discharge and time to peak. This first investigation of hydrological changes before and after a fire
event in the area leads to the conclusion that, mainly due to the reduction of vegetation and soil
permeability, there is a significant increase in the peak flow discharge and the total runoff volume.

Keywords: hydrological response; forest fire impact; floods; unit hydrograph; Cyprus

1. Introduction

Forest fires and floods are amongst the most common natural disasters, causing
significant environmental degradation, destruction of properties, damage to infrastructure
and even loss of life. These natural processes can cause natural disasters on interaction with
human-made aspects such as the existence of settlements, agriculture and infrastructure [1].
In recent decades, climate change has increased forest fire risk across Europe, especially
in the vulnerable Mediterranean areas [2]. Large-scale fire events affect the hydrological
behavior of watersheds, as they alter the land cover distribution and the soil characteristics
(e.g., [3,4]). The fire also contributes to increased soil erosion yield, which leads to higher
values in peak discharge. The increased surface runoff ranges from 11–300% in large
watersheds to 800% in the smaller ones.

On 3 July 2021, a severe fire event broke out in the Limassol province in Cyprus, leading
to the evacuation of the villages Arakapas, Melini, Ora, Odou, Sykopetra, Eptagonia and
Ayioi Vavatsinias. A total area of about 30 km2 suffered from this natural disaster; a high
number of houses were destroyed, and large areas of pine forest and other vegetation
were burned in just a few hours. The objective of this work is the investigation of the
hydrological response under pre- and post-fire conditions at a catchment scale for the area
affected by this fire event. This analysis is particularly important for the region, since the
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recent fire has not been studied yet in terms of hydrological procedures that have been
affected by the new regime. The investigation of hydrological changes before and after a
fire event at a catchment scale leads to the conclusion that, mainly due to the reduction of
vegetation and soil permeability, there is a significant increase in the peak flow discharge
and the total runoff volume, which is in agreement with previous studies in the field [5]. In
general, the proposed approach provides useful information for decision making in natural
disaster prevention and management, contributing further to the redesigning of works to
control floods and erosion.

2. Study Area and Data Used

The study area that has been affected by the recent fire event of July 2021 in Cyprus
is divided into eight (8) sub-basins (Figure 1, Table 1), and it is in the mountainous area
between Limassol and Larnaca provinces. This widespread fire, which is considered the
most destructive one in the history of Cyprus in terms of human and economic losses,
shaped a new hydrological regime in the area, as around 3134 hectares of vegetation area
were burnt. As presented in the map of Figure 1, the eight sub-basins are named according
to the main river that they are drained by and their orientation. Thus, three sub-basins
are drained by the Germasogeia River, three sub-basins are drained by the Vasilikos River
and one sub-basin is drained by the Maroni River. The mean altitude and surface slope
for the study area are 628 m and 30%, respectively, and the predominant land-cover types
are coniferous forest and sclerophyllous vegetation, according to the available information
provided by the CORINE Land Cover (2018) [6].
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Table 1. Geomorphological characteristics of the eight sub-basins.

Sub-Basins Area (km2)
Elevation (m) Slope (%)

Min Mean Max Min Mean Max

Germasogeia_W (G_W) 46.35 367 771 1539 0 41 264
Germasogeia_E (G_E) 27.82 367 733 1374 0 38 118
Germasogeia_S (G_S) 51.94 62 407 900 0 33 127
Vasilikos_W (V_W) 19.13 368 590 1282 0 22 90
Vasilikos_E (V_E) 28.33 366 765 1362 0 35 120
Vasilikos_S (V_S) 15.33 245 463 778 0 24 83

Vasilikos_SE (V_SE) 14.86 239 473 836 0 26 80
Maroni 20.17 450 817 1362 0 33 97

As the study area consists of ungauged basins, the hydrological analysis was per-
formed using only open access datasets. Table 2 summarizes the datasets that were analyzed
in a GIS environment, in order to create the necessary thematic layers as a basis for the hy-
drological analysis. Additionally, data regarding the available intensity-duration-frequency
(IDF) curves from several meteorological stations that operate in the area were used as
provided by [7]. Finally, data regarding soil type distribution, and other useful available
geographical datasets were incorporated in the analysis, as listed in the same table.

Table 2. Datasets.

Data Type Data Used Source

SRTM Digital
Terrain Model Digital Elevation Model (30 m) earthexplorer.usgs.gov

Land cover
distribution CORINE Land Cover 2018 database land.copernicus.eu

Soil Classification European Soil DTB/Digital Soil Map of
the World/Soil Groups

ESDAC (no data for
Cyprus)/FAO/HYSOGs

Geographical data
(layers)

Watersheds (main and subdivisions),
Thiessen polygons geoportal.ermis-f.eu

Fire in Cyprus/
Area of Interest

Emergency Management
Service—Mapping emergency.copernicus.eu

Meteorological/Hydrological IDF curves [7]

3. Methodology

The methodological approach that was developed and applied for the eight sub-
basins’ hydrological analysis involved: (i) unit hydrograph (UH) determination using the
GIS-based time-area diagram (TAD) method [8,9] for both pre- and post-fire conditions,
as well as (ii) the design storm hyetographs that were determined using the alternating
block method (ABM) [10] for the two rainfall scenarios of 20- and 100-year return periods.
The estimation of hydrological losses was calculated using the SCS-CN method for both
scenarios. Thus, two indicative flood events were investigated through performing event-
based rainfall-runoff simulations. The results were compared regarding total runoff volume,
peak discharge, and time to peak for each sub-basin and for pre- and post-fire conditions.

3.1. TAD Method and UHs

The development of the TAD method in a GIS environment requires the utilization of
geographical data, such as the Digital Elevation Model (DEM), as the input terrain dataset,
and a layer regarding land cover distribution [6], which is used for the Manning coefficient
(K factor) determination. The K factor associated with the land-cover type is defined for
both states (pre- and post-fire conditions). As shown in Figure 2, these datasets are involved
in the calculation of the overland and in-channel flow velocities for each sub-basin, a dataset
that is necessary for the determination of each cell’s runoff time to watershed outlet. Using
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the map algebra tool, a final raster dataset regarding isochronous curves is obtained, which
is then re-classified to extract the TAD at a catchment-scale (Figure 3).
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3.2. ABM for Design Storm Hyetographs and SCS-CN Method for Hydrological Losses Estimation

Design hyetographs were calculated for two scenarios regarding return period (20 and
100 years) using the IDF curves in the given meteorological stations’ positions within the
study area. The temporal distribution of rainfall was determined using the ABM and the
hydrological losses were estimated with the SCS—CN method [11]. For the current study,
the weighted (average) value of CN was determined for each sub-basin based on the land
uses and hydrological soil type distribution. As shown in Table 3, the pre-fire values of CN
are lower than the post-fire ones, since the latter are heavily dependent on the altered land
uses corresponding to the burnt area.

Table 3. Main hydrological characteristics of the flood hydrographs for each sub-basin.

Sub-Basin

G_W G_E G_S V_W V_E V_S V_SE M

Area (km2) 46.35 27.82 51.94 19.13 28.33 15.33 14.86 20.17
Burnt area (km2) 0.31 6.46 1.43 6.75 10.95 0.16 2.24 3.67
Burnt area (%) 1% 23% 3% 35% 39% 1% 15% 18%

CN
(weighted values)

bf 1 75.96 73.53 73.81 77.57 76.62 73.71 76.80 73.48
af 76.20 76.93 74.32 82.18 82.00 73.93 79.34 76.72

Peak discharge
(m3/s)

UH bf 22.34 8.63 14.73 9.10 20.87 6.20 8.67 5.92
UH af 22.64 11.84 14.73 12.56 22.43 6.20 9.73 9.14
FH bf, T20 82.46 27.58 36.58 30.18 47.04 14.89 24.01 17.56
FH af, T20 82.92 42.04 37.56 41.72 68.08 15.08 29.22 19.19
FH bf, T100 139.39 58.03 56.68 45.16 73.64 24.65 38.35 26.99
FH af, T100 139.70 70.40 57.90 60.67 96.57 27.87 45.39 31.29

Time to
peak (h)

UH bf/af 7/7 4/2 8/8 5/2 6/4 3/3 3/3 10/2
FH bf/af, T20 19/19 17/14 20/20 17/14 18/15 16/16 15/15 21/14
FH bf/af,
T100 19/18 17/14 20/20 18/14 17/15 16/16 15/15 20/14

1 Before fire (bf), after fire (af), flood hydrograph (FH).

4. Results and Discussion

The determination of the UHs using a GIS-based approach for the TAD method
development and for hydrological conditions prior to and after the fire event for each
sub-basin (e.g., Figure 4), illustrates the fact that severe fire events affect a watershed’s
hydrological response in many ways; they generally increase the peak discharge and
reduce the time to peak. For reasons of comparison, indicative results are summarized in
Table 3, while in the same table one can see that the values of CN used for the hydrological
losses estimation also differ in accordance with the total burned area. In general, after this
fire event, the value of CN is increased due to changes in land use. In the sub-basins of
Vasilikos_W and Vasilikos_E, the highest values of CN are estimated, since these areas have
the higher proportion of burnt area. As a result, for example, the sub-basin Vasilikos_W,
with a 35% burnt area, presents a peak discharge of 28% higher compared to the pre-fire
conditions, and a time to peak 60% lower than the one calculated before fire. On the other
hand, sub-basins with a burnt area of 1–3% of the total area, such as the Germasogeia_W,
Germasogeia_S and Vasilikos_S sub-basins, do not show any significant change in peak
discharge and time to peak compared to the pre-fire conditions.
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Figure 4. Comparison in the UHs, as calculated for pre- and post-fire conditions, indicative for two
sub-basins.

5. Concluding Remarks

This paper examines the hydrological response of eight sub-basins under both pre-
and post-fire conditions. The hydrological analysis that is executed for the study area
illustrates the systematic increase in the peak discharge and the total volume, and the
reduction in the time to peak. We also highlight that the more burned areas there are,
the stronger the influence in runoff increase will be. Our results underline the significant
fire impact on hydrological response, since generally this land cover change increases the
effective rain and the roughness coefficient and, consequently, the peak discharge and runoff
volume, and further reduces the time to peak during a rainfall event. The fire impact could
further increase flood risk in lowlands, as the downstream area is defined as of potentially
significant flood risk even before the fire. For instance, in the Germasogeia River Basin,
areas located downstream of the July 2021 fire-affected area have been already included in
the areas of potentially significant flood risk, and the fact that the river has higher potential
to cause flooding during the post-fire period should be taken into consideration. Generally,
many parts of the fire-affected area are expected to be more susceptible to desertification,
erosion, landslides and floods in the post-fire period. The need for re-assessment of
their susceptibility is imperative. This analysis provides useful information for decision
making in natural disasters’ prevention and management, and for re-designing flood and
erosion works.
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