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Abstract: Rain-on-snow (ROS) floods can cause economic damage and endanger human lives due
to the compound effect of rainfall and snowmelt, especially under climate change. In this study,
possible future changes of seasonality, magnitude and frequency characteristics of ROS floods were
investigated for the selected catchments in Slovenia, Europe. For this purpose, five global/regional
climate models (GCM/RCM) combinations were applied using the RCP4.5 climate scenario for the
period 1981–2100. To determine ROS floods’ characteristics in the future, a lumped conceptual
hydrological model Génie Rural à 6 paramètres Journalier (GR6J) with snow module CemaNeige
was applied. The results indicate that the number of ROS floods could increase in the future.
Moreover, also the magnitudes of extreme ROS floods could increase, while a slight decrease in the
median values of ROS flood magnitudes was observed. The strength of seasonality for a high-altitude
catchment could decrease in the future. A slight shift in the average ROS floods’ timing could be
expected. Furthermore, a catchment located in a temperate continental climate could have a different
response to the climate change impact in comparison to a catchment located in a mountain climate
with alpine characteristics. Additionally, differences among investigated climate models show a
large variability.
Keywords: rain-on-snow floods; climate change; hydrological modelling; peak discharges; lumped
model; compound events

1. Introduction
Floods that are caused by the so-called rain-on-snow (ROS) events can lead to major economic loss,
can endanger human lives and require efficient water management. The combined effect of snowmelt
and rainfall can lead to higher flood magnitudes compared to only snowmelt or rain-induced floods.
More specifically, in case of a ROS event moderate rainfall amounts can lead to significant runoff
because during a rainfall event latent heat input and long wave radiation can speed up snowmelt,
or antecedent snowmelt can lead to saturation of large areas, which increases runoff [1]. This means
that ROS events can be classified as compound events. Additionally, climate change is expected to
impact various hydro-meteorological variables and processes such as air temperature or temporal
and spatial rainfall distribution. These changes can also affect the runoff regime, flood characteristics,
and water management policies. However, it is still not clear how will climate-change-induced
alterations influence ROS events due to their compound nature.
It can be expected that the runoff regime will have a different dynamics that could lead to more
frequent and extreme flood events due to climate change. Numerous studies have been carried out
to assess the possible impact of climate change on the hydrological regime [2]. In [3], it was stated
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that global flood risk could rise by 187% due to the climate change impact compared to the situation
without climate change. ROS floods’ frequency could increase in the future due to the ascending
trend in air temperature and the changed rainfall regime. In this regard, flood risk changes have
been examined by taking into consideration climate change scenarios in various parts of the world
(e.g., [4–7]). Future shifts in extreme flow regimes in Alpine regions were investigated by [8], where the
results show that changes in extreme high-flow regimes for rainfall-dominated regions are different
than those in melt-dominated regions. They reported an increase in the maximum discharge in
rainfall-dominated regions in the future, whereas in melt-dominated regions the situation could be
opposite. The effects of climate change on climate variables such as precipitation, snowfall, and air
temperature, and hazards such as floods and droughts were investigated by [5] in the Alps in Europe.
They found that the increasing trend in air temperature could lead to significant decreases in the
snow amount and, given the climate projections for the 21st century, an increase in the frequency of
natural hazards such as floods. In [9], the ROS floods in the Sitter basin in Switzerland were examined.
The results revealed that the number of ROS events could increase due to the increase in air temperature
by about 2–4 ◦ C. In this regard, they stated that ROS events could cause severe floods in the future.
In the study by [10], the hydrological variables were simulated using regional climate models (RCMs)
and the influence of bias correction on the future (2071–2100) projection of hydrological extreme events
over Europe was investigated. The authors found that the flood occurrence interval in most European
rivers would decrease, whereas it would increase in the northeast part because of the warmer winter
and shorter snow period.
Because an increase in the number of extreme flood events has been observed over the last
decades in Slovenia [11], while climate change projections predict an increase in the air temperature
for all future periods in Slovenia [12], we could expect also changes in the occurrence of ROS events.
Therefore, the main aim of this study was to investigate the climate change impact on the frequency,
magnitude, and seasonality of ROS floods in the selected catchments located in various climate regions
in Slovenia.
2. Materials and Methods
2.1. Selected Catchments and Data Used
In order to investigate climate change impacts on ROS floods we selected three meso-scale
catchments located in various climate regions in Slovenia (Figure 1). The basic characteristics of these
catchments are shown in Table 1. A 20-m resolution digital elevation model was used to calculate
mean and maximum catchment elevations. Two of the case studies, namely the Soča and the Savinja,
are typical high-altitude alpine catchments where snow is present about 6–9 months per year. We also
selected the Gradaščica River catchment where snow is generally present for a shorter period (i.e.,
2–3 months per year) but still plays an important role in the runoff generation. The Gradaščica
River catchment is located in temperate continental climate whereas the Soča River and Savinja River
catchments are located in mountain climate (e.g., [13]).
Calibration and validation periods of the hydrological modelling are shown in Table 1 and were
defined based on the availability of daily discharge, rainfall, and air temperature data. The goal of
a data series division was to have 10 years for the validation period whereas the calibration period
was defined based on the discharge data availability. Table 1 shows the basic descriptive statistics of
daily discharge data used for the calibration and validation periods of all three considered catchments.
One can notice that maximum and mean specific discharge values are the highest for the Soča River
catchment mainly because this part of Slovenia has the highest annual rainfall amounts (i.e., more
than 3000 mm). Other two catchments receive less rainfall than the Soča River catchment. For each
considered catchment, the closest meteorological station with available rainfall (P) and air temperature
(T) data was selected. For the Soča case study, Kredarica (altitude 2513 m; P and T available) and Soča
(altitude 485 m; P available) stations were used. For the Savinja catchment, Solčava (altitude 658 m; P
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Gauging
GaugingStation
Station
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2]
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2]
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[km
Mean catchment elevation [m]
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Maximum catchment elevation [m]
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Validation
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[m3 /s]
Mean [m3/s]
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deviation
[m3/s]
2.2. Standard
Hydrological
Model

Kršovec
Kršovec
Soča
Soča
157.9
157.9
1376
1376
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2533
01/01/1964–31/12/2000
01/01/1964–
01/01/2001–31/12/2011
31/12/2000
1.7
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11.4
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Solčava
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Gradaščica
78.9
78.9
615
615
986986
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31/12/2005
0.3
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2.3
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0.3
3.1
2.3
55.6
3.1
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calculate the potential evapotranspiration used as an input to the hydrological model in this study.
In addition, the CemaNeige snow module requires also air temperature data and the catchment
hypsometric curve and adds two more parameters to the GR6J model version (i.e., eight parameters
in total). In [14,23], detailed descriptions of the GR4J and GR6J model versions with equations and
model structures were provided. Based on the catchment hypsometric curve, the CemaNeige snow
module divides a catchment into five elevation zones that have equal areas. The snow module only
uses precipitation and air temperature data as an input [15,16]. Precipitation and air temperature data
are extrapolated for each elevation zone and the differentiation between solid and liquid precipitation
is carried out. Each elevation zone has one conceptual store that represents the snow cover, and only
solid precipitation is used as an input to this store [15,16]. Furthermore, the transfer function is used
that enables the model to calculate the melted water from the conceptual snow store. This water is
added to the liquid part of the precipitation and then further for runoff calculations [15,16]. In [15,16],
a detailed description of the CemaNeige snow module was provided, which was also used in this
study together with the GR6J model version. The method proposed by [24], which is also implemented
in the airGR package, was applied to calibrate the hydrological model [19,20]. In order to evaluate the
calibration and validation performance of the hydrological model, the root mean square error (RMSE)
and Nash–Sutcliffe efficiency (NSE) criteria [25] were used, which are, beside the visual inspection,
the most widely used model performance criteria in hydrological applications [26].
2.3. Climate Change Scenarios
The pre-processing of climate change data used in this study was carried out in the scope of the
project entitled The Estimation of the Average and Extreme Meteorological and Hydrological Conditions
in Slovenia Over the 21st Century, by the Slovenian Environment Agency [12]. Under this project the
bias-corrected regional climate model projections ensemble from the EURO-CORDEX database was
analyzed [27]. The following combinations of the global/regional climate models (GCM/RCM) were
used: CNRM-CM5-LR/CCLM4-8-17 (Case 1), MPI-ESM-LR/CCLM4-8-17 (Case 2), EC-EARTH/HIRHAM5
(Case 3), IPSL-CM5A-MR/WRF331F (Case 4), and MPI-ESM-LR/RCA4 (Case 5). The focus was only on the
moderately optimistic scenario RCP4.5. High-resolution models were used in this study (i.e., resolution
approx. 140 km2 ). Firstly, the observed historical data for the baseline period (i.e., 1981–2010) were
interpolated to the same grid as that used by the RCM models. In the next step, bias-correction was applied
to model data for each variable (i.e., precipitation and air temperature) separately. Quantile mapping
was applied as a method for precipitation bias-correction using the methodology proposed by [28] and
qmap package in combination with R software [21]. Additionally, to obtain trends in temperature series
the quantile delta mapping (QDM) method was applied using the QDM function available in the MBC
package [29]. The same data were also used for investigating the impact of climate change on low- and
high-flow characteristics of the karst catchments in Slovenia [30].
The period from 1981 to 2100 was selected to investigate the potential future changes in ROS
floods’ characteristics. The 1981–2010 period was defined as a baseline period and future projections
were analyzed for three 30-year periods: 2011–2040, 2041–2070, and 2071–2100.
The projection results for the air temperature series in Slovenia predict an increase for all future
periods (i.e., 2011–2100), where the increase is generally lower for the period 2011–2040 (i.e., up to
1 ◦ C compared to the baseline period) compared to periods 2071–2100 and 2041–2070 (up to 2–3 ◦ C
compared to the baseline period) [12]. The spring and winter temperature increase could be more
pronounced than the summer and autumn increase [12]. The projection results demonstrate a small
difference in the projected temperature increase among the investigated catchments of this study.
Furthermore, projections indicate that precipitation could change from −5% to 5% for the
2011–2040 period compared to the baseline period. A potential increase for the precipitation amount for
the 2041–2070 and 2071–2100 periods could be in the range between 5% and 20% compared to the baseline
period [12]. Moreover, winter precipitation could increase in the future while, on the other hand, summer
precipitation could decrease in the future, especially for the 2011–2040 and 2041–2070 periods [12].
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2.4. Selection of the Rain-On-Snow Floods and Methods Used for the Analysis
ROS floods were identified using the discharge threshold that was determined depending on
the information about actual flooding at the location of the selected discharge gauging stations.
This information was provided by the Slovenian Environment Agency that is responsible for flood
forecasting in Slovenia and uses these threshold values for issuing flood warnings. When the discharge
at a particular location reaches the threshold value, the yellow warning is issued, which indicates
that flooding can occur. We defined flood events based on the selected threshold values at individual
discharge gauging stations. Because the range of discharge values using climate projections is not
exactly the same as the range for the historical discharge data, we used the discharge-return period
relationship using the historical data to define the corresponding return period (T) at which flooding
occurs. This relationship was defined using the generalized extreme value (GEV) distribution and
by applying the L-moments method for parameter estimation, which means that the flood-frequency
analysis (FFA) procedure was performed. A more detailed description of the procedure can be
found in, e.g., [30]. Furthermore, the FFA was also carried out using simulated discharge values by
applying the climate projections. Based on the return period value (T) defined in the previous step
(i.e., historical discharge data) we defined new corresponding discharge thresholds for all three case
studies considered. In order to extract only ROS floods, the criteria for snow melting were defined,
i.e., only flood events with melt values in any of the CemaNeige GR6J elevation zones larger than
0.1 mm/day were selected. Thus, ROS floods were defined based on the two criteria (i.e., snow melting
and discharge above the threshold). Additionally, we checked if high discharge values were associated
with rainfall events that might have taken place in the range of a few days before the high discharge
value. In the case when ROS-flood duration was longer than one day, only the day with a maximum
discharge was considered for further analysis.
The methodology proposed by [31] was applied in order to investigate seasonal characteristics
of ROS floods. An example of the application of the selected methodology can be found in [32,33].
We calculated the mean direction of the flood date (MD) (i.e., day of the year) using all ROS floods
in the selected period for each case study and four considered periods. Moreover, based on all ROS
floods in a specific period, strength of seasonality r [0,1] was calculated.
3. Results and Discussion
3.1. Model Calibration and Validation
As a first step of the study the CemaNeige GR6J model was calibrated and then validated using
historical data. The RMSE results for the calibration period were 3.1, 2.6, and 1.5 mm for the Soča,
Savinja, and Gradaščica case studies, respectively. The RMSE results for the validation period were 2.6,
1.9, and 2.0 mm for the Soča, Savinja, and Gradaščica case studies, respectively. The NSE results for the
calibration period were 0.77, 0.42, and 0.75 for the Soča, Savinja and Gradaščica case studies, respectively.
The NSE results for the validation period were 0.77, 0.44, and 0.77 for the Soča, Savinja, and Gradaščica
case studies, respectively. According to the NSE criterion results, the best modelling performance for the
calibration period was obtained for the Soča River catchment. A similar performance was obtained also
for the Gradaščica River case study, whereas a worse performance according to the NSE criterion for the
calibration period was obtained for the Savinja River case study. For the validation period, the NSE criterion
results show a similar situation as for the calibration period, whereas RMSE revealed the best performance
for the Savinja and Gradaščica rivers case studies and slightly worse results for the Soča River. Other results
for the Savinja River catchment are not shown, based on the suggestion of Moriasi et al. [34], who argued
that NSE values below 0.5 using the daily time step can be regarded as an unsatisfactory modelling result.
An example of runoff modelling for the calibration period for the Soča River case study is presented in
Figure 2. Visual inspection of modelling performance using the 30-day rolling mean, the non-exceedance
probability, and a scatter plot showing simulated and observed flow data (e.g., lower panel of the Figure 2)
for the Soča and Gradaščica case studies returns satisfactory results.
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3.2.1. Seasonality
As a first step of the study, we investigated changes in the seasonality of the ROS floods due to
the climate change. For this purpose, we applied the methodology shown in Section 2.4 where we
investigated how the direction (i.e., day) of ROS floods and the strength of seasonality change. Figure 3
shows a few randomly selected examples of the seasonality characteristics of ROS floods for two
selected case studies and for some GCM/RCM models. Circles of different colors indicate ROS floods
that occurred in different periods from 1981 to 2100. Based on all ROS floods in a specific period we
also calculated the resultant (i.e., mean) event. Results demonstrate that for the Soča River case study
most of the events occur in autumn and a few of them also in spring (Figure 3). For the Gradaščica
River case study, the situation is a bit different because ROS floods are occurring from October to
April and many events also occur in the winter period (Figure 3). In Slovenia, floods usually occur
in autumn period, which was also shown by [31] who investigated flood characteristics of the Litija
gauging station on the Sava River. A similar flood timing can also be found in neighboring countries
such as Austria. For example, in [35] it was stated that in central and southern parts of Austria extreme
flood events mostly occur in autumn. In [36], it was pointed out that largest floods occur in autumn in
Carinthia (Southern Austria) and that strength of seasonality (r) is generally around 1. On the other
hand, seasonality is less explicit for the Litija station on the Sava River [31]. Based on the selected five
GCM/RCM models we also calculated median values for four investigated 30-year periods. The median
values of strength of seasonality r for the 1981–2010 (i.e., baseline) period were 0.77 and 0.70 for the
Soča and Gradaščica case studies, respectively. Table 2 shows relative differences in the strength of
seasonality compared to the baseline period for all three considered catchments. One can notice that
for the Soča case study the strength of seasonality could decrease in the future, which could indicate a
larger diversity in the timing of ROS floods. A similar conclusion can be made for the 2011–2040 period
for the Gradaščica River case study while for the 2041–2070 and 2071–2100 periods seasonality could be
more explicit. One can also note that the changes are in the range of 15% (Table 2). For the Soča River
case study, the median of the MD for the baseline period is in mid-October. Due to climate change,
we could expect that the occurrence of the majority of ROS floods could shift by a few weeks towards
the beginning of November (Table 2). Moreover, for the Gradaščica River case study the median value
of the MD for the baseline period indicates that ROS floods are the most frequent in end-December.
We can conclude that climate change in case of the two considered catchments could in general lead to
a somewhat different seasonal occurrence of ROS floods (i.e., a few weeks later) and that ROS floods
could occur over a larger time span of the year, which could lead to a smaller strength of seasonality.
The same climate-change-induced shifts in flood timings in the Balkan region were also reported
by [37]. However, stronger seasonality in the future can be observed for some cases shown in Figure 3.
Moreover, there are some differences among the investigated cases (i.e., GCM/RCM models) with
respect to the number and seasonal timing of ROS floods (Figure 3). For example, for the baseline
period for the Soča River case study, strength of seasonality r could vary from 0.53 to 0.82 with a
median value of 0.77. Similar behavior can also be observed for the MD variable, which is in the
range from 248 (i.e., start of September) to 298 (i.e., end of October) with a median value of 286 (i.e.,
mid-October). Similar conclusions can be made for other periods and the other case study where the
difference among investigated cases can be more than 50%.
Table 2. Relative differences between median strength of seasonality (r), mean direction of the flood date
(MD), number (N), and magnitudes (Q) of rain-on-snow (ROS) floods for different periods compared to
the baseline period. Median values were calculated based on the results of all five investigated cases.
Relative Difference [%]
Compared to the 1981–2010

Soča River
(r; MD)

Soča River
(N; Q)

Gradaščica River
(r; MD)

Gradaščica River
(N; Q)

2011–2040
2041–2070
2071–2100

−12.9; 2.3
−7.8; 4.4
−11.7; 6.3

8; −5
69; −9
46; −2

−15.7; 0.6
2.8; 6.5
14.3; 7.0

−13; 3
47; 3
33; 0
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Figure 3. Examples of the seasonality investigation for different global/regional climate models
(GCM/RCM) models showing all ROS floods (circles) and resultants (i.e., average values) indicated
(GCM/RCM) models showing all ROS floods (circles) and resultants (i.e., average values) indicated
with arrows of different colors for different periods. (a) Soča River for Case 1, (b) Soča River for Case 2,
with arrows of different colors for different periods. (a) Soča River for Case 1, (b) Soča River for Case
(c) Gradaščica River for Case 3, (d) Gradaščica River for Case 4.
2, (c) Gradaščica River for Case 3, (d) Gradaščica River for Case 4.
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(Table
2).
Similar
results
were
the frequency of natural hazards and ROS floods could increase in the future. Additionally, similarly
also
by [5,9],investigation
who found that
theare
frequency
of naturalamong
hazardsthe
and
ROS
floods could
increase
as forobtained
the seasonality
there
large differences
five
investigated
cases.
in the future. Additionally, similarly as for the seasonality investigation there are large differences
among the five investigated cases.
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baseline period (1981–2010) for the Soča river for all GCM/RCM models. If we compare median
baseline period (1981–2010) for the Soča river for all GCM/RCM models. If we compare median values
values for the Soča catchment, one model (i.e., Case 1) predicts an increase in ROS floods magnitudes.
for the Soča catchment, one model (i.e., Case 1) predicts an increase in ROS floods magnitudes. On the
On the other hand, three models (i.e., Cases 2, 4, and 5) predict smaller values in the future. The
other hand, three models (i.e., Cases 2, 4, and 5) predict smaller values in the future. The median values
median values of all ROS floods for all five cases shown in Table 2 indicate a decrease in the ROSof all ROS floods for all five cases shown in Table 2 indicate a decrease in the ROS-flood magnitudes in
flood magnitudes in the Soča River catchment in the future compared to the baseline period. On the
the Soča River catchment in the future compared to the baseline period. On the other hand, it is true
other hand, it is true that the most extreme ROS-flood magnitudes could increase in the future (Figure
that the most extreme ROS-flood magnitudes could increase in the future (Figure 4). Similar results
4). Similar results were also obtained by [38]. Similarly, as for the Soča River catchment all models
were also obtained by [38]. Similarly, as for the Soča River catchment all models predict that the
predict that the magnitudes of the most extreme ROS floods could increase. For the Gradaščica River,
magnitudes of the most extreme ROS floods could increase. For the Gradaščica River, which has
which has temperate continental climate characteristics, the magnitude of ROS floods seems to be
temperate continental climate characteristics, the magnitude of ROS floods seems to be higher in the
higher in the 2011–2040 compared to the baseline period for the Cases 1, 2, and 3. Results shown in
2011–2040 compared to the baseline period for the Cases 1, 2, and 3. Results shown in Table 2 indicate
Table 2 indicate that median values of ROS-flood magnitudes for the Gradaščica catchment could
that median values of ROS-flood magnitudes for the Gradaščica catchment could slightly increase
slightly increase in the future. However, in other future periods, ROS-flood magnitudes have a
in the future. However, in other future periods, ROS-flood magnitudes have a changing pattern in
changing pattern in comparison to the baseline period for each climate model.
comparison to the baseline period for each climate model.
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4. Conclusions
Climate change can lead to changes in the characteristics of ROS floods in the future in many
parts of the world. In this regard, we investigated the possible changes in seasonality, magnitude,
and frequency of ROS floods in the future for the two selected catchments located in different climate
regions in Slovenia. The CemaNeige GR6J lumped conceptual model was applied for the simulation of
ROS floods in combination with the results of five GCM/RCM models for the RCP4.5 climate scenario.
Based on the presented results the following conclusions can be made:
-

-

-

-

For catchments located at higher elevations (i.e., Soča) with mountain climate characteristics,
the strength of seasonality of ROS events could decrease in the future (i.e., based on the median
result of five GCM/RCM models). This means that ROS floods may occur more frequently in the
periods of the year in which in the past we only had few events.
A shift (i.e., one or two weeks) in the time of occurrence (MD) of ROS floods could be expected
for both investigated catchments in the future (i.e., based on the median result of five GCM/RCM
models).
In general, more ROS floods can be expected in the future. Moreover, the magnitudes of the
most severe ROS floods could increase. However, median values indicate a slight decrease in
ROS-flood magnitudes, which could be attributed to the fact that the number of small magnitude
ROS floods would also increase.
Results indicate a high variability among the five investigated GCM/RCM models, which could be
related to the high uncertainty. Therefore, additional investigation into ROS-flood characteristics
in the future is needed to validate the aforementioned conclusions. This means that more studies
should be conducted in similar environments. Along with the changes in the meteorological
conditions, which are incorporated in the GCM/RCM models, one could also expect other changes
in the future, such as land-use changes, which also have an effect on the elements of the water
cycle that are related to the ROS-mechanism generation.
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