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Additive Regressive Hail Model (𝑨𝑹𝒉𝒂𝒊𝒍 ) development 1

𝑨𝑹𝒉𝒂𝒊𝒍

𝑷𝒉𝒂𝒊𝒍 = 𝑷𝒔𝒕𝒐𝒓𝒎 × 𝑷𝒉𝒂𝒊𝒍|𝒔𝒕𝒐𝒓𝒎

Application

1950-2021 – All Europe

Modelled climatology of 
hail ≥ 2 cm (1950-2021)

Training data

2008-2020 - Europe

ERA5 reanalysis
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Fraction of environments with hail ≥ 2 cm 
(observed)

Fraction of environments with hail ≥ 2 cm 
(modelled)



Lightning climatology and trends (1950-2021)

Lightning model predictors

Most Unstable Lifted Index

Relative Humidity 500-850 hPa

Convective Precipitation

Most Unstable Mixing Ratio

Land Sea mask
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Change in number of hours per decadeNumber of hours per year

Annual Mean Decadal trend
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Large hail climatology and trends (1950-2021)

Large hail model predictors

Most Unstable CAPE above -10°C

Effective Most Unstable Bulk Shear

Most Unstable Mixing Ratio

Height of 0°C isotherm

Annual Mean Decadal trend

Change in number of hours per decadeNumber of hours per year
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Model adaptation to reforecasts

Lightning model 

1. Most Unstable CAPE
2. Relative Humidity 500-850 hPa
3. Convective precipitation (to be included)

Large hail model

1. Most Unstable CAPE
2. Deep Layer Shear
3. Specific humidity at 925 hPa
4. Height of 0°C isotherm
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1. ERA5 based - Most Unstable CAPE above -10°C isotherm
1. Reforecasts - Most Unstable CAPE

2. ERA5 based – Effective Most Unstable Bulk Shear
2. Reforecasts – Deep Layer Shear

3. ERA5 based – Most Unstable Mixing Ratio
3. Reforecasts – Specific humidity at 925 hPa

3. Apply to reforecasts 

Hail forecasts from 2008 to 2019

10 ensemble members 

lead times from 12 to 228 hours

1. Adapt predictors 2. Develop simplified models
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Ensemble Hail Forecasts per lead time – 15th June 2019 5

12 hours
lead time
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Ensemble Hail Forecasts per lead time – 15th June 2019 6

108 hours
lead time
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Ensemble Hail Forecasts per lead time – 15th June 2019 7

180 hours
lead time
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Ensemble Mean Forecasts per lead time – 15th June 2019 8
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12 hours Hail Ensemble Mean Forecast 

CAPE: 2000 J/kg

DLS: 15 m/s

CAPE: 700 J/kg

DLS: 19 m/s

CAPE: 2000 J/kg

DLS: 4 m/s

Hail forecast and convective environment
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Hail model - ROC curve per forecast lead time

Model evaluation per lead time 10

Lightning model - ROC curve per forecast lead time
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Comparison with hail composite parameters

𝐴𝑅ℎ𝑎𝑖𝑙, CAPESHEAR and Significant Hail Parameter (SHP) performance 
depending on forecast lead time

Better than CAPESHEAR
at all lead times.

Better than SHP
at short ranges (up to 84 hours).

𝐴𝑅ℎ𝑎𝑖𝑙 : 0.962
CAPESHEAR: 0.950

SHP: 0.951

12 h

𝐴𝑅ℎ𝑎𝑖𝑙 : 0.936
CAPESHEAR: 0.924

SHP: 0.931

84 h

180 h

𝐴𝑅ℎ𝑎𝑖𝑙 : 0.875
CAPESHEAR: 0.863

SHP: 0.873

𝑨𝑹𝒉𝒂𝒊𝒍 outperforms 
existing parameters
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Conclusion and future work

• Large hail and lightning models accurately reproduce 
the climatological distribution.

• Models adapted to reforecasts provide skillful hail 
predictions up to 5 days in advance.

• 𝑨𝑹𝒉𝒂𝒊𝒍 outperforms existing parameters for hail forecasting.

Future work

2. Inclusion of convective precipitation in the lightning model and comparison with IFS lightning diagnostic.

1. Development of very large hail (≥ 5 cm) and convective wind models.

3. Application of full ERA5 hail model to the ECMWF Ensemble Prediction System.

francesco.battaglioli@essl.org fra_battaglioli
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Best Thermo

• Parameters are split in three main categories. 
• Best thermodynamic and shear parameters build the 2D model:

Best Shear+ 2D model

Best Thermo

𝑀𝑈 𝐶𝐴𝑃𝐸
𝑀𝐿 𝐶𝐴𝑃𝐸
𝑆𝐵 𝐶𝐴𝑃𝐸

𝑀𝑈 𝐶𝐴𝑃𝐸𝐻𝐺𝐿
𝑀𝑈 𝐶𝐴𝑃𝐸−10°𝐶

𝐿𝐼
𝐿𝑅36𝑘𝑚
𝐿𝑅24𝑘𝑚

…

Best shear

𝐵𝑆06
𝐵𝑆08
𝐵𝑆16
𝐵𝑆𝐻𝐺𝐿

𝐸𝐹𝐹 𝐵𝑆𝑀𝑈
𝐸𝐹𝐹 𝐵𝑆𝑀𝐿
𝐸𝐹𝐹 𝐵𝑆𝑆𝐵
𝐵𝑆−10°𝐶

…

3D model+ Best Other

Best other

𝐿𝐶𝐿ℎ𝑒𝑖𝑔ℎ𝑡
𝐿𝐹𝐶ℎ𝑒𝑖𝑔ℎ𝑡
0°ℎ𝑒𝑖𝑔ℎ𝑡

𝑊𝑏 0°ℎ𝑒𝑖𝑔ℎ𝑡
𝑆𝑅𝐻03
𝑀𝐼𝑋𝑅𝑀𝐿

𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑒𝑝𝑡ℎ

…
• Starting from the 2D model, 10 other parameters are tested. 

The parameter adding the most skill to the original is chosen 
to build a 3D model

Best Thermo Best Shear+

4D model (Until the model overfits)+ Best OtherBest Thermo Best Shear+ + Best Other –1

Evaluation metrics

• Deviance Explained
• Bayesian Information Criterion (BIC)

Model selection
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Ensemble Lightning Forecasts per lead time – 15th June 2019

12 hours
lead time
108 hours
lead time
180 hours
lead time

• High probabilities along the 
Polish-German border and SE 
France, and most of Eastern 
Europe.

• Good agreement between 
ensemble members at 12 hours 
lead time.

• Overestimation over the Black 
Sea – inclusion of convective 
precipitation could help.

• The ensemble spread increases 
strongly already at 108 hours, 
uncertainty on the location of 
the frontal boundary in Eastern 
Europe.
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Lightning forecast and 
convective environment

12 hours Lightning Ensemble mean forecast 

CAPE: 1200 J/kg

𝑹𝑯𝟓𝟎𝟎−𝟖𝟓𝟎: 90 %

CAPE: 1700 J/kg

𝑹𝑯𝟓𝟎𝟎−𝟖𝟓𝟎: 50 %
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