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Abstract: In recent decades, climate change has become a critical global issue with far-reaching
consequences for regional climates and ecosystems. While regional climate models provide valuable
information, there is a growing need for high-resolution simulations to assess local impacts. This
paper addresses this gap by presenting the first simulation of a 3 km convection-permitting (CP)
scenario simulation for Bulgaria. The main aim of this study is to assess different precipitation indices
and their future changes for Bulgaria under the Representative Concentration Pathway 8.5 (RCP8.5)
scenario following the Coordinated Regional Climate Downscaling Experiment Flagship Pilot Study
protocol. The simulations are evaluated against high-resolution observations. We downscale Coupled
Model Intercomparison Project 5 Global Climate Model (CMIP5 GCM) data for historical (1995-2004)
and future (2089-2098) periods using a regional climate model (RCM) at 15 km grid spacing and
parametrized convection. We use these fields as initial and boundary conditions for convection-
permitting kilometer-scale simulations. The 15 km grid spacing driving model is used as a reference
to assess the added value of the kilometer-scale simulation. Additionally, the 3 km seasonal mean
and projected 2 m temperature and the winter snow water equivalent are presented. The results show
that the kilometer-scale simulation shows better performance of wet-hour intensity in all seasons,
wet-hour frequency in the spring, fall, and winter, and extreme precipitation (99.9th percentile of
all precipitation events, p99.9) in the winter and fall. The kilometer-scale simulation improves the
projected precipitation distribution and modifies the signal of the precipitation frequency, intensity,
and heavy precipitation change over some areas. A positive projected change in the wet-hour intensity
is expected in all seasons (13.86% in spring, MAM, 17.48% in summer, JJA, 1.97% in fall, SON, and
17.43% in winter, DJF) and in the heavy precipitation in the spring (13.14%) and winter (31.19%) in the
kilometer-scale experiment. The projected increase in mean winter precipitation is accompanied by a
significant decrease in mean winter snowfall over lowlands (50—70%). The convection-permitting
Regional Climate Model, version 4.7.1 (RegCM4.7.1) suggests an increase in winter snowfall over the
highest parts of the country, but a significant increase in the 2 m temperatures there. The results of
this study are encouraging and may be of interest to the community of climate scientists and users of
climate data for making reliable estimates of the local impacts of future climate change.

Keywords: convection-permitting modeling; regional climate modeling; climate projections; extreme
precipitation; frequency; intensity; kilometer-scale; Bulgaria

1. Introduction

Recent advances in supercomputer power and the development of regional climate
models (RCMs) provide the opportunity to run regional climate models at a kilometer-
scale resolution [1-6]. These models represent convection explicitly without a convec-
tion parametrization scheme and are commonly called “convection-permitting” models
(CPMs) [1-3,6,7]. Regional climate models use a convection parametrization scheme, and
they have typical grid spacing greater than 10 km. Such convection schemes are known as
the main source of model errors and uncertainties [5-9]. Convection-permitting regional
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climate models (CPRCMs) appeared as a hopeful tool to improve the representation of
precipitation metrics at the hourly and sub-daily timescales [7,9]. An increase in computa-
tional resources has made it possible to run regional climate models on kilometer-scale grid
spacing even at continental domains. Several international projects have been launched to
produce and compare convection—permitting climate simulations from different climate
research institutes and universities in Europe (the Coordinated Regional Climate Downscal-
ing Experiment Flagship Pilot Studies, CORDEX-FPS [1], the European Climate Prediction
System, EUCP [10]). Recent studies using 10-year-long convection-permitting simulations
reveal that finer resolution reduces the present-day biases in precipitation [11,12]. The
results in [12] confirm the improved performance of CP models in simulating important
characteristics of daily and hourly precipitation and extreme events. CPMs show improve-
ments in the spatial structure and diurnal cycle of precipitation [6,7,9,13,14]. Recently, the
first ensemble CP multi-model assessment studies were performed over the domain of
the Mediterranean and the Alps region [1,11]. The advantages of convection-permitting
models concerning regional climate models are evident, especially for sub-daily precipita-
tion [4,15,16], and precipitation frequency and intensity are better represented over complex
terrain with kilometer-scale models [9,17,18].

Climate change simulations at the CP scale are now available for continental domains.
For example, CP continental simulations for Europe are shown in [19-21], and those for
Africa and North America are shown in [22,23]. Pichelli [24] presents the first multi-model
ensemble of 10-year CP scenario simulation over the Alpine region. The main findings con-
firm that the kilometer-scale ensemble can improve the representation of mean daily and
hourly precipitation metrics and modify the precipitation change signal over some regions.
Chan [19] examines the km-scale projected changes for a European-wide domain using
the 2.2 km UK, Exeter Met Office Unified Model. Unfortunately, the territory of Bulgaria,
as a county in southeastern Europe, is not considered in these studies. Lucas—Picher [3]
gives an overview of the latest developments using convection-permitting regional climate
models. Recent studies show enhanced changes in extreme precipitation over Europe
compared with regional climate models [19,24,25]. Collaborations among several institutes
have performed multi-model-based convection-permitting simulations (CORDEX-FPS).
Coppola [1] examines climate sensitivity studies of different CP models and their uncertain-
ties. However, it should be noted that high-resolution models with grid spacings on a km
scale still apply parameterizations for microphysics, turbulence, and shallow convection.
High spatial-resolution climate simulations need high-resolution gridded observational
datasets for evaluation [26]. This problem becomes especially relevant for regions with
sparsely distributed weather stations.

The regional climate model version 4 (RegCM4) [2,27] was used in this study. The
model has a non-hydrostatic dynamic core based on MM5, which can be used for km-scale
applications [2]. The present-day/hour performance of the RegCM4 model for Bulgaria
was recently investigated in [28-30] for the period 2000-2010 using ERA-Interim as an
initial and boundary condition. The aim of this study is to assess historical (1995-2004) and
future (2089-2098) climate simulations with the RegCM version 4.7.1 model at regional
and convection-permitting scales for Bulgaria. The special focus is on precipitation metrics
and also on future 2 m temperature and winter snowfall. This is the first time that CPM
has been used to provide Bulgarian future climate projections at the km-scale. These new
simulations allow us to examine the benefits of CPMs across the county. The novel aspects
of this study are connected with producing very high spatial and temporal resolution
climate change information for this region that will be of interest to climate information
users, such as policymakers, stakeholders, and others, for the assessment of the added
value of CPM simulation regarding RCM simulation and the assessment of the impact of
climate change on heavy precipitation events, winter snowfall, and 2 m temperature for
Bulgaria. The periods were chosen following the CORDEX—FPS protocol [1].

This paper is structured as follows: In Section 2, we present the materials and methods
used in this study. Section 3 provides an assessment of precipitation metrics at daily and
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hourly scales for the historical period and also the future climate projections of precipitation
indices, winter snowfall, and 2 m temperature for the territory of Bulgaria. In Section 4, we
present a discussion and the conclusions.

2. Materials and Methods
2.1. Study Area

Bulgaria is situated in southeastern Europe on the Balkan Peninsula (Figure 1). It
is known for its diverse geography, which includes mountains, plains, and a coastline
along the Black Sea. Located in southwestern Bulgaria, the Rila Mountain is home to
the highest peak in the Balkan Peninsula, Musala, which reaches an elevation of 2925 m.
The country experiences a wide range of precipitation patterns, influenced by both conti-
nental and Mediterranean climate regimes, as well as local topographic features such as
mountains, valleys, and coastal areas [31]. Precipitation plays a crucial role in the water
balance and ecosystems of Bulgaria. This makes the accurate simulation of historical and
future precipitation statistics of paramount importance for various sectors like agriculture,
hydrology, and disaster risk management. The simulations were performed on a Discoverer
supercomputer located in Sofia (Bulgaria), with a time-stepping of 6 s and a model domain
of 260 x 200 grid points for the CP simulations. The forcing at the lateral boundaries was
updated every 6 h.

Map of Europe

10°E 20°€ 30" (@) Map of Europe and locations of the analyzed domains:
= T »x Balkan Peninsula domain - RCM 15 km (6.08 °E — 41.96 °E,
;ﬂ"‘ ™ ; ~ ] 32.47 °N - 50.54 °N) in pink color (2550 km * 1920 km) and

Bulgarid domain - CPRCM 3 km (19.91 “E - 3009 °E, 39.76
°N — 45.32 °N) in blue color (780 km x 600 km).

Longitude

(b) 15 km RCM domain (c) 3 km CPRCM domain

Surface Model Elevation (m) at 15 km grid spacing

Surface Model Elevation {m) at 3 km grid spacing

Figure 1. Analyzed domains (a) and surface model elevation (m) at a 15 km grid spacing for the
Balkan Peninsula domain (b) and a 3 km grid spacing for Bulgaria (c). The red line indicates the
analyzed domains after removing the buffer zone from each size.



Atmosphere 2024, 15, 91

4 0f 20

2.2. The RegCM Model

In this study, historical and future 10-year simulations at 15 km (RCM) and 3 km
(CPRCM) grid spacings were performed with the RegCM4 [2,27] model. It uses the CCSM
radiation scheme [32]; the planetary boundary layer is parametrized with a modified
Holtslag scheme [33], and the microphysics scheme is SUBEX [34]. For land surface repre-
sentation, we used the BATS scheme [35], and for ocean fluxes, we followed Zeng [36]. The
Kain-Fritsch cumulus convection scheme was used [37,38] for the intermediate simulation,
and the MMS5 shallow cumulus scheme [2,39] was used for the convection-permitting (CP)
simulations. This configuration was chosen in previous studies [28,29,40] and showed the
best results for the studied territory. We use a Lambert Conformal Conic projection suitable
for mid-latitudes. For the initial and lateral boundary conditions for the intermediate run,
the CMIP5 GCM HadGEM2—ES (Met Office Hadley Centre Global Climate Model) [41]
under the RCP8.5 scenario [42] was used for the periods 1975-2004 and 2089-2098 and
updated every 6 h for the Balkan Peninsula region. It provides data for the initial and
lateral boundary conditions for the convection-permitting run at a 3 km grid spacing. This
business-as-usual scenario represents the worst-case future, in which no climate change
mitigation measures are taken. The HadGEM2—ES global climate model has 38 vertical
levels (~40 km height) and horizontal grid spacings of 1.25° x 1.875°. This is equivalent to
a grid spacing of about 120 km x 139 km at mid-latitude.

2.3. Simulation Set-Up

The CP simulation (260 x 200 grid cells) has a horizontal grid spacing of 3 km,
41 vertical levels, and a time step of 6 s. The CP model (CPRCM) is nested into the
regional climate model (RCM) (170 x 128 grid cells) at a 15 km grid spacing driven by the
HadGEM2—ES GCM [41] (1.25° x 1.875°) (Figure 1). Both models use the non-hydrostatic
dynamical core of RegCM. For coarse-resolution simulation, we used parameterized deep
convection, while for the km-scale simulation, we used only shallow convection. The
simulations were evaluated against high-resolution data. Both simulations used the years
1994 and 2088 as a spin-up, and these years were removed from the analysis.

The CP simulation ran on the Bulgarian European High Performance Computing Joint
Undertaking (EuroHPC JU) Discoverer supercomputer using, on average, 500 processors,
for a total actual runtime of about 1400 h (0.7 million core-hours) and 20 TB of disk usage
before post-processing for its 20 years of 3 km simulations. The analysis of the 3 km and
15 km simulations is presented in Section 3.

2.4. Data Sources

The availability of high-resolution and quality datasets is a key issue when assessing
CP-scale simulation. For the assessment of daily precipitation metrics, we used MES-
CAN_SURFEX re-analyses at 5.5 km resolution [43,44] and the PERSIANN Dynamic
Infrared-Rain Rate (PERSIANN-PDIR-Now) satellite data at a 0.04-degree resolution [45]
for daily /hourly precipitation evaluation (Table 1).

Table 1. Observational datasets.

Name/Availability

MESCAN—-SURFEX
(1961-2019)
PERSIANN—PDIR—Now
(March 2000-now)

Spatial Resolution Temporal Resolution Data Source and Region References
. Surface re-analysis

5.5 x 5.5 km daily (Europe) [43,44]

0.04° x 0.04° hourly/daily Satellite (global) [45]

Uncertainties connected with different types of sensors for precipitation measurements
are discussed in [46-49] and should be considered. For example, for in situ precipitation
data, errors are usually connected with low station density, especially over higher elevations,
and precipitation intensities are often underestimated in windy conditions.



Atmosphere 2024, 15, 91

50f 20

2.5. Statistical Indices

In this study we use several precipitation indices (Table 2) to assess the performance
of regional and CP simulations: daily mean precipitation, daily and hourly precipitation
intensity and frequency, and heavy precipitation (p99/p99.9) defined as the 99th and
99.9th percentiles of all precipitation events, respectively (Table 2). For daily and hourly
precipitation intensity and frequency, we use wet days/hours with precipitation greater
than 1 mm/0.1 mm, respectively. For daily and hourly extreme precipitation (p99 and
p99.9, respectively), we use all precipitation events (wet and dry) [50]. The indices are
calculated for the summer (JJA), spring (MAM), fall (SON), and winter (DJF) seasons. For
the evaluation of the km-scale simulation, the observational data are interpolated on a
3 km grid using the distance-weighted interpolation method and on a 15 km grid for the
assessment of coarse-resolution simulation.

Table 2. Daily and hourly precipitation indices.

Indicators Description Units

Mean precipitation Daily mean precipitation. mm/d
Wet day and hour frequency is defined as a % (%)

of the number of wet days/hours per season.
Intensity Wet day and wet hour intensity. mm/d; mm/h
Defined as the 99th percentile of all daily
precipitation events (p99) and the 99.9th
percentile of all hourly precipitation events

Frequency

Heavy precipitation mm/d; mm/h

(p99.9).
Bias Model—observation. mm/d; mm/h; (%)
PDE Probability density function of hourly/daily
precipitation
3. Results

Even though convective events in Bulgaria are predominant in the spring and summer,
our assessment focuses on all seasons (MAM, JJA, SON, and DJF) and shows spatial
maps of the means and biases for all indices. This is because no previous studies using
convection-permitting regional climate projections have been reported for Bulgaria.

3.1. Historical Climate Simulations, 1995—2004
3.1.1. Hourly Precipitation Metrics, 2001—-2004

Figures 2—4 show the spatial distribution of seasonal means and biases of wet hour
intensity, frequency, and extreme precipitation (p99.9) for all seasons, respectively. The
first column of each figure represents the seasonal means of high-resolution observa-
tional data, the second and third show km-scale and coarse-resolution means, respectively,
while the last two columns show the mean biases of the CP and RCM simulations con-
cerning the observational data. The km-scale simulation generally better represents the
precipitation indices at the hourly scale in all seasons, especially for wet-hour intensity,
improving the spatial distribution of the coarse-resolution simulation. With an increase
in resolution, an increase in details is noticeable, which is related to a more precise repre-
sentation of the topography and the subsequent interactions between the orography and
dynamical processes.

Figure 2 shows the seasonal mean wet-hour precipitation intensity (more than
0.1 mm/h) depicted with PDIR—Now and simulated with 15 km RCM and 3 km CPRCM
(first three columns) and the mean biases of both models with regard to the PDIR obser-
vational data (last two columns). Both models have similar biases in the fall and winter
of being too dry. CPRCM corrected the fall intensity in central Bulgaria. In the spring
and summer, both models have different performances, with CPRCM being too wet in
the summer and in the westernmost part of Bulgaria in the spring and RCM being too
dry (~40%, not shown here). The RCM underestimation of wet-hour intensity is overall
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corrected with CPRCM in the seasons when convective precipitation occurs (MAM, JJA,
SON). The area-averaged means and biases concerning the high-resolution observation are
reported in Table 3. Compared with the PDIR—Now data, improvements were found in
the km-scale simulation for wet-hour intensity in all seasons compared with the coarse-
resolution simulation (—12% vs. —36.8% in the spring; +3.7% vs. —41.4% in the summer;
—44.5% vs. —53.7% in the fall; —47.6% vs. —57.9% in the winter).
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Figure 2. Spatial distribution of seasonal mean wet-hour intensity (>0.1 mm/h) from observations
(PDIR—Now) and simulations (3 km CPRCM and 15 km RCM) (first three columns) and mean biases
of CPRCM and RCM concerning PDIR_Now (last two columns) for MAM (first row), JJA (second
row), SON (third row), and the winter (last row). The simulated period is 2001 —-2004.
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Figure 3. Same as Figure 2, but for wet-hour frequency (>0.1 mm/h) in %.
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Figure 4. Same as Figure 2, but for heavy hourly precipitation p99.9 in mm/h.
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Table 3. Seasonal means and mean biases for the daily (mm/d) and hourly (mm/h) analyzed indices
(except frequency in %) from observations and simulations area-averaged for Bulgaria over the
historical period 1995-2004. The historical period for hourly precipitation is 2001-2004. The OBS
refers to the PDIR-Now dataset for hourly precipitation metrics and to the MESCAN-SURFEX dataset
for daily precipitation metrics.

Historical Period OBS CPRCM 3 km RCM 15 km RCM 15 km—OBS CPRCM 3 km—OBS
MAM—hourly
INT 1.25 1.1 0.79 —0.46 —0.15
FREQ 14.49 12.49 9.47 -5 -2
P99.9 6.43 14.75 5.66 —-0.79 8.33
MAM—daily
Mean PR 1.99 3.31 1.75 -0.23 1.32
INT 6.2 8.74 5.37 —-0.83 2.54
FREQ 30.27 35.02 29.69 —0.49 4.75
P99 21.6 40.67 19.21 —2.37 19.07
JJA—hourly
INT 1.91 1.98 1.12 —0.79 0.07
FREQ 5.14 7.02 6.42 1.29 1.88
P99.9 7.94 20.12 5.26 —2.68 12.18
JJA—daily
Mean PR 211 3.39 1.78 -0.32 1.28
INT 6.71 11.71 5.79 —0.92 5
FREQ 29.29 26.25 27.95 —1.22 —3.04
P99 22.66 49.89 20.03 —2.58 27.24
SON—hourly
INT 1.64 0.92 0.77 —0.88 —0.73
FREQ 10.39 12.29 8.43 —-1.97 1.89
P99.9 10.09 12.3 5.5 —4.61 2.21
SON—daily
Mean PR 1.91 2.93 1.76 -0.15 1.02
INT 7.78 9.03 6.73 —-1.1 1.25
FREQ 23.69 30.67 24.39 0.7 6.98
P99 25.49 44.05 24.19 —-1.34 18.55
DJF—hourly
INT 1.26 0.66 0.53 —0.73 —0.6
FREQ 21.34 15.61 11.97 -9.39 —5.74
P99.9 8.61 7.69 431 —4.33 —0.93
DJF—daily
Mean PR 1.72 2.54 1.63 -0.1 0.82
INT 6.38 7.1 5.06 -1.32 0.72
FREQ 25.51 33.56 29.79 4.25 8.05
P99 21.27 30.85 18.42 —2.84 9.58

Figure 3 shows the wet-hour frequency (above 0.1 mm/h) means from the simulations
and observations and mean biases of RCM and CPRCM for the PDIR datasets for all seasons.
Wet-hour frequency is improved when using CPRCM compared with RCM (Figure 3),
especially for MAM (—2% vs. —5%), SON (+1.89% vs. —1.97%), and DJF (—5.74% vs.
—9.39%) (Table 3). However, the km-scale simulation overestimates wet-hour frequency
over the topography (Figure 3, fourth column) in all seasons, especially in the winter and
fall. In the spring and winter, RCM underestimates wet-hour frequency (Figure 3, last
column), especially over eastern and southeastern parts of Bulgaria by about 10—15%. In
summer and fall, RCM underestimates the wet-hour intensity (Figure 2, last column in the
middle) and overestimates the frequency (Figure 3, last column in the middle). This is a well-
known issue in regional climate models producing weak and frequent precipitation, the
so-called ‘drizzle problem’, which is generally improved with km-scale simulations [7,24].
This behavior is particularly corrected with CPRCM, especially in the fall for Bulgaria.

Figure 4 shows the spatial distribution of extreme precipitation for Bulgaria defined as
the 99.9th percentile of all precipitation events for all seasons and mean biases (last two
columns) with regard to PDIR observational data. Overall, RCM underestimates p99.9 in
all seasons, except for the mountains in the summer and spring. The RCM underestimation
in the fall and winter is generally corrected with CPRCM. We found improvements in p99.9
representation in the kilometer-scale simulation for the autumn (+21.9% vs. —45.7%) and
winter (—10.8% vs. —50.3%). However, CPRCM significantly overestimates the spring
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and summer extreme precipitation (p99.9) (above 100%). Table 3 presents area-averaged
means and biases for the territory of Bulgaria over the historical periods 1995-2004 (for
daily precipitation metrics) and 2001-2004 (for hourly precipitation metrics). The km-scale
improvements are marked in bold in Table 3.

The area-average biases for the territory of Bulgaria show that the km-scale simula-
tion presents better results compared with the coarse-resolution simulation for wet-hour
intensity in all seasons (—12% vs. —36.8% in the spring; +3.7% vs. —41.4% in the summer;
—44.5% vs. —53.7% in the fall; —47.6% vs. —57.9% in the winter). Improvements were
found in wet-hour frequency biases in MAM (—2% vs. —5%) and DJF (—5.74% vs. —9.39%)
when compared with the CPRCM and RCM simulations, respectively. The kilometer-scale
simulation better represents heavy precipitation (p99.9) for Bulgaria in SON (+21.9% vs.
—45.7%) and DJF (—10.8% vs. —50.3%) compared with the 15 km coarse-resolution simula-
tion. These results confirm the improvements found in a previous study [28] for the territory
of Bulgaria, showing an assessment of present-day/hour kilometer scale simulation for
Bulgaria with ERA-Interim boundary conditions for a 10-year-long period (2000-2010).

The probability density functions (PDFs) for hourly (Figure 5) and daily (Figure S7)
precipitation are also presented for Bulgaria. Figure 5 reports the historical PDIR-Now-
observed distribution (2001-2004), RCM and CPRCM (1995-2004), and the future RCM
and CPRCM (2089-2098) distributions. In this order, the colors are dark blue, dark brown,
bright brown, green, and bright blue. Referring to the historical period, the high-resolution
distribution of the PDIR-Now observational dataset (dark blue) shows a tail reaching 70 mm/h
for hourly precipitation (Figure 5, dark blue) and 150 mm/d for daily precipitation (Figure
57, yellow). The MESCAN-SURFEX distribution shows 120 mm/d (Figure S7, dark blue).
The PDFs for hourly precipitation show an overestimation with the driving RCM (dark
brown) and an overestimation with the CPRCM (bright brown). CPRCM shows greater
overestimation than RCM. The longer tail of CPRCM indicates an overestimation of the most
extreme precipitation. The PDFs for daily precipitation also show an overestimation of the
RCM and CPRCM of extreme precipitation and differences between the observed distributions
(PDIR-Now overestimates the MESCAN_SURFEX most extreme precipitation). For the future
period, the PDFs for the daily (Figure S7) and hourly (Figure 5) distributions show a positive
change in heavy hourly and daily precipitation for Bulgaria.

Probability Density Function of Hourly Precipitation
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Figure 5. Probability density function (PDF) for hourly precipitation for Bulgaria from simulations
and observation for the historical (1995-2004) and future (2089-2098) periods. The PDIR-Now dataset
is available for the period 2001-2004. Dark blue is used for the PDIR-Now dataset. Light blue is used
for the CPRCM future and bright brown for historical periods. Green is used for the coarse RCM
historical (1995-2004), and dark brown is used for the future (2089-2098) periods.
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3.1.2. Daily Precipitation Metrics for the Historical Period of 1995-2004

Figures S1-54 in the Supplementary Materials present results for the seasonal mean
daily precipitation metrics: mean daily precipitation, wet day intensity, frequency, and
heavy precipitation (p99) for the historical period (1995-2004). Although the kilometer-
scale simulation overestimates mean daily precipitation in all seasons, especially over
topography;, it reproduces the precipitation distribution over Bulgaria more realistically
than the coarse-resolution simulation (Figure S1). Figure S1 shows the spatial distribution
of the seasonal mean daily precipitation (mm/d) from observations (MESCAN—SURFEX)
and simulations (3 km and 15 km simulations) (first three columns) and mean biases of
CPRCM and RCM concerning MESCAN (last two columns) for the spring (first row),
summer (second row), autumn (third row) and winter (last row). The simulated historical
period is 1995—2004. The km-scale simulation overestimates the mean daily precipitation in
all seasons (+66.3% in MAM; +60.7% in JJA; +53.4% in SON, and +47.7% in DJF), especially
over topography (Figure S1, fourth column), while RCM underestimates it in JJA (except
for the mountains) and in MAM and SON over eastern and northeastern Bulgaria (Figure
S1, last column). CPRCM overestimates the wet-day intensity in all seasons (+41% in
MAM; +74.5% in JJA; +16.1% in SON, and +11.3% in DJF), especially in JJA and MAM,
and in SON and DJF over topography (Figure S2, fourth column). RCM underestimates
wet-day intensity in all seasons, except for the mountains in the summer and spring and the
westernmost parts of Bulgaria in MAM (Figure S2, last column). CPRCM overestimates the
wet-day frequency in the spring, fall, and winter (+4.75% in MAM; +6.98% in SON; +8.05%
in DJF), especially over the mountains. In the summer, CPRCM overestimates frequency
over topography and underestimates it in eastern Bulgaria (Figure S3, fourth column).
The results with RCM in the summer are similar. RCM overestimates precipitation the
wet-day frequency over the mountains in all seasons and underestimates it over eastern
Bulgaria in the spring and summer (Figure S3, last column). The kilometer-scale simulation
shows a large overestimation of extreme precipitation (p99) in all seasons (89.7% in MAM;
126% in JJA; 81.9%% in SON, and 37.6% in DJF) (Figure S4, fourth column), while the
coarse-resolution simulation underestimates extreme precipitation (p99) in all seasons,
except for the mountains (Figure 54, last column).

Figures S5 and S6 show an additional evaluation of the daily precipitation indices
with respect to the daily PDIR-Now dataset. Figure S5 shows the spatial distribution of
the seasonal mean biases of CPRCM for mean precipitation, intensity, frequency, and p99.
Figure 56 shows the same values as Figure S5 but for the intermediate RCM simulation.
CPRCM overestimates mean daily rainfall, wet-day intensity, and heavy precipitation
(p99) in all seasons, especially in the summer and spring, and underestimates the wet-day
frequency in all seasons, except in the summer over the mountains. On the other hand,
RCM (Figure S6) underestimates the mean daily precipitation and heavy precipitation
in the fall and winter and p99 in the spring and summer over southeastern Bulgaria.
RCM overestimates the mean daily precipitation, intensity, and p99 in the spring and
underestimates frequency in all seasons, except for western Bulgaria in the summer.

3.2. Future Climate Simulations 2089—2098 vs. 1995-2004
3.2.1. Hourly Projection Precipitation Change in 20892098 vs. 1995-2004

Figure 6 compares the expected changes (%) in wet-hour intensity, wet-hour frequency,
and heavy precipitation (p99.9) from both models (3 km and 15 km simulations) related to
the spring (first two columns) and summer (last two columns) by the end of the century.
Figure 7 shows the same values as Figure 6 but for the autumn and winter change in %.

The climate projections for precipitation are similar between resolutions. Simulated
area-averaged projected changes (%) for the end of the century 20892098 concerning the
historical period 1995-2004 from both simulations are presented in Table 4. CPRCM and
RCM present similar results, but the kilometer-scale simulation shows more intense heavy
precipitation (p99.9) in the spring and winter and less frequent events in the summer. When
comparing both resolutions, the wet-hour intensity from CPRCM and RCM is expected to
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increase in all seasons (+13.86% vs. +18.11% in MAM; +17.48% vs. +9.76% in JJA; +1.97%
vs. +5.2% in SON, and +17.43% vs. +18.44% in DJF) (Figures 6 and 7), respectively, except
the northeastern part of Bulgaria in the fall (Figure 7, first row). The wet-hour frequency is
expected to decrease in all seasons according to CPRCM and RCM (—1.75% vs. —1.21%
in MAM; —2.99% vs. —2.65% in JJA; —2.26% vs. 2.14% in SON), respectively, except
for the 3 km winter simulation (+0.54% vs. —0.19% in DJF) (Figure 7, second row). The
area-average changes for Bulgaria show that heavy precipitation (p99.9) is expected to
increase in DJF and MAM and decrease in JJA and SON according to the 3 km and 15 km
simulations (+13.14% vs. +8.71% in MAM; —15.52% vs. —4.88% in JJA; —0.14% vs. —0.86%
in SON; +31.19% vs. +25.66% in DJF), respectively, except for the autumn simulation over
the central and north-westernmost parts of the country (Figure 7, last row), where the CP
simulation shows a 30% increase in heavy precipitation (p99.9). On the contrary, RCM
shows a significant decrease in p99.9 in the spring over the western part of the country
(Figure 6).
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Figure 6. Expected changes in hourly intensity (first row), frequency (middle row), and heavy
precipitation (p99.9) (last row) from both models (3 km CPRCM and 15 km RCM) related to the
spring (first two columns, respectively) and summer (last two columns, respectively) by the end of
the century in %.
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Figure 7. Same as Figure 6, but for the autumn (SON) and winter (DJF).

Table 4. Percentage changes (%) for the two simulations (3 km CPRCM and 15 km RCM) in the
analyzed indices for MAM, JJA, SON, and DJF area-averaged for Bulgaria (Figure 1b) for the end of
the century 2089-2098 concerning the historical period 1995-2004.

2089-2098 3 km 15 km 3 km 15 km 3 km 15 km 3 km 15 km
MAM JJA SON DJF

Hourly
Mean —-1.93 +2.60 —30.12 —31.92 —17.01 —19.78 +19.49 +13.96
INT +13.86 +18.11 +17.48 +9.76 +1.97 +5.2 +17.43 +18.44
FREQ —-1.75 —-1.21 —-2.99 —2.65 —-2.26 —-2.14 +0.54 -0.19
P99.9 +13.14 +8.71 —15.52 —4.88 —0.14 —0.86 +31.19 +25.66

Daily
Mean —-1.99 +3.03 —29.44 —31.70 —17.35 —20.00 +19.42 +13.42
INT +11.12 +13.37 +13.34 +7.53 3.94 +7.15 +22.64 +1.11
FREQ —4.22 —2.76 —-10.17 —11.53 —6.10 —6.35 —0.45 —1.84
P99 +10.84 +12.71 —-11.22 —13.88 —2.55 —0.45 +35.30 +30.20

3.2.2. Daily Projection Precipitation Change in 2089 —2098 vs. 1995-2004

Figures S8 and S9 in the Supplementary Materials show results for the expected daily
precipitation metrics’ projected changes. Figure S8 compares expected changes between
resolutions in daily mean precipitation, intensity, frequency, and p99 for the spring (first
two columns) and summer (last two columns). Figure S9 shows the same values as Figure S8
but for the autumn (SON) and winter (DJF).

Simulated with a 3 km CPRCM, the area-averaged (Table 4) mean daily precipitation
is expected to decrease in all seasons (—1.99% in MAM; —29.44% in JJA; —17.35% in SON),
except for DJF (+19.42%), and over eastern Bulgaria in the spring (+10), and the north-
westernmost parts of Bulgaria in the fall (+10%) (Figures S5 and S6, first row). The intensity
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of wet days is expected to increase in all seasons (+11.12% in MAM, +13.34% in JJA, +3.94%
in SON, and +22.6% in DJF), except in northeastern parts of Bulgaria (the Dobrudzha
region) in the fall (Figure S6, second row). The frequency of wet days decreases in all
seasons (—4.22% in MAM; —10.17% in JJA; —6.10% in SON; —0.45% in DJF), except over
the mountains in the winter (from +5% to +10%) (Figure S6, third row). Heavy precipitation
(p99) increases in the spring and winter (+10.84% in MAM and +35.3% in DJF) and decreases
in the summer and fall (—11.22% in JJA and —2.55% in SON), except over central (+20%)
and northwestern Bulgaria (+30%) in the autumn (Figures S8 and S9, last row).

Simulated with a 15 km RCM, the area—average daily mean precipitation is expected to
increase in MAM and DJF (3.03% in MAM,; 13.42% in DJF), except in the north-westernmost
and south-westernmost parts of Bulgaria in the spring (—20%) (Figure S8, first row). The
mean precipitation is expected to decrease in JJA and SON (—31.70% in JJA; —20.0% in SON),
except in the north-westernmost parts of Bulgaria in the fall (+10%) (Figures S8 and S9,
first row). The wet-day intensity increases in all seasons (13.4% in spring; 7.5% in summer;
7.1% in autumn; and 1.1% in winter). The wet-day frequency is expected to decrease in
all seasons (—2.8% in MAM; —11.5% in JJA; —6.4% in SON; —1.8% in DJF), especially in
the summer (Figure S8, third row). Heavy precipitation (p99) increases in MAM and DJF
(12.7% in MAM,; 30.2% in DJF) and decreases in JJA and SON (—13.9% in JJA; —0.5% in
SON), except in the central and northwestern parts of Bulgaria in the fall (from +20% to
+30%) (Figure S9, last row).

The main differences between the 3 km CPRCM and 15 km RCM projections are shown
in the winter wet-day intensity and frequency (Figure S9, second and third row). CPRCM
suggests a 22.6% increase in winter wet-day intensity compared with a 1% increase in the
15 km RCM. The km-scale simulation also shows a 5—10% increase in wet-day frequency
over the mountains. Both models show an increase in winter heavy precipitation (p99)
above 30% by the end of the century. The km-scale simulation also shows an increase in
wet-day intensity and p99 in the north-westernmost parts of the county in the autumn
(+30%) and decreases in wet-day intensity and p99 over the northeastern parts; the last is
not shown in the RCM simulation.

For the precipitation projections, we also compared the results with the driving GCM
(HadGEM2-ES) simulation. Figure S10 shows the expected changes in mean daily precipi-
tation, intensity, frequency, and heavy rainfall (p99) using the driving GCM HadGEM2-ES
according to the RCP8.5 scenario. Daily mean precipitation is expected to decrease in the
summer (—48.19%) and fall (—30.25%) and increase in the winter (+26.22%) and spring
(+10% over eastern Bulgaria). The wet-day intensity increases in all seasons (+18.51% in
MAM, +27.68% in DJF, and +7.49 in SON), except for the summer (—6.74%). The wet-day
frequency decreases in all seasons, except for the winter. Heavy precipitation (p99) is
expected to increase in all seasons (+24.33% in the spring, +30.76% in the winter, and
+7.33% in the fall), except for the summer (—30.31%).

3.2.3. Mean and Projected Winter (DJF) Snowfall in 2089-2098 vs. 1995-2004

The increase in precipitation intensity and heavy precipitation in the winter (Figure 7)
leads to the important question about future changes in snowfall. The 3 km historical cli-
mate simulation of the mean winter (December—January-February) snow water equivalent
and the projected changes are shown in Figure 8 in cm. There are significant decreases
(50—70%) in snowfall over the Bulgarian lowlands (Figure 8b) and a decrease over the main
ski resorts in the southwestern part of the country. There is an increase in snowfall only
over the highest peaks (above 2000 m elevation) in southwestern (the Rila and the Pirin
Mountains) and central Bulgaria (the Balkan Mountains) by 30-40%. The amount of snow-
fall in the analysis area is expected to decrease significantly by the end of the century. The
winter-projected 2 m temperature is expected to increase in this region by 3.5—4 degrees
Celsius by the end of the century (Figure 9b). Large changes in winter snowfall can have
large consequences for socioeconomic impacts, regional climate feedback, and others.
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Figure 8. The 3 km historical climate simulation of the DJF snow water equivalent in cm for the
period 1995-2004 (a) and its 3 km projected future (%) change for 2098-2098 (b).

a) present, DJF b) future change, DJF

3 km present, temperature, DJF (°C) 3 km future changes, temperature, DJF (°C)

N 2

) present, MAM d) future change, MAM

3 km present, temperature, MAM (*C) 3 km future changes, temperature, MAM (°C)
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Figure 9. Seasonal mean and projected 2 m temperature simulated with the 3 km CP model (°C) for
DJF (a,b), MAM (c,d), JJA (e,f), and SON (g h), respectively.
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3.2.4. Mean and Projected Seasonal Mean 2 m Temperature in 2089-2098 vs. 1995-2004

The seasonal mean and projected two-meter temperatures are shown in Figure 9 at a
grid spacing of 3 km. The average winter temperature (Figure 9a,b) is expected to rise by
the end of the century by 3-3.5 °C in the lowlands and by above 4 °C in the mountains. An
increase in the 2 m temperature can be expected in all seasons (3.7-4.9 °C in SON, 5-6.4 °C
inJJA, 3.9-4.7 °C in MAM, and 2.9-4.1 °C in DJF). The main difference between the 15 km
RCM and the 3 km CPRCM (not shown here) simulations is that the km-scale simulation
implies a 0.5 °C larger increase in the 2 m temperature over the topography in the spring,
autumn, and winter seasons by the end of the century. The increase in temperature is
projected to be larger during JJA and MAM (Figure 9d,f), and the warming is projected to
be more intense at the topography in all seasons (Figure 9b,d,f,h).

4. Discussion

In this article, we analyzed, for the first time, 3 km RegCM4 convection-permitting
model (CPM) projections for Bulgaria. These new simulations allow us to examine the
benefits of using CPM across the county. This is the first time CPM has been used to provide
Bulgarian future climate projections at the km-scale. This article aimed to produce high
spatial and temporal resolution climate change simulations using a convective-permitting
model, focused on future precipitation metrics, 2 m temperature, and winter snowfall. The
CP simulation is driven by a coarse resolution RCM with a 15 km grid spacing, which, on
the other hand, is driven by CMIP5 GCM. The benefits of such high resolution confirm the
findings described in [1,6,11,24] for climate and climate changes from the regional to local
scale and extreme precipitation.

The results show a better representation of the km-scale simulation compared with
the 15 km simulation for hourly precipitation statistics. For wet-hour intensity, we found
improvements in CP simulation in all seasons. The improvements were also found for wet-
hour frequency in the spring and winter and for heavy precipitation (p99.9) in the autumn
and winter. The results are in agreement with [51], where improvements in CP simulations
for extreme precipitation were found over Germany using the COSMO-CLM model, and
are also in agreement with the ensemble multi-model study over the Alps [11], where the
authors show that km-scale models reproduce precipitation metrics more realistically and
improve the representation of extreme precipitation.

We also found that on daily and hourly time scales, extreme rainfall is projected to
become more intense and less frequent over some areas, especially in the spring and winter,
but also in some parts in the fall. The results are consistent with a previous study using the
CP model at a 2.2 km grid resolution over the Alps [52]. A widespread decrease (50-70%)
in winter snowfall was found across the Bulgarian lowlands and a decrease over the main
ski resorts in the southwestern parts of the country. We also found an increase in winter
snowfall over the highest peaks only (above 2000 m) (30—40%). We found an increase in
winter mean precipitation and extreme rainfall by the end of the century in all simulations
(GCM, RCM, CPRCM). The results are consistent with [31], where the authors investigated
the Mediterranean influence on the climatic regime over the Balkan Peninsula and found
a periodicity of about 20 years, suggesting that the next decade will be characterized by
a peak of Mediterranean influence, which means more intense winter precipitation and a
relatively colder winter.

An increase in the mean 2-meter temperature in all seasons can be expected. The
main difference between RCM and CPRCM is that the kilometer-scale simulation shows
0.5 °C more temperature increases over topography in the spring, fall, and winter. The
temperature increase is larger during JJA and MAM. The warming is projected to become
more intense at topography in all seasons. The findings are in agreement with a previous
study [53]. Comparing GCM, RCM, and CPRCM climate projections, we found that the
area-averaged changes in CPRCM and RCM are smaller than GCM, except for the summer
intensity, but CPRCM shows larger changes over some regions. All models show an
increase in winter precipitation, but CPRCM shows a larger increase in the northeastern
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and northwestern parts of the country and also over the mountains. In the autumn, the
models (GCM, RCM, and CPRCM) show different signals for Bulgaria over some areas.
Comparing CPRCM and RCM, we found sign changes in the summer, spring, and fall in
daily and hourly heavy precipitation and in daily intensity and in fall hourly intensity over
some regions. Overall, the frequency of wet-day and wet-hour precipitation is projected to
decrease over Bulgaria, except in the winter, and the intensity increases. Heavy precipitation
becomes more intense at both the hourly and daily time scales. These results confirm
findings in previous studies over other European domains [18,24]. The reasons for the
differences between models are not only the resolution but also the representation of the
deep convection processes, which are parametrized in RCM and GCM simulations using
the cumulus convection schemes and explicitly resolved with the CPRCM simulation [6].

5. Conclusions

This paper presents the first 10-year-long historical (1995-2004) and future (2089-2098)
scenario simulations at a convection-permitting scale (3 km) for the territory of Bulgaria.
The main aim of this study is to assess different precipitation metrics and their future
projections for Bulgaria under the RCP8.5 scenario. The projected mean 2 m temperature
and winter snow water equivalent at a kilometer-scale grid spacing are also presented. The
method downscales the HadGEM2-ES global climate model to 15 km grid spacing using the
convection-parametrized regional climate model RegCM4.7.1 and after that, downscales to
the kilometer-scale (3 km) grid spacing using the convection-permitting model. In addition
to resolution, the main difference between the two models is the representation of deep
convective processes, which are explicitly resolved with the convection-permitting model
and parameterized with a cumulus convective scheme using the RCM model.

The performance of the historical period is assessed against high-resolution datasets
and also against the coarse-resolution RCM. The added value of CP simulation mainly
derives from a reduction in biases for some precipitation indices, especially at the hourly
scale, and a better representation of the fine-scale details of the precipitation distribution.
The km-scale simulation presents smaller biases compared with the coarse-resolution
simulation for wet-hour intensity (—12% vs. —36.8% in the spring, +3.7% vs. —41.4% in the
summer, —44.5% vs. —53.7% in the fall, and —47.6% vs. —57.9% in the winter, respectively),
for wet-hour frequency in the spring (—2% vs. —5%) and winter (—5.74% vs. —9.39%), and
for heavy precipitation (p99.9) in the autumn (+21.9% vs. —45.7%) and winter (—10.8% vs.
—50.3%).

The analysis of the projected changes in rainfall reveals a decrease in the mean summer
and autumn precipitation (except the north-westernmost parts of Bulgaria in the fall) and
an increase in the mean spring and winter precipitation. The mean and heavy precipitation
increase in the spring, becoming less frequent and more intense by the end of the century. In
the winter, the mean precipitation increases over the studied domain (15-20%), and heavy
precipitation significantly increases (30—35%) over Bulgaria and becomes more intense.
In the kilometer-scale experiment, a positive projected change in the wet-hour intensity
is expected in all seasons for Bulgaria (13.86% in MAM, 17.48% in JJA, 1.97% in SON,
and 17.43% in DJF) and in heavy precipitation (p99.9) in the spring (13.14%) and winter
(31.19%). Extreme precipitation (p99) is expected to increase in the winter (+35.3%) and
spring (+10.84%) for both resolutions for the territory of Bulgaria by the end of the century.
An increase in the mean 2-meter temperature in all seasons can be expected between 3.7
and 4.9 °C in the fall, 5 and 6.4 °C in the summer, 3.9 and 4.7 °C in the spring, and 2.9 and
4.1 °C in the winter. The warming becomes more intense at the topography in all seasons,
especially in the winter. The amount of snow in the analysis area decreases significantly by
the end of the century. A decrease in winter snowfall is found across the country (50-70%),
except in the highest elevation peaks (30-40%).

The results provide a basis for further investigations and data for the scale gap between
regional climate models and impact models used in hydrology and agrometeorology. The
novel aspects of this article relate to producing very high spatial and temporal resolution
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climate change information for the territory of Bulgaria that will be of interest to climate
information users, such as policymakers, stakeholders, and others, for the evaluation of
the added value of CPM simulation regarding RCM simulation and the assessment of
the impact of climate change on different precipitation metrics, winter snowfall, and 2 m
temperature for Bulgaria.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos15010091/s1, Figure S1. Spatial distribution of seasonal
mean daily precipitation (mm/d) from observations (MESCAN-SURFEX) and simulations (3 km
CPRCM and 15 km RCM) (first three columns) and mean biases of CPRCM and RCM with respect
to MESCAN-SURFEX (last two columns) for the spring—MAM (first row), summer—]JJA (second
row), autumn—SON (third row) and winter—DJF (last row). The simulated historical period is
1995-2004; Figure S2. Spatial distribution of seasonal mean wet-day intensity (> 1 mm/d) in mm/d
from observations (MESCAN-SURFEX) and simulations (3 km CPRCM and 15 km RCM) (first three
columns) and mean biases of CPRCM and RCM with respect to MESCAN-SURFEX (last two columns)
for the spring—MAM (first row), summer—JJA (second row), autumn—SON (third row) and winter—
DJF (last row). The simulated historical period is 1995-2004; Figure S3. Spatial distribution of
wet-day frequency (>1 mm/d) in % from observations (MESCAN-SURFEX) and simulations (3 km
CPRCM and 15 km RCM) (first three columns) and mean biases of CPRCM and RCM with respect
to MESCAN-SURFEX (last two columns) for the spring—MAM (first row), summer—]JJA (second
row), autumn—SON (third row) and winter—D]JF (last row). The simulated historical period is
1995-2004; Figure S4. Spatial distribution of heavy precipitation (p99) in mm/d from observations
(MESCAN-SURFEX) and simulations (3 km CPRCM and 15 km RCM) (first three columns) and mean
biases of CPRCM and RCM with respect to MESCAN-SURFEX (last two columns) for the spring—
MAM (first row), summer—]JJA (second row), autumn—SON (third row) and winter—DJF (last
row). The simulated historical period is 1995-2004; Figure S5. Spatial distribution of seasonal mean
biases in the CPRCM simulation (3 km) with respect to the daily PDIR-Now dataset for mean daily
precipitation in mm/d (first row), precipitation intensity (mm/d) (second row), frequency (%), and
heavy precipitation (p99) in mm/d (last row) for the spring—MAM, summer—]JJA, autumn—SON,
and winter—DJF. The simulated historical period is 2001-2004. The area-average biases are on the
top of each image; Figure S6. Spatial distribution of seasonal mean biases in the RCM simulation (15
km) with respect to the daily PDIR-Now dataset for mean daily precipitation in mm/d (first row),
precipitation intensity (mm/d) (second row), frequency (%), and heavy precipitation (p99) in mm/d
(last row) for the spring—MAM, summer—]JJA, autumn—SON, and winter—DJF. The simulated
historical period is 2001-2004. The area-average biases are on the top of each image; Figure S7.
Probability density function (PDF) for the daily precipitation in Bulgaria from simulations (CPRCM
and RCM) and observations (PDIR-Now and MESCAN-SURFEX) for the historical (1995-2004) and
future periods (2089-2098). PDIR-Now is available for the period 2001-2004; Figure S8. Expected
changes in daily precipitation (first row), intensity (second row), frequency (third row), and heavy
precipitation (p99) (last row) from both models (3 km CPRCM and 15km RCM) related to the spring—
MAM (first two columns, respectively) and summer—JJA (last two columns, respectively) projected
at the end of the century (2089-2098) with respect to the historical period (1995-2004) in %; Figure
59. Expected changes in daily precipitation (first row), intensity (second row), frequency (third row),
and heavy precipitation (p99) (last row) from both models (3 km CPRCM and 15km RCM) related
to the fall—SON (first two columns, respectively) and winter—DJF (last two columns, respectively)
projected at the end of the century (2089-2098) with respect to the historical period (1995-2004) in %;
Figure 510. Expected changes in mean daily precipitation (first row), precipitation intensity (second
row), frequency (third row), and heavy rainfall (p99) (last row) from driving GCM HadGEM2-ES
according to the RCP8.5 scenario related to the spring—MAM (first column), summer—]JJA (second
columns), fall—SON (third column), and winter—DJF (last column) projected at the end of the
century (2089-2098) concerning the historical period (1995-2004) in %.
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