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Abstract  
 
In the present study a scheme for damaging frost occurrence forecast in Bulgaria is presented. It is based on Random 
Forest technique and uses the regional numerical weather prediction (NWP) model ALADIN output as predictor. 
Initially, the statistical model is trained with measured data with three-hours frequency at 5 representative 
meteorological stations in Bulgaria during April and May for the period 1991-2020. Using parameters from the 
regional NWP model production as predictors gives possibility to forecast frost probability 72 hours ahead. The 
performance of the scheme is evaluated. Results for 27 synoptic stations during April (2021-2023) show a probability of 
detection above 0.85 and a false alarm rate below 0.1 independently of the remoteness of the forecast. Most of the 
considered cases were correctly discriminated by the scheme as “frost” and “non-frost” cases, which would not be the 
case if only considering the forecasted minimum temperature. Our results show that frost could be forecasted by the 
presented scheme 3 days before its occurrence, which should be enough to react to minimize damage caused in the 
agricultural sector.  
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INTRODUCTION  
 
Increasing tendencies of the average monthly 
air temperatures in Bulgaria during the last 
decades are established. The indicated trends of 
changing temperature conditions are 
unfavourable for the fruit species, especially 
the early flowering drupe species. Warming in 
winter, and especially in January and February, 
cause premature development of fruit trees and 
subsequent frosts cause damage to varying 
degrees, depending on their development. 
Damage from late spring frosts is a major 
limiting factor for fruit production in Bulgaria. 
Frost events are locale and are difficult to be 
predicted. They are associated, among other 
factors, with the type of soil, terrain orientation, 
and the damage caused to plants depends on its 
intensity and duration. There are several 
techniques to minimize damage caused by frost 
in the agricultural sector (De Melo-Abreu et al., 
2016), however, it is necessary to know in 
advance the likelihood for occurrence of this 
phenomenon. Many warning systems for frost 
have been developed based on predictions from 
numerical weather prediction (NWP) models 
(Prabha and Hoogenboom 2008), vegetation 
indices estimated by satellites (Gabbrielli et al., 

2022), statistical models (Lee et al., 2016), 
fuzzy logic (Cadenas et al., 2020), neural 
networks (Fuentes et al., 2018; Ding et al., 
2020) and statistical indices (Anandhi et al., 
2013; Rozante et al., 2019). In recent years, 
significant advancements have been made 
regarding the application of machine learning 
in studies related to frost prediction (Diedrichs 
et al., 2018, Jamei et al., 2015, Kalaiarasi and 
Maheswari 2020, Diniz et al., 2021, Ismail et 
al., 2021, Talsma et al., 2022, Rozante et al., 
2023 and others).  
In the present study the scheme for damaging 
frost events probability forecast in Bulgaria is 
presented. The scheme is based on Machine 
Learning and more precisely Random Forest 
and the operational NWP model ALADIN 
(Termonia et al., 2018) output as statistical 
model predictors. A Random Forest Algorithm 
is an extremely popular supervised machine 
learning algorithm that is used for Classifi-
cation and Regression problems based on the 
concept of ensemble learning which is a pro-
cess of combining multiple classifiers to solve a 
complex problem and improve the performance 
of the model. All statistical analyses for the 
present study were performed using R 
Statistical Software (R Core Team 2021) 
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METHODOLOGY 
 
Every 3-hours measured data for the months of 
April and May for a period of 30 years (1991-
2020) at 5 meteorological stations in Bulgaria 
are used to train and to test the statistical 
model. The stations Kjustendil, Stara Zagora, 
Kneja, General Toshevo and Dobrich (marked 
in red in Figure 1) are chosen as being of the 
most representative for occurrence of damaging 
frost on orchards causing severe loss on 
national fruit production during the last 
decades. The following parameters were 
determined by the model as damaging frost 
predictors: air and dew point temperature and 
relative humidity at 2 m, mean sea level 
pressure, wind speed at 10 m and the hour of 
measurement. In the statistical model, cases 
with frost were determined in the following 
way: for dates when damaging frost was 
registered at the stations (frost days), which 
usually is during the night time, the periods 
between 9 UTC at the previous day until 6 
UTC of the frost day are considered as “frost 
related cases” (and are designated by 1, while 
“non-frost related cases” by 0 in the model). 
The model performance for the test sample of 
data is relatively high with a Probability of 
Detection (POD) of 0.74 and a False Alarm 
Rate (FAR) of 0.03.  
 

 
Figure 1. Meteorological stations in Bulgaria from which 

measurements are used for the present study 
 
Further, for predicting the damaging frost 
probability, the same parameters are used but 
taken from the operational NWP model 
ALADIN. The operational model configuration 
at NIMH is the following: the integration 
domain (shown in Figure 1) covers a big part of 
the Balkan Peninsula, centered on Bulgaria, 
with a horizontal resolution of 5 km, 105 

vertical levels, a time step of 300 s and a 
forecast range of 72 h. It is run four times daily, 
at 00, 06, 12 and 18 UTC and it uses the global 
ARPEGE of Météo-France. To reinforce the 
impact of night hours forecast (when frost 
occur) but to take into account also the day 
hours forecast, the scheme for damaging frost 
probability was formed in the following 
subjective way: 
- if at least one of the night periods (between 21 
and 06 UTC) is determined as a “frost related 
case” and at least one of the previous day daily 
periods (between 09 and 18 UTC) is 
determined as a “frost related case” then the 
probability of damaging frost occurrence for 
the day FP =100%; 
- if at least one of the night periods (between 21 
and 06 UTC) is determined as a “frost related 
case” and none of the previous day daily 
periods (between 09 and 18 UTC) is 
determined as a “frost related case” then the 
probability of damaging frost occurrence for 
the day FP = 80%; 
- if none of the night periods (between 21 and 
06 UTC) is determined as a “frost related case” 
and at least one of the previous day daily 
periods (between 09 and 18 UTC) is 
determined as a “frost related case” then the 
probability of damaging frost occurrence for 
the day FP = 50%; 
- if none of the night periods (between 21 and 
06 UTC) is determined as a “frost related case” 
and none of the previous day daily periods 
(between 09 and 18 UTC) is determined as a 
“frost related case” then the probability of da-
maging frost occurrence for the day FP = 0%. 
 
RESULTS   
 
Forecast data for the month of April for the 3 
years period 2021-2023 were evaluated and 
verified using the data for damaging frost 
registered at 27 meteorological stations in 
Bulgaria shown in Figure 1. For this considered 
period 133 cases of frost were registered at the 
considered stations, which are about 10 times 
less than the “non frost” cases (1296). First, if 
considering if any damaging frost probability 
was forecasted (fp>0), Table 1 shows the 
performance of the scheme for damaging frost 
detection over the 27 considered synoptic 
stations. As ALADIN forecast range is 72 h, 



224

  

we have a prediction for 3 days ahead. 1st 
forecast designates the closest, while 3rd – the 
farthest. For this study only model run at 06 
UTC is considered. It is visible that POD is 
high, but decreases slightly with the forecast 
moving away in time (from 0.89 to 0.85 for the 
3rd forecast), while FAR is very low, but 
slightly higher for 1st forecast. 
 

Table 1. April 2021-2023: Probability of Detection 
(POD) and False Alarm Rate (FAR) of the scheme for 
damaging frost probability forecast for 1, 2 and 3 days 
ahead (respectively 1st forecast,  2nd forecast and  3rd 

forecast) 

 1st forecast 2nd forecast 3rd forecast 
POD 0.89 0.89 0.86 
FAR 0.069 0.066 0.066 
 
From all 133 frost cases, 101 cases (about 76%) 
were correctly forecasted by all 3 forecasts, 
while only 4 cases (about 3%) were not 
predicted by none of the forecasts. 20 cases 
(about 15%) were correctly forecasted by two 
of the three forecasts (10 cases are with correct 
1st and 2nd forecasts, 4 - with correct 1st and 3rd 
forecasts, and 6 - with correct 2nd and 3rd 
forecasts) and 8 cases (about 6%) were correctly 
forecasted only by one forecast (3 cases with 1st 
correct forecast, 2 - with 2nd correct forecast 
and 3 - with 3rd correct forecast).   
If considering the determined frost probability 
FP by the scheme, for about 62% of cases with 
correct 1st forecast, FP=80% and 38% of these 
cases are with FP=100%. The cases with 
correct 2nd forecast were 70% with FP=80% 
and 30% with FP=100%. 78% of cases with 
correct 3rd forecast are with FP=80%, while 
22% - with FP=100%. There is only one case 
with FP=50% which in fact was a non-frost 
case, thus was treated as a false alarm. 
 

 
Figure 2. Boxplot of predicted minimum temperature 

Tmin by 1st, 2nd and 3rd forecasts for cases with (in blue) 
and without (in red) damaging frost registered 

Also, it has to be mentioned that from all 133 
frost cases, only for 33 the forecasted minimum 
temperature is below 0oC. Figure 2 shows the 
interval of values of the forecasted minimum 
temperature for all considered cases. As 
expected, the median of the forecasted Tmin. 
for frost cases is considerably lower than this 
for non-frost cases (about 0.6oC for the 3 
forecasts for “frost cases” and about 7.1oC for 
the 3 forecasts for “non-frost cases”). The 
maximum value of Tmin. for frost cases 
reaches values above 5oC, while for some non-
frost cases Tmin. is below -3oC. Our results 
show that the majority of these cases were 
correctly discriminated by our scheme as 
“frost” and “non-frost” cases, which would not 
be the case if only considering the forecasted 
Tmin. 

 

 

 
Figure 3. Tmin. forecasted by ALADIN (top panel) and 

frost probability forecasted by our scheme (bottom 
panel) for 22/04/2017. Stations with registered damaging 

frost are indicated with black crosses 
 
Figures 3 and 4 show two case studies with two 
different frost types. During 22/04/2017 
advection frost occurred and was registered at 
many synoptic stations in Bulgaria. In Figure 3 
is shown the forecasted by ALADIN minimum 
temperature, which is visibly above 0oC over a 
big part of Bulgaria. However, the scheme for 
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frost probability forecast gives a probability of 
80% over almost whole country, covering all 
stations with detected frost. During 11/05/2023 
a considerably late radiation damaging frost 
(which is very local and more difficult to be 
predicted) was registered at two synoptic 
stations – Dobrich and Rojen. In Figure 3 it is 
visible that the presented here scheme predicts 
very correctly the probability of frost 
occurrence. 
 

 

 
Figure 4. Tmin. forecasted by ALADIN (top panel) and 

frost probability forecasted by our scheme (bottom 
panel) for 11/05/2023. Stations with registered damaging 

frost are indicated with black crosses 
 
CONCLUSIONS  
 
Frosts are a dangerous phenomenon of a 
meteorological nature, which limits the 
potential growing season for field and 
vegetable crops and orchards. Late spring frost 
often cause annual damage to varying degrees, 
and during some years, the harvest is totally 
compromised in some places due to them. This 
is also related to the tendencies towards an 
increase in the average monthly temperatures in 
winter and the earlier start of the vegetation 
processes. The average multi-year data on the 
occurrence of the sensitive phases in orchards 
(Geogieva et al., 2023) are after the average 

multi-year date of the onset of spring frost, 
which makes the production of early flowering 
species risky in many regions of Bulgaria. 
Timely and accurate specialized forecasting of 
freezing conditions is the most effective way to 
limit the consequences of extreme weather 
events. 
In the present study a scheme for damaging 
frost occurrence forecast based on Random 
Forest technique and using NWP model output 
as predictors is presented and its performance is 
evaluated. Results for 27 synoptic stations 
during April the last 3 years show a probability 
of detection above 0.85 and a false alarm rate 
below 0.1 independently of the remoteness of 
the forecast. Most “frost cases” were predicted 
with a frost probability FP=80%, while about a 
third of them with FP=100%. Our results show 
that most of the considered cases were correctly 
discriminated by the scheme as “frost” and 
“non-frost” cases, which would not be the case 
if only considering the forecasted Tmin. As 
there is no significant difference between the 
closest and the farthest forecast performance, it 
could be concluded that damaging frost could 
be relatively well forecasted by the presented 
here scheme 72 hours (3 days) before its 
occurrence, which should be enough to react to 
minimize damage caused by frost in the 
agricultural sector. Future investigations will be 
performed to test the forecast performance of 
the scheme for 10 days ahead. For this aim 
output from IFS (the model of ECMWF) will 
be used as statistical model predictor. The 
presented here scheme will be incorporated in 
the operational suite as a specialised NWP 
model post-processing for predicting damaging 
frost probability occurrence.  
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