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Editorial

Special Issue: Severe weather events and their impact on society

According to the latest reports o f the Intergovernmental Panel on Climate Change (IPCC), it is 
expected that the occurrence of severe weather events like long heatwaves or strong 
thunderstorms will significantly increase by the end of the 21st century in Europe. 
Consequently, it is getting more and more important to study the underlying scientific basics 
and to develop such forecasting systems which are able to accurately predict these events. 
Noting the increasing relevance of this topic, the theme o f  the 39th Meteorological Scientific 
Days was chosen to be severe weather events and their impact on society. The Scientific Days 
were organized during autumn 2013 at the Hungarian Academy o f Sciences by the 
Subcommittee for Atmospheric Dynamics and Synoptic Meteorology o f  the Meteorological 
Scientific Committee. The program consisted of 21 oral presentations, and as a new and 
successful initiative, a poster session was also organized with 7 posters (see at 
www.met.hu/omsz/rendezvenyek). The large number o f  presentations allowed to give an 
extensive overview on the topic of severe weather events and present several applications. 
Similarly to previous years, the opening presentation was a foreign invited speaker, who 
presented the nowcasting systems applied at European national meteorological services. This 
was followed by an overview talk about the evolution o f nowcasting systems in Hungary. The 
next couple of presentations investigated severe weather events on large time and spatial scales. 
Furthermore, a presentation highlighted the actual challenges of hydrology. The following 
speakers presented the numerical modeling aspects o f the forecasting o f severe weather events. 
The first day was closed with three presentations showing interesting examples of research 
connected to severe precipitation events. The second day was devoted to the applications 
presenting different areas in society (e.g., aviation, defense, transportation) where severe 
weather could have a large impact, and accurate forecasting o f such events is essential.
Similarly to previous years, the present special issue o f  IDŐJÁRÁS devoted to papers based 
on the presentations o f the Meteorological Scientific Days. A high number o f  11 papers were 
accepted, which well reflects the increasing interest in the topic of severe weather events from 
both scientific and application oriented communities. The organization o f  the papers follows 
the structure of the Scientific Days itself. The first two papers deal with severe weather events 
on large time and spatial scales, followed by two studies about the climatology cyclones and 
thunderstorms. Three papers are dedicated to the numerical modeling systems predicting 
severe weather events. The last four papers are dealing with applications like weather 
warnings at the Hungarian Defense Forces, forecasting o f  blowing snow, usage of unmanned 
meteorological aircrafts, and urban human comfort. It is important to note that due to the high 
number o f papers, the last two presentations dealing with aviation and urban meteorology -  are 
going to be included in the next issue o f IDŐJÁRÁS.
Finally, we would like to thank the Editor-in-Chief of IDŐJÁRÁS for making it possible to 
publish the present special issue, and all the authors who contributed to the 39th Meteorological 
Scientific Days. Careful work of the Executive Editor of the journal by compiling the present 
issue is also appreciated.

Balázs Szintai and Tamás Weidinger 
Guest Editors





IDOJARAS
Q u a rte r ly  J o u r n a l  o f  th e  H u n g a ria n  M e te o ro lo g ic a l S e rv ic e  

Vol. 119, N o . 2, A p r i l - J u n e ,  2 0 1 5 , p p . 1 2 9 -1 4 2

Projected changes of extreme precipitation using 
multi-model approach

Judit Bartholy, Rita Pongrácz, and Anna Kis

Department o f Meteorology, Eötvös Loránd University, 
Pázmány Péter sétány 1/A, H-1117 Budapest, Hungary

E-mail: bartholy@caesar.elte.hu, prita@nimbus.elte.hu, 
kisanna@nimbus. elte. hu

(Manuscript received in final form October 6, 2014)

Abstract—Excessive precipitation may result in different environmental and socio- 
economical damages. In order to mitigate or avoid the potential losses associated to these, 
it is essential to provide estimations of precipitation tendencies for the future, which 
facilitate to build appropriate adaptation strategies in time. In this paper we used bias- 
corrected daily precipitation outputs of 11 regional climate model (RCM) simulations to 
determine the projected precipitation trends for the Carpathian Basin. According to the 
results of the analysis of precipitation indices, frequency of extreme precipitation will 
generally increase in the entire Central/Eastern European domain, except in summer, 
when decreasing trend is very likely in Hungary as well as in the southern regions.

Key-words: regional climate change, heavy precipitation, precipitation intensity, 
percentile values, climate index 1

1. In tro d u c tio n

In the recent years, extreme precipitation events have become more frequent as 
well as more intense in many regions of Europe, e.g., in the western part of 
Central Europe since 1961 (Kysely, 2009; Seneviratne et al., 2012). This is 
especially valid for winter. In other seasons and other regions, including the
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Carpathian Basin, the observed trends are not significant and inconsistent for the 
past (e.g., Klein Tank and Können, 2003; Bartholy and Pongrcicz, 2005; 2007). 
In order to be prepared for the coming changes and make appropriate plans in 
various socio-economic sectors, it is essential to provide future estimates of 
mean precipitation trends and extreme events. Different sectors, different 
activities consider extreme precipitation very differently. Therefore, several types 
of extreme indices can be defined for describing these events (Zhang et a/., 2011). 
One of the most widely used types is based on exceeding various threshold 
values, which can be an absolute value (e.g., 10 mm, 20 mm, etc.) or a given 
(e.g., 90th, 95th, etc.) percentile of long climatological time series. Other more 
complex indices consider duration, intensity, and/or persistence of the events. 
Extreme indices usually focus on daily scale using daily precipitation totals. 
Despite the huge demand of sub-daily scale extreme analysis, there is a lack of 
such studies due to reliable data availability.

Climate model simulations for the future suggest that number of heavy 
precipitation days is likely to increase in the northern mid-latitudes in the 21st 
century, especially in winter (IPCC, 2012). Furthermore, in some regions more 
heavy precipitation days are likely to occur despite of the projected decrease in 
total precipitation amount. For instance, in Europe, more frequent extreme 
precipitation events are likely to occur in the coming decades (e.g., Kysely et al., 
2011; 2012; Rajczak et al., 2013). For Hungary, PRUDENCE (Christensen et 
al., 2007) simulation results suggest that extreme precipitation events are 
projected to increase in winter, whereas a general decrease is estimated in 
summer (Bartholy et al., 2008).

Intense precipitation may lead to a severe flood event, which is considered 
one of the major possible natural hazards on society. Specifically, in Central 
Europe, river flood risk and vulnerability are likely to have grown in many 
areas in the recent years (Knndzewicz et al., 2005). As Working Group II of the 
Intergovernmental Panel on Climate Change (IPCC) pointed out in the Fifth 
Assessment Report (IPCC, 2014), river management is the main factor 
determining the flood trends of the past. Although the detected regional flood 
trends in Europe are inconsistent and statistically not significant for the past 
(Renard et al., 2008, Stahl et al., 2010), it is important to estimate the future 
change of precipitation, especially extremes, in order to develop appropriate 
river management strategies. According to the results of Dankers and Feyen 
(2008), extreme discharge levels are projected to occur in many European 
rivers.

In this paper, extreme precipitation is analyzed for Hungary using climate 
model simulations output. For this purpose, precipitation-related climate indices 
calculated from bias-corrected time series serve as main indicators for future 
climate change. First, the data and the applied indices are described. Results are 
discussed for indices based on (i) absolute value thresholds, (ii) percentile-based 
thresholds, and for intensity-based indices.
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2. Data and methods

In order to estimate the future extreme precipitation trends, outputs from 
11 regional climate models (RCMs) embedded in global climate models 
(GCMs) are analyzed taken into account the intermediate SRES A1B emission 
scenario (Nakicenovic and Swart, 2000). According to this scenario, the 
population is estimated to increase up to 8.7 billions and decline after the middle 
of the 21st century. The energy demand is assumed to be covered from both 
fossil fuels and renewable/nuclear energy sources. Thus, global mean CCL 
concentration level is estimated to reach 717 ppm by 2100. Simulation datasets 
are available with 25 km horizontal resolution on daily scale for 1951-2100 
from the ENSEMBLES project (van der Linden and Mitchell, 2009). Due to the 
general underestimation of summer precipitation and overestimation of winter 
precipitation (Pongracz et at., 2011), raw data have to be bias-corrected prior to 
the detailed analysis. The applied correction (Pongracz et al., 2014) is based on 
a quantile matching technique (Formayer and Haas, 2010) for which E-OBS 
datasets (Haylock et al, 2008) serve as reference for the 1951-2000 time period. 
The 25 km horizontal resolution gridded daily E-OBS data were created in the 
framework of the ENSEMBLES project by interpolating measured datasets of 
meteorological stations from all over Europe. For the area focused in this 
analysis, data from about 400 stations were used (note that the spatial coverage 
is not homogeneous).

After the correction, several precipitation-related climate indices are 
calculated. This paper focuses on excessive precipitation, whereas analysis of 
the lack of precipitation, i.e., drought-related indices can be found in Pongracz 
et al. (2014). Among the indices connected to extreme precipitation (Table /), 
two indices are defined by using different absolute threshold values (RR10, 
RR20), two indices indicate precipitation intensity (RX1, RX5) for different 
durations, and six indices are based on percentiles of daily precipitation 
amount (R90p, R95p, R99p, R90pGT, R95pGT, R99pGT). The grid cell values 
of all the 10 indices are calculated from the 11 bias-corrected RCM simulations 
for Central/Eastern Europe (covering the area of 43.625°-50.625°N,
13.875°-26.375°E) for the whole 1951-2100 simulation period. In this analysis, 
mean seasonal changes for the 2021-2050 and 2071-2100 periods are 
determined relative to the 1961-1990 reference period. Moreover, nine 
subregions are defined in the selected domain (Southeastern Czech Republic, 
Eastern Austria, Slovakia, Southwestern Ukraine, Slovenia, Hungary, Romania, 
Croatia, and Northern Serbia), for which the spatial average of annual and 
seasonal mean changes are calculated.

131



Table 1. N am e, defin ition , and  un it o f  th e  a n a ly ze d  precip ita tion -re la ted  c lim ate indices

Index Definition Unit

RR10 Number of heavy precipitation days (Raay> 10 mm) day

RR20 Number of very heavy precipitation days (Rday> 20 mm) day

RX1 Highest 1-day precipitation amount (Rmax,iday) mm

RX5 Highest 5-day precipitation amount (Rmax,5day) mm

R90p The 90th percentile of daily precipitation time series mm

R95p The 95th percentile of daily precipitation time series mm

R99p The 99th percentile of daily precipitation time series mm

R90pGT Fraction of total precipitation above the base period’s 90th percentile
(X(R.2071 2100 > R90pi%i_i99o)/£R2071-2IOo)

%

R95pGT Fraction of total precipitation above the base period’s 95th percentile
(X(ff>07l-2100 > R95pi961-1990yX^2071-210o)

%

R99pGT Fraction of total precipitation above the base period’s 99th percentile
(X(R2071-2100 > R99pi96i_i990)/XR207l-210o)

%

3. R e s u lts  a n d  d iscu ssio n

First, analysis of exceeding absolute daily precipitation threshold values is 
presented for the mid- and late-century compared to the reference period 
1961-1990. Then, the projected changes of percentile-based indices are 
evaluated. Finally, intensity-type precipitation indices are analyzed.

3.1. Estimated future changes ofprecipitation indices using absolute threshold 
values

On a daily scale, 10 mm and 20 mm precipitation amounts are usually considered 
as heavy and very heavy precipitation days, respectively. Due to the different 
processes resulting in rainfall or snowfall, these days occur generally more often in 
summer than in winter, i.e., more precipitation occur from convective systems in 
the summer months. Two indices (RR10 and RR20) are analyzed in this paper and 
compared seasonally for the three selected time slices (1961-1990, 2021-2050, and 
2071-2100). The average numbers of days are very different for the two indices, 
therefore, different scales and units are used in Fig. 7, i.e., RR10 and RR20 are 
shown as the mean frequency in 10 and 30 years, respectively. In July and August 
both indices are projected to decrease relative to the reference period 1961-1990, 
moreover, in May and June, RR10 is likely to decrease by the end of the 21st 
century. In all the other months, indices are projected to increase on average.
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If we consider the estimated changes between the middle and late 21st 
century, the two indices differ in the three autumn months, namely, RR10 is 
projected to increase in September and October, whereas RR20 is likely to 
decrease in these two months. In November, the opposite is projected: RR10 
tends to decrease and RR20 tends to increase.

I I

J F M A M J  J A S O N D  
Months

Fig. 1. Multi-model monthly average values of RR20 (upper panel) and RR10 (lower 
panel) for Hungary in 1961-1990, 2021-2050, and 2071-2100. Original units from 
Table 1 are modified to show simulated occurrence frequencies in longer time periods, 30 
and 10 years, respectively.

Higher values are projected for 2021—2050 relative to 1961-1990 for both 
RR10 and RR20 in January, March, July, and December (which implies 
dominantly the winter half-year). This is followed by the decrease of average 
index values in the second half of the century. On the contrary, in April and 
May, both RR10 and RR20 are projected to decrease first, and then, increase by 
the last few decades of the century (in case of RR10, the estimated mean 
changes are similar also for June).
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3.2. Estimated future changes ofpercentile-based precipitation indices

From the aspect of excessive precipitation, this paper focuses on large 
percentiles, i.e., the 90th, 95th, and 99th percentile values themselves, and the 
precipitation totals above these percentile thresholds relative to the entire 
precipitation totals. The seasonal mean changes of these percentile-based 
precipitation indices by the end of the 21st century compared to the reference 
period are summarized in Fig. 2 for Hungary.
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Fig. 2. Projected seasonal mean changes (%) of the percentile-based precipitation indices 
for Hungary by 2071-2100 relative to the reference period 1961-1990. The thicker bars 
indicate the average changes on the basis of RCM projections using equal weights to the 
driving GCMs. The thinner bars indicate the total ranges of RCM projections.

The fractions of the extreme daily precipitation totals from the entire 
precipitation totals are dominantly projected to increase, only two RCM 
(HIRHAM/ARPEGE and HadRM/HadCM3) simulations estimate decrease of 
summer index values. RCM simulations suggest quite similar changes of R90pGT, 
the entire multi-model uncertainty is less than 15%. Estimated spatial average 
changes of R95pGT are less similar compared to those of R90pGT, however, the 
uncertainty due to the different RCM use does not exceed 33%. The largest multi­
model uncertainty in relative changes is projected in case of R99pGT exceeding 
45% in all the seasons, moreover, it is 88.5% in winter. Similarly to the 
uncertainty ranges of multi-model estimations, the projected increases of the 
fractions of the higher extreme daily precipitation totals are also larger than those 
of the smaller extremes, i.e., estimated seasonal changes of R90pGT (2-10% on 
average) are smaller than changes of R95pGT (6-21% on average), which are 
considerably smaller than changes of R99pGT (33-63% on average). For all the
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three indices, the largest increase is projected generally in winter and autumn, and 
the smallest increases are likely to occur in summer and spring.

The spatial structures of the projected seasonal mean changes for the entire 
domain are shown in Fig. 3. The composite maps clearly suggest that the 
estimated increases are larger in the northern part of the domain than in 
Hungary, and generally smaller in the southern regions. In summer, overall 
slight decreases are projected for all the three indices in the southwestern 
regions. Within Hungary, the projected average changes of all the three indices 
are generally larger in the eastern lowlands than in the western Transdanubian 
part of the country. However, in spring, the smallest increases are estimated in 
the middle subregions of the country.

R90pGT R95pGT R99pGT

Fig. 3. Projected multi-model mean changes (%) of the fraction of total precipitation 
greater than the 90th, 95th, and 99th percentiles of daily precipitation in the four seasons 
(from top to bottom: winter, spring, summer, autumn) for 2071-2100 relative to the 
reference period 1961-1990.
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The entire ranges of the estimated changes of high percentile values of 
daily precipitation are relatively large, mostly exceeding 25%, except in 
spring when they are 15-20% (Fig. 2). These large ranges suggest quite large 
uncertainty within the multi-model ensemble, when even the signs of the 
projected trends can be different (i.e., both increasing and decreasing). 
However, in winter, all the three percentile values in Hungary are very likely 
to increase, the estimated multi-model mean changes are 21%, 21%, and 24% 
for R90p, R95p, and R99p, respectively. In autumn, the higher the extreme 
percentile, the larger the projected increase. For instance, R99p is projected to 
increase by about 26% by the end of the 21st century relative to the reference 
period. In summer, the multi-model ensemble projects clear decrease of R90p 
(by 23% on average) in Hungary, mainly decrease of R95p (by 15% on 
average), whereas higher uncertainty is associated to the estimation of 
changes in R99p: the majority of the RCMs project slight increase (not 
exceeding 9%), nevertheless, some of the RCMs project relatively high 
decrease (10-19%), resulting in an overall slight decrease of R99p. Finally, in 
spring, slight changes are projected in general, which do not exceed 10%. 
However, note that R99p is estimated to clearly increase (by 7% on average), 
since all the RCMs project positive changes by 2071-2100 compared to 
1961-1990.

The spatial structures of the projected seasonal mean changes are shown 
in Fig. 4. The estimated summer decreases show clear zonal differences, the 
largest decrease in percentile values of daily precipitation exceeds 40% and 
20% in the southern part of the entire domain in case of R90p and R95p, 
respectively. The summer values of R99p tend to increase in the northern 
(and especially the northwestern) part of the domain, and decreases of R99p 
values are projected only in the southern part (the largest average decreases 
exceed 10%). Within Hungary, the quasi-zonal structure can be recognized as 
well, as in the entire domain. All the three indices are projected to decrease in 
summer in the whole country, the largest decreases are likely to occur along 
the southern border of Hungary. In winter, increases of the indices are 
estimated in the entire domain, the largest changes are likely to occur in the 
northern part, especially in the mountainous subregions. Percentile values in 
the northern part of Hungary are also projected to increase more than in the 
southern subregions. R99p — representing the very high extreme daily 
precipitation -  is projected to increase in the entire domain also in spring and 
autumn, however, the projected seasonal average changes are generally 
smaller than in winter. In the equinox seasons, R90p values are projected to 
increase in the northern part and decrease in the southern part of the domain, 
whereas R95p is estimated to increase dominantly (except in small regions in 
the southern part).
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R90p R95p R99p

Fig. 4. Projected multi-model mean changes (%) of the 90th, 95th, and 99th percentiles of 
daily precipitation in the four seasons (from top to bottom: winter, spring, summer, 
autumn) for 2071-2100 relative to the reference period 1961-1990.

3.3. Estimated future trends ofprecipitation intensity indices

The precipitation intensity is represented in this paper by the highest 
precipitation totals during 1 day and 5 days (i.e., RX1 and RX5, respectively). 
The summary of multi-model monthly estimations of spatial average for 
Hungary is shown in Fig. 5 for RX5 (similar changes are projected for RX1). 
These results clearly suggest that the maximum 5-day precipitation totals are 
projected to increase in the 21st century in all months, except August. The inter­
model variability of the estimated RX5 values is much higher in July, August, 
and September than in the rest of the year (the entire RX5 ranges of RCM- 
estimations for the winter months do not exceed 20 mm). In general, the inter-
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model variability of RX5 is projected to increase in the 21st century compared 
to the reference period.

Fig. 5. Comparison of estimated monthly average values of RX5 for Hungary in 1961— 
1990, 2021-2050, and 2071-2100 using 11 RCM simulation outputs. MMA indicates the 
multi-model average.

Composite maps of the projected seasonal mean changes of RX1 show the 
spatial structures of the estimated changes by 2071-2100 relative to 1961-1990 
(Fig. 6). Increasing trends are projected for all seasons, except in summer in the 
southern part of the domain, where the estimated negative changes on average 
imply decreasing trends for the future. The estimated spatial average changes of 
RX1 for the whole domain are 20%, 11%, 2%, and 23% in winter, spring, 
summer, and autumn, respectively. In summer, a zonal structure similarly to the 
changes of the summer percentile values can be recognized: in the northern part 
of the selected domain RX1 is projected to increase, whereas in the southern 
subregions it is projected to decrease. Specifically, the estimated multi-model 
average changes by the late 21st century in summer are +11% and -8% in the 
southeastern Czech Republic and in Croatia, respectively. In Hungary, the 
largest increase is estimated in autumn (+23%), when projected changes 
calculated from 9 individual RCM simulations (out of 1 1 total experiments 
studied in this paper) are statistically significant.

Since the largest increases are likely to occur in winter and autumn, more 
detailed temporal analysis is presented for these two seasons in Fig. 7 showing 
the average decadal values of RX1 from the 1950s to the 2090s for Hungary. 
The ensemble of the individual RCM simulations clearly suggest increasing 
trends in the multi-model mean as well as in the 1st, 2nd, and 3rd maximum and 
minimum decadal values of RX1. All these trend coefficients are statistically 
significant at 0.05 level. The estimated overall change of the multi-model mean 
between the 1950s and 2090s is 30% in winter, and 33% in autumn, when the
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50

decadal average of the highest daily precipitation amount is very likely to 
exceed 24 mm in the 2090s (and it was about 18 mm in the 1950s according to 
the RCM simulations).

Fig. 6. Composite maps of the projected seasonal mean changes (%) of RX1 by 2071- 
2100 relative to the reference period 1961-1990. Average changes are calculated on the 
basis of RCM projections using equal weights to the driving GCMs.

Fig. 7. Average decadal values of RX1 for Hungary in winter (left panel) and autumn 
(right panel), 1951-2100. MMA indicates the multi-model average, (a) and (f) indicate 
the maximum and minimum RX1 values, respectively, (b) and (e) indicate the second 
largest and smallest RX1 values, respectively, (c) and (d) indicate the third largest and 
smallest RX1 values, respectively.

139



4. Conclusions

Estimated changes of extreme precipitation conditions in Central/Eastern Europe 
(with special focus on Hungary) have been analyzed in this paper using bias- 
corrected daily precipitation outputs of 11 RCM simulations from the 
ENSEMBLES project considering the intermediate A1B scenario. Based on the 
results, the following conclusions can be drawn for the late 21st century relative 
to the reference period.

(i) Excessive precipitation (R90p, R95p, R99p) is mostly estimated to 
increase, except in summer, when decrease is projected both in Hungary 
and in the southern regions of the entire domain.

(ii) The fraction of the excessive precipitation relative to the total amount 
(R90pGT, R95pGT, R99pGT) is projected to increase in general. Only a 
few RCMs estimate slight decrease in summer for Hungary, and the 
multi-model average change in summer is slightly negative in the 
southwestern part of the entire domain.

(iii) Frequency of heavy precipitation (RR10, RR20) is projected to decrease 
in summer, and increase in the rest of the year.

(iv) Precipitation intensity (RX1, RX5) is likely to increase overall. 
However, in summer decreasing trend is estimated in the southern parts 
of the selected domain.

Overall, remarkable increasing trends of precipitation extremes are 
projected for Central/Eastern Europe by 2071-2100 relative to the 1961-1990 
reference period. These changes may result in more frequent and more severe 
river flooding, therefore, in order to mitigate the vulnerability of the region, it is 
highly suggested to develop appropriate flood protection and management 
strategies in time considering these estimated changes.
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Abstract—The increase of the temperature and frequency of extreme weather events are 
predicted as the most visible effects of expected climate change. The number of 
publications dealing with heat-related mortality has been increasing for the last 20 years. 
They concluded that no formal definition of a heat wave existed, so the definition of such 
events would be very important. A more consistent methodology for calculating excess 
mortality would enhance comparisons between studies.

It is a growing demand to elaborate and use indicators which can provide comparable 
information of the impact of heat on mortality in different geographic and climatic regions. 
Therefore, the World Health Organization developed a set of climate change related health 
indicators in the CEHAPIS (Climate, Environment and Health Action Plan Information 
System) project. The authors aimed to assess heat related excess mortality by using this 
methodology, in addition to indicators used in the Hungarian Heat Alert System, in order to 
provide a recommendation for a more precise detection of health effects in Budapest.

In this paper, the heat wave related daily excess mortality is analyzed for the summer 
periods of 2000-2010 in Budapest. Mortality is characterized by the daily total mortality and 
that of the age group 65 years and over. Meteorological variables of the Pestszentlőrinc 
station, regarded as an urban background meteorological station, were used. Daily 
temperature was characterized by four indicators: mean and maximum daily temperatures, 
and mean and maximum daily apparent temperatures. The impact on mortality was compared 
in relation to the different temperature indicators and threshold values. A method was 
developed to define the optimal threshold range where the excess mortality could be 
identified effectively.

The recommended method is capable to detect the changes of temperature and to 
assess the impact of heat waves on daily mortality. The results are in accordance with 
previous studies. Concerning the indicators, the application of daily mean temperature 
values seems to be optimal for Budapest. Further analyses are required to answer the 
question to what extent the Budapest findings can be used in other cities.

Key-words: heat indicators, heat-related mortality, heat-health warning system, climate 
change, health effects of climate change
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1. Introduction

The number of publications dealing with heat related mortality has been 
increasing for the last 20 years. These studies have been reviewed from different 
points of view. In a review article, Basu (2009) analyzed the epidemiological 
studies dealing with the association of ambient temperature and mortality 
published in the period of 2001-2008. The majority of the studies used time 
series analysis or case-crossover methods and proved the impact of heat on 
mortality. Several studies identified cause- or age-specific vulnerable subgroups. 
In their critical review, Hajat and Kosatsky (2010) identified the comparable 
multicenter studies in order to explore the heterogeneity of the effects. Heat- 
related mortality could be detected in the majority of cities, the older age groups 
were more vulnerable, and the bigger heat effect was associated with higher 
population density. A higher threshold value was found in cities with higher 
summer temperatures.

The majority of studies call attention to the negative impacts of predicted 
climate change. According to the latest report of IPCC (Intergovernmental 
Panel on Climate Change, AR5 Fifth Assessment Report), the global mean 
surface temperature change for the period 2016-2035 relative to 1986-2005 will 
likely be in the range of 0.3 °C to 0.7 °C. The increase of global mean surface 
temperatures for 2081-2100 relative to 1986-2005 is projected to likely be in 
the ranges 0.3 °C to 4.8 °C {IPCC, 2013). A greater likelihood of injury, disease, 
and death due to more intense heat waves and fires is expected {IPCC, 2014). In 
his critical review, Gosling et al. (2009a) examined present temperature- 
mortality relationships and discussed climate change issues. He concluded that 
no formal definition of a heat wave existed, so the definition of such events 
would be very important. A more consistent methodology for calculating excess 
mortality would enhance comparisons between studies. There is evidence that 
climate change will affect temperature-related mortality heterogeneously, so 
there is a need for inter-regional comparisons that account for changes in the 
mean and variance of temperature.

Several studies analyzed the Budapest data as well. Paldy et al. (2005) 
investigated the effect of weather on daily mortality in Budapest, 1970-2000. 
Hajat et al. (2006) and Gosling et al. (2007) analyzed the same period by 
different methods. The data from the nineties were evaluated by Ishigami et al. 
(2008) and Baccini et al. (2008); a cause- and age-specific analysis was carried 
out by D'Ippoliti et al. (2010). Besides the Budapest data, a comparison of heat 
related mortality was carried out between the urban and rural populations in 
Hungary (Bobvos and Paldy, 2009). The excess mortality due to the strongest 
heat wave ever recorded in 2007 was analyzed at regional {Paldy and Bobvos,
2009) and small area levels {Paldy et al., 2011). The predicted heat related 
excess mortality due to climate change was assessed by Gosling et al. (2009b), 
Baccini et al. (2011), and Bobvos et al. (2011) using a regional climate model.
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Based on the studies, the proven impact of heat on mortality is a great 
burden on society. In order to decrease the negative effects, heat-health 
warning systems have been developed by public health services all around the 
world. These systems are based on meteorological forecasts and include 
different measures during warnings. Kovats and Ebi (2006) reviewed the 
public health aspects of heat waves and evaluated the relative effectiveness of 
public health responses. Kovats and Hajat (2008) emphasize the important 
differences in vulnerability existing between populations, depending on 
climate, culture, infrastructure (housing), and other factors. Based on the 
forecasts of the Hungarian Meteorological Service, the Hungarian Heat Alert 
System was introduced in Hungary in 2005. The system has three levels: a 1st 
warning, a 2nd alert, and a 3rd alarm level. The threshold temperature of the 
alert is 25 °C daily mean temperature. A heat wave is defined as three or more 
consecutive days with temperatures above this threshold. During the heat 
waves, the health care services and the local authorities launch previously 
prepared measures.

The above cited studies used a great variety of heat-related indices. It is a 
growing demand to develop and use indicators which can provide comparable 
information of the impact of heat on mortality in different geographic and 
climatic regions. Therefore, the WHO -  in collaboration with WHO Member 
States -  developed a set of climate change related health indicators (categorized 
into exposure, effect, and action) within the frame of the CEHAPIS project 
(WHO, 2011). This project recommends using two types of temperature 
indicators for heat exposure. The authors aimed to assess heat-related excess 
mortality by using the CEHAPIS methodology in addition to indicators used in 
the Hungarian Heat Alert System in order to provide a recommendation for a 
more precise detection of the health effects in Budapest. 2

2. Data and methods

In this paper, the heat wave-related daily excess mortality was analyzed for the 
summer period (May 16-Sept 15) of 2000-2010 for Budapest. Daily mortality 
data were gained from the Central Statistical Office of 1995-2010 for Budapest. 
All natural cause mortality (International Classification of Diseases codes ICD-9: 
1-799) was characterized by the daily total mortality (M 0-X) and that of the age 
group 65 years and above (M 65+). Meteorological variables of the 
Pestszentlorinc measuring station were retrieved from the Global Surface 
Summary of the Day Data (GSOD, 2010) archived in the National Climatic Data 
Centre (NCDC) at National Oceanic and Atmospheric Administration (NOAA) 
for 1990-2010. The Pestszentlorinc monitoring station was regarded as an urban 
background meteorological station of Budapest. Daily temperature was 
characterized by four indicators: mean (T) and maximum daily temperatures
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(Tx), and mean (AT) and maximum (ATx) daily apparent temperatures in °C. 
Apparent mean and maximum temperatures (Kalkstein and Valimont, 1986) 
were used as indices of thermal discomfort based on air temperature (7) and dew 
point temperature (Tdp) according to the following formula:

AT = -2 .653 + 0.994(7) + 0.0153(7dp) 2. (1)

To follow the changes in the temperature, a 10-year fixed reference period 
of 1990-1999 was chosen. The hot days were identified by the 90th percentile of 
the frequency distribution of temperature indicators, where the daily mean 
temperature value was 25 °C, being a threshold of the Hungarian Heat Alert 
System. A heat wave was defined as three or more consecutive days with 
temperatures above this threshold.

After the initial description of the data, linear trend analyses were carried 
out to detect the changes in time. An assessment was done to compare the 
number of heat waves identified by the different temperature indicators in 
relation to the threshold. The number of heat waves and the number of days of 
heat waves corresponding to the 90th percentile threshold were defined by year, 
respectively for the whole period.

The effect of heat waves on daily mortality -  absolute excess mortality 
(EM, in case number) -  was defined as the difference of the mortality during 
heat waves (observed mortality: M„) and the expected mortality (Mc) computed 
form the daily mortality of the previous five years (reference periods of 
mortality) excluding the daily mortality of days of heat waves in the given years:

EM = I (M 0 -  Me). (2)

The relative excess mortality was also computed in a similar way, defining 
the percent increase of mortality during the heat waves of a given summer 
period. The mean relative excess mortality (EM%, in percent) of the heat wave 
days (L) of a summer period can be computed by the following formula:

EM% = 100 Z(M0 -  Afe)L_1. (3)

To characterize the whole period, the sum and mean of excess mortality 
due to heat wave days were calculated above different percentiles in case of each 
indicator. To define the optimal threshold ranges, the product of the two data 
was used.
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3. Results

3.1. Characteristics o f mortality data and temperature indicators

Mortality data of the investigated period are shown in Table 1. The summer 
mean daily mortality of the whole period was 60.8 of the total population and
44.7 of the age group 65 years and over. Maximum daily mortalities were 
recorded in both age groups in 2007. The standard deviation (SD) was also the 
highest in that year. Total mortality showed a significant decreasing tendency by
0.33 cases per year in the total population and by 0.21 cases in the older age 
group.

Table 1. Yearly descriptive statistics of daily mortality of the total population and age 
group 65 and over years in the summer (cases), periods of 2000-2010 in Budapest

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean

A/0-X min 43 46 38 38 40 39 36 35 35 39 36 38.6
A/0-X mean 62.9 62.9 61.3 58.8 61.3 60.8 62.6 61.2 58.2 57.5 60.8 60.8
A/0-X max 106 93 97 89 83 93 99 113 80 82 107 94.7
M 0-X SD 10.5 8.5 10.0 9.7 9.0 9.2 10.9 12.7 9.4 7.7 10.7 9.8
M 65+ min 29 33 28 26 28 29 25 22 22 26 25 26.6
M 65+ mean 46.1 46.7 45.2 43.1 44.9 44.4 45.1 44.9 42.3 42.7 45.8 44.7
M 65+ max 77 72 77 67 65 68 77 95 61 64 78 72.8
M65+SD 8.6 7.5 8.4 8.1 6.9 7.3 8.3 10.8 7.2 6.6 8.9 8.0

Table 2 contains the temperature data of the period. The mean of the daily 
mean temperatures were between 20 °C and 21 °C, the mean of the maximum 
daily temperatures was around 25-26 °C. Based on the daily mean temperature, 
the hottest year was 2003, while the daily maximum value was the highest in 
2007, when the daily mean temperature was over 32 °C and the daily maximum 
was over 40 °C. The strongest heat wave was recorded in 2007, when several 
new record temperature values were measured.

3.2. Associations between the threshold values o f temperature indicators and 
the number o f defined heat wave days.

Fig 1 shows the values of the four temperature indicators in relation to different 
percentiles (p%) of the reference period -  between 1990 and 1999 -  of the study.

147



The shapes of the curves of the corresponding indicator pairs were similar in the 
range of p50-p80. The values of apparent temperature were lower in the cooler 
periods; the difference reached 2 °C in relation to the values of simple 
temperature indicators. The threshold values of the apparent temperature were 
somewhat greater, by 0.2-0.3 °C, in the hottest range. The value of the 90th 
percentile corresponded to the threshold temperature of the Hungarian Heat 
Alert System (mean daily temperature, T=25 °C), the exact threshold values 
were 7=25.1 °C, AT=25.5°C, Tx=32.8 °C, and H7x=32.0°C.

Table 2. Yearly descriptive statistics of temperature indicators (°C) in the summer, 
periods of 2000-2010 in Budapest

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean

T min 11.8 10.4 12.9 13.2 10.7 9.9 11.2 9.3 11.7 10.1 8.8 10.9
T mean 20.8 20.2 21.5 22.3 19.7 20.2 20.4 21.7 21.0 21.1 20.0 20.8
T max 29.6 28.8 28.7 29.5 28.2 28.6 28.5 32.3 27.1 27.7 28.7 28.9

Tx min 14.7 14.5 16.1 16.1 14.0 11.7 13.1 11.1 14.6 12.7 10.1 13.5
Tx mean 26.9 25.6 27.0 28.5 25.4 25.2 26.0 27.8 27.0 26.9 24.9 26.5
Tx max 38.0 36.0 35.4 38.3 34.4 35.2 35.9 40.6 36.1 35.0 35.2 36.4

A T min 10.3 8.4 10.7 10.6 8.0 8.0 9.6 7.5 9.1 8.3 6.6 8.8
AT  mean 19.8 19.7 21.4 21.8 19.0 20.0 20.5 21.3 20.6 20.4 20.5 20.5
AT  max 29.9 30.0 29.1 28.9 28.6 31.5 31.8 32.6 28.4 29.1 31.9 30.2

A Tx min 13.2 12.7 13.9 15.2 11.3 10.3 11.5 9.3 12.0 10.9 7.9 11.6
A Tx mean 25.9 25.1 26.9 27.9 24.7 25.1 26.1 27.4 26.5 26.2 25.4 26.1
ATx max 37.0 37.2 36.8 37.7 34.8 37.6 37.5 40.7 37.4 35.7 38.3 37.3

----------  T  — -—  Tx - - - -  A T --------- A T x

Fig. I. Values of the four temperature indicators (°C) in relation to the percentiles 
between 1990 and 1999 in Budapest.
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The temperature indicators identified different numbers of heat wave days 
in the period of 2000-2010. Fig. 2 demonstrates the numbers of heat wave days 
by different threshold values in the warmer intervals. It can be observed that 
apparent temperature indicators defined more heat wave days. This means that 
the different indicators identified the same number of heat waves by different 
percentiles. The curves of the T-Tx and AT-ATx indicator pairs crossed each other 
several times in relation to threshold values.

Fig. 2. Number of heat wave days defined by the four indicators in relation to percentiles 
between 2000 and 2010 in Budapest.

Fig. 3 represents the number of heat waves lasting for three or more days 
defined by the 90th percentile by different indicators. In some years, the number of 
heat waves defined by different indicators was the same (2001, 2005); however, the 
number of heat waves was different in most of the years. In the period from 2006 to 
2010, the differences in the number of heat waves became bigger and more 
frequent. The yearly mean numbers of heat waves were 1.9-2.5 events.

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean 

■ T ■ Tx « A T  ■ ATx

Fig. 3. The number of heat waves defined by the 90th percentile of indicators between 
2000 and 2010 in Budapest.
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Fig. 4 represents the number of heat wave days defined by the 90th 
percentile by different indicators. The numbers of heat wave days were different 
in each year. The differences became greater and more frequent in the last five 
years. The yearly mean numbers of heat wave days were between 10 and 13 
days.

35 i

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean 
■ T ■ Tx ■ AT ■ ATx

Fig. 4. The number of heat wave days defined by the 90th percentile of indicators between 
2000 and 2010 in Budapest.

Based on the previous results, we can state that different heat wave days 
were identified by the different indicators. It was necessary to test to what extent 
the heat wave days were defined by the indicators as identical. Fig. 5 shows the 
number of heat wave days defined by the indicator pairs, furthermore, the 
number of identical heat wave days defined by both indicators for the whole 
study period. The most heat wave days were identified by the indicator pairs 
AT and ATx (143 and 134 days, respsetively), while 123 and 107 days were 
identified by T and Tx. The number of identical heat wave days was between 88 
and 129 days, meaning a correspondence of a range of 66-87% by indicators.
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between 2000 and 2010 in Budapest.



3.3. Associations o f heat and mortality

The association between daily mortality and temperature has a U or J shape in 
general. In case of Budapest, the curve has a typical J shape. Fig. 6 shows the 
difference of the daily mortality from the mean mortality in relation to daily 
mean temperature in the total population and in the group over 65 years. The 
approximate curve was produced by a cubic spline function having 4 degrees of 
freedom. The shape of the curves were similar, however, the effect of the 
temperature was somewhat bigger in the older age group. There was a higher 
mortality on cooler (<10°C mean temperature), and warmer days (>23 °C mean 
temperature). The daily mortality significantly increased on days with higher mean 
temperature; the difference was greater than 40% on the hottest days. Concerning 
daily mortality, the optimal temperature range was between 17-20 °C. The shapes 
of the curves of the other indicators were similar.

----------M 0-X ----------M 65+

Fig. 6. Characteristics of association of daily mortality (percent differences from mean 
mortality) and daily mean temperature between 2000 and 2010 in Budapest.

3.4. Effect o f heat waves on mortality

Fig. 7 shows the calculated daily expected total mortality (Me) during the 
studied period and the total observed mortality (Ma) of the heat wave days by 
years. The expected daily mortality calculated on the basis of a 5-year moving 
reference period showed a decreasing tendency in relation to time. An excess 
mortality could be observed on the heat wave days in each year. In 2008, no heat 
wave was defined by the Tx indicator; therefore, no excess mortality was shown. 
The observed mortality was higher than expected mortality in every year. The 
association was similar in the older age group as well (not shown).
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90 у

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

■ Ме-Т *М о-Т иМ е-Т х «М о-Тх иМ е-А Т Мо-АТ «М е-АТх Мо-АТх

Fig. 7. The expected daily total mortality (Me) and the observed total mortality (M„) 
during the heat wave days defined by the four indicators between 2000 and 2010 in 
Budapest.

Fig. 8 shows the difference between observed and expected mortality: the 
excess mortality by years. The yearly numbers of excess mortality due to heat 
waves showed great variability. The lowest excess mortality was observed in 
2008, and it was also very low in 2009 and 2001. The highest excess mortality 
was recorded in 2007, due to the strongest heat wave ever recorded. In that 
year, the number of excess death cases was 230-270 in the total population and 
202-240 cases in the older age group during the 15 heat wave days by the 
different indicators. Similarly high excess mortality was observed in 2006 and 
2010. There were great differences in the number of excess death cases in those 
years, when the indicators identified considerably different numbers of heat 
wave days (in 2006, 2008, and 2010). An average of 102-122 excess mortality 
cases could be attributed to heat waves in the total population, whereas there 
were 86-96 cases in the older age group defined by the different indicators. The 
mean percent excess mortality was between 15-18%; however, it surpassed 
30% in 2007.

3.5. The relationship o f excess mortality and different threshold values

The sum of death cases decreased by the increase of temperature threshold 
values as the number of identified heat wave days decreased. On the other hand, 
excess mortality increased on days with increasing temperature, while the mean 
excess mortality on identified heat wave days increased in relation to threshold 
values. To define the proper threshold, the product of the corresponding values 
of the two curves can be used. At the maximum range of the product curve, the 
two opposite processes were equally considered. Fig. 9 represents the sum of 
total excess mortality, the mean excess mortality above different percentiles, as 
well as the product of the two datasets in case of daily mean temperature
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indicator. The shapes of the curves of the sum of total excess mortality and the 
mean excess mortality changed more steeply over the 80th percentile, the value 
of their product started to increase over this percentile. Above the 95th 
percentile, the total excess mortality started to decrease significantly, while the 
excess mortality on heat wave days changed in the opposite direction. The range 
between the 85th and 95th percentiles met the criteria of the threshold value the 
best. The chosen threshold of daily mean temperature is 25 °C, which is the 
national alert threshold, corresponding to the 90th percentile seemed to be a 
suitable cut-off point. The shapes of the curves of the other indicators were 
similar (not shown).

Fig. 8. The difference between expected and observed mortality in the total population 
and in the older age group between 2000 and 2010 in Budapest.
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Fig. 9. The sum of total excess mortality, the mean excess mortality of heat wave days 
above thresholds, as well as their product in case of daily mean temperature indicator 
between 2000 and 2010 in Budapest.
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The increase of the mean excess mortality on heat wave days in relation to 
the threshold values differed by the different temperature indicators (Fig 10). 
Similar values of excess mortality could be observed within the range of 
85th-92nd percentiles of temperature indicators. In the range of higher 
temperatures, the differences between the shapes of the curves were bigger, the 
highest excess mortality could be observed when using the daily mean 
temperature indicator. In case of the other three indictors, considerably lower 
increase of excess mortality was related to the increase of threshold values. 
Excess mortality increased only over the threshold value corresponding to the 
99th percentile.

Fig. 10. The mean excess mortality on days above threshold by different indicators 
between 2000 and 2010 in Budapest.

4. Discussion

Heat related mortality was studied very intensively in the last two decades all 
around the world. The adverse impact was shown with great certainty. Several 
methods were used to characterize heat waves; different indicators were 
elaborated and applied.

The majority of studies used simple temperature parameters to characterize 
the impact of heat, while others applied more complex thermal indices based on 
different meteorological factors like humidity, radiation, wind speed, etc. Many 
papers tested several indicators in order to find the most suitable temperature 
predictor to detect heat-related excess mortality (Barnett et al., 2010; Kim et al., 
2011; Vaneckova et al, 2011; Yu et al., 2011; Morabito et al., 2014). The results 
could not identify the best indicator, the use of complex indices did not prove to 
be more efficient in detenuining the impact. Furthennore, the computation of 
complex indices is troublesome, their forecast is more ambiguous.
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There is no universal definition of heat waves; the threshold values also 
show great variability. Health endpoints also vary, different age and cause- 
specific mortalities, as well as different groups (sex, race, socio-economic state, 
etc.) are studied. The results within multicenter studies can be compared due to 
the applied common methodology.

There is an increasing need to have comparable results in the public health 
system. The CEHAPIS methodology aims to monitor the change of heat related 
mortality in relation to climate change in the long run. The major concept was to 
develop simple indicators and computation for wide range use and 
comparability. Similarly to climate models, a 10-year reference period of the 
temperature indicators (daily maximum and daily apparent maximum 
temperature) is used in order to follow the future changes. The methodology 
describes heat waves as days with at least three consecutive days above the 
threshold value of temperature indicators defined as the 95th percentile of the 
reference temperature. The methodology recommends assessing the impact on 
cities with more than 500,000 inhabitants. Mortality, excluding external causes 
of the total and the 65 years and older population, is used to characterize 
vulnerability. A moving reference period (five years prior to the year of study 
year) of mortality is chosen to follow the changes of sensitivity (aging, 
adaptation, etc.). The expected (baseline) mortality, i.e., the average daily 
number of deaths is calculated using daily mortality in the reference period 
excluding the daily number of deaths on heat wave days. In the present paper, 
two simple temperature indices (T, Tx) and two other ones including humidity 
(AT, ATx) were used. The calculations did not need sophisticated statistical 
methods.

The mortality data of Budapest showed a significantly decreasing tendency. 
The use of a moving reference period could handle this tendency when 
calculating the expected values, i.e., the baseline decreased from year to year. 
No trend could be observed in the temperature data, as well as in the number of 
heat waves or heat wave days. It can be supposed that the increasing tendency of 
temperature due to heat waves will be detectable by these indicators using 
longer time series.

The different indicators identified different numbers of heat wave days by 
different threshold values in the warmer intervals. Using the same percentiles, 
the number of heat waves and the number of heat wave days were different in 
most of the years. Furthermore, the number of identical heat wave days defined 
by the indicator pairs showed great variability. This meant that the chosen 
temperature indicator considerably defined the length and number of heat waves 
and consequently, influenced the number of excess death cases of the given year. 
This phenomenon was detected in case of defined threshold as the result of 
calculated excess mortality showed. It should always be taken into 
consideration; however, this is a general feature of each other methodology as 
well.
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The product function provides help to determine the optimal indicator and 
threshold. The range between the 85th and 95th percentiles was found to meet 
the criteria of the threshold values the best. This range is wide enough to make a 
choice based on several criteria. If we would like to detect the most cases of 
excess mortality, then we should choose a lower threshold value that can identify 
more heat waves. If we would like to identify heat waves with bigger numbers 
of excess death cases, then we have to choose a threshold of a higher percentile. 
When we would like to compare the impact of heat in several cities, we should 
choose a common threshold suitable for each city. Further analyses are 
necessary to test the applicability of the method in multicenter studies.

The mean excess mortality on days above threshold by different indicators 
can provide further assistance to choose the suitable indicator. Similar values of 
excess mortality can be observed within the range of the 85th — 92nd percentiles 
of temperature indicators. Within this range, the indicators are similarly sensitive 
and effective. In the range of higher temperatures above the 92nd percentile, the 
differences of the shapes of curves are bigger. The highest excess mortality can 
be observed when using the daily mean temperature indicator, therefore, it is 
more effective. On the other hand, the other three indicators are less sensitive in 
the range of the 94th-98th percentiles; they can effectively identify excess 
mortality on very hot days. Further analyses are required to answer the question, 
to what extent the Budapest findings can be used in other cities.

The threshold in this study -  the national alert threshold, which is the 25 °C 
daily mean temperature, corresponding to the 90th percentile -  seems to be a 
suitable cut-off point. This threshold, lower than the one recommended by the 
CEHAPIS methodology, was chosen, while an excess death rate of 7% was 
detected at this cut off point of the sensitivity curve. This increase of mortality 
already requires actions according to the public health authorities.

5 . Conclusion

The aim of the study was to develop a simpler method than time series analysis 
to identify excess mortality attributable to heat. The methodology is suitable to 
assess the changes of weather and climatic conditions to follow the impact of 
heat on daily mortality. The results are in accordance with the findings of 
previous studies.

At the chosen threshold value of 90th percentile, the mean excess mortality 
of the whole period computed by using the four indicators did not differed 
considerably, although the identified heat wave days varied to some extent. The 
use of apparent temperature indicators is not more advantageous and their 
prediction is more complicated. The apparent temperatures as well as the 
maximum temperature indicator are able to identify high excess mortality 
mainly on very hot days, while the daily mean temperature indicator is effective
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in a wider threshold range. Based on these results, the use of daily mean 
temperature is recommended.

The thorough analysis of threshold values is desirable using longer time 
series of the data of different cities. By this comparative analysis, we can get an 
answer to whether the system based on the daily mean temperature can be 
generalized.
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Abstract—This paper analyzes midlatitude cyclones identified and tracked in the 
Mediterranean region for the recent past, between 1981 and 2010. The Mediterranean 
region is especially interesting since the complex land orography favors lee cyclogenesis, 
and the warm sea area provides latent heat for the developing cyclones. These cyclones 
may result in heavy precipitation, even flood events affecting southern and central 
Europe, including Hungary.

Cyclones are identified using two different reanalyses, the gRA Interim reanalysis 
from ECMWF at 0.75° horizontal resolution and the NCEP-DOE R2 reanalysis at 2.5° 
horizontal resolution. For the identification, a multivariable approach is used to eliminate 
and assess the uncertainties rising from the choice of a specific variable, which is 
particularly important in the Mediterranean, where the systems are tend to be weak and 
shallow. Mean sea level pressure (MSLP), geopotential heights of the 1000 hPa, and the 
850 hPa isobaric levels are used as main variables, and relative vorticity at 850 hPa 
isobaric level serves, an additional variable. The applied algorithm has uni- and bivariate 
modes. In the bivariate mode, relative vorticity at 850 hPa is added to the main variable.

The results suggest that time series of annual number of cyclones using the two 
reanalyses correlate significantly, however, using the higher resolution dataset, more 
cyclones can be identified. The largest and the smallest frequency of cyclones over the 
entire domain occur in spring and summer, respectively. The largest spread of the multi- 
variable ensemble is in summer, probably caused by non-ffontal thermal lows. 
Furthermore, summer is mostly dominated by short-lived cyclones. The main 
cyclogenesis regions are the Gulf o f Genoa and the Cyprus region, with some minor 
centers at the Adriatic Sea, the northern part of the Black Sea, and the Iberian Peninsula. 
The cyclone frequency trend is slightly increasing in most parts of the region, especially 
over the Adriatic Sea and near Cyprus. Hungary is affected annually by approximately 30 
cyclones from the Mediterranean area, most frequently in spring.

Key-words: cyclone identification, cyclone tracking, cyclone climatology, Mediterranean 
region, reanalysis, MSLP, geopotential height, relative vorticity
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1. Introduction

Mid-latitude cyclones play a major role in the general circulation of the 
atmosphere, they largely contribute to the energy transfer between the equatorial 
and the polar regions. The potential energy derived from the temperature 
differences of air masses along the frontal surface is transformed by cyclones 
into kinetic energy. Cyclones are basically large vortices, in which warm and 
moist air mixes with cold and dry air. Through this process, energy is 
transformed and released.

In the Mediterranean region, the presence of large warm sea surface almost 
completely surrounded by land (the Mediterranean sea is connected to the ocean 
only through narrow straits) and the orography both induce the evolution of 
cyclones. The cyclones occurring in this region transfer moist and warm air over 
the continental regions, then, as mixing with colder air, the embedded moisture 
condensates, often resulting in intensive precipitation. Jansa et al. (2001) 
showed that the majority of heavy rain events in the Mediterranean occurred in 
the vicinity of a cyclone center. Thus, these cyclones determine substantially the 
local weather and climate.

The cyclones associated with intensive precipitation can cause floods, or 
other severe weather events, like on March 15th, 2013 when a snowstorm hit 
Hungary. The snow even caused power-cut in some regions of the country. In 
large areas of Hungary snowdrift occurred, which resulted in chaotic traffic 
conditions, especially due to the coincidence of the storm with a national 
holiday. Also in 2013, severe flood occurred in Central Europe, which was 
mainly caused by the precipitation of three consecutive cyclones triggered by a 
cut-off at the upper level of the atmosphere (Grams et al., 2014). The 
relationship between Mediterranean cyclones and Central European floods is 
often mentioned, i.e., the Vb cyclone track from the van Bebber (1891) 
categories is usually associated with flood events (Hofstatter et a l, 2012), for 
example the Danube flood in Central Europe in 2002 (Ulbrich et al., 2003).

The aim of this study is (i) to analyze objectively the cyclones in the 
Mediterranean region with particular focus on the Genoa lows, (ii) to investigate 
the performance of the multivariable cyclone identification method, and (iii) to 
overview the climatology of those cyclones coming from the Mediterranean 
region, which directly affect Hungary.

The exact identification of a mid-latitude cyclone is difficult since there are 
no generally accepted criteria. Cyclone identification and tracking can be done 
by manually analyzing meteorological fields, however, for comprehensive 
analyses, objective methods must be used. The most commonly used method for 
cyclone identification is to search local extremes in a selected variable field, and 
connect the successive centers according to some constraints.

One of the most commonly used variable for cyclone identification is the 
mean sea level pressure (MSLP) (Serezze, 1995; Lionello et a/., 2002; Hanson et
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al, 2004; Bartholy et al., 2008), which refers to the pressure information at a 
specific surface reduced from the geographic surface by using a temperature 
profile. This reduction estimates the pressure at sea level sometimes below the 
actual surface level. Since temperature profiles affect the MSLP values and they 
can be unusual at high elevations, the fields can produce anomalous patterns in 
the area of mountains. In addition to MSLP, some detecting algorithms calculate 
the gradient of MSLP as well, to find a cyclone center (Picornell et al., 2001; 
Jansa et al., 2001). Others investigate the Laplacian of MSLP (Murray and 
Simmonds, 1991), which can be interpreted as the quasi-geostrophic relative 
vorticity (Pinto et al, 2005). Besides quasi-geostrophic relative vorticity, 
relative vorticity at 850 hPa can also be used to identify cyclones (.Hodges et al., 
2011; Catto et al., 2010; Woollings et al.. 2010). 850 hPa isobaric level can be 
considered as the lowermost level of the free atmosphere. Relative vorticity has 
an advantage over MSLP, namely, it is more independent from the direct effects 
of topography. Hoskins and Hodges (2002) compared several cyclone 
climatology results using different fields, and they showed that relative vorticity 
is especially good when describing smaller-scale systems, which are typical in 
the Mediterranean region. On the other hand, the disadvantage of using relative 
vorticity is that at high resolution it becomes a very noisy field (Hodges et al., 
2011). Hence, a truncation of the field is necessary if relative vorticity field is 
the key element of the identification algorithm. Besides MSLP and relative 
vorticity, geopotential height of the 1000 hPa is also used to identify cyclones 
(Trigo et al., 1999, 2000; Alpert et al., 1990).

Most of the studies considered only one specific variable to identify 
cyclones, sometimes including its derivatives, too. An exception is found in 
König et al. (1993), who used both the 850 hPa relative vorticity and 1000 hPa 
geopotential height, however, their algorithm considered these fields separately 
and later combined the information from the two fields along the lifecycle of a 
specific cyclone.

All Lagrangian cyclone identification methods are based on a search for 
local extremes in a selected gridded field. The most common approach is to 
investigate the neighboring points of a grid point. In many cases, only the 8 
nearest neighboring points are analyzed (Alpert et al., 1990; Trigo et al., 1999; 
Hanson et al., 2004; Maheras et al., 2001) whether the values are larger or 
smaller than in the central point. Sometimes the evaluated area covers a larger 
region, i.e., 5x5 grid points or even more (Bartholy et al., 2008). Obviously, the 
investigated region size depends on the grid's horizontal resolution. For a 2.5° 
horizontal resolution grid, the investigation of the 8 neighboring points is 
adequate for cyclone center identification. In case of higher resolution grid, the 
investigated area should cover the same sized region, which evidently includes 
more grid points. Another way to find local minima in a gridded field is used by 
Lionello et al. (2002). They identified at each time step the sets of the steepest 
decreasing paths, which led to the same MSLP minimum by comparing the
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neighboring point values. Picornell et al. (2001) and Jansa et al. (2001) used 
MSLP for their studies, where the search of MSLP minimum was extended with 
the analysis of pressure gradients around the already found minimum points 
along eight major directions (E, NE, N, NW, W, SW, S, SE). If the gradient 
exceeds a threshold along at least six directions then the system is considered to 
an open cyclone, whereas if the gradients are sufficiently large along all the 
eight directions then the system is considered to be a closed cyclone. Open and 
closed systems have been distinguished at other studies, too (e.g., Sinclair, 1994; 
Murray and Simmonds, 1991; Picornell et al., 2001). Sinclair (1994) analyzed 
the geostrophic relative vorticity (calculated from 1000 hPa geopotential height) 
and used MSLP to decide whether a system is closed or not. He considered a 
system to be closed in the Southern Hemisphere if its vorticity minimum was 
closer than 5° latitude to a pressure minimum.

To get a more comprehensive picture about cyclones, the identified centers 
are usually tracked by a criterion to follow the center along the lifecycle of the 
cyclone. In some studies the tracking is not included (e.g., Jansa et al., 2001; 
Finnis et al., 2007). The most common tracking technique is the nearest 
neighbor concept, where the continuation of one specific cyclone is that center 
in the following time step, which is located the nearest to the center of the 
preceeding step. The search for the nearest neighbor is sometimes specified in 
an area often asymmetric to the center, taking into account the typical eastward 
movement of the mid-latitude cyclones. For example, when a rectangular area 
around the center is evaluated, its west-east axis is longer than the north-south 
axis (König et al., 1993). Trigo et al. (1999) used a method, which searches for 
the next cyclone center within an area determined by the maximum cyclone 
velocity (33 km/h westward and 90 km/h in any other direction). Another 
tracking approach (i.e., Murray and Simmonds, 1991; Sinclair, 1994; Pinto et al., 
2005; Wernli and Schwierz, 2006) pre-estimates the new position of a cyclone, 
evaluates all the cyclone centers being close to this first guess location, and 
selects the most likely candidate. This technique is a good solution when the 
available time steps are not too frequent, so the cyclones’ separation and 
displacement should be considered together. Tracking method of Muskulus and 
Jacob (2005) uses the Kalman filter approach, in which the matching is carried 
out by minimizing a weighted prediction error function. This technique has 
several advantages: (i) besides one previous time step, it can consider the whole 
lifetime of the cyclone, and (ii) estimating the error, which predicts the 
maximum distance for the next match.

Depending on the identification technique and the aim of a particular study, 
additional filtering of the identified cyclones is possible. The most common 
filtering is to use thresholds for the cyclones’ lifetime and/or for the MSLP of 
their centers. For instance, the lifetime of accepted cyclones should last longer 
than 12 hours (Trigo et al., 1999), and the pressure of the cyclone center should 
be lower than 1000 hPa (Gulev et al, 2001; Muskulus and Jacob, 2005).
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Bartholy et al. (2008) considered different lifetime thresholds for Atlantic- 
European and Mediterranean cyclones (3 days and 1 day, respectively).

For some special applications, the extension of the cyclone must be 
calculated, e.g., Hanson et al. (2004) and Trigo et al. (1999) applied the 
definition from Nielsen and Dole (1992), according to which the cyclone radius 
is the distance between the center and the outermost closed isobar. Muskulus and 
Jacob (2005) used a watershed segmentation method for cyclone identification, 
and also for determining the area of the cyclones. Piocornell et al. (2001) 
defined the cyclone area as the positive geostrophic vorticity area around the 
center. The zero vorticity line is determined along the four main directions (N, 
E, S, W), and these points form an ellipse, which is the final cyclone area.

Due to the lack of exact identification of cyclone tracks, several cyclone 
tracking methods are available, and they can be used for cross-validation. The 
manual analyses are highly influenced by the subjective choices made by the 
analyst. The Intercomparison of Mid Latitude Storm Diagnostics (IMILAST) 
project (Neu et al., 2013) made an effort to investigate the method-related 
uncertainties of cyclone identifications, and concluded that the results can be 
sensitive to several aspects of the applied method. They found important 
differences in the interannual variability and geographical distribution of 
cyclones in the Mediterranean. That is why we use a multivariable cyclone 
identification ensemble in this study for this region. In our identifying system, 
the same algorithm forms several individual methods with different variables 
used to identify cyclone centers. This way the uncertainties arising from the 
variable choice are assessed and taken into account in the final conclusions.

The paper briefly presents the used two reanalyses in Section 2. Then, in 
Section 3, the methodology and composition of the multivariable ensemble are 
described. In Section 4, the results of the cyclone time series based on the two 
reanalyses are compared, then, the ERA Interim results are analyzed in detail. 
The features of the ensemble are investigated, then the annual variability and 
trends of cyclones are analyzed. The section is closing with a short analysis of 
the cyclones passing over Hungary. The study ends with the discussions 
(Section 5) followed by the conclusions (Section 6).

2. D a ta

The present cyclone analysis is based on reanalysis data forming a spatially and 
temporally appropriate resolution, regular database, which is needed for the 
objective. Here, two available reanalyses are selected, the European Centre for 
Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA Interim) (Dee et 
al., 2011) and the reanalysis data from the National Centers for Environmental 
Prediction (NCEP) and the National Energy Research Supercomputing Center 
(NERSC) of the Department of Energy (DOE) (Kanamitsu et al., 2002) (NCEP-
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DOE R2), which is the updated NCEP/NCAR (National Center for Atmospheric 
Research) reanalysis. Both datasets are available from 1979 up to the recent 
past, and we use the data for the 30-year period between 1981 and 2010. Both of 
the reanalyses are widely used for cyclone climatology studies. Preceding 
reanalyses of ECMWF (i.e., ERA-15, ERA-40) were earlier used by Alpert et al. 
(1990), Sinclair (1994), Trigo et al. (1999), Hoskins and Hodges (2002), Hanson 
et al. (2004), Wernli and Schwierz (2006), Bartholy et al. (2008), Catto et al. 
(2010). Some of these studies, e.g., Trigo et al. (1999), Alpert et al. (1990) and 
Bartholy et al. (2008) investigated the Mediterranean region. NCEP reanalyses 
were also used for cyclone analysis in general (e.g., Hanson et al., 2004; Pinto 
et al., 2005; Hodges et al., 201 1), and for the Mediterranean region, too (e.g., 
Maheras et al., 2001).

ERA Interim is constructed with a use of a spectral model, whose 
horizontal resolution is expressed by its truncation number T255 indicating the 
number of waves used to represent the data. This horizontal resolution 
corresponds with a lat-lon 0.75°x0.75° regular grid, and the data can be 
downloaded in this interpolated form.

The NCEP-DOE R2 dataset is available on a 2.5°x2.5° horizontal 
resolution lat-lon grid, which we interpolated to a 0.75°x0.75° grid to achieve 
the same grid resolution as ERA Interim. The interpolation was made by a 
bicubic spline method. Pinto et al. (2005) showed that the use of spline 
interpolation improves the localization of cyclones. The improvement is mainly 
due to the better spatial representation of cyclone centers, however, this method 
does not add any extra information to the original data. The bicubic spline 
interpolation produces a smooth field from the original data, since it utilizes 
both the first and the second derivatives of the original data. The interpolation 
formula is smooth in the first derivative and continuous in the second derivative.

Both ERA Interim and NCEP-DOE R2 are used with a 6-hour temporal 
resolution.

The area investigated in this study is the Mediterranean region from 
29.25°N to 55.5°N and from 11.25°W to 42.75°E, which is approximately the 
Med-CORDEX region (Ruti et al., 2015), and thus, it eases future comparison of 
our reanalysis results to the climate simulations interpolated on the Med- 
CORDEX domain.

Pressure and geopotential fields are directly available from both database. 
The relative vorticity field is available only in case of the ERA Interim 
reanalysis. In order to use similar methodology and ensure consistency in the 
analysis, we calculate vorticity from the wind fields both from ERA Interim and 
NCEP-DOE R2.
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3. Method

A multivariable ensemble approach is used in this study to assess uncertainties 
due to the selection of specific cyclone identification method. Several objective 
methods exist for identifying mid-latitude cyclones using more or less similar 
(however, not exactly identical) criteria. The advantages of objective methods 
are shown in Jansa et al. (2001), where more cyclones were found with using an 
objective analysis of high resolution model data than with the human-based 
subjective analysis. The objective analysis has special advantages in the areas 
with less measurements and meteorological experiences. Furthermore, the 
assessment of differences in objective methods is studied in the framework of 
the 1MILAST project (Neu et al., 2013), which is an explicit community effort 
to intercompare extratropical cyclone detection and tracking algorithms.

The definition of a mid-latitude cyclone is not entirely exact, it is 
commonly characterized as a low pressure system, which rotates in positive 
direction (in the Northern Hemisphere). Consequently, the identification of an 
extratropical cyclone is not standardized either. The different tracking methods 
capture different aspects of these mid-latitude low pressure systems.

For this presented analysis, we developed our own cyclone identification 
and tracking method based on previous studies and experiences found in the 
literature. The uni- and bivariate versions of our method search for extremes in 
gridded fields. The univariate version uses one specific variable field, which is 
selected from different variables related to pressure or geopotential height. The 
bivariate version consists of a combination of two fields, where the second field 
is always the relative vorticity at 850 hPa isobaric level, whose maxima are 
located. The relative vorticity is selected on the basis of Hoskins and Hodges 
(2002) who showed its importance in case of the Mediterranean small scale 
systems. The minima of the basis variable field are searched successively in 
regions of 15x15 grid points corresponding to 11.25°xll.25° area (when using
0.75° horizontal resolution data), which is approximately the typical size of a 
Mediterranean cyclone. In the relative vorticity field, the maxima are located in 
regions of 11 x 11 grid points, which is more appropriate due to the smaller scale 
structures of this field.

For the univariate version, three variables are selected to find their minima: 
in addition to the most commonly used MSLP, 1000 hPa and 850 hPa 
geopotential heights are also considered. The lOOOhPa geopotential height has 
already been successfully used in the Mediterranean region (e.g., Trigo et al., 
1999). The 850 hPa geopotential height is selected, since its tracking statistical 
characteristics are similar to MSLP’s (Hoskins and Hodges, 2002), and 
moreover, it represents the same level as the relative vorticity, which might help 
in the identification of extremes.

The cyclone tracking algorithm is based on a nearest neighbor search 
procedure, which uses specific search regions to find the sequential steps of a
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trajectory. Around each cyclone center a rectangular search region is defined 
(König et al, 1993), where the continuation of the trajectory is searched in the 
next time step. The rectangular area extends more in the west-east direction than 
in the north-south taking into account the mainly eastward propagation of 
cyclones. If two possible next locations are found within the search region, the 
nearest one will be selected. The analysis considers only the cyclone tracks 
exceeding 1 day lifetime threshold similarly to other studies (Neu et al., 2013; 
Hanson et al., 2004; Wernli and Schwierz, 2006).

The use of three basic variables, and the uni- and bivariate versions of the 
method (Table I.) results in six different cyclone track time series, from which 
an ensemble is formed and analyzed together instead of the difficult decision to 
identify the one and only ideal method.

Table 1. The set up of the multivariable ensemble for cyclone identification

Univariate Bivariate

U1
Mean sea level pressure 
(MSLP)

B1
Mean sea level pressure (MSLP) + 
Relative vorticity at 850 hPa level (RV850)

U2
Geopotential height of the 1000 hPa level 
(Z1000)

B2
Geopotential height of the 1000 hPa level (Z1000) + 
Relative vorticity at 850 hPa level (RV850)

U3
Geopotential height of the 850 hPa level 
(Z850)

B3
Geopotential height of the 850 hPa level (Z850) + 
Relative vorticity at 850 hPa level (RV850)

For further analysis, the cyclone area for each identified cyclone center is 
determined. Cyclone domain is defined in a 11.25°xl 1.25° lat-lon area centered 
on the cyclone center and located where the relative vorticity is positive. This 
definition is sufficient for detecting the effect of a passing cyclone, however, it 
is insufficient for detailed analysis of weather fronts or other smaller scale 
phenomena.

The cyclones are investigated seasonally, for this purpose their genesis date 
determines the seasonal membership. We consider December, January, and 
February as winter, from March until May as spring, June, July, and August as 
summer, and finally from September till November as autumn.
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For the analysis, cyclone track density maps are calculated. Cyclone track 
density values denote the number of cyclone tracks crossings per 0.75°x0.75° 
cells in each season during the investigated entire 30 years. Since unequal-area 
grid is used for the counting of cyclones per grid cells, the effect of changing 
area per latitude is calculated. However, the difference is negligible considering 
the scales used in this study. Furthermore, cyclone genesis density maps are 
calculated similarly to the track densities, except that only the starting points of 
the trajectories are considered.

In the 30-year time series of track density maps trends are detected in each 
grid cell. To find the trend coefficient, linear regression is used where the 
explanatory variable is the year and the dependent variable is the number of 
cyclones per year. For the trend analysis, the second coefficient of the linear 
regression is used, which is the slope of the fitted regression line. In each grid point 
and in case of all ensemble members, the trend coefficients are evaluated whether 
or not they are statistically significant, and only the significant values are used.

4. Results

4.1. Reanalysis comparison

The above described methodology is applied to construct six cyclone track time 
series using the ERA Interim and six time series using the NCEP-DOE R2 
reanalysis. In our study, first, the differences of the results using the two datasets 
are evaluated. Overall, more cyclones are found using the ERA Interim reanalysis 
(around 75 cyclones annually) than the NCEP-DOE R2 (around 64 cyclones 
annually), which has lower horizontal resolution. Nevertheless, the courses of the 
time series of the annual numbers of identified cyclones are quite similar {Fig. /), 
the correlation coefficient is 0.86, which is statistically significant at the 0.05 level. 
The spreads of both ensembles are 20 in average. In the first half of the time period, 
the peaks of the lines (i.e., the large cyclone numbers) are in the same years (1984, 
1988, 1991, and 1996). In the second half of the period, the peaks are somewhat 
shifted relative to each other. The results of using the two reanalyses agree on the 
general growing trend, which is statistically not significant.

The empirical distributions of the cyclone lifetimes are shown in Fig. 2. 
Evidently, less cyclones are found with longer trajectory, this is valid for the 
identified cyclones using both reanalyses. The largest difference (21%) between 
the frequencies of cyclones is in case of the shortest living cyclones. These 
results suggest that more weak and small cyclones can be identified using the 
ERA Interim reanalysis that typically occur in the Mediterranean region. This 
can be explained partially by the higher resolution of ERA Interim reanalysis, 
which affects the representation of orography as well as other small scale 
physical processes, and these affect the development and appearance of cyclones 
in the reanalysis.
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Fig. 1. Time series of the multivariate cyclone identification ensemble from the two 
reanalyses, ERA Interim (top) and NCEP DOE R2 (bottom). The solid line presents the 
mean of the ensemble (the average cyclone numbers in each year), and the light colored 
band presents the spread of the ensemble (the maximum and minimum cyclone numbers 
in each year).
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Fig. 2. Histogram of the cyclone lifetime using the two reanalyses. The values above the 
columns indicate the differences in percentages compared to the results using ERA 
Interim data.

The results of the comparison suggest, that the higher resolution ECMWF 
reanalysis is more appropriate for identifying cyclones in the Mediterranean 
region. Therefore, in the further analyses of cyclones, we use only the ERA 
Interim based cyclone identification.
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4.2. Investigation o f the ensemble

The evaluation of the ensemble members are shown through the members' 
cyclone track density maps and a cyclone lifetime histogram. The comparison 
presents the features of the different variables, which contributes to the quality 
of the ensemble mean.

30 years seasonal cyclone track densities are mapped for all the four 
seasons and all the six members of the multivariable ensemble. Here only the 
maps for summer (when the ensemble spread is the largest) are shown in Fig. 3. 
The large spread between the ensemble members is most likely caused by the 
occurrences of thermal lows, which are non-frontal low pressure areas and can 
not be detected at all levels, neither in the vorticity field. The mean of the 
ensemble, nevertheless, compensates the effect of using different variables 
(shown later in Fig. 7c). The overall patterns are very similar, the largest 
cyclone density values occur in the Gulf of Genoa and the southwestern coasts 
of Turkey, additionally, intense cyclone activity is present over the Iberian 
Peninsula and the northern part of the Black Sea. The differences between the 
maps are mainly in the cyclone density values, and not in the spatial patterns, 
which are basically very similar. The methods using MSLP or geopotential height 
at 1000 hPa level (i.e., information close to the surface) result in more cyclones, 
and thus, larger cyclone track density values, which might be the influence of the 
orography. Furthermore, the limiting effect of the relative vorticity as a second 
variable is noticeable. The standard deviation of the ensemble mean cyclone track 
density field in summer is around 2.45 cyclones per 30 years on average over the 
domain, with the maximum of 87.1 occurring near Cyprus. This means that the 
largest difference between the two extremes of the entire ensemble is 
approximately 3 cyclones per grid cell annually, which occurs during the summer 
months.

After the cyclone track density analysis, the multivariable ensemble is also 
evaluated in terms of cyclone lifetime. Identified tracks lasting at least 1 day are 
considered in this analysis. The histogram (Fig. 4) clearly shows decreasing 
numbers for longer-lived cyclones in case of all the six members of the 
ensemble. In general, the identified numbers of cyclones with 1, 2, 3, ... days 
lifetime are similar in all members of the ensemble. The only exception is 
member U2, where considerably more cyclones are identified with less than 
2 days lifetime. Furthermore, using relative vorticity at 850 hPa geopotential 
level as a second variable, Bl, B2, B3 identify somewhat less cyclones in each 
category than the corresponding Ul, U2, U3. On higher levels the effects of 
orography are smaller and the meteorological fields are smoother, therefore, 
relatively more longer-lived cyclones can be identified in case of U3 and B3 
than using the other variables closer to the surface. The difference between U3 
and B3 are so small that it cannot be detected on the scale of the histogram, but 
the limiting effect of using the relative vorticity together with the basic variable
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can be detected in this case, too. The small difference might be due to the fact 
that in both cases the used variables are from the 850 hPa level, which is less 
sensitive to the orography and does not show the thermal lows. Furthermore, in 
case of B3, the tilt of the cyclone axis does not complicate the identification of 
the cyclone centers, unlike in case of B1 and B2, where two different levels are 
considered and two slightly biased extremes have to be connected to find a 
cyclone center.

For the further analysis, the mean of the ensemble is used, which 
incorporates the different characteristics of the ensemble members. Therefore, it 
gives a more reliable picture about the features of the identified cyclones.

Univariate Bivariate
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Cyclone track crossing / 30 summers

Fig. 3. Cyclone track density maps for summer (1981-2010) from the six members of the 
multivariable ensemble.

170



Lifetime [day]
Fig. 4. Cyclone lifetime histogram for all members o f  the multivariable ensemble.

4.3. Annual cyclone distribution

The annual distribution of cyclones for the whole area is presented in Fig. 5. 
Geographical location and extension of the investigated area highly influence 
the cyclone frequency and its seasonal distribution. In our study we mainly 
focused on cyclogenesis areas of the Genoa region, the Aegean Sea, and 
Cyprus. Other low pressure areas (e.g., over the Iberian Peninsula, the Black 
Sea) might be also important, however, they are not completely covered here, 
since their locations are at the border of our domain. Cyclogenesis centers 
outside Europe (e.g., Saharan lows, Middle East cyclones) are not considered, 
either. The frequency analysis within the year suggests that the least number 
of cyclones is in summer. The only exception can be found when the 
univariate identification is applied using the 1000 hPa geopotential U2 field, 
in this case the minimum occurred in autumn. The largest and the smallest 
differences between frequency results of the various identifications occur in 
summer and winter, respectively. The cyclone identification methods result 
the maximum cyclone frequency in either spring or winter. Nevertheless, the 
maximum of the ensemble mean is in spring. Our findings are in a good 
agreement with those of Hofstatter and Chimani (2012), who analyzed van 
BebbeFs (1891) track V types between 1961 and 2002, and found their 
maximum frequency in April and minimum in July.
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Cyclogenesis points are counted in every grid cell during the 30 years for 
every season and for every ensemble member. The results of the members are 
averaged seasonally, the ensemble means per season are presented in Fig. 6. The 
most active cyclogenesis area is certainly the Gulf of Genoa, which is basically 
permanent throughout the year. The absolute maximum of genesis event per 
0.75°x0.75° grid cell is in the summer near Cyprus (25 cyclogenesis in one 
particular grid cell per 30 years). Nevertheless, the spatial extensions of genesis 
centers are small in summer compared to the rest of the year, so the maximum 
genesis per grid cell is reached by having many genesis episodes in the same 
relatively small area, and not by having many cyclogenesis overall in the entire 
domain. The overall seasonal numbers of genesis in the whole area are higher in 
any other season than summer. The maximum number of cyclogenesis in the 
whole investigated area occurs in spring. The genesis area near Cyprus is also 
present throughout the year, but extends less than in the Gulf of Genoa. In both 
areas, the cyclones are mainly formed over the lee side of the mountains. In 
winter the Adriatic Sea appears as an additional genesis center, whereas in 
spring some genesis occur over the Aegean Sea, too. Finally, in summer the 
Iberian center becomes more prominent. Our findings strengthen the results of 
Trigo et al. (1999).
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Fig. 5. Mean seasonal frequency of identified cyclone tracks using the 6 time series 
(horizontal line: ensemble mean, vertical line: ensemble spread).
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Fig. 6. Seasonal cyclogenesis center numbers from the mean of the multivariable 
ensemble (1981-2010).

The seasonal track density maps (Fig. 7) indicate seasonally the number of 
cyclone centers crossing each grid cell during the entire 30 years, averaged for 
the 6 ensemble members. (Note that the whole cyclone areas are not fully 
represented here, since we focus on the cyclone centers and their close vicinity 
only.) In general, the most frequent cyclone tracks are the Vd tracks from van 
Bebber's cyclone track classification (van Bebber, 1891), which typically turns 
south after Gulf of Genoa along the Adriatic Sea. The patterns in the equinox 
seasons are similar, the main differences listed as follows: (i) in spring the Black 
Sea cyclone pathway region is more extended and shows its largest activity, (ii) 
in autumn the region near Cyprus is more active with larger number of cyclones. 
This can be explained by the temporal extension of the high summer cyclone 
activity in the Cyprus area. The high track density regions concentrate around 
the genesis regions, i.e., the Gulf of Genoa, Cyprus, and the northern part of the 
Black Sea. The spatial extension of the cyclone track density is the largest in 
winter, whereas the maximum cyclone crossing per grid cell occurs in summer 
in an isolated point. This implies that the overall cyclone activity in the 
investigated area is the most intense in winter. The summer cyclones isolated 
maximum is due to that they tend to follow the same tracks, live shorter, and 
thus, they affect only the vicinities of their genesis region. This is highlighted in 
Fig. 8, which indicates that the ratio of short trajectories is the largest in 
summer. In Fig. 5, the annual number of spring cyclones is the highest of all 
season, but this cannot be seen in Fig. 7, where winter cyclones are spatially
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more extent. This is explained by the fact that in spring the absolute value of 
short cyclones is maximal (Fig. 9). So the difference between the numbers of 
spring and winter cyclones is compensated by the length of the cyclone lifetime.

Fig. 7. Seasonal cyclone track density maps from the mean of the multivariable ensemble 
(1981-2010).
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Fig. 8. Seasonal distribution of average cyclone lifetime frequency from the multivariable 
ensemble.
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Fig. 9. Histogram of ensemble mean cyclone lifetimes for all seasons.

4.4. Trends

In the investigated 30 years, the changes in annual cyclone numbers are 
analyzed by calculating the linear trend coefficient of all ensemble members in 
each grid point. Then, the average value of the individual ensemble members is 
evaluated. Fig. 10 shows the significantly positive (top) and negative (bottom) 
trend coefficients as well as the standard deviation (middle) of the ensemble 
coefficients. The majority of the significant trend coefficients are positive, 
located mainly along the Adriatic Sea and southwestern Turkey. Moreover, 
increasing cyclone numbers are present around the Balearic Island and Sardinia, 
the Pyrenees, Transylvania, Bulgaria, the Bosporus, and along the coasts of 
Tunisia. Decreasing tendencies are smaller and more dispersed, they are found 
at some parts of southern Italy, the region eastward from Malta, the middle part 
of France, and the northern part of the Black Sea along the Crimean Peninsula. 
The standard deviation of the ensemble members' trend coefficients shows that 
the difference between the ensemble members is larger where the detected 
change is larger.

4.5. Cyclones passing over Hungary

In our study, besides the full domain-based analysis, we also aim to evaluate the 
comprehensive role of the Mediterranean cyclones on the climate of the 
Carpathian Basin. For this purpose, those cyclones are selected, whose domain 
passed over Hungary.
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Fig. 10. Spatial distribution of significant trend coefficients (top and bottom: positive and 
negative coefficients of the ensemble mean, respectively, middle: standard deviation of 
the significant trend coefficients).

As a result of our analysis, we found that in an average year, roughly 30 
cyclones influence the weather in Hungary. This does not include all cyclones 
affecting Hungary, but mostly the cyclones from the Genoa genesis area, since 
in our domain we focus on cyclones from the Mediterranean (Fig. 7). The time 
series (Fig. 11) correlate strongly with the time series of the whole area (upper 
part of Fig. 1), the correlation coefficient is 0.62, and it is statistically significant 
at the 0.05 level. The average spread of the ensemble is 11 cyclones/year, which 
is naturally less than the spread for the whole domain (23 cyclones/year). The 
local maxima of the cyclones passing over Hungary and the local maxima of all 
the identified cyclones are not always in the same years. The coincidence of the 
two maxima is more frequent towards the end of the period (e.g., in 1996, 2001, 
2005, and 2010).
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Fig. 11. Time series of the cyclones effecting Hungary from the multivariate cyclone 
identification ensemble. The solid line presents the mean of the ensembles (the average 
cyclone numbers in each year), and the light colored band presents the spread of the 
ensemble (the maximum and minimum cyclone numbers in each year).

The annual distributions of cyclone frequency over Hungary (Fig. 12) and 
the whole domain (Fig. 5) are somewhat different. Most of the cyclones occur in 
spring in both cases, however, the maximum is more robust for the Carpathian 
Basin, all members of the ensemble have their maximum occurrences in spring, 
and the relative difference between spring and the other seasons is larger than 
for the whole domain. Thus, the analysis suggests that the Mediterranean 
cyclones affect largely the spring weather of the Carpathian Basin. Furthermore, 
the largest spreads of the ensembles are in summer implying larger uncertainties 
in this season probably due to thermal lows.

Fig. 12. Mean seasonal frequency of cyclone tracks passing Hungary from the 6 time 
series (horizontal line: ensemble mean, vertical line: ensemble spread).
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5. Discussion

One of the main aims of the study is to develop an adequate cyclone 
identification method. The evaluation of the method starts by applying it on two 
different reanalyses, ERA Interim and NCEP-DOE R2, and comparing the 
results. This comparison provides useful information about the method itself, 
and also about the datasets. If the pattern or the general features of the results are 
similar then it can be concluded that the method is not sensitive to the small 
differences in the reanalyses. However, the differences of the cyclone numbers 
in the two reanalyses are probably due to general differences of the datasets. 
These are caused by the different systems used for the production, e.g., data 
assimilation, physical parameterizations, or the higher/lower resolution of the 
reanalyses. We found that the correlation is high between the results from the 
two reanalyses, and ERA Interim datasets include more cyclones. This clearly 
suggests that the method is adaptable for different datasets. The more cyclones 
in ERA Interim is probably due to the higher resolution, which better represents 
the orography, the physical processes, and also their effects. Thus, the primarily 
orographic cyclogenesis in the Mediterranean is identified more properly in 
ERA Interim.

Other studies also evaluated the differences between the cyclone 
climatologies using different reanalyses. For instance, Hanson et al. (2004) 
investigated North Atlantic cyclones between 1979 and 2001, identifying them 
through MSLP data from NCEP reanalysis (2.5°x2.5°) and from ECMWF ERA-15 
reanalysis (1.125°xl.l25°) (ERA-15 was extended using operational analyses 
for the end of the examined period). They concluded that the cyclone 
climatology from ECMWF data was more comprehensive at all scales. In 
addition, more very weak and more very strong cyclones were found using the 
ECMWF data than the NCEP data. Trigo (2006) compared storm-tracks using 
ERA-40 (T159 interpolated to a 1.1250x 1.125° regular grid) and NCEP/NCAR 
(T62 interpolated to a 2.5°x2.5° regular grid) data in the December-March 
season between 1958 and 2000. It was shown that the main characteristics of 
genesis and lysis areas in the results of two reanalyses are similar, however, the 
numbers of storms differ appreciably. Similarly to Hanson el al. (2004), the 
higher resolution ECMWF reanalysis produced more cyclones than the 
NCEP/NCAR reanalysis. Furthermore, ERA-40 favored the detection of small 
(sometimes even subsynoptic) scale systems, which are present in the 
Mediterranean region (Trigo et al., 1999). Hodges et al. (2011) compared four 
reanalyses, i.e., the ERA-Interim (T255), NASA-MERRA (2/3° longitude, 1/2° 
latitude), NCEP-CFSR (T382), and the JRA25 (T106), focusing on the winter 
cyclones in both hemispheres between 1989 and 2009. The number, spatial 
distribution, intensity distribution, track, and lifecycle of cyclones were all 
compared for the four reanalyses. The conclusions suggest that from a simple 
intercomparison it is not possible to decide which reanalysis represents the
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reality better, only the disagreement between the results can be seen. They found 
that the spatial differences are small and not significant between the reanalyses, 
however, there are some orographic regions (e.g., the Mediterranean storm 
track) where the differences are relatively large. These differences might be the 
result of the different representation of orography in the reanalyses. Overall, the 
cyclone numbers and spatial distribution in the new, higher resolution reanalyses 
are similar, and more realistic than using the lower resolution reanalysis (i.e., 
JRA25).

According to the previous studies and our own experiences, cyclone 
identification in the Mediterranean region is difficult due to the frequent 
occurrence of small and weak systems. The comparisons of reanalyses suggest 
that (i) the high resolution reanalyses are more appropriate to recognize these 
systems, and (ii) ECMWF reanalysis is successful in identifying them.

Through the development of the objective cyclone identification method, 
several variables were tested but no clear distinction could have been made. 
Different variables have different advantages, so their ensemble are kept and 
analyzed. MSLP and 1000 hPa geopotential height are both close to the 
surface, which can be considered as a clear advantage, since a surface-based 
system is the object of the identification. On the other hand, they are more 
influenced by the orography, which is a disadvantage. Cyclones are defined as 
low pressure systems, this is why MSLP is one of the basic variables, but it is a 
derived field which can cause errors. Cyclones are also rotating systems, this is 
why relative vorticity at the 850 hPa level is included as a second variable. The 
advantage of using a second variable, next to the low level values is that only 
realistic, vertically extent formations are identified. The disadvantage of using 
the 850 hPa relative vorticity is that it might not be present through the whole 
lifetime of the cyclone, or it cannot be found in the vicinity of the first level 
extreme because of the tilt of the cyclone. Thus, the usage of two variables 
together limits the identified centers. These effects are less obstructive if both 
variables are from the same level, this is why geopotential height at 850 hPa 
level is also included. The disadvantage of this configuration is that the 
shallow, early, or occluding systems are not always detectable. The analysis of 
the results from the different ensemble members shows the potentials of the 
multivariable method. In the near-surface variables (Z1000 and MSLP), higher 
cyclone track densities are present than in the higher level (Z850). It does not 
necessarily entail that from the near-surface variables more cyclones are 
identified, just that the cyclones tend to use the same path more frequently. 
This can be due to the orography, which influences the variable fields, and 
thus, the tracking too. On the other hand, on the 850 hPa level more numerous 
longer trajectories are detected, the tracking is more successful than in the 
lower levels. Besides these differences between the basic variables, in general 
the use of an additional variable, i.e., relative vorticity, decreases the cyclone
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number, but it affects less the longer trajectories. Thus, it serves mainly to omit 
the weak, short-lived cyclones.

The cyclones in the domain identified by the multivariable ensemble are 
dominantly the cyclones originated from the Gulf of Genoa, and also include 
some other genesis areas as southwestern Turkey, the Adriatic Sea and the 
Iberian Peninsula. The minimum cyclonic activity throughout the year is in 
summer, when the spread of the ensemble is the largest. The explanation for this 
probably is the appearance of thermal lows, which are not captured in all 
variables. They are not aimed to be captured anyway, since they are non-frontal 
pressure depressions. The most active period is the winter-spring half year. In 
spring there are more cyclones in our ensemble, but the track density maps show 
more spatially extent cyclone activity in winter. Although it seems to be a 
contradiction, winter cyclones have longer lifetimes so they contribute more to 
the track density maps than spring cyclones. Despite of the largest track density 
extension in winter, the isolated per grid maximum value is in summer. This 
means that the summer cyclones' paths more overlap, and produce extreme high 
track density in a cell than the winter cyclones'. The major cyclone pathway on 
the track density maps is van Bebber's Vd class, furthermore, Vb and Vc tracks 
are rare but sometimes occur.

Cyclones transport moisture, heat, and energy, that is why they have an 
important role in the local weather events of the area hit by their path. Both 
increase and decrease in their frequency can cause extreme events such as floods 
or droughts (e.g., Grams et al., 2014). The investigation of trend coefficients in 
our analysis suggests that in the 30-year period, increasing linear trend is present 
in larger area than decreasing trend (almost twice as many grid cells). Also, the 
average of the positive trend coefficients is higher than the negative 
coefficients'. There are some more pronounced areas where the coefficients are 
higher, and in many neighboring grid cells the trends are statistically significant, 
e.g., over the Adriatic Sea. Nevertheless, there is no detectable sign of any 
north-south or west-east shift in the cyclone track densities.

The average radius of Mediterranean cyclones is between 300 km and 
500 km (Trigo et al. 1999), their effects on local weather can certainly be 
observed in the whole area inside their domain not only focusing on their center 
regions. Therefore to select the cyclones affecting the weather of Hungary, the 
area where the domain of a cyclone swept through were calculated. The annual 
variability of these cyclones is a bit different from the general analysis. Namely, 
the most active season is clearly spring. The difference between spring and 
winter is almost as large as between spring and summer unlike in case of the 
entire domain. This implies that among the cyclones originated from the Gulf of 
Genoa, more cyclones follow northerly paths in spring than in winter.
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6. Conclusions

Detailed cyclone analysis covering the time period between 1981 and 2010 was 
presented in this paper for the Mediterranean region. The spatial focus has been 
selected on the basis of the importance in influencing local weather throughout 
Southern and Central Europe, since these cyclones transfer moist air from the sea to 
the land and are often associated with heavy precipitation and/or flood events. On 
the basis of the discussed results, the following conclusions can be drawn.

(1) A multivariable cyclone identification and tracking process system was 
developed, which consists of uni- and bivariate modes of a general method 
with three basic variables (MSLP, geopotential height at lOOOhPa and 
850 hPa), and one additional variable (relative vorticity at 850 hPa) in case 
of the bivariate mode. Evaluation of the individual ensemble members 
showed that the use of relative vorticity as a second field has a limiting 
effect. Furthermore, it was found that the methods using the 850 hPa level 
geopotential height and/or relative vorticity result in more long-lived 
cyclone tracks than the others. Overall, our results are in good agreement 
with previous analyses, highlighting that our developed method is 
appropriate to use for the identification of cyclones in the Mediterranean 
region.

(2) Data for the cyclone identification was derived from two reanalyses, i.e., 
ERA Interim and NCEP DOE R2 to evaluate both the method and the 
datasets. More cyclones were found using the ERA Interim data, mainly 
because of more numerous short-lived cyclones, which is probably due to 
the higher resolution of ERA Interim compared to NCEP DOE R2. 
Nevertheless, the time series of the two ensemble means from the two 
reanalyses correlate strongly with each other, therefore, we conclude that 
the method is not sensitive to small differences in the dataset. Due to the 
mentioned conclusions detailed analysis was presented only on the basis of 
cyclone tracks using ERA Interim datasets.

(3) The largest spread of the individual ensemble members occurred in 
summer possibly because of the presence of thermal lows. However, the 
spatial distribution of cyclone track density maps of the six ensemble 
members did not show large differences.

(4) The main cyclogenesis areas in the investigated domain are the Gulf of 
Genoa and the region around Cyprus, both located on the lee side of a 
mountain, which enhances cyclogenesis. Moreover, other minor 
cyclogenesis centrums can be identified over the Iberian Peninsula in 
summer and the Adriatic Sea in winter.

(5) The largest cyclone number occurred in spring, whereas the analysis of 
cyclone track density resulted in that the area affected by the cyclones is



the largest in winter, the circulation is more intense in winter. The cyclone 
lifetime analysis showed that although the number of cyclones is larger in 
spring than in winter, there are more short cyclones in spring, thus, they do 
not affect as large areas as winter cyclones. This implies that the cyclonic 
activity in the Mediterranean is mostly in the winter-spring period. The 
lowest cyclone activity was found in summer, also the total extension of 
cyclone passes is the least in summer, although the maximum value of 
cyclone tracks crossing a grid point occurs in summer. This means that 
although the number of cyclones is the lowest in summer, they are typically 
short-lived and they do not get too far from their genesis areas.

(6) The long-term tendencies of cyclone track density for the entire 30-year 
period are evaluated on the basis of the linear trend coefficients. 
Considering the whole domain, we found more grid points with statistically 
significant increasing trends than decreasing, and the absolute mean value 
of the trend coefficients is slightly higher in case of the positive trends than 
the negative trends. The most intense growing occurred along the Adriatic 
Sea and near Cyprus.

(7) In order to investigate the cyclones directly affecting the local weather in 
Hungary, the cyclone area is defined around the identified cyclone centers, 
and the cyclones whose domain affects the country are selected. The time 
series of the cyclones passing over Hungary correlate strongly with the 
cyclone number time series of the whole domain. The average frequency of 
Mediterranean cyclones passing over Hungary is 29.5 per year, most of 
them occurred in spring, similarly to the overall cyclone number in the 
whole investigated domain.

(8) Our presented results can serve as an adequate reference for further studies 
using global and regional climate model outputs for the identification of 
mid-latitude cyclones, which are key elements of the future climatological 
conditions, especially in Europe. For a complex region like the 
Mediterranean, the use of regional climate models is especially essential, 
since they are more appropriate to reconstruct and describe local features 
compared to the global climate models.
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Abstract—This paper presents the results of an objective analysis on thunderstorm 
climatology in Hungary. The examination was based on composite PPI (plan position 
indicator) images made by Doppler radars of the Hungarian Meteorological Service 
between 2004 and 2012. In our research, thunderstorms were represented with so-called 
thunderstorm ellipses, and their time and spatial distribution were examined. Three types 
of thunderstorm ellipses and stormy days were defined with radar reflectivity set to 45, 
50, or 55 dBZ. Most stormy days and ellipses happened in late spring and summer of 
2007 and 2010. The daily frequency of these objects peaked in the late afternoon period. 
The detected ellipses had maxima in the north-eastern, north-central, and south-western 
parts of Hungary. Beyond information and characteristics from the past, these methods 
and results can be useful for forecasting severe thunderstorms.

Key-words: severe thunderstorm, Doppler radar, climatology, TITAN method, Hungary.

/. In tro d u c tio n

Radar-based thunderstorm climatology has a long history in the United States. 
The first studies appeared in 1950s (Braham, 1958), followed by many other 
researches for different parts of the country (for example: Myers, 1964; Henz, 
1974; Falconer, 1984; Croft and Shulman, 1989; Mohee and Miller, 2010). In 
the last two decades, some works have been carried out in this field in Europe 
{Holler, 1994; Jaeneke, 2001; Rigo and Liasat, 2002; Weckwerth et al., 2010; 
Rudolph et al., 2011; Davini et al., 2012), South America (Paiva Pereira and
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Rutledge, 2003), Canada (Brimelow et a l, 2004), and Australia (Steiner and 
Houze, 1996) as well.

The first Hungarian study on thunderstorm climatology was made by Héjas 
(1898), followed by Raum (1910). Some studies dealing with different aspects 
of thunderstorm climatology appeared in the 1960s (Ozorai, 1965; Götz and 
Pápainé, 1966; 1967). All these works were based on visual observations. Later, 
radar and satellite data (Boncz et al., 1987; Bodolainé and Tcinczer, 1991), then 
nowcasting methods (Horváth and Geresdi, 2003; Horváth et al, 2007) 
appeared in the Hungarian studies. However, these works considered 
thunderstorms from mainly dynamical and synoptical aspects, so our work is the 
first attempt to examine thunderstorm climatology in Hungary using Doppler 
radar data. The first results of this research were presented by Horváth et al. 
(2008) but only for a shorter period.

The aim of this paper is to briefly describe the time and spatial distribution 
of severe thunderstorms detected by HMS’s radars in the period of 2004 to 
2012 .

2. Methodology

2.1. Radar measurements

The first weather radar in Hungary was introduced in 1967. In the next decades, 
other locators were set in the country and the Hungarian Meteorological Service 
(HMS) built up its radar network system. By 2004, HMS’s Soviet-made MRL-5 
locators were replaced by modern Doppler radars.

Hungary is covered by three weather radars: (the western, the central, and 
the eastern locators, and they all operate on C-band (wave length = 5 cm) 
{Geresdi, 2004). During the measurement, the Doppler-wind was applied for 
noise filtering and the results were upgraded, filtered, and smoothened into 
composite fields. From each scan column, the highest reflectivity values were 
taken (Collier, 1996). The resolution of the composite PP1 (plan position 
indicator) images was 2 km><2 km in space and 15 minutes in time. To further 
reduce noises of reflectivity, median-filter method {Tukey, 1977) was also used 
before beginning the analysis.

2.2. Core o f the methodology: the TITAN method

The TITAN (Thunderstorm Identification, Tracking, Analysis and Nowcasting) 
method was developed by Dixon and Wiener (1993). Using the identification 
part of this method the irregular-shaped thunderstorms detected by radar could 
be characterized by regular ellipses. The main point of identification is as 
follows: the parameters of the ellipses are determined by the covariance matrix 
of the isolated, irregular-shaped cluster on the image using the condition that the 
area of the cluster and the ellipse has to be equal. With this method, the focus
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points and the equation of the ellipses could easily be determined and the objects 
were visualized by the Hungarian Advanced WorKstation (HAWK) system 
developed by HMS (HMS, 2012). These calculated ellipses were called 
thunderstorm ellipses (Horváth et al., 2008). The detailed background of the 
identification method is given in the Appendix.

Two types of thresholds: the area limit (Nminlimit) and the reflectivity limit 
(Rminiimit) were defined. The area threshold determined the minimum area of a 
cluster. In our examination Nmmiimit was set to 5 radar pixels (which equals to 
20 km2). The reflectivity threshold specified that each pixel of the cluster (in our 
case 5 pixels) had to reach this limit. Rmjniimit was set to 45 dBZ, 50 dBZ, and 
55 dBZ and these objects were named severe, highly severe, and extremely 
severe thunderstorm ellipses, respectively. Using these high reflectivity values, 
the detected cells could be considered as severe thunderstorms and the small or 
weak objects could be eliminated. The original radar image is presented in 
Fig. la  for May 18, 2005 at 16:00 UTC, while ellipses with Nmin|jmi, = 5 pixels 
and Rminiimit= 45 dBZ are visualized in Fig. lb.

Fig. 1. Composite PPI radar images of thunderstorms observed on May 18, 2005, 16:00 UTC. 
Left: original image, right: image where thunderstorms were represented by ellipses.

3. Results

3.1. Time distribution o f thunderstorm ellipses and stormy days

A day was called severe, highly severe, or extremely severe stormy day when at 
least one detected severe, highly severe, or extremely severe thunderstorm 
ellipse could be found on radar images. Using these data, the number of stormy 
days could be counted for a given time period.
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The highest number of stormy days was counted in 2007 for all categories. 
The lowest values were detected in 2005 for extremely severe days and in 2012 
for the other two types (Table 1). About 80 to 95% of stormy days and 97 to 
98% of thunderstorm ellipses were detected between April and September, 
therefore this period was called thunderstorm season. The stormiest month was 
July followed by June, August, and May. Other months had much lower values 
(Fig. 2). On average, 118 severe, 82 highly severe, and 20 extremely severe 
ellipses were detected on a stormy day in the thunderstorm season. Note that 
these calculated values are not equal to the number of thunderstorms, because a 
severe thunderstorm may appear on subsequent radar images. Table 2 shows the 
time distribution of days with at least 50 or 100 objects. The maxima were in 
2007 and 2010, while 2004, 2005, and 2012 had the lowest values. The highest 
number of severe thunderstorm ellipses (1,115 objects) were detected on August 
20, 2007, while for the other two types, June 14, 2010 had the highest values 
(527 and 139 ellipses). According to ECMWF (European Centre for Medium- 
Range Weather Forecast) analysis, on these days a cold front of a northern 
cyclone reached the country.

The daily cycle of these ellipses was also investigated (Fig. 3). Only results 
for the thunderstorm season are shown in this paper. The minima of appearance 
were detected at 8:30 and 9:15 for severe, 8:30 for highly severe, and 7:00 for 
extremely severe ellipses. The time distribution of the objects was asymmetric 
and the maxima were at 16:45 for severe, 16:30 for highly severe, and 16:30 and 
17:30 for extremely severe ellipses.

Table 1. Annual distribution of severe, highly severe, and extremely severe stormy days 
in the period of 2004 to 2012.

Year Severe 
stormy days

Highly severe 
stormy days

Extremely severe 
stormy days

2004 189 116 44

2005 188 101 26

2006 169 107 38

2007 190 121 69

2008 142 94 40

2009 142 102 45

2010 141 93 53

2011 136 99 52

2012 122 90 43

Average 158 103 46
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Fig. 2. Annual course of a) severe, b) highly severe, and c) extremely severe stormy days 
in the period of 2004 to 2012.
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Table. 2. Annual distribution of days with 50 or 100 severe, highly severe, or extremely 
severe ellipses in the period of April to September between 2004 and 2012.

Days with at least 50 Days with at least 100

Year severe highly
severe

extremely
severe severe highly

severe
extremely

severe

ellipses ellipses
2004 57 12 i 34 6 0
2005 45 10 0 30 2 0
2006 61 18 1 39 13 0
2007 75 40 1 59 19 0
2008 65 20 2 42 12 0
2009 62 15 1 42 4 0
2010 67 35 2 54 20 1
2011 72 32 3 53 16 0
2012 54 23 0 36 8 0

Average 62 23 1 43 11 0

Fig. 3. Daily cycle o f the detected severe (45 dBZ), highly severe (50 dBZ), and 
extremely severe (55 dBZ) thunderstorm ellipses in the period of April to September 
between 2004 and 2012. The time resolution is 15 minutes. Times are given in Hungarian 
Local Time (HLT = UTC + 2 hours).
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3.2. Spatial distribution o f thunderstorm ellipses

The spatial distribution of thunderstorm ellipses was analyzed by constructing 
thunderstorm statistic maps. The area resolution was set to 18 km* 18 km.

Thunderstorm statistic maps were created for the entire year in the period 
of 2004 to 2012, but only results for the thunderstorm season are represented in 
this paper. Between October and March, there was only a few objects detected, 
while the measurement noises were high, especially in the early years. During 
the nine-year period, the maxima of severe, highly severe, and extremely severe 
thunderstorm ellipses were detected mostly in the north-eastern, north-central, 
and south-western parts of Hungary. Fewer objects appeared in the north­
western and south-eastern parts of the country. Note that minima were mostly 
far from radars; these lower values could be originated to detecting problems 
(Fig. 4).

4. Summary and conclusions

This paper presents the results of an objective, radar-based analysis on 
thunderstorm climatology in Hungary for the nine-year period of 2004 to 2012. 
Most stormy days and ellipses were detected in late spring, summer and in 2007, 
2010. The daily frequency of these objects peaked in the late afternoon period. 
The detected ellipses had maxima in the north-eastern, north-central, and south­
western parts of Hungary. Beyond information and characteristics from the past, 
these methods and results can be useful for forecasting severe thunderstorms. 
The cell-detection algorithm should be more integrated into automatic warning 
systems or can be used in researches on supercells. In the future, this objective 
examination can be carried out for previous years but better noise-filtering 
methods should be developed. Furthermore, satellite and lightning data can be 
combined with these results as well.
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Fig. 4. Spatial distribution of a) severe, b) highly severe, and c) extremely severe 
thunderstorm ellipses in the period of April to September between 2004 and 2012. The area 
resolution is 18kmxl8km. These images were visualized by the Hungarian Advanced 
WorKstation (HAWK) system developed by the Hungarian Meteorological Service.
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Appendix

M a th e m a tic a l b a c k g ro u n d  o f  th e  id en tif ic a tio n

The method of calculating ellipses is as follows (Dixon and Wiener, 1993): 
Suppose there is an irregular cluster on a radar image which has n detected 
pixels. The center of a cluster is defined by

where x and y  indicate the longitude and latitude of pixels which have 
reflectivity higher than a given threshold value. The covariance matrix of this 
cluster is

( 2 )

where d is the deviation from the center by the x coordinate

( 3 )

/ i s  deviation from the center by the y  coordinate

(4 )

(5)

The eigenvalues of the covariance matrix are given by
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( 6 )
^  £  _  (d + f ) ± ^ d  + f Y  - 4 ( d f - e ' - ) ]

The normalized eigenvectors of this matrix are

0 + g )2
M = ~gv> (7)

where

f  + e -  A, 
d + e -  A2

( 8 )

Then the rotation of the ellipse major axis relative to the x axis is given by these 
vectors

9 -  tan 1 (9)

The eigenvalues of the covariance matrix ().t es X2) represent the variances of the 
data (pixels)

cr = A.major 1 <7 ( 10)

The area of the detected cluster is

A = ndxdy, (11)

where dx and dy are the grid spacing on the radar image. 
The area of an ellipse is given by

T = /rab. ( 12)

where a and b represents the major and minor axes of the ellipses.
The main idea is that the area of the irregular cluster and the area of the ellipse 
have to be equal, therefore
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A = T. ( 13)

So the major and minor axes of the ellipses can be calculated by

a = o A
no a\  min or major y

b - o
no o\  min or major J

(14)

With these parameters (x,y, a, b, 6), the focus points and the equation of the 
ellipse can be determined.
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Abstract—In this paper, an overview of the complex nowcasting system of the 
Hungarian Meteorological Service is presented. The system named MEANDER started to 
work as a linear extrapolation process to provide warnings on convective storms. The role 
of the numerical weather prediction (NWP) models have been increased by involving the 
Weather Research and Forecasting (WRF) Model into nowcasting procedures. In the 
current state, MEANDER system consists of 2 main segments: NWP and linear parts.

In the NWP segment, WRF model is used in two steps: in the first step, WRF (WRF- 
ALPHA) is run at a 2.5x2.5 km horizontal resolution grid, using non-hydrostatic 
dynamics and ECMWF model data as initial and boundary conditions. The second step is 
a higher resolution (1.2x1.2 km) WRF model run -  named WRF-BETA - , that uses 
lateral conditions and first guess data coming from WRF-ALPHA outputs and assimilates 
radar reflectivity, satellite and surface observation data. The domain of WRF-BETA is 
included in the domain of WRF-ALPHA. The applied nowcasting-specific assimilation 
helps the model to develop significant precipitating weather systems on the right location 
in the right time. WRF-BETA outputs provides such background information for the 
nowcasting system that makes the forecast of the linear segment more exact.

In the linear part, the actual objective analysis is considered at the beginning and the 
NWP prediction at the end of the nowcasting period. In the meantime, linear interpolation 
is applied. Radar data has key role in the nowcasting procedures in the linear segment, 
too. There are several derived parameters that are used for calculating the SYNOP-type 
present weather parameter for all grid points in the analysis and for the entire forecast 
time.

The MEANDER system has a warning process that is able to create weather warnings 
for all districts of Hungary, helping decisions of forecasters.

Key-words: nowcasting, nowcasting-systems, Weather Research and Forecasting 
Model (WRF), storm warning
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1. Introduction

The term nowcasting is related to detailed analysis of the present state of the 
weather and to its very short-range (only few hours)1 forecasts. Objective 
methods were developed for such purposes already in the 70-s and early 80-s of 
the previous century (Browning, 1982). Originally, the nowcasting techniques 
focused on the forecast of thunderstorms and on the extrapolation of radar or 
satellite images. Mathematical methods (e.g., fuzzy-logic techniques) or 
conceptual models have been developed to refine the analyses of the storms 
motion and to assess the development of precipitation bands (Conway and 
Labrousse, 1997). The extrapolation-based nowcasting systems can be cell- 
oriented, like the system TITAN (Thunderstorm Identification, Tracking, 
Analysis and Nowcasting, described by Dixon and Wiener, 1993) or can use 
object-tracking algorithms as the system COTREC {Li et al., 1995; Mecklenburg 
et al., 2000) or the system TREC (Horváth et al., 2012). The extrapolation of 
radar echoes can be combined with several other kinds of observation data, 
parameterizations, conceptual models, thus, striving to emulate the approach of 
a human forecaster. An example of such (sometimes called expert) system is the 
NCAR Auto-Nowcaster (Mueller et al., 2003). Some systems have been based 
on stochastic approaches to decompose the precipitation field in order to create 
an ensemble of nowcasts for several spatial scales -  e.g., the system STEPS 
(Bowler et al., 2006; Foresti et al., 2014).

Several studies and demonstration cases showed that the performance of 
extrapolation methods is strongly limited. The predictability depends on the 
scale and intensity of the extrapolated precipitation (e.g., Germann and 
Zawadzki, 2002). Refinement of the extrapolation techniques (e.g., filtering of 
nonpredictable scales of precipitation described by Turner et al., 2004) can 
increase the forecast lead time, but for higher intensities (occurring typically 
in convective environment), the forecast skills usually decrease very rapidly 
with time (shown e.g., by Lee et al., 2009). This also motivated the use of 
forecasts of numerical weather prediction (NWP) models in nowcasting 
systems, already in the 90-s of the 20th century. NWP inputs have sometimes 
only support role in estimating the speed and direction of the motion of 
precipitation cells and their development (for example, in the GANDOLF 
system, described by Pierce et al., 2000). Several nowcasting systems 
provide blending of the extrapolation methods with NWP data. This approach 
was used in the system NIMROD (Nowcasting and Initialization for 
Modeling Using Regional Observation Data System, described by Golding, 
1998). Blending with NWP data is important for systems, which forecasts of 
temperature, wind, or other meteorological parameters generate besides

1 At the beginning, the 0-1 or 0-2-hour period was denoted as nowcasting-range, but (perhaps as a 
consequence of increasing influence and use of numerical weather prediction models for nowcasting 
purposes) the 0-6-hour period is mentioned more often now.
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precipitation nowcasts. For example, tendencies from NWP models are used 
in the nowcasting system INCA (Integrated Nowcasting through 
Comprehensive Analyses, described by Haiden et al., 2011).

Current efforts to improve the forecasts (mainly beyond the 0-1 h 
forecast range) are closely related to assimilation of all available 
observational data (surface, radar, satellite observations, etc.) and preparation 
of a three-dimensional objective analysis, which can be used as initial 
condition in a high-resolution NWP model run. This is the basic approach for 
systems such as LAPS (Local Analysis and Prediction System, introduced in 
Albers et al., 1996). The advance of the computational technology enabled 
frequent updates of the NWP models (so-called rapid update cycles), which 
can be either directly used for nowcasting purposes or for blending with 
extrapolation systems. Several assimilation techniques have been applied in 
order to improve the very short range NWP forecasts, e.g., nudging, 3DVAR, 
or ensemble Kalman Filter technique (an overview of these methods was 
given by Sun et al., 2014).

Despite of advances in NWP techniques, it is recognized that the role of 
the conceptual models and forecasters in nowcasting is still important as 
shown during the WMO demonstration projects for Sidney and Beijing 
Olympic games (Ebert et al. 2004, Wilson et al., 2010).

At the Hungarian Meteorological Service (OMSZ), subjective methods 
to forecast thunderstorm activities have been developed since the 1960-s 
based on surface and sounding data (Bodolai, 1954; Götz and Bodolainé, 
1963a, 1963b, Bodolainé et al., 1967). These studies were concentrating on 
prefrontal squall lines and severe thunderstorms. Methods were developed 
and applied to evaluate remote sensing data and introduce that information 
into weather warning (Bodolainé, 1980; Boncz et al., 1987; Bodolainé and 
Tanczer, 1991; Putsay et al., 2009). Because of the geographical 
environment, the Carpathian Basin is inherently susceptible to floods, and 
conceptual models were created to understand and recognize weather patterns 
responsible for local and regional scale floods (Bodolainé and Homokiné, 
1984; Bonta and Takács, 1988; Bodolainé and Tanczer, 2003). Appearance of 
more accurate radar data and increasing number of automated weather 
stations created the need for developing objective nowcasting system 
MEANDER (mesoscale analysis, nowcasting and decision routines) that was 
introduced to operational service in the year of 2003 (Horváth and Geresdi, 
2003). The first version of MEANDER was based on simple extrapolation of 
radar data. Later, using blending technique with NWP data, MM5 (Dudhia, 
1993) model was applied as the background NWP tool. The analyses of 
MEANDER were also tested as input for the MM5 model (Horváth, 2005). In 
the last few years, several modifications and upgrades were done on the 
MEANDER system. In this paper the recent state of the nowcasting system of 
the Hungarian Meteorological Service is presented.
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2. Development of the MEANDER system

Earlier versions of the nowcasting system used by the Hungarian Meteorological 
Service were linear extrapolation based procedures, and they focused on severe 
thunderstorms nowcast. For this reason, MEANDER considered radar-measured 
heavy precipitation echoes and these echoes were extrapolated using a constant 
motion vector field. Motion vectors were calculated from a background 
hydrostatic numerical model, taken the closest forecast time step to the actual 
time. For the motion vector calculation, density and wind component values of 
vertical model levels were applied. The calculation based on the idea, that 
thunderstorm cells are massive objects and their movement is determined by 
conditions in the surrounding vertical layers of the atmosphere (Fig. 1). The 
speed of the cloud is Vc and the mass of the cloud is represented by the sum of n 
vertical layers with each layer with p (. The I momentum of the cloud can be 
written as

i=l

The momentum of the cloud supposed to be equal to the sum of its environment 
momentum, thus
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where vf represents the environment wind on the ith vertical level (taken from 
NWP). The above equation provides the cloud motion vector:

r,f _ g = iP&
25= iPi .

The above calculated motion vector is useful for thunderstorms, but for 
stratiform precipitation it didn’t work properly (Horváth and Geresdi, 2003).

Objective analysis of earlier MEANDER versions was based mainly on 
observations. The spatial and temporal resolution of available NWP was not 
high enough for effective use in meso-scale. Increase in density of surface 
observations enabled production of higher resolution surface analyses, but that 
was not physically consistent with higher level model data.



Fig. 1. Calculation of motion vectors for convective clouds. On the vertical axis p i  and Vi 
represents the vertical profiles of density and wind of the environment, Vcloud represents 
the cloud motion vector.

Installation ot' non-hydrostatic MM5 model allowed to use the blending 
technique for nowcasting: linear interpolation was applied instead of linear 
extrapolation. The system interpolated between the objective analysis at the 
beginning and the numerical forecast at the end of a nowcasting period 
{Horváth, 2005). The objective analysis used not only observation but, in 
addition, MM5 outputs as first guess information, and four dimensional data 
assimilation technique were applied to enhance the analysis {Stauffer and 
Seaman, 1990).

Motion vectors for radar echo replacement were also calculated from MM5 
upper level wind data. Operational usage of high resolution satellite data also 
helped to improve the nowcasting, especially the cloud type and overcast part 
{Putsay et al., 2010). Later versions of MEANDER considered not only 
convective but stratiform precipitation, too. A decision procedure determined 
that a precipitating system was stratiform or convective. For startiform systems, 
the average wind vector between 1000- 4000 m proved to be the best parameter 
as motion vector.

The third generation of the MEANDER system is more NWP-based. The 
initial conditions provided by background NWP model are modified with
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respect to certain significant, observed meteorological objects, using conceptual 
models. For example: radar detected thunderstorms are included in the initial 
model field in such a way, that convergence and divergence in the wind field 
and anomaly in the temperature and humidity field are placed to the appropriate 
location. These impacts allow the model (or at least give it a chance) to develop 
significant objects on the right location in the right time. The presently applied 
WRF model (Skamarock et al., 2005) is able to manage these dynamically not 
balanced modification of first guess fields and, as it is shown later, WRF is able 
to provide corrected background data for the nowcasting system. Below, the 
currently used 3rd generation MEANDER system is presented.

3. Two-layer NWP background of the nowcasting system

The basic input data for the NWP segment of nowcasting are ECMWF 
deterministic model forecasts. Model level ECMWF data provide boundary 
conditions and first guess information for the non-hydrostatic WRF model. The 
WRF domain covers the Carpathian Basin with a 2.5x2.5 km horizontal 
resolution grid. This model version named WRF-ALPHA runs with 6-hour 
frequency and has 36-hour forecasting range. In addition to ECMWF data, 
surface and upper air measurements are also involved into initial conditions 
using WRF data assimilation tools (Skamarock et al., 2005). WRF-ALPF1A also 
uses special input coming from a stand-alone soil model that calculates soil 
humidity and soil temperatures on 4 soil layers. The soil model is based on the 
NOAF1 model (Chen and Dudhia, 2001), and it receives meteorological input 
data from MEANDER analysis (for example precipitation) and from previous 
WRF model run (surface fluxes, etc.). Calculated soil data are updated 4 times a 
day. The sensitivity of deep convection to soil condition of the Carpathian Basin 
was described by Acs et al., 2010, and this sensitivity justifies special care of 
soil input data.

The second part of the NWP segment is based on a higher resolution WRF 
model run (1.2x1.2 km). In this model, named WRF-BETA, measured data have 
got higher role. First guess data originating from WRF-AFPHA input, observed 
temperature, humidity and wind data are assimilated using nudging facility of 
WRF. Two hours of nudging period are applied, i.e., the -2, -1, and 0-hour 
analyses are used (0 hours means the last time when analysis is available). Not 
only weather station data, but remote sensing information are also involved in 
the analyses. Especially at cases of thunderstorms, radar reflectivity can be 
involved into the analyses using conceptual models.

Thunderstorms can be identified by radar reflectivity in such a way, that 
ellipses are assigned to locations where radar reflectivity is higher than a 
threshold value (45 dBz). The ellipses procedure was developed in the TITAN 
method {Dixon and Wiener, 1993) and was applied -  among of others -  for
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nowcasting related research (Horváth at al., 2008; 2012). On locations where 
thunderstorms are detected, the analysis field is modified by the conceptual 
model as described below.

The model is based on the idea that a thunderstorm has an updraft and a 
downdraft channel. In the updraft channel, there is a positive temperature and 
humidity anomaly and there is significant convergence of the wind field at lower 
layers. The other pole of the thunderstorm is the downdraft channel where 
deficit in the absolute humidity (mixing ratio of water vapor) and divergence at 
lower layers can be found. The fuel of this “two-pole engine” is the humidity. 
Normally, the moisture is available from the basic analysis field, but the 
objective analysis is not necessary exact concerning the humidity analysis. To 
supply the thunderstorm with humidity in its initial phase, a humidity reservoir 
is added to the model with positive humidity anomaly and slight convergence at 
the lower layers {Fig. 2). The temperature profile of the updraft channel is 
calculated in such a way that equivalent potential temperature (EPT) is 
considered to be constant {Fig. 3), and EPT is calculated from the near surface 
layers supposing saturated air. In this way, the updraft channel of the 
thunderstorm appears as wet and warm bubbles in the analysis field {Horváth,
2006). The wind field is modified in lower layers (-lower 1000 m) to be 
convergent with respect to the center of the updraft channel. On the bottom of 
the downdraft channel the wind is divergent, blowing out of the center of the 
downdraft channel, and there is a weak depression in the field of absolute 
humidity. In the humidity reservoir, there is a weak horizontal flow in the 
direction of dual channels. The modification made by the conceptual model is 
added to the field of the objective analysis. Several numerical experiments were 
made to set parameters for the conceptual models. Experiments show that 
relatively little perturbation of humidity and wind values are enough for the 
conceptual model for triggering thunderstorms {Fig. 4). WRF model is tolerant 
of conceptual model made perturbations, and this triggering procedure helps to 
develop thunderstorms on proper place in proper time. The life time of triggered 
thunderstorm is more than 2 hours at about 70% of investigated cases. 
Sometimes the initial thunderstorms dissipated, but they made neighboring 
groups of incorrectly forecasted thunderstorms weaker or disappear.

Satellite data also can be used for WRF-BETA initial data by EUMETSAT 
provided SAFNWC information {Derrien and Le Gléau, 2005). Cloud mask and 
cloud type information allow to recognize opaque and thick cloudiness. 
Considering the mean value of cloud water mixing ratio (CLW) coming from 
WRF-ALPHA, it is possible to assign CLW values for cloudy areas. WRF- 
BETA accepts CLW as initial data and involving CLW does not increase 
numerical instability during the model run (numerical experiments were made to 
involve rain water into initial condition, but this input parameter increased the 
instability). Case studies showed that involving CLW has some positive 
influence on cloudiness, but improvement of this procedure is still under way.

2 0 3



Thunderstorm trigger unit
Modified wind field

Fig. 2. The structure of a convective trigger unit (left) and the perturbed low level wind 
field (right). In the trigger unit, the square denoted by C represents the convergence in the 
updraft channel and letter D represents the divergence in downdraft channel. The right 
rectangle represents the humidity reservoir where is extra humidity added relative to the 
first guess to supply convection.

lnp lnp

Fig. 3. Modification of the vertical temperature profile in the updraft channel of the 
triggering unit. In the original profile (left): Te and Td represents the temperature and dew 
point profiles of the first guess and Oe shows the constant equivalent potential temperature 
(EPT) calculated from the lower 1000 m. The modified profile (right) is represented by 
the thick line.
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Fig. 4. 1-hour accumulated precipitation of +3-hour forecast of the WRF model at 
reference (upper left) and triggered forecasts (upper right) and the measured radar 
reflectivity (lower image). The model start time is 15:00 UTC June 4, 2012, the radar 
reflectivity image time is 18:00 UTC June 4, 2012. The triggered model run produced 
more realistic result than the reference run.

There are some derived parameters calculated as first guess data for 
nowcasting applications. The visibility for all grid points is computed from the 
lowest model level using mixing ratio of water vapor, cloud water, rain water, 
cloud ice, and snow (Kunkel, 1984). Radar motion vectors are calculated 
separately for convective and stratiform precipitating systems as described above.

In an ideal case, WRF-BETA should always be run when new observations 
are available. Because of limited computer power, WRF-BETA runs in every 
third hours providing NWP output for the nowcasting system for the next 
8 hours with 15 minutes output frequency.
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The linear segment of the MEANDER system consists of two parts: an objective 
analysis and a linear forecast. The objective analysis uses the coincidental WRF- 
BETA forecast, measured surface data, radar data, and satellite information. The 
grid of the objective analyses is the same as the WRF-BETA grid (1.2x1.2 km). 
During the objective analysis, derived parameters are also calculated, and 
finally, for all grid points, synoptic-type present weather code values (snow, 
rain, thunderstorm, etc.) are assigned. The frequency of the objective analysis is 
10 minutes. From all objective analyses, a linear forecast is made for 3 hours 
ahead and updated in every 10 minutes.

The analysis segment uses WRF-BETA outputs as first guess data. For 
basic parameters, differences between observed and first guess values are 
calculated at all observation points. These differences are interpolated to all grid 
points using biharmonic spline procedure (BHS). Input for BHS are (1) 
coordinates of observation points, (2) coordinates of grid points of the objective 
analysis, (3) difference values between grid point and observation point data at 
the observation point. Outputs of BHS are interpolated differences at all grid 
points of the objective analysis. Finally, first guess data are corrected by the 
interpolated values at grid points.

In order to decrease representation error, grid points of first guess data are 
considered in the circle of radius R around an observation point. Differences 
between observation value and first guess values are calculated, and that grid 
point is chosen where the difference is the smallest. This minimum value is 
considered as the difference between first guess and observation as input (3) for 
BHS at the given observation. Coordinates of the observation point are taken to 
be equivalent to the coordinate of the chosen grid point as input (1) for BHS. 
This “wobbling observation” procedure proved to be useful on those locations, 
where the gradient of the considered parameter is large, for example at lake or 
sea side observation points or hilly regions. In practice, R is chosen 4 km for flat 
regions, and 5 km for hilly regions and lake side stations.

Radar data for the nowcasting system are from the Hungarian composite 
radar images that are created from 3 Doppler radars of the Hungarian 
Meteorological Service in every 5 minutes. The spatial resolution of radar 
information has the same order than the nowcasting grid has, so 
transformation of radar reflectivity data to the nowcasting grid does not cause 
distortion or data loss. Satellite data can also be projected to the nowcasting 
grid. Applied satellite data are NWCSAF products such as cloud cover, cloud 
type, cloud top temperature (Derrien and Le Gleau, 2013). When radar and 
satellite data are on the common platform of the nowcasting grid, a process 
compares them and eliminates large radar errors. This procedure (not detailed 
here) is important because of large number of commercial electromagnetic 
devices (for example WIFI devices) that make artificial noise and sometimes

4. The linear segment o f the nowcasting system
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remain in the reflectivity field despite filtering procedures of the radar 
facility.

The linear forecasting segment of the nowcasting system is based on the 
blending technique for basic parameters such as pressure, humidity, wind, and 
temperature. At the beginning of the 3-hour-long nowcasting period, the 
objective analysis is considered, and at the end there is an actual WRF-BETA 
forecasted data field. In the meantime, linear interpolation is applied (Fig. 5). 
Radar echoes can be advected using motion vector fields. (Motion vector fields, 
coming from WRF-BETA, are not permanent fields, but they are changing 
during the forecast time, so forecasted radar echoes are moving along 
fractionally linear paths.) The forecast of precipitating clouds allows the 
calculation of integrated precipitation using Marshal-Palmer form between radar 
reflectivity and rain intensity (Marshal and Palmer, 1948). In this procedure, the 
amount of precipitation is computed up to 3 hours, using 1 minute time step.

Space of atmospheric 
parameters

Fig. 5. Theoretical background of MEANDER system. Along the vertical axis the 
atmospheric parameters, on the horizontal axis the time are labeled. The continuous line 
represents the trajectory of the real weather, dashed line shows NWP forecast, circles 
represents objective analysis. The thicker solid line shows the nowcasting.
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Derived parameters can be calculated at any time step of the nowcasting 
period. Among these parameters the precipitation phase, which frequently 
changes in wintertime, is especially important in the Carpathian Basin. There is 
a method developed by Geresdi (Geresdi and Horváth, 2000) to calculate the 
phase of precipitation applying cloud physics. The ID cloud model is applied to 
calculate the cloud top, maximum updraft, and hailstone size of a potential 
thunderstorm (Geresdi et a/., 2004). The TREC method that was developed by 
the remote sensing division of the Hungarian Meteorological Service is also 
applied for the nowcasting system for 1 hour accumulated precipitation 
estimation (Horváth et a i, 2012). The radar based process considers previous 
radar reflectivity images and calculates a motion vector field taking correlations 
between two images. Motion vectors are applied to interpolate radar images with 
1 minute temporal resolution in such a way, that radar echoes are replaced by 
motion vectors. Using these interpolated reflectivity images (and calculated 
precipitation intensity from that), the accumulated precipitation can be 
computed. A procedure calculates thunderstorm-associated maximum wind gust 
using the maximum radar reflectivity and the maximum cloud top height of 
cumulonimbus cells (Bartha, 1994). The convective wind field of a stormy day 
is shown in Fig. 6. Non-convective wind gusts are also computed from WRF- 
BETA, and this parameter is included in the objective analysis. During the 
forecast, it is blended with NWP data similarly to other basic parameters. The 
final result of derived parameters calculating procedure is “present weather” 
code values for all grid points. This parameter is depicted in similar way as the 
observed present weather parameters from WMO-SYNOP code.

Warning segment of the nowcasting system is designed to issue weather 
warning for the next 3 hours using the actual analysis and nowcasted present 
weather parameters. There are 3 warning levels, and the actual level is clearly 
defined by the previously calculated present weather code. (For example, there 
are three kinds of present weather code for thunderstorm in MEANDER: 
thunderstorm -  first level; severe thunderstorm -  second level; extreme 
thunderstorm -  third warning level). There are 175 districts in Hungary, and the 
warning system generates individual weather warnings for those districts where it 
is justified by calculated present weather parameters. In the practice the forecaster 
on duty receives automatically generated warning maps on a special graphical 
user interface, and he or she can accept or interactively modify proposed 
information. Actual weather warnings appear on the warning page of the 
Hungarian Meteorological Service (http://met.hu/idojaras/veszelyjelzes/riasztas/). 
The flow chart of the nowcasting system is presented in Fig. 7.

2 0 8



Fig. 6. Calculated convective wind field and thunderstorm contour lines on east of 
Danube at 07:00 UTC, July 20, 2011. That was a severe convective storm case caused 
serious damages near Kecskemét.

ECMWF analyses and forecasts (hydrostatic) ^

First guess and boundary data

Fig. 7. Flow chart of the MEANDER system.
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5. Evaluation and experiences

Concerning NWP (WRF-BETA) background, many case studies have been done 
to analyze the impact of radar assimilation made by the conceptual thunderstorm 
model. In about 70% of cases, the conceptual model has unambiguous positive 
impact up to 5 hours forecast. This way of introducing thunderstorm is safe, no 
significant gravity waves or other side effects were experienced. The limitation 
of the conceptual model is that it cannot be applied before first radar signs of 
thunderstorms appear. Currently used computer resources do not allow to run 
numerical models exactly in the same time when thunderstorms appear. The 
ideal solution would be a flexible NWP model run: WRF-BETA should run any 
time when the weather condition justifies that.

The nowcasting of the linear segment for basic parameters is verified by 
comparison of the analyses with earlier issued nowcasting at all grid points. 
Verification shows that basic parameters have relative small errors for the first 
2 hours. The RMSE for temperature is above 0.5 °C, for pressure 0.1 hPa, for 
relative humidity 10%, and for wind speed 1.6 m/s. The precipitation forecast 
is highly dependent on the precipitation type. The forecast of stratiform 
precipitation is significantly better than forecast of convective precipitation 
(93% vs. 72%). There are problems with the verification of the derived 
parameters. For parameters like present weather, it is problematic to compare 
analysis fields with forecasts, because present weather itself is a derived 
parameter at the analysis time, too. Therefore, present weathers like freezing 
rain, severe thunderstorms can be verified via case studies, where inherently 
subjective visual observations are collected posteriorly. Case studies show that 
the most sensitive parameter is the precipitation phase and phase related 
present weather, especially freezing rain. Also, there is high spatial variability 
concerning visibility parameters. Most “nowcastable” significant present 
weathers are associated with stratiform precipitation like summer rain or winter 
snow. Severe convective storms and multicell thunderstorms can also be 
relative properly forecasted, especially when they are in developing phase and 
the advection is more decisive than developing. In the linear segment, the 
thunderstorm development has not been solved yet, the blending technique of 
radar observed cell transition to NWP simulated cell is still under development. 
The precipitation-associated parameters show significantly growing errors after 
2 hours, hence in operational public usage only this forecast range is 
considered.

Evaluation of the warning segment shows better results than point-to-point 
comparison above. A district contains several grid points and the chance that 
weather objects hits at least a grid point in a district is definitely larger. 
Considering significant weather events, there is overestimation of weather 
warning for freezing rain and slight overestimation of severe convective events 
for 2 hours.

2 1 0



6. Summary

The MEANDER nowcasting system takes advantages of high resolution 
numerical modeling and very short range linear extrapolation. The hydrostatic 
ECMWF data are downscaled (in both time and space) to the resolution of the 
nowcasting system in two steps. During the first phase, the applied WRE (WRF- 
ALPHA) creates high resolution non-hydrostatic forecast 4 times a day. The 
WRF-ALPHA outputs are first guess and lateral condition data for a higher 
resolution WRF-BETA that produces forecast for the nowcasting domain with 
1.2x1.2 km horizontal resolution. WRF-BETA uses nearly all available remote 
sensing and measured data and provides first guess information for the linear 
segment.

The linear segment uses observations for making analysis, which is the first 
pillar of the linear nowcasting. The second pillar is the WRF-BETA forecast 
that is considered at the end of the 3-hour-long nowcasting period. Radar located 
precipitating systems are moved in the linear segment using motion vector 
fields, calculated from WRF-BETA forecast. Derived parameters are computed 
during the linear segment, and finally, present weather values are assigned to all 
grid points. Finally, the warning segments are used to issue weather warnings 
for 175 districts of Hungary. The linear segment runs every 10 minutes, 
24 hours a day.

Verifications and experiments show that the MEANDER system in the 
present stage provides usable forecast and warnings for the next 2 hours. 
Developing nowcasting-oriented assimilation techniques and more frequent 
model runs may help to extend this range in the near future.
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Abstract—The operational AROME (Applications of Research for Operations at 
MEsoscales) mesoscale numerical weather prediction (NWP) model has been run using 
interpolated analyses of the ALADIN (Aire Limitee Adaptation Dynamique 
Developpement International) NWP model for its initialization since the end of 2010 at 
the Hungarian Meteorological Service (HMS). In order to improve the initial conditions, 
a local three-dimensional variational (3DVAR) data assimilation system was developed 
for the Hungarian version of AROME (AROME-Hungary). Regarding the data 
assimilation cycling strategy, it was shown that 3 hourly rapid update cycling (RUC), 
which was implemented operationally in March 2013 using conventional observations, 
outperforms 6 hourly cycling method. This paper describes at length the main 
characteristics of this local data assimilation system and its impact on the model short- 
range forecasts. Although the forecasts of AROME-Hungary based on a local data 
assimilation were already improved compared to the previous implementation 
(initialization via interpolated analyses of the ALADIN model), there is still a way to go 
to exploit the full benefit of the local 3DVAR assimilation cycle. Current development 
works aim at improving the system through exploitation of remote sensing observations 
(radar, GPS, satellite AMVs), with a special emphasis on humidity information. All tested 
observations showed promising performance on both the analyses and forecasts of the 
AROME-Hungary model, which should lead to their respective operational 
implementation in the near future.

K ey-w ords:  operational num erica l w eath e r p red ic tion , m esoscale  da ta  assim ilation , rap id
update  cycle, rem ote  sensing  observations
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I . Introduction

State of the art mesoscale numerical weather prediction (NWP) models, such as 
ALADIN (Hordnyi et ai, 1996) and AROME (Seity et ai, 2010), describe the 
time evolution of small scale processes in the atmosphere (e.g., convection, sea 
breeze, fog), through the applied prognostic microphysical parametrization 
schemes and the non-hydrostatic dynamics. Advanced model dynamics and 
physics are, however, in vain, if the initial state does not contain appropriate 
information regarding the small-scale weather systems we aim to describe. The 
simplistic approach for the initialization of limited area models (LAMs) is to 
interpolate the analysis or the forecast of the driving model (i.e., a global model 
or another LAM) to the mesoscale grid. This approach, often referred to as spin- 
up initialization, is computationally cheap (i.e., there is no need to run expensive 
data assimilation schemes), nevertheless it implies several drawbacks, which 
will be demonstrated in this section. The sophisticated and scientifically sound 
alternative of the spin-up initialization is to run a local data assimilation system 
in the LAM, combining the high-resolution first guess of the mesoscale model 
with the available high-density observations.

Data assimilation is achieved by solving the BLUE (Best Linear Unbiased 
Estimation) analysis equation, which shows that the two main information used 
for estimating the initial state (xa) are the background (xb) and the actual 
observation set (y) (see e.g., Kalnay, 2003; Lorenc, 1986; Evensen, 2009):

xa = x b+ K ( y - H { x  J )  (1)

In Eq.(l), K stands for the Kalman gain determining the weight of the 
background and the observations in each gridpoint in an optimal way, i.e., based 
on their reliability in a statistical sense. H  denotes the observation operator, 
which enables the comparison of the observations with the background through 
a projection from the model space to the observation space.

In practice local data assimilation is substantially more expensive to 
implement than spin-up initialization (both computationally and regarding 
manpower), but in turn, it enables a more accurate representation of small-scale 
phenomena in the initial state. In order to demonstrate this, the kinetic energy 
spectra for a spin-up analysis (ALADIN analysis interpolated to the AROME- 
Hungary grid) and the local 3DVAR analysis of AROME-Hungary are plotted 
in Fig. I. It can be seen that the energy spectra for the AROME analysis follows 
rather close the theoretical slope of energy cascade, i.e., k 3 for small k 
wavenumbers (large scales) and If5/3 for high k wavenumbers (small scales). In 
contrast, the energy spectra of the spin-up analysis is far from the theoretical 
slopes, especially at mesoscales (above wavenumber 50, which corresponds to 
spatial scales smaller than 25 km), where the energy curve is rather noisy. The 
mesoscale noise in the spin-up analysis is introduced by the interpolation, and it
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reflects that the ALADIN analysis with its 8 km grid-length (30^45 km effective 
resolution) do not hold physical information on the mesoscales resolved by the 
AROME model with its 2.5 km grid-length. Among others, this diagnostic 
comparison gave a great motivation for implementing a local 3DVAR data 
assimilation system for the AROME-Hungary, which finally became operational 
in March 2013 due to approved ability to improve the forecast performance 
compared to the spin-up initialization approach. Similar positive impact of 
mesoscale data assimilation implementations have been reported by Benjamin et 
al., (2004), Fischer et al., (2005), Boloni (2006), Randriamampianina (2006a), 
Brousseau et al. (2011).

The structure of the article is as follows: In the next section, the operational 
DA system will be described, with special emphasis on rapid update cycling, 
and also, the added value and the impact of the AROME-Hungary data 
assimilation system will be detailed. In Section 3, we briefly review 
experimental data assimilation studies with non-conventional observations 
added to the existing operational system. Finally, the last section gives a 
summary of the presented work and provides corresponding conclusions.

Kinetic Energy S pectra  a t 1000 hPa

Fig. 1. Wind energy spectra (kg m2 s 2) at 1000 hPa for the AROME (dx = 2.5 km) 
analysis (red) and for an interpolated ALADIN (dx=8km) analysis (black). Dotted 
straight lines correspond to the theoretical slopes of kinetic energy at large- (k~3) and 
mesoscales (k 5/3) if using a log-log scale.
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2. Operational data assimilation system o f the A ROME mesoscale model

2.1. The assimilation system

The local data assimilation system of AROME-Hungary is based on a 3 hourly 
rapid update cycle (RUC). The organization of one particular assimilation step at 
00 UTC is shown schematically in Fig. 2, where the lateral boundary conditions 
in the assimilation cycle are provided by the global ECMWF/IFS (European 
Centre for Medium-Range Weather Forecasts/Integrated Forecast System) 
model, and surface parameters are initialized either using the surface analysis of 
the operational ALADIN model where available (at synoptic times, i.e., 00, 06, 
12, and 18 UTC) or using the previous AROME/SURFEX (SURFace 
Externalized) forecast (at sub-synoptic times i.e., 03, 09, 15, and 21 UTC).

Fig. 2. Schematic figure of the data assimilation cycle applied for AROME showing the 
elements of a 00 UTC assimilation ran.

The core of AROME-Hungary data assimilation system is an incremental 
3DVAR method, where the basic mathematical formulation and its 
corresponding implementation is very similar to the one used in the IFS, 
ARPEGE, and ALADIN models (Courtier et al., 1998; Fischer et ah, 2005; 
Vasiliu and Horanyi, 2005; Boloni 2006). An important component of the 
3DVAR is the representation of background error statistics which plays a key 
role in filtering the information coming from observations and spreading it out 
to the model grid (see e.g., Berre 2000; Brousseau et al., 2011). In the current 
operational system, the background error covariance matrix was sampled from
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the downscaling of an ALADIN Ensemble Data Assimilation (EDA) 
experiment, run for a summer period using 3-hour forecast ranges and 5 EDA 
members to get sufficient statistical sample (Boloni et al., 2014). Input 
observations for the AROME-Hungary 3DVAR suite are provided by the 
OPLACE (Observation Preprocessing for LACE (Limited Area modeling for 
Central Europe)) system, which includes both conventional and non- 
conventional observations. Although the currently operational AROME- 
Hungary data assimilation system uses only conventional observations, the 
system is able to assimilate non-conventional observations, as described in 
Section 3.

Delivering the mesoscale NWP forecasts as early as possible is of high 
priority for every operational forecasting centre. In order to find the optimal 
observation cut-off time (waiting time after the nominal analysis time) of the 
operational AROME-Hungary data assimilation system, the timeliness of the 
incoming observations was diagnosed for the area of interest. In Fig. 3, the 
availability of conventional observations at 00 UTC is shown, based on the amount 
of data received by the OPLACE system. After gaining this result, the observation 
(short) cut-off time has been set to one hour, which brings the fastest possible 
production of AROME forecast with an almost complete input observation set. 
This rather early cut-off enables a faster AROME forecast production compared to 
the former operational version of AROME-Hungary, which was based on a spin-up 
initialization from the 3DVAR analysis of the ALADIN model, because the 
ALADIN data assimilation system uses longer cut-off.

Cutoff AROME Domain CONV O bs in C+l 
Time: 00 

conv

§ to to to to to to to ■s?
§ oo 8 o o o o do do

time

Fig. 3. Estimation of the optimal short cut-off time (considering AROME integration 
domain at 00 UTC) on January 26 (red columns), 27 (green columns) and 28 (blue 
columns) 2013.
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2.2. The Rapid Update Cycle

In mesoscale NWP models, the accuracy of initial conditions is getting more and 
more crucial with an increasing resolution, hence small scale processes of the 
atmosphere have less and less predictability {Fabry and Sun, 2009). The rapid 
update cycling approach with increased analysis frequency in the assimilation cycle 
aims to involve more observations with reduced representativity error in time. It is 
assumed that the more observations we consider for the update of the model state, 
the better initial conditions we will get when starting a forecast from an analysis of 
the assimilation cycle. Considering conventional observations for instance, the 
different amount of used observations between a 6 hourly data assimilation cycle 
and a 3 hourly RUC is plotted in Fig. 4 for a short period. At sub-synoptic times, 
mainly aircraft and SYNOP reports provide almost a double amount of data per 
day, due to the 4 extra analyses. To further emphasize the benefits of a RUC, it 
should be mentioned that many remote sensing observations are available with high 
temporal frequency, which are potentially beneficial in a data assimilation system 
with high frequency cycling. Also, many of the remote sensing observations are 
available in a very timely manner, almost immediately after analysis time, which 
allows to keep the operational observation cut-off time rather short, and thus to 
provide the forecasts with an early delivery.

Obs number in AROME 6h DA vs AROME 3h RUC 
Time: 15th to 23th of March 

conv

- e . c j c . e . £ : . e . c . c

dates

Fig. 4. The number of conventional observations used in a day in the RUC 
implementation (green) and in a 6 hourly cycling (red). The amount of data was counted 
in the period of March 15-23, 2014.

Beside these attractive features of the RUC system, there are some issues 
which have to be treated carefully in case of using a frequent assimilation cycle,
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and thus, shorter background forecast lengths. The forecast model integration may 
imply spin-up effects (noise due to spurious gravity waves or imbalances between 
dynamics, atmospheric and soil physics) at the very short ranges, which can be 
accumulated in the assimilation cycle through the background forecasts, and thus, 
lead to degradation in the analyses and the forecasts. A usual practice in NWP, and 
in the Hungarian version of the ALADIN model as well, is the use of initialization 
techniques e.g., digital filter initialization (DFI) (Daley, 1991; Lynch et al, 1997), 
which is a low-pass spectral filter removing high-frequency components of the 
initial conditions. In case of AROME-Hungary, no DFI is applied because such 
filtering is assumed to be too strong in case of a mesoscale non-hydrostatic model, 
where gravity waves are described by the dynamics. To diagnose spin-up effects in 
AROME-Hungary, surface pressure tendencies have been examined for very short- 
range forecasts (+2 hours) for an arbitrarily chosen case. In Fig. 5, time evolution 
of the surface pressure tendency provided by three different forecasts is shown for a 
particular gridpoint over orography. The red curve corresponds to a forecast, which 
was started from an AROME 3DVAR analysis, using a time-consistent coupling 
scheme, i.e., when the lateral boundary condition (LBC) at initial time is the 
interpolated global IFS forecast. The blue curve stands for a similar run with the 
only difference of using a space-consistent coupling scheme, i.e., when the lateral 
boundary condition (LBC) at initial time is the AROME 3DVAR analysis itself. As 
an additional reference, the tendency from an AROME forecast using a spin-up 
initialization is added (green curve), i.e., where both the initial condition and the 
LBC at initial time is the interpolated global IFS forecasts. As the high amplitude 
oscillation in the time evolution of surface pressure tendency is an indicator of 
noise, it has been concluded based on Fig. 5, that AROME forecasts using a RUC 
assimilation with a space-consistent coupling scheme imply less noise than a RUC 
with a time-consistent coupling approach or the spin-up initialization. Supposedly, 
the higher amplitude oscillation in case of the spin-up initialization is caused by the 
interpolation noise which is more emphasized over orography. It should be also 
mentioned that plotting the evolution of surface pressure tendency on a horizontal 
map (not shown) supports the choice for the space-consistent coupling scheme. 
Namely, in the time-consistent case, noise patterns (indicated by large tendencies) 
penetrate from the domain borders towards the middle of the domain in a 
rectangular shape. In Fig. 5, this is captured by the red curve at integration steps 
40-45 as an outstanding wave. An explanation for this structured noise might be 
that imbalances between the local 3DVAR analysis and the LBC at initial time 
arise, due to the inconsistent model states of the AROME and IFS models near the 
boundaries. The final decision on implementing a 3 hourly RUC instead of a 
traditional 6 hourly cycling was based on a comparison study over a 1 month 
period during summer 2012, where the skill of these two cycling options was 
measured. Verification results -  which will be studied in the next section - 
reflected a better performance of the 3 hourly RUC, leading to its operational 
implementation.
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Integration step s

Fig. 5. Temporal evolution of surface pressure tendency (Pa/min) over orography during 
the first 2 hours of a forecast concerning spin-up initialization (green dashed line), time- 
consistent coupling approach (red line), and space-consistent coupling approach (blue 
dashed line).

2.3. The impact o f local data assimilation scheme on the analysis and forecast

For measuring the impact of the local data assimilation scheme, three 
experiments with AROME-Hungary have been run and compared for several 
periods based on objective verification scores primarily. The three experiments 
are an AROME suite based on spin-up initialization (called DYNA), and two 
AROME suites based on local 3DVAR data assimilation, one of them using a 
6 hourly cycling (called CONV6H) and another one using a 3 hourly rapid 
update cycling (called CONV). Forecasts have been run up to +36 hours starting 
at 00 UTC network times. Concerning the verification, both point-based and 
object-based scores have been computed. In the point-based verification, surface 
and radiosonde observations have been used as reference. The applied object- 
based method calculates average precipitation of forecasted weather objects (or 
alternatively the full domain average), and compares with calibrated radar 
precipitation measurements as reference. In Figs. 6a and 6b, 10 m wind and 
mean sea level pressure scores are shown for the period between June 25 and 
July 25, 2012. It is rather clear from these figures that both the 6 hourly and the 
3 hourly RUC 3DVAR provide an added value compared to the spin-up 
initialization with respect to both RMSE and BIAS. Moreover, the 3 hourly 
RUC provides slightly better scores than the 6 hourly cycling during daytime, 
while during the night, scores show a rather low sensitivity to the cycling 
frequency. To demonstrate the impact on precipitation, object-based verification 
score (domain average precipitation) is shown in Fig. 7. It can be seen, that in 
comparison with the spin-up initialization, both the 6 hourly 3DVAR cycling
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and the 3 hourly RUC could reduce the overestimation of the precipitation 
maximum linked to convective activity in the afternoon. It is also clear from 
Fig. 7, that the 3 hourly RUC provides slightly better precipitation forecasts than 
the 6 hourly cycling, by reducing the overestimation further.

Selection : Hungary_RLL using 31 s ta tio n s  
Period: 20120625-20120725 

UlOh Hours: £003

Forecast length

Fig. 6a. RMSE and BIAS scores corresponding to the spin-up initialization scheme 
(green), 3 hourly RUC (blue), and 6 hourly cycling (red) for 10 m wind speed (m/s).

Selection: Hungary.PLL using 30 s ta tio n s  
Period: 28120625-20120725 

Hslp Hours: £003

Fig. 6b. RMSE and BIAS scores corresponding to the spin-up initialization scheme (green), 
3 hourly RUC (blue), and 6 hourly cycling (red) for mean sea level pressure (hPa).
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Fig. 7. Comparison of 3h RUC (blue), 6 hourly cycling (red) and the spin-up initialization 
scheme (green) regarding domain average precipitation (ram/h). The reference is the 
calibrated radar measurement (black).

Based on the success of the RUC approach (Figs. 6a, 6b, and 7), a 
parallel suite with a 3 hourly RUC data assimilation system was compared 
with the former operational AROME-Hungary system (based on spin-up 
initialization) over the period from February 20 to March 12, 2013. This 
parallel suite was set up in a fully operational environment, providing real 
time outputs for the forecasters of the Hungarian Meteorological Service (this 
time both for 00 and 12 UTC base times), with the main aim to make a final 
decision about the operational implementation of the RUC system, in case of 
preferable scores and positive feedbacks from the forecasters. Based on the 
verification results, the RUC system clearly outperformed the forecasts of the 
former operational AROME-Hungary suite with spin-up initialization, which 
is demonstrated in Figs. 8a, 8b for 2 m temperature and in Fig. 9 for 
precipitation. Feedbacks of the forecasters also confirmed the slight but 
consistent improvements implied by the RUC system, and this led to its 
operational implementation on March 17, 2013.
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S e le c tio n :  Hungary_RLL u s in g  30 s t a t i o n s  
P e r io d ; 20130220-20130312 

T2n H ours: {00,123

F o re c a s t  le n g th

Fig. 8a. RMSE and BIAS scores of AROME forecasts according to the spin-up 
initialization (DYNA -  green), and the 3 hourly rapid update cycle (CONV -  blue) for 
2 m temperature (°C).

Nornalized nean RMSE d i f f  (90% conf> DYHfl -  CONV 
S elec tio n : Hungary_flLL using  30 s ta t io n s  

P erio d : 20130220-20130312 
T2n Hours: {00,121

F o rec as t leng th

Fig. 8b. Normalized RMSE differences according to the spin-up initialization (DYNA -  
green), and the 3 hourly rapid update cycle (CONV -  blue) for 2 m temperature (°C).
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Symm etric E x tre n a l  Dependency Index f o r  P r e c ip i t a t i o n  <nn/12h) 
S e le c tio n :  Hungary_HLL 30 s t a t i o n s  

P e rio d : 20130220-20130312 
Used £00,123 + 18-06  30-18

Fig. 9. Symmetric Extremal Dependency Index (SEDI) for precipitation according to the 
spin-up initialization (DYNA -  green), and the 3 hourly rapid update cycle (CONV -  
blue) for precipitation (mm/12h).

2.4. Diagnosing analysis sensitivity to observations

An obvious way for the further development of the operational RUC is to bring 
non-conventional observations to its analysis system. In order to figure out, which 
observations would contribute the most to the analysis, the DFS (Degrees of 
Freedom for Signal) diagnostic tool (Chapnik et al., 2006; Carc/ina/i et al., 2004) 
has been adapted and applied at the Hungarian Meteorological Service. The DFS 
tool diagnoses the observation influence on the analysis, thus, if applied for the 
available observation types, it provides an indication on their relative contribution. 
The DFS diagnostic is computed as the trace of the Kalman gain matrix projected 
to observation space:

DFS = Tr{HK) (2)

where K  and H  denote respectively the Kalman gain matrix and the observation 
operator introduced in Eq. (1). In practice, this trace cannot be computed, 
because the gain matrix K  is not known explicitly. Girard (1987) suggested a 
solution which enables to evaluate the above mentioned trace with the following 
approximation:

T,{HK) = (y‘ - y ) rRT'(H(xa)- H ( x . ) )  (3)
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where H(xa) gives the analysis state at observation locations using a 
background and the observations (y), and H(x'J stands similarly for the 
analysis at observation space but using the perturbed observations (y ’) (and 
the same background). In Eq. (3), R stands for the observation error 
covariance matrix.

Therefore, DFS can be calculated through a random perturbation of the 
observations, and the method is flexible in a sense that DFS values can be 
computed for any subset of the available observational data. For a given date, 
the DFS was computed with conventional and some experimentally used non- 
conventional observations. In order to verify the influence of the available 
observations, both the absolute and the relative DFS diagnostics were 
computed (Fig. 10). Absolute DFS stands for what have been explained 
above in Eqs. (2) and (3), while relative DFS is the absolute DFS normalized 
by the number of observations within the given observation subset. The first 
conclusion based on the absolute DFS is that the largest contribution to the 
analysis is provided by wind observations, i.e., the largest amount of 
information is extracted from these observations in the current data 
assimilation system. On the other hand, relative DFS reflects the importance 
of humidity (from surface SYNOP stations and TEMP radiosondes), RADAR 
reflectivity (RADAR-Z), and GNSS (global navigation satellite system) ZTD 
(zenith total delay) observations. In conclusion, DFS diagnostics show that 
radar reflectivity and GNSS ZTD observations are promising candidates for 
assimilation in the future version of the RUC system. It should be mentioned 
that DFS provides a theoretical measure of the information content projected 
from the observations to the analysis and it does not provide any indications 
on the impact attributed to the forecasts. Another point to be added here is 
that no radiance observations have been considered and diagnosed in the 
recent RUC system.

3. Use o f non-conventional observations in the AROME 3DVAR system

In the following section, we present the latest developments of the RUC system 
since its operational implementation. The need of using more observations, 
especially non-conventional ones, was already mentioned. Specifically, the 
observations measuring humidity are potentially good candidates based on the 
results of the DFS analysis sensitivity study shown in the previous section. At 
the same time, to gain advantage of the RUC system, early accessible 
observations with high frequency and high density are also required. Taken into 
account these objectives, the atmospheric motion vectors (AMV) from Meteosat 
Second Generation (MSG) geostationary satellite, RADAR measurements as 
reflectivity and radial wind, and GNSS ZTD observations have been 
investigated in the operational data assimilation system of AROME-Hungary.
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Absolute Degree of Freedom for Signal (DFS)

Relative D egree of Freedom for Signal (DFS/observations)

Fig. 10. Absolute and relative degrees of freedom for signal (DFS) for experimental data 
assimilation of AROME-Hungary at 12 UTC, January 3, 2014.

3.1. The impact o f  the Atmospheric Motion Vectors

EUMETSAT (European Organization for the Utilization of Meteorological 
Satellites) MSG provides sets of satellite winds (AMVs) extracted from 
sequences of well-navigated and calibrated images produced by the SEV1R1 
(Spinning Enhanced Visible and Infrared Imager) instrument. Accordingly, 
AMVs are derived from SEVIRI infrared, water vapor, and visible channels. At 
the HMS MSG AMV date is received through the EUMETCast broadcasting 
service of EUMETSAT with hourly frequency and processed in OPLACE for 
data assimilation purposes.

MSG AMV data is proved to be beneficial in nowcasting applications and 
in data assimilation systems (Randriamampianina, 2006b). Furthermore, 
numerous examples exist (Forsythe et al., 2014), where AMVs are operationally 
assimilated in a similar way like the adopted technique used in the ALADIN
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model in Hungary. As MSG AMV observations possess many advantages 
needed for a RUC data assimilation, a summertime impact study has been run 
with AROME-Hungary, where MSG AMV observations were added to the 
conventional observations. The implementation of the AMV data in AROME- 
Hungary was done according to Randriamampianina (2006b). To assess the 
impact of AMVs two experiments were conducted during the period of June 25 
-  July 25 in 2012. The AROME-Hungary forecasts initialized at 00 and 12 UTC 
were verified against SYNOP and radiosonde observations. Regarding the 
impact of MSG AMV observations, in Figs. I la  and 11c RMSE and BIAS 
scores are plotted with the corresponding (Figs, l ib  and lid )  normalized RMSE 
differences for 10 m wind speed and 2 m dew point temperature forecasts. In 
these figures, CONV stands for the operational AROME-Hungary and GEOW 
denotes the experimental run, where MSG AMV was assimilated as well. In 
case of 10 m wind speed forecasts, the AMV experiment provides better skill for 
the shorter range forecasts up to 15 hours. Concerning the 2 m dew point 
temperature verification scores, the overall decrease of the error is perceptible 
and it is even statistically significant for some longer ranges. To conclude, AMV 
data in AROME-Hungary provides small contribution with respect to the 
amount of assimilated data, but with positive signal on the short-range forecasts.

S e le c tio n :  Hungary_0LL u s in g  31 s t a t i o n s  
P e rio d : 28120625-28120725 

U10n H o u rs: (0 0 ,1 2 )

F o re c a s t  l e n g th

Fig. 11a. Experimental assimilation study of AROME-Hungary for the period between June 
25 and July 25, 2013. RMSE and BIAS scores of AROME forecasts corresponding operational 
AROME with conventional observations (CONV -  red) and AROME with conventional plus 
AMV observations (GEOW -  green) are plotted for 10 m wind speed (m/s).
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N o rn a liz ed  nean  RUSE d i f f  <90% co n f) CONV -  GEOM 
S e le c t io n :  Hungary_fiLL using  31 s t a t i o n s  

P e r io d : 20120625-20120725 
U10n Hours: £00,123

F o re c a s t len g th
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Fig. Ilb. Experimental assimilation study of AROME-Hungary for the period between 
June 25 and July 25, 2013. Normalized RMSE differences between operational AROME 
with conventional observations (CONV -  red) and AROME with conventional plus AMV 
observations (GEOW -  green) are plotted for 10 m wind speed (m/s).

S e l e c t i o n :  Hungary_HLL u sin g  31 s t a t i o n s  
P e r io d :  20120625-20128725 

Td2n H ours: £00,123

u
06

F o re c a s t  le n g th

Fig. lie . Experimental assimilation study of AROME-Hungary for the period between 
June 25 and July 25, 2013. RMSE and BIAS scores of AROME forecasts corresponding 
operational AROME with conventional observations (CONV -  red) and AROME with 
conventional plus AMV observations (GEOW -  green) are plotted for 2 m dew point 
temperature (°C).
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N ornalized  nean RUSE d i f f  (90% co n f)  CONV -  GEOH 
S e le c tio n ;  Hungary_HLL u s in g  31 s ta t i o n s  

P e rio d : 20120625-20120725 
Td2n H ours: £00,12*

Fig. lid. Experimental assimilation study of AROME-Hungary for the period between 
June 25 and July 25, 2013. Normalized RMSE differences between operational AROME 
with conventional observations (CONV -  red) and AROME with conventional plus AMV 
observations (GEOW -  green) are plotted for 2 m dew point temperature (°C).

3.2. The impact o f the radar reflectivity and radial wind observations

Radar measurements play an important role in nowcasting, and nowadays they 
also contribute to the initial conditions of mesoscale NWP models. The weather 
RADAR instrument receives emitted electromagnetic signal to measure the 
reflectivity of the atmosphere's elements along the emitted ray's path. From the 
backscattered radiation one can estimate the reflectivity, i.e., the precipitation 
intensity, and from the phase shift of the backscattered signals the radial wind 
can be measured using Doppler's law.

Focusing on data assimilation, the utility of radar observations has been 
already demonstrated by different studies (see, e.g., Lindskog et al, 2004; Snyder 
and Zhang, 2003; Montmerle and Faccani, 2008). However, assimilating the 
observed quantities of the radar is not straightforward since the relationship 
between the measured quantities and the control variables of the data assimilation 
scheme is complex and non-linear. This relation in case of radial wind observation 
is less complex than that with reflectivity, where the radar equation gives the direct 
relationship between the observed hydrometeors and the 3DVAR control variables. 
Instead of extending the control variables to account also for hydrometeors, an 
alternative solution was worked out by Caumont et al. (2010) and Wattrelot et al. 
(2014) using 1D+3DVAR method, which enables to retrieve columns of relative 
humidity and temperature from reflectivity profiles as pseudo-observations. This 
approach is based on a ID Bayesian estimate, which uses the assumption that a
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well-chosen linear combination of model simulated reflectivities in the 
neighborhood of the observation provides comparable quantities to what is 
observed (see Wattrelot et al. (2014) for more details).

In the observing system of the Hungarian Meteorological Service dual- 
polarized Doppler radars are used which provide reflectivity and radial wind 
observations with 240 km and 120 km range, respectively. Raw radar data 
requires specific pre-processing in consideration of data assimilation which 
consists of the elimination of non-meteorological and noisy signals. Due to this 
quality control, for instance, reflectivity data under 7 dBz is filtered to avoid 
clear-sky echo and also unwanted RLAN (Radio Location Area Network) 
signals are rejected. After a thorough pre-processing with quality control, 
RADAR data is presented in Cartesian coordinates and in BUFR, which is one 
of the accepted format of the current 3DVAR system.

An observing system experiment with AROME-Hungary was made for an 
early, but convective summer period of May 15 -  June 18, 2012. Point- and 
object-based verifications were computed to evaluate the performance of the 
operational AROME-Hungary and experimental runs including a combination of 
radar reflectivity and radial wind. In the first experiment with assimilation of 
both the radar Doppler wind and reflectivity, skill scores showed positive impact 
on forecasts of precipitation, but we observed also a cold and wet bias for 
surface parameters (not shown). A possible explanation of the observed bias 
might be that the assimilation of reflectivity data over-saturates the planetary 
boundary layers (PBL), which degrades the forecast of surface parameters 
through physical process along the model integration. To verify this assumption, 
another experiment was run avoiding the use of reflectivity observations below 
1000 m from all 3 used radar stations. As a result, no degradation on surface 
parameters was observed, but on the other hand, the impact on precipitation 
forecasts was also reduced. The average intensity of the precipitation objects 
was verified against objects measured by the radar (Fig. 12). The four curves are 
respectively the operational AROME-Hungary (AromeCONV), the 
experimental AROME with complete set of radar data (AromeFULL), AROME 
runs with blacklisted reflectivity (AromeBLACK), and radar observations 
(RADAR). In Fig. 12, one can see that AromeBLACK provides the closest 
estimation to radar, however, the diurnal cycle of the maximum precipitation is 
still slightly shifted with delay in time. Additionally, a case study is shown in 
Fig. 13, where 3 hourly accumulated precipitation forecasts are plotted for all 
the three tested runs. One can see that the AromeFULL run predicts more 
realistic precipitation over north-eastern Hungary than AromeCONV, but it 
overestimates slightly in the mid-western part of the country. AromeBLACK is 
able to correct this overestimation, but the positive signal is also suppressed by 
fdtering reflectivity. To conclude, the assimilation of radar data has major 
impact on forecasts of precipitation, but the quality control has to be further 
investigated and improved for better accounting of all potential measurements.
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Fig. 12. Object-based verification of radar data assimilation experiments where average 
intensity of precipitation (mm/h) objects is verified against radar measurements for the period 
June 7 -June 18,2012. AromeCONV: Operational AROME-Hungary (red line), 
AromeFULL: experimental AROME with RADAR reflectivity and radial wind observations 
added to conventional ones (green line), AromeBLACK: experimental AROME with same set 
of observations except reflectivity which was blacklisted below 1000 m elevation (blue line).

AROME FULLAROME CONV RADAR OBS AROME BLACK

Fig. 13. A case study at 03 UTC, June 5, 2012 for 3 hourly accumulated precipitation 
forecast according to AROME model with operational configuration (AROME CONV), 
experimental AROME with radar reflectivity and radial wind (AROME FULL), 
experimental AROME with blacklisted low level reflectivity (AROME BLACK), and 
radar composite image (RADAR OBS).

3.3. The impact o f the GNSS ZTD observations

Signal delay originating from different constituents of the troposphere and 
stratosphere can be extracted from satellite constellations of GNSS. The zenith 
tropospheric delay (ZTD), which is the converted-to-distance time delay,
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provides valuable information on atmospheric water vapor content expressed in 
length units along the zenithal direction above the ground-based GPS receiver 
station. Bevis et al., (1992) describes at length the principle of such 
measurement. The number of ground-based GPS stations over Europe has been 
increasing during the last years, and their use for meteorological purposes is 
coordinated by EUMETNET GNSS Water Vapour Programme (E-GVAP). E- 
GVAP also provides a data hub allowing the assimilation of GNSS ZTD 
observations with high spatial and temporal resolution. The Hungarian GNSS 
network (so called SGOB) operated by the Satellite Geodetic Observatory of 
Hungary was added to E-GVAP officially at the end of 2013, which provides 
access to a dense station network of ground-based GPS over the Carpathian 
Basin. This was a good motivation for us to assimilate the GNSS ZTD data.

The impact of GPS ZTD observations in data assimilation systems has been 
already investigated in the ARPEGE/ALADIN/AROME model family (see e.g., 
Yan et al, 2008; Poll et al, 2007; Storto and Randriamampianina, 2010). For the 
assimilation of E-GVAP ZTD data, a whitelist approach is used containing only 
stations with good-quality measurements. The whitelist is created according to the 
following criteria evaluated during a passive assimilation for a period of 15 days: 
i) the availablility of data is more than 40%, ii) observation minus background 
departures have Gaussian distribution, the absolute bias and also the standard 
deviation are both less than 40 mm, iii) the difference between station altitude and 
corresponding model orography height is less than 250 meter. We were able to 
choose 67 active stations inside our area of interest. The computed bias at each 
selected station is used as static bias correction in the assimilation scheme.

The impact of ground-based GNSS ZTD was investigated with AROME- 
Hungary over a winter period of 2014, namely January 5 to 27. The operational 
AROME-Hungary forecasts and the experimental AROME run with GNSS ZTD 
were compared with verification against SYNOP and radiosonde observations. 
In Fig. 14a, RMSE and BIAS scores are plotted for 2 m dew point temperature 
forecasts and the corresponding (Fig. 14b) normalized RMSE differences with 
significance test check. It can be seen that the experimental run (marked PGPS) 
has better skill scores on forecast of surface dew point temperature than the 
operational one (marked CONV), however, it is not statistically significant. In 
addition, one case study is presented in Fig. 15, showing the accumulated 
precipitation during the first 3 hours of the forecasts. In this case, the operational 
AROME-Hungary (CONV) provided a strong overestimation of precipitation as 
compared to the measured SYNOP observations plotted with numbers, probably 
due to spin-up effects. By assimilating ZTD observations (PGPS), the AROME 
forecast became more realistic with a reduction in the amount of predicted 
precipitation. This example showed, that the assimilation of GNSS ZTD 
observations is advantageous for improving short-range model forecasts, 
particularly regarding humidity, which is very promising to further improve the 
current operational AROME system.
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S e le c t io n :  Hungary_flLL u s in g  29 s t a t i o n s  
P e rio d : 20140105-20140127 

Td2n H o u rs: {00,12}

Fig. 14a. RMSE and BIAS scores of AROME forecasts corresponding to the operational 
AROME with conventional observations (CONV -  red) and AROME with conventional 
plus GNSS ZTD observations (POPS -  green) for 2 m dew point temperature (°C).

N o rn a liz e d  nean RUSE d i f f  <90X conf> COHV -  PGPS 
S e le c t io n :  Hungary_fiLL u s in g  29 s t a t i o n s  

P e rio d : 20140105-20140127 
Td2n H ours: {00,12}

Fig. 14b. Normalized RMSE differences between operational AROME with conventional 
observations (CONV -  red) and AROME with conventional plus GNSS ZTD 
observations (PGPS -  green) for 2 m dew point temperature (°C).
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Fig. 15. A case study at 15 UTC, January 3, 2014 for 3 hourly accumulated precipitation 
forecast, AROME model with operational configuration (CONV), experimental AROME 
with GNSS ZTD (POPS) and SYNOP precipitation (in numbers) are plotted.

4. Summary and conclusions

The current operational RUC data assimilation system of the AROME-Hungary 
mesoscale model has been described with a special emphasis on the design of the 
assimilation cycle and the use of observations. It has been demonstrated, that the 
RUC system using conventional observations (surface, radiosonde, and aircraft 
measurements) improves the reliability of short-range forecasts compared to the 
spin-up initialization technique (former operational configuration) and also 
compared to the use of a 6 hourly data assimilation cycle.

The most important attempts for improving the current operational RUC 
system so far consisted of impact studies using remote sensing observations, such 
as MSG AMV, radar reflectivity, radial wind, and GNSS ZTD. The impact of 
AMV data assimilation was found to be significantly positive on the forecast of 
surface parameters, up to a forecast range of 15 hours. These results imply an 
operational use of MSG AMV data in the near future. The assimilation of radar 
data has been found to be useful in ameliorating precipitation forecasts, however, 
as a side effect of radar data assimilation, a bias have been found in surface 
parameters. The cause of these systematic errors has to be understood in order to 
achieve an operational implementation of radar data assimilation. The impact of 
GNSS ZTD data assimilation has been found to be slightly positive regarding the 
forecasts of surface parameters. Given that GNSS ZTD data provide information 
on atmospheric humidity also in clear-sky conditions, their importance is high in 
mesoscale data assimilation. This is reflected in some of our case studies through 
the preferable feature that ZTD data assimilation allows to reduce possible 
humidity and precipitation overestimations originating from the model first guess. 
Based on the overall impact of ZTD data, they are anticipated for an operational 
implementation in the near future.
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Apart from the observation impact studies, an overview has been given 
about the relative importance of observing networks and observed variables based 
on the DFS method. The main message to be extracted out of these analysis 
sensitivity studies is that humidity observations are really important in mesoscale 
data assimilation, as they have relatively large influence on the analysis as 
compared to other observed variables. This indicates that the density of humidity 
observations have to be increased in the coming years either by using cloudy 
information from satellites or by implementing humidity sensors on board 
European aircrafts, similarly to the practice applied at the USA.

The paper gives an indication, that by increasing the resolution of mesoscale 
models, it becomes highly important to implement local data assimilation at the 
full resolution of the model, using high-resolution observations. It is shown that 
doing so, the spin-up initialization scheme can be outperformed both in terms of 
verification scores and case studies. This experience justifies that data 
assimilation will remain one of the major directions for improving mesoscale 
forecasts at the Hungarian Meteorological Service, with a special emphasis on 
remote sensing data. Besides the implementation of new observations to the RUC 
system, attention will have to be paid to the development of the background error 
covariance representation, which is responsible for the efficient filtering and 
spreading of observed information to the model space. It is foreseen that the 
background error covariance matrix for AROME-Hungary will be recalculated 
based on AROME ensembles of data assimilations similarly to the work of 
Brousseau el al. (2011).
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Abstract—-At the Hungarian Meteorological Service (HMS), the AROME non- 
hydrostatic numerical weather prediction model has been running operationally since the 
end of 2010. The horizontal resolution is 2.5 km, thus it is assumed that deep convection 
is explicitly resolved. To achieve this, apart from increasing the horizontal and vertical 
resolution of the model, advanced physical parameterizations have to be applied. In this 
paper, some recent developments in connection with dynamics and physical 
parameterizations performed at the HMS are described. Model sensitivities related to 
horizontal diffusion, microphysics, turbulence, and shallow convection are discussed. 
Main features of the applied surface scheme “SURFEX” are highlighted as well as 
developments in connection with the prognostic treatment of vegetation. Recent work 
focusing on high resolution probabilistic forecasting with the AROME model is also 
summarized. It is shown that the AROME model is able to adequately predict severe 
weather events, however, as resolution increases, the importance of a probabilistic 
forecasting approach increases. An initial condition perturbation method and a model 
error representation scheme are described and their impact in an AROME-EPS test 
configuration is also presented.

Key-words: numerical weather prediction, physical parameterization, semi-Lagrangian 
horizontal diffusion, convection permitting ensemble system
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1. Introduction

Thanks to the fast evolution in computing technology, more national numerical 
weather prediction centers can run models with increased resolutions. Using 
high-resolution models is very important in predicting fast-developing and 
intense atmospheric events. Good prediction of such hazardous events can 
protect lives and properties. Hence, investing in development of such models is 
very important for environmental and societal protection.

Hungary, together with several other European countries, has been 
participating in the ALADIN (Aire Limitee Adaptation Dynamique 
Developpement International) consortium since 1991. The ALADIN consortium 
was initiated by France. The aim of this consortium is to develop a short-range 
limited-area numerical weather prediction (NWP) model. As a result of this 
collaboration, the ALADIN/AROME model family has emerged and is 
constantly being developed in the participating countries.

At the beginning of the ALADIN collaboration, the ALADIN model was a 
hydrostatic NWP model and was designed to run at relatively coarse horizontal 
resolutions (i.e., not higher resolution than 8 km), where the hydrostatic 
approximation (vertical acceleration of air is neglected) is valid. By the 
beginning of the new millennium, it became possible to run operational non- 
hydrostatic models at a horizontal resolution of 2-3 km. At Meteo-France, the 
AROME (Application of Research to Operations at Mesoscale) project was 
initiated in 2002 with the aim to develop a non-hydrostatic NWP model running 
at 2.5 km horizontal resolution (Seity et a/., 2011). The AROME model has 
three main components: the non-hydrostatic ALADIN dynamical core (Bubnova 
et al., 1995; Benard et al., 2010), the atmospheric physical parameterizations, 
which are taken from the French Meso-NH research model (Lafore et al., 1998), 
and the SURFEX surface model (Le Moigne et al., 2009). A mesoscale data 
assimilation system with a three-dimensional variational (3D-VAR; Fischer et 
al., 2005) scheme for the upper-air and an optimum interpolation (OI) technique 
for the surface analysis provides reliable initial condition for the AROME 
model.

The AROME model is now used in several countries of the ALADIN and 
HIRLAM (High Resolution Limited Area Model) consortia. At the Hungarian 
Meteorological Service (HMS), work related to the AROME model started in 
2006. After five years of scientific and technical development, the AROME 
model became operational in December 2010. In the beginning of the 
operational implementation, the model ran four times a day (at 00, 06, 12, and 
18UTC) at a horizontal resolution of 2.5 km, and provided forecasts up to 
48 hours for a domain covering the Carpatian Basin (Fig. 1). The initial 
conditions were provided by the ALADIN/Hungary (Hereafter ALADIN/HU) 
limited area model (LAM) (Horanyi et al., 1996), while lateral boundary 
conditions are obtained from the ECMWF/IFS (European Centre for Medium-
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Range Weather Forecasts / Integrated Forecast System) model. The 
ALADIN/HU model has its own three-dimensional variational (3DVAR) data 
assimilation system (Boloni, 2006, Randriamampianina, 2006), which is partly 
inherited by the AROME model. The AROME assimilation system, using only 
conventional observations, was operationally implemented in March 2013 (Mile 
et al., 2014). The short-range forecasts of AROME are mainly used by the 
forecasters of TIMS to produce early warnings of severe weather events. 
Furthermore, products derived from AROME are utilized by wind energy farms 
to plan their production.

Fig. I. Domain and orography of the AROME model as run operationally at the 
Hungarian Meteorological Service.

The aim of this paper is to present recent developments of the AROME 
model performed at F1MS regarding dynamics, physical parameterizations, and 
ensemble prediction. In Section 2, the dynamical core of the model is briefly 
described and developments related to horizontal diffusion are presented. In 
Section 3, an overview of the physical parameterizations applied in AROME is 
given, together with the description of certain developments related to the 
turbulence parameterization and surface processes. Section 4 presents new 
developments regarding non-hydrostatic probabilistic forecasting. Finally, 
results are summarized in Section 5.

2. Dynamics

At horizontal mesh sizes at or below two kilometers, vertical accelerations could 
be of the order of the gravitational acceleration (g) and cannot be neglected any 
more, thus the hydrostatic approach is not recommended. Consequently, a new
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equation has to be carried for the vertical momentum in the non-hydrostatic 
dynamical cores. The advantage of this approach is that certain atmospheric 
phenomena (like deep convection or orographic gravity waves) are resolved 
explicitly by the model, therefore no parameterization of these processes is 
required. The AROME model uses the non-hydrostatic dynamical core which 
was developed by the ALADIN consortium (Bubnova et al., 1995).

The application of high resolution atmospheric models is a computationally 
demanding task, due to the increased number of grid points, the additional equation 
for vertical momentum in the dynamical core, and the increased complexity of 
certain parameterization schemes (e.g., microphysics). These requirements are only 
partly compensated by the fact that the deep convection scheme could be switched 
off in the model. In the case of the AROME model, this high computational 
demand is tackled by the application of advanced and efficient numerical schemes. 
AROME is a spectral model, which means that in the dynamical part of the model, 
the prognostic equations are handled in spectral space, which enables a fast 
computation of horizontal derivatives. Regarding the time integration, a very 
efficient semi-implicit, semi-Lagrangian time integration scheme is applied in 
AROME. This scheme permits a rather long time step even at fine horizontal 
resolutions. In the current operational version at the HMS, a time step of 60 s is 
used in AROME at 2.5 km horizontal resolution. This is approximately five times 
larger than the time step applied in other widely used non-hydrostatic models.

2.I. Horizontal diffusion

In current mesoscale NWP models, one dimensional physical parameterizations 
are applied. The reason for this is that above 1 km horizontal resolution, vertical 
gradients of meteorological variables are much larger than the horizontal 
gradients. However, due to numerical stability constraints, it is necessary to 
ensure a horizontal communication of grid cells. Apart from advection, this can 
be realized by the application of a numerical horizontal diffusion filter operator. 
In the case of the ALADIN/AROME model family, there are two main options 
for numerical horizontal diffusion. The first one is the spectral diffusion which is 
calculated in spectral space and consequently acts on the full model domain. The 
second option is the semi-Lagrangian horizontal diffusion (SLHD, Vana et al., 
2008), which is calculated in grid point space as a function of wind deformation, 
hence it has a physically based and more local effect. It is important to note that in 
the AROME model, SLHD is used in combination with the spectral diffusion. In 
fact, next to SLHD, two other spectral diffusion operators are used: a fourth order 
spectral diffusion which acts mainly at the upper part of the model domain to 
prevent the reflection of gravity waves from the model top and a sixth order 
spectral diffusion to filter noise due to orography.

At HMS, several experiments have been done in connection with SLHD. 
The main goal of these experiments was to tackle some known deficiencies of
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the AROME model during convective conditions (e.g., too strong updrafts, too 
high precipitation peaks in the cells, too strong gust fronts). In the original 
configuration, SLHD is applied to all (falling and non-falling) hydrometeors. 
The experiment presented here is based on the work of Bengtsson et al. (2010). 
SLHD is applied only to non-falling hydrometeors, and additionally it is also 
applied to the dynamical fields (wind, temperature, and humidity) and turbulent 
kinetic energy (TKE). Characteristics of the fourth order spectral diffusion have 
also been changed: while in the original configuration spectral diffusion acts on 
all levels (although with increasing intensity upwards), in the experiments 
spectral diffusion was only applied above 100 hPa. Fig. 2 presents the impact of 
SLHD changes on a convective event. With the new SLHD configuration, the 
AROME simulation is closer to observations: the intensity of convective 
precipitation is reduced, convective wind gusts are weaker and the number of 
convective cells is decreasing. Apart from case studies, the new SLHD settings 
were tested on longer summer and winter periods, and the forecasts were 
compared against the surface (SYNOP) observations and radar-based 
precipitation data. Verification scores against SYNOP data show a clear 
improvement in the wind speed, wind gust, and cloudiness forecast, while the 
impact on temperature and humidity is neutral (Fig. 3). The diurnal cycle of 
convective precipitation is also improved, as the overestimation in the late 
afternoon is decreased (Fig. 4).

Fig. 2. Forecasted fields of two AROME experiments and measurements for July 22, 2010, at 
15 UTC (+15 h forecasts). Left column: AROME with new SLHD settings, middle column: 
AROME with original SLHD settings, right column: measurements. First row: hourly 
precipitation, second row: low cloud cover, third row: hourly maximum wind gust.

2 4 5



timestep

Fig. 3. Verification scores for the period between May 1, and June 1, 2013 as a function 
of lead time (in hours). Upper panel: 10-meter wind speed, lower panel: cloudiness. 
Green line: original SLHD settings, red line: new SLHD settings. Dashed line: root mean 
square error, solid line: bias. Always the 00 UTC forecasts were verified against low- 
altitude (station altitude below 400 m) SYNOP observations above sea level on the 
operational AROME domain.

L ead  time [h]

Fig. 4. Observed (radar) and predicted diurnal cycle of convective precipitation (area 
averaged precipitation on the AROME domain) for the period between July 17 and 
August 17, 2010. AROME experiments mentioned in the text: green: without EDKF 
parameterization and original SLHD settings; red: with EDKF parameterization and 
original SLHD settings; blue: with EDKF parameterization and new SLHD settings. 
Forecasts of the 8 km resolution limited area regional model run at the Hungarian 
Meteorological Service with two different physical parameterizations (ALADIN and 
ALARO) and of the ECMWF model are also indicated.
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3. Physical parameterizations

Numerical weather prediction models are not able to resolve explicitly those 
processes which are smaller than the grid scale of the model, thus these 
processes have to be parameterized. Parameterization means the description of 
the overall effect of a given subgrid scale process on the grid scale values, using 
the given grid scale variables. The AROME model uses the physical 
parameterizations of the Meso-NH French research model. In the following, an 
overview is given on the components of this physical parameterization package, 
and the corresponding developments performed at HMS are described.

3.1. Microphysics

Phase changes occurring in clouds are described by the microphysical 
parameterization. In convection permitting NWP models, the choice of the 
microphysical scheme is of great importance. As these models do not apply a 
deep convection parameterization, the convective cloud should explicitly be 
simulated by the model, and thus the non-hydrostatic dynamical core and the 
microphysical parameterization play a crucial role. Consequently, the 
microphysical scheme has to be rather sophisticated to be able to simulate all the 
relevant processes during a lifetime of a convective cloud.

In AROME, the so-called ICE3 scheme (Pinty and Jabouille, 1998) is used, 
which carries six prognostic microphysical variables (vapor, cloud water, cloud 
ice, rain, snow, graupel), and describes the phase change processes among these 
variables. In the AROME model this means 35 processes: warm-cloud and 
mixed-phase processes are distinguished. Warm-cloud processes are 
autoconversion, accretion, evaporation, sedimentation, while mixed-phase 
processes are nucleation, ice-crystal autoconversion, aggregation, raindrop 
contact freezing, riming, melting, deposition, Bergeron-Findeisen effect, and 
ice-crystal sedimentation. The ICE3 scheme is a bulk one-moment scheme. This 
means that the mixing ratio of each hydrometeor is written as the third 
momentum of the size distribution of the given hydrometeor. The advantage of 
this approach is that the microphysical processes become analytically resolved 
processes. It has to be noted that a new two-moment microphysical scheme is 
currently under development in Meso-NH and is planned to be available in 
AROME soon. Next to the mixing ratios, this scheme handles the number 
concentration of hydrometeors prognostically as well.

Several tests were performed in connection with the initialization of the 
hydrometeor fields in the microphysics parameterization at the Hungarian 
Meteorological Service. The problem regarding hydrometeors is that these 
variables are not measured regularly, thus it is not possible to initialize these 
model fields based on measurements in an operational setting. In the early years 
of AROME development, it was considered that the formation of hydrometeors
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is a relatively fast process, and consequently, it is possible to initialize these 
fields with zero. It was assumed that if the initial temperature and humidity 
fields are correct, then the hydrometeors would form within a couple of time 
steps. As a contrary to this assumption, case studies showed that if the 
hydrometeors are initialized with zero, then precipitation events could be missed 
by AROME in the early hours of the forecast. To overcome this problem, the 
following procedure was applied: the hydrometeors are “cycled” from the 
previous run, so, e.g., the initial hydrometeor fields of an AROME forecast 
starting at 06 UTC are the +6 h forecasted hydrometeor fields of the 00 UTC 
AROME forecast. With this approach, several previously missed precipitation 
objects could be well simulated by AROME (Fig. 5).

Fig. 5. Impact of hydrometeor initialization on the AROME forecast. Left: hydrometeors 
are initialized with zero; middle: hydrometeors are initialized from the 6 hour forecast of 
the previous run; right: hourly accumulated radar precipitation. A +6 h forecast of hourly 
precipitation is shown valid for 12 UTC, May 27, 2007.

3.2. Turbulence and shallow convection

Shallow convection refers to the warm updrafts (thermals) which originate from 
the surface and reach the top of the planetary boundary layer (PBL). These 
thermals are usually indicated by small non-precipitating clouds (Cumulus 
humilis). Boundary layer turbulence refers to those eddies which are generated 
either by wind shear (mechanical turbulence generation) or buoyancy, with a 
characteristic size much smaller than the depth of the PBL. Until recently, 
shallow convection was parameterized separately from boundary layer 
turbulence in NWP models, however, nowadays these two processes are handled 
in a unified way in several schemes.
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In the AROME model, the eddy diffusivity -  mass flux (EDMF) approach 
is followed to parameterize turbulence and shallow convection. The eddy 
diffusivity part of the parameterization uses the CBR scheme (Cuxart et al., 
2000) to describe the effect of boundary layer turbulence. This is a 1.5 order 
closure which carries a prognostic equation for the turbulent kinetic energy. The 
diffusion coefficients are then calculated based on TKE, a turbulent length scale 
and stability functions. In the AROME model, the length scale formulation after 
Bougeault and Lacarrere (1989) is applied. Originally, the CBR scheme has 
both one and three dimensional versions, however, currently the one 
dimensional version is applied in AROME. Based on recent experiments, it is 
assumed that a three dimensional turbulence scheme is not necessary above 
1 km horizontal resolution (Yann Seity and Rachel Honnert, personal 
communication). The main drawback of the CBR scheme is that it is a local 
scheme, which means that turbulent fluxes at a given vertical level are 
determined by the local vertical gradients of wind and temperature at that level. 
Consequently, with a local turbulence scheme, it is not possible to reproduce the 
correct behavior of the convective boundary layer, which has a strong non-local 
nature: thermals originating at the surface result in considerable vertical 
transport in the middle part of the PBL, where the local vertical gradients are 
very close to zero. To resolve this problem, in the EDMF framework a mass flux 
parameterization is applied next to the CBR scheme.

In the AROME model, the mass flux parameterization of a shallow 
convection thermal is divided to two parts (Pergaud et al., 2009). On vertical 
levels below the shallow convective cloud base, the parameterization of Lappen 
and Randall (2001) is used. This scheme is closed with the surface sensible heat 
flux, consequently, the entire mass flux part of the EDMF parameterization is 
inactive if the surface sensible heat flux is negative (stable conditions). Above 
the cloud base, the Kain and Fritsch (1990) parameterization is applied (this is 
why the EDMF parameterization is mentioned as EDKF in connection with the 
AROME model). The closure of this scheme is performed by taking the mass 
flux at cloud base from the parameterization of the non-cloudy part of the 
thermal. The cloudy part uses a diagnostic cloud scheme where the cloud 
fraction at a given level is proportional to the area fraction of the updraft.

At the Hungarian Meteorological Service, the impact of the EDKF 
parameterization on the overall performance of the AROME model has been 
investigated before the operational introduction of the scheme. As the scheme is 
only active during unstable conditions, largest impact was expected for summer 
convective events. Fig. 6 shows the impact of EDKF on a summer convective 
case. Here, two AROME simulations are compared; one with EDKE, and a 
second one which parameterized turbulence and shallow convection separately 
(with the CBR and Kain-Fritsch schemes, respectively). The run without EDKF 
significantly overestimates the number of convective cells during early 
afternoon, while during the evening it fails to simulate the heavy thunderstorms
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(not shown here). Also, convection itself is initiated too early (around 8 UTC) in 
this experiment (see also in Fig. 4), and consequently, convective wind gusts are 
overestimated until the early afternoon hours.

Fig. 6. Same AROME forecast o f hourly precipitation, low clouds and wind gusts as in 
Fig. 2, but the EDKF parameterization is switched off, thus turbulence and shallow 
convection is parameterized separately (CBR scheme for turbulence and Kain-Fritsch 
scheme for shallow convection). Colour scales are the same as in Fig. 2.

3.3. Surface

Surface processes are calculated using the SURFEX (SURFace EXternalisee, Le 
Moigne, 2012) platform.

SURFEX uses the tiling approach: each grid point is divided into 
4 different surface types (tiles): sea, inland water, town, and vegetated land. 
Each tile uses the same atmospheric forcing (air temperature, humidity, wind 
speed, long and shortwave radiation, pressure, precipitation), but the 
parameterizations are different and independent of each other. The resulting 
surface fluxes (momentum, sensible- and latent heat) are averaged according to 
the area fraction of the tiles and returned to the atmosphere. Surface parameters 
are determined by physiographic databases: GTOPO30 for orography, 
ECOCLIMAP for surface covers, and FAO for soil texture.

In the current operational version, over sea and inland water (lakes) 
SURFEX uses simple schemes: surface temperatures are kept constant, 
roughness length and fluxes are computed with the Charnock's approach. 
Plowever, there is a more advanced scheme for lakes, FLAKE (Freshwater lake, 
Mironov et al., 2010), in which lake temperature is a prognostic variable.
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Over artificial surfaces, the TEB scheme (Town Energy Budget, Masson, 
2000) is used. Towns are represented by the canyon concept: there is a single 
road with two buildings and a canyon between them. Each surface (road, wall, 
roof) consists of 3 layers and has a different temperature , while the temperature 
inside the buildingsis constant. The time evolution of the temperatures are 
calculated by heat conduction equations. In the radiative forcing, trapping and 
shadowing effects are also taken into account. The scheme also accounts for 
anthropogenic heat and water fluxes (traffic and industry).

Vegetated land surfaces are parameterized with the ISBA scheme (Noilhan 
and Planton, 1989; Noilhan and Mahfouf 1996). The current operational version 
uses a 3-layer (surface, root zone, and deep soil) force-restore scheme. Over 
snow mantel, a one layer snow scheme (Douville et al. 1995) is used in which 
snow albedo and density are prognostic variables.

The 2 m temperature and 10 m wind are calculated by the Canopy scheme 
(Masson and Seity, 2009) ,which is a one dimensional vertical turbulence 
scheme in the surface boundary layer.

Vegetation is constant and determined from climatology databases. 
However, a more advanced version of the ISBA scheme, called ISBA-A-gs 
(Calvet et al. 1998), uses a simplified photosynthesis model which is able to 
describe the evolution of vegetation. In this model version, biomass is a 
prognostic variable. Growing of the active biomass is due to assimilation of CO2 
(photosynthesis), while the decline (or mortality) can be due to soil moisture 
stress, senescence, or transport of organic molecules from active biomass to 
structural one. Since the photosynthesis process depends on the vegetation type, 
the vegetated land tile in SURFEX is further divided into 12 patches according 
to the vegetation or surface type, like grass, crops, trees, etc. Beside the 
prognostic treatment of the vegetation, the scheme also calculates the carbon 
fluxes (assimilation and soil respiration).

In the framework of the Geoland2 EU-FP7 project, the task of the 
Hungarian Meteorological Service was to simulate the natural carbon fluxes and 
the evolution of vegetation over Hungary. SURFEX was used in offline mode 
(no influence on the atmosphere) with the ISBA-A-gs photosynthesis model. To 
improve the accuracy of the initial soil moisture and biomass fields, assimilation 
of satellite observations (surface wetness index and leaf area index) was 
developed and used. Results have shown that the model is able to describe the 
seasonal cycle of the vegetation and the natural carbon fluxes, and that 
assimilation of the above mentioned satellite observations (SWI and LAI) gives 
some improvement in spring (Fig. 7).

The Hungarian Meteorological Service also takes part in the IMAGINES 
EU-FP7 project. Our task -  besides the simulation of vegetation and carbon 
fluxes -  is the development of the model to be able to assimilate surface albedo 
from new generation Proba-V satellite observations and to calculate agricultural 
indicators like drought indices.
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Fig. 7. Simulated and measured carbon flux (up) and leaf area index, LAI (down). Black 
line is observation, red line is without and green line is with assimilation.

3.4. General performance o f  the AROME model

As a result of the developments described in the previous sections, the AROME 
model has become a robust and reliable operational NWP model at HMS. The 
quality of AROME forecasts is comparable to that of other operational models 
used at HMS. In this section we show verification scores of a longer period, 
where the performance of AROME is compared to two operational hydrostatic 
models: the IFS global model run at ECMWF at 16 km horizontal resolution and 
the ALADIN regional model run at HMS at 8 km resolution.

The time period for the comparison was chosen in a way that no major 
changes should be applied in any of the three models. According to this criteria 
the period between September 16, 2013 and July 2, 2014 was selected. In this 
period, AROME was running with the model cycle 36, and the 3DVAR data 
assimilation system was operational using conventional upper air observations.
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In the following, verification scores for screen and surface level variables (using 
SYNOP stations) as well as upper level variables (using radiosounding stations) 
are presented. Only forecasts with 00 UTC initial time were verified, and the 
verification scores were investigated as a function of lead time.

Regarding temperature and dew point at 2 meters, performance of AROME 
is comparable with the ECMWF model, while these two models outperform the 
ALADIN model for these variables {Figs. 8a and 8b). The model bias has a 
diurnal dependency, daytime temperatures are underestimated, while nighttime 
temperatures are overestimated in AROME. Wind speed and wind gusts at 
10 meters are generally overestimated by all three models (Figs. 9a and 9b). For 
wind speed, ECMWF gives the best forecasts followed by AROME and 
ALADIN. Wind gusts are best captured by AROME, while ALADIN and 
ECMWF have similar performance for this variable.

v Period: 09 /16/2013-07/02/2014 -----  AROME_OPER/RMSE .......  ECM_OPER/RM5E
a )  Area: HUN_ALL max 400m ------AROME„OPER/BIAS ------- ECM.OPER/BIAS

Variable: T2m  ALHU_OPER/RMSE

. v Period: 09/16/2013 - 07/02/2014 
D ;  Area: HUN_ALL max 400m 

Variable: Dewpoint 
Runhour: 00

.......  AROME_OPER/RMSE ........ECM_OPER/RMSE
------AROME_OPER/BIAS --------ECM_OPER/BIAS

ALHU_OPER/RM5E 
------  ALHU_OPER/BlAS

Fig. 8. Verification scores as a function of forecast lead time for temperature (a) and dew 
point (b) at 2 meters for operational NWP models at HMS between September 16, 2013 
and July 2, 2014. Red: AROME, green: ALADIN, blue: IFS; dashed line: root mean 
square error, solid line: bias.
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High resolution non-hydrostatic models are mainly applied for the 
forecasting of severe weather events, thus it is important to assess the quality of 
forecast performance for heavy precipitation. Fig. 10 presents the symmetric 
extremal dependence index (SEDI), which is often used to verify high threshold 
events and the frequency bias for forecasted 12 hourly precipitation amounts. The 
SEDI score shows that for higher thresholds, the AROME model gives the best 
precipitation forecasts out of the three operational models. However, the 
frequency bias score points out a serious problem of AROME, namely that the 
model tends to forecast intensive convective cells more often than in reality. This 
erroneous model behavior is currently investigated at HMS.

Model performance at upper levels is mainly important for aviation 
forecasting. Based on the investigation of geopotential, temperature, wind, and 
humidity at several vertical levels, it can be concluded that the three models 
have similar performance, and the AROME model has usually a low bias but 
somewhat higher RMSE scores than the other two models (Figs. 11a and lib).

x Period: 09/16/2013 - 07/02/2014 
d  )  Area: HUN_ALL m ax 400m  

Variable: WindlOSp 
Runhour: 00

------  AROME_OPER/RMSE .......  ECM_OPER/RMSE
------ AROME_OPER/BlAS -------  ECM_OPER/BIAS

A LHU_OPE R/RM5 E 
----  ALHILOPER/BIAS

b) Period: 09/16/2013 - 07 /02/2014 
Area: HUN_ALL m ax 400m  
Variable: WindGust 
Runhour: 00

.......  AROME_OPER/RMSE ........ ECM_OPER/RMSE
------  AROME_OPER/BIAS -------  ECM_OPER/BIAS

ALHILOPER/RMSE 
----  ALHU_OPER/BlAS

Fig. 9. Same as Fig. 8 but for wind speed (a) and wind gusts (b) at 10 meters.

2 5 4



Időszak: 2013-09-16 - 2014-07-02 
Állomás: 8 ------  AROME_csapadek/BLAS ------  EC M_OPER/BIAS
Változó: Precipl2h .......  AROME_csapadek/SED! .........ECM_OPER/SEDI
Időlépcső: 024 ------  ALHU_OPER/BIAS
Futtatás: 00 ........ALHtLOPER/SEDI

Threshold(mni)

Fig. 10. Verification scores for 12 hourly accumulated precipitation for operational NWP 
models at HMS between September 16, 2013 and July 2, 2014. Red: AROME, green: 
ALADIN, blue: IFS; dashed line: SEDI, solid line: frequency bias.

x Period: 09/16/2013 - 07/02/2014 
a  )  Area: HUN_ALL m ax 400m  

Variable: T  (8 5 0  hPa)
Runhour: 00

......  AROME_OPER/RMSE ........ECM_OPER/RMSE
------AROME_OPER/BIAS -------  ECM_OPER/BLAS
....... ALHILOPE R/RMS E
-----  ALHU_OPER/BIAS

b) Period: 09/16/2013 - 07/02/2014 
Area: HUN_ALL m ax 400m  
Variable: WSpeed ( 925 hPa) 
Runhour: 00

.......  AROME_OPER/RMSE .........ECM_OPER/RM5E
------ AROME_OPER/BIAS --------  ECM_OPER/BIAS
.......  ALHILOPER/RMS E
------ALHU_OPER/BIAS
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4. Ensemble prediction system with A ROME model

4.1. Motivation for a convection-permitting EPS

The uncertainty of numerical weather predictions is usually thought to originate 
from two main sources (Palmer and Tibaldi, 1988):
-  Initial condition (IC) errors which evolve with time in the models due to the 
chaotic nature of the non-linear atmospheric system;
- Model errors which are based on limited human knowledge about atmospheric 
processes and finite resolution and representation possibilities of our models.
In reality, these errors can not be absolutely separated and they evolve together 
with time in the numerical models. Instead of giving a single-value as a forecast 
of a meteorological variable, it is more correct to give a probability density 
function (PDF) of it which contains information about forecast uncertainty. 
Until now, ensemble prediction systems (EPS) have been the only feasible and 
widely used tools to estimate such PDF. The main idea behind EPS is to run not 
only a single-forecast but an ensemble of numerical integrations where members 
can differ from each other in various aspects. These differences are defined by 
the perturbation generation methods which are designed to address different 
sources of error, so basically IC perturbation methods and model error 
representation can be separated.

The first ensemble prediction systems (EPS) were implemented in the early 
90's with global models of ECMWF and NCEP (Buizza et al., 1993; Toth and 
Kalnay, 1997). These global systems described synoptic-scale motions on 
medium-range. Consequently, their error is dominated by the chaotic growth of 
IC error, and that is why early methods focused on IC perturbations (singular 
vector and breeding methods). Later it was realized that classic methods can not 
always ensure sufficient spread at the early stage of the forecast, so new 
methods were implemented, which aim is usually to identify the most uncertain 
parts of analysis fields where bigger initial spread is needed. One possible way 
is to run an ensemble of data assimilation cycles (EDA) with perturbed 
observations. This method has been successfully used for example in ECMWF’s 
EPS or in Meteo-France's global ensemble, called PEARP (Desroziers et al., 
2009; Vie et al., 2011).

In the improving ensemble systems, it was recognized that the 
representation of model error is also a very important challenge, so the 
perturbation of the model formulations is also necessary. Generally, it is 
assumed that model physics is more uncertain than dynamics because of the 
fluctuation of sub-grid scale processes and the bigger error of the 
parametrization methods. For that purpose, ensemble members can run with 
different parametrization schemes (multi-physics approach, used e.g., in 
PEARP) or with slightly different parameter settings in physics (parameter
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perturbations). Another possible way of representing model error is the 
stochastic perturbation of the total tendencies coming from the physics. Such a 
method is the so-called stochastically perturbed parameterized tendencies 
(SPPT) which was first implemented at ECMWF (Buizza et.al., 1999).

Limited area ensemble prediction systems (LAMEPS) have become also 
popular tools to refine global probabilistic forecasts on a shorter time range and 
for a smaller domain. LAMEPS have to be coupled to global EPS, which results 
in some additional challenges. Global perturbations have to be taken into 
account through the interpolated lateral boundary conditions (LBC) of the 
perturbed members. The potential benefit of LAMEPS motivated the HMS to 
start its own researches on that field and established an operational system in 
2008. This EPS uses the hydrostatic ALADIN model and runs with 8 km 
horizontal resolution. It has 11 members which are the simple dynamical 
downscaling of the control and the first 10 perturbed members of the 18 UTC 
run of the Prevision Ensemble ARPege (PEARP). While no local perturbation or 
data assimilation have been implemented yet, its quality depends highly on 
PEARP, and the impact of the changes in global system can be also measured in 
the LAMEPS. The slightly positive impact of a simple EDA implementation 
was shown, where only near-surface observations were perturbed in an 
ensemble of surface optimal interpolations (Horanyi et al, 2011).

The quality of numerical weather prediction has been improving for the 
previous decades because of the better model formulations and the finer 
resolution which was enabled by the growing computer capacity. As it has been 
already mentioned in Section 2, at around 2 km resolution, models become non- 
hydrostatic and they can resolve such small-scale phenomena like deep 
convection. This way, finer structures can be produced and more realistic fields 
can appear. Unfortunately, this type of improvement is not necessarily associated 
with better scores, because resolving smaller scales can cause more uncertainty in 
model results (e.g., localization problems can lead to double-penalty effect). To 
overcome this problem, more and more national meteorological services in 
Europe started to develop non-hydrostatic model based ensemble systems. This 
new generation of EPS is also referred to as convection-permitting EPS. The 
introduction of such systems has already happened at Deutscher Wetterdienst 
(DWD) with COSMO-DE which has 20 members and runs with 2.8 km 
resolution {Gebhardt et.al., 2008). Met Office has also started its operational 
convection-permitting EPS based on the 1.5 km resolution version of Unified 
Model (Migliorini et.al., 2011). Meteo-France has also joined the bigger services 
and runs its 12-member EPS with AROME model ( Vie et al., 2011).

HMS started its own research around convection-permitting EPS in 2012, 
and many tests have been run since then. Some of the results will be presented in 
this chapter. In this paper, an 11-member test configuration is called as a 
reference, which is, similarly to the operational LAMEPS, the simple dynamical 
downscaling of the first 11 PEARP member. AROME model runs with very
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similar settings to what was detailed in previous parts for single-forecasts. The 
only notable difference was that the SLHD settings were not changed (cf. Section 
2.1). In the following parts, the impact of two perturbation methods will be 
presented, which have been already mentioned as successfully used approaches in 
global EPS. The EDA method is addressed to IC error (see Section 4.2), while the 
SPPT method represents the model error (see Section 4.3).

4.2. Impact o f Ensemble Data Assimilation Method

Modern data assimilation methods are based on complex algorithms which 
usually combine model forecasts as background fields and different types of 
observations. Similarly to the atmospheric models, these algorithms also have 
their limitations, while background fields and observations are also sources of 
additional errors. As a result of the above mentioned weaknesses, it has to be 
admitted that analysis fields are imperfect. A plausible way for handling this 
imperfection is to define the most uncertain areas of the analysis, which is 
possible with generating not only a single analysis field but running an ensemble 
of data assimilation cycles. This ensemble can provide flow dependent 
information about the accuracy of the background fields which is very useful to 
the data assimilation itself (Brousseau et al., 2006; Desroziers et al., 2009). 
From the aspect of an ensemble, it is even more important that more analysis 
fields are generated in EDA which can be the initial conditions of different 
ensemble members in an EPS.

The differences between the members of EDA originate usually from the 
perturbations which are added to the observations:

y'j=y+<J (y)r j  / J )

where it is assumed that observations y  are imperfect but they are not 
biased and their uncertainty can be described by cr, which is estimation of the 
accuracy of the instrument. There is an r random number for the /th member, 
picked from a Gaussian-distribution, which has 0 mean, unit variance, and 
bounded in a [—3;3] interval. Observation perturbations can evolve in 
assimilation cycles, so in new steps there are always uncertainty information in 
the system which comes from the background fields. Additionally, LBCs are 
needed in LAM EDA during the model integration when background fields are 
generated. These LBCs are usually interpolated from different members of a 
global EPS, so they can be also sources of perturbations inside an EDA 
system.An EDA was implemented to construct better perturbed initial conditions 
for our test AROME-EPS compared to those obtained by simple downscaling of 
the global EPS. In this implementation of EDA (very similar to the EPS itself), 
different members were coupled to the different members of PEARP. The data 
assimilation methods are very similar to the operational AROME system of
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HMS (Mile et al., 2014). Conventional data (SYNOP, radiosonde, aircraft 
measurements) were used in a 3D-VAR data assimilation which generated 
atmospheric fields. Surface fields were simply interpolated from HMS's 
operational ALADIN model, where an optimal interpolation method is used to 
improve surface variables with observations.

In comparison with the reference, it is expected from the EDA based 
configuration that the quality of all members can be improved simply because of 
the positive impact of data assimilation itself. It is also expected that additional 
perturbations can increase the spread of the system. These two effects can result in 
a better relationship between the root mean square error (RMSE) of the ensemble 
mean and the system's spread. These expectations are verified on spread-skill 
relationship plots (Figs. 12a, 12b, 12c, 12d), where RMSE is smaller and spread is 
bigger in the early stage of the forecast. Later the difference between reference and 
EDA based version are smaller, because on such a small domain, the effect of 
LBC's become dominant quite fast. For total cloudiness scores, Fig. 12c underlines 
another advantage of EDA which is valid in AROME-EPS framework: 
hydrometeors can be initialized from background, which importance have been 
already mentioned in Section 3.1. In this paper, mainly near-surface scores are 
presented because of the big number and high frequency of independent SYNOP 
observations (Figs. 12a. 12b, 12c). ECMWF analysis was chosen as a reference for 
upper-air verification (Fig. 12d). It has to be noted that the remarkable resolution 
difference between AROME model (2.5 km) and reference analysis (16 km) can be 
questionable. Unfortunately, the short test period and the small domain resulted a 
very limited number of radiosonde measurements, what has not permitted to 
calculate atmospheric scores on higher level with observations.

Fig. 12 a. Spread-skill relationship of 2 meter temperature. Red is a simple PEARP 
downscaling as a reference; blue and green are the test versions where IC is generated in 
an EDA system. Scores are calculated for the period between December 26, 2011 and 
January 8, 2012.
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Spread-Skill relationship, var:l0nMindGust, level:Surface, location:allstation

Spread-Skill relationship, var:TotalCloudiness, level:Surface, location:allstation

tine (in hours)

Spread-Skill relationship, var:Tenperature, level:850hPa, location:DOM

Fig. 12b-d. Spread-skill relationship of 10 meter wind gust values (b), and total 
cloudiness (c), temperature on 850hPa pressure level Red is a simple PEARP 
downscaling as a reference; blue and green are the test versions where IC is generated in 
an EDA system. Scores are calculated for the period between December 26, 2011 and 
January 8, 2012.
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The original version of Stochastically Perturbed Parameterized Tendencies 
(SPPT) scheme was developed at ECMWF and called just as stochastic physics 
or BMP (Buizza et al., 1999). Later it has been revised (.Palmer et a/., 2009) and 
used as a successful tool to increase ensemble spread during the whole range of 
the forecast. It had positive impact even on the quality of single-model runs, 
especially in the tropical region.The concept can be expressed by the following 
equation:

4.3. Impact o f Stochastically Perturbed Parametrized Tendencies

e , ( 7 > {  {A(e j ; t y P ' ( e j ; t ) y ,  ? (2 )

where e is the model state of the y'th member at time T, which can be simply 
evolved from the integration of two processes: A is the contribution of the 
resolved scales (model dynamics) and P is the total tendency coming from the 
parametrized processes (model physics). While model physics is assumed to be 
a more uncertain part, in SPPT (as in other methods representing model error ), 
this term is perturbed and P' is calculated from the original P :

P ' ( e r , y ( \  r a r ^  f e p t ) ^  ( 3 )

where r is random number.
In the revised SPPT scheme, a spectral pattern generator is introduced, 

which provide horizontally smooth fields of r. Its horizontal structure is defined 
by an L horizontal correlation length parameter. The scheme has been 
implemented in AROME model (Bouttier et al., 2012), where r is represented 
by biFourier functions and r' spectral coefficients are defined as first order auto­
regressive processes:

L'L(i+z,i)=0 (r' L ^  (4)

where a sets the size of the perturbation and p is a random number picked from a 
Gaussian-distribution, which has 0 mean, 1 variance, bounded in interval [—2;2], 
and it is a white process in time. The correlation between time-steps is 
determined via a r decorrelation time parameter:

0 = ex p  (- At  I t )

In Eq. (4) a is an attitude dependent number which varies on [0; 1 ] interval 
and it has 0 value at the highest and the lowest model levels because of 
numerical stability reasons, and it is set to 1 in middle-troposphere.

In our AROME-EPS tests, SPPT was active in the case of perturbed 
members and inactive in the case of the control forecast. er=0.5 and r=2 hours

261



settings were used and two dit'ferent L parameters were applied: in the so-called 
’SpptLong’ test L=500 km and in the so-called 'SpptShorf test L=125 km. As it 
was in EDA related experiments, simple dynamical downscaling of PEARP is 
referred to as reference forecast. The impact of SPPT scheme is represented also 
via spread-skill relationship. This impact was found quite limited in this 
research: neither the RMSE of the ensemble mean has improved, nor the spread 
of the ensemble members has increased for the examined variables (Fig. 13a). 
The most sensitive parameter was the total cloudiness, but unfortunately, some 
model quality degradation in connection with the growth of the system's spread 
(Fig. 13b) was observed.Further examination is needed for better understanding 
of this limited impact. More tests are needed on summer periods, when a 'more 
active' atmosphere is expected to behave differently. The importance of control 
parameters (cr, r, and L) also needs some additional clarification in our AROME 
model.

Spread-Skill relationship, var;TotalCloudiness, city:allstation

Spread-Skill relationship, var:2nTenperature, citytallstation

Fig. 13. Spread-skill relationship of 2 meter temperature (a) and total cloudiness (b). Red 
is a simple PEARP downscaling as a reference; blue and green are the test versions where 
SPPT scheme has been activated. Scores are calculated for the period between December 
26, 2011 and January 8, 2012.
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5. Summary and conclusions

In this paper, the AROME non-hydrostatic numerical weather prediction model 
as implemented at the Hungarian Meteorological Service was described with a 
focus on physical parameterizations and ensemble prediction. It was shown that 
high resolution NWP models are capable of predicting severe weather events. 
To achieve this, apart from increasing the horizontal and vertical resolution of 
the model, a non-hydrostatic dynamical core and advanced physical 
parameterizations have to be applied.

In connection with the dynamical core, aspects of horizontal diffusion in 
AROME were discussed. Recent developments regarding the semi Lagrangian 
horizontal diffusion scheme (SLHD) were described. It was shown that if SLHD 
is applied to all dynamical fields and not to falling hydrometeors then model 
performance -  especially convective precipitation and wind gusts -  could be 
improved.

The AROME model uses a state-of-the-art physical parameterization 
package, which was originally developed for the Meso-NH French research 
model. In this paper, some recent developments in connection with physical 
parameterizations performed at the Hungarian Meteorological Service were 
described. Regarding microphysics, the importance of the correct initialization of 
hydrometeor fields was highlighted. In connection with turbulence and shallow 
convection, the main ideas behind the eddy diffusivity -  mass flux (EDMF) 
approach were discussed, and the positive impact of this parameterization on the 
resolved deep convection in the AROME model was shown. As the horizontal 
resolution of NWP models increases, surface processes are getting more and more 
important. In AROME, the SURFEX externalized surface model is utilized. Basic 
features of SURFEX were summarized as well as a recent development in 
connection with the prognostic treatment of vegetation.

To conclude the description of the deterministic AROME model, some 
verification scores were presented both for surface variables and upper levels. 
The performance of AROME was compared to other operational NWP models 
used at HMS. It was found that AROME has good performance for those 
meteorological variables (wind gusts and high precipitation amounts) which are 
linked to severe weather events.

As the horizontal resolution of NWP models is increasing, models are getting 
able to resolve even finer scales atmospheric phenomena. However, this not 
necessarily lead to better forecasts if forecast skill is measured locally (which is the 
case for most model applications). This is mainly related to localization problems 
in space and time. The application of the probabilistic approach could be a path to 
overcome this problem and handle the chaotic error growth in the model. In this 
paper, certain aspects of convection-permitting ensemble forecasts were 
highlighted and their impact was demonstrated using ensemble forecasts based on 
the AROME model. First, the ensemble data assimilation (EDA) method was
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described, which aims at the correct determination of perturbed initial conditions 
for ensemble members. Secondly, one possible solution for the representation of 
model errors, namely, the stochastically perturbed parametrized tendencies (SPPT) 
approach was described. Based on the experiments performed with the AROME- 
EPS, it can be concluded that the EDA approach could significantly improve the 
high resolution ensemble forecasts, while the SPPT scheme has limited impact in 
its current configuration.
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Abstract—During the history, it has been proved several times that ignoring the quickly 
changing meteorological circumstances and atmospheric phenomana or their insufficient 
assessement can result in catastrophic impacts on military operations. Weather plays a 
very significant role in flight operations, and it can be vital even for planning and 
executing operations of land forces and for any other open air activities involving armed 
forces (e.g., disaster relief activities, industrial and natural catastrophes, and in 
assessement of chemical, biological, radiological, and nuclear events). The possible 
course of weather and the range of the climatological factors should be taken into 
consideration for protecting life, property and infrastucture.

In the Hungarian Defence Forces, the focus of the meteorological support is on 
providing the necessary meteorological information for decision makers supporting the 
planning and executing certain military activities, and enhancing efficiency. This is a very 
complex task and that is the reason for having specialized meteorological service and 
capability within the Hungarian Defence Forces which can meet these requirements.

The military weather warnings and advisories (“military weather warnings”) are 
specialized type of forecasts. They alert the military users on the possible or expectable 
severe weather, which can significantly impact life and property in order to mitigate the 
unfavorable effects of the severe weather. For avoiding misinformation in the 
meteorological support in our daily routine, the military weather warnings should be in 
harmony with the weather warnings issued by the Hungarian Meteorological Service for 
civilian users, which is enabled by the strong and efficient cooperation between the two 
services.

This paper describes some effects of weather on military activities in general and 
military weather warnings within the Hungarian Defence Forces.

Key-words: weather impact, warning, advisory, severe weather, military

2 6 7



1. Introduction

In order to deeply understand how civilian and military meteorology differ, 
firstly it is needed to be defined. By definition, the military meteorology is the 
science concerned with the collection and analysis of the understandings of the 
physical characteristics of the past, current, and predicted states of the 
atmosphere, including space, and the ability to exploit this information for the 
planning and conduct of military activities.

This paper highlights those weather elements that affect the different 
branches of the Hungarian Defence Forces.

2. Impacts o f different meteorological elements on military activities

2.1. Barometric pressure

The weight of the air affects gunnery computations and ballistic preformance in 
armour operations.

The air pressure affects artillery operations due to projectile trajectory, 
barofuzing, and fire control calculations. Moreover, the vertical pressure profiles 
are essential in both baroarming and barofuzing as they are required for 
calculating densities for ballistic firing data (METOC Effects Smart Book, 
(http://www.fas.org) -  Homepage of the Federation of American Scientist, 
2002) .

Aviation is one of the main user of barometric pressure data. Densitiy 
altitude, which is in strong connection with the barometric pressure, determines 
if an aircraft has enough lift capabilities and performance to get off the ground. 
Too much densitiy altitude limits fuel, weapons, and passenger loads.

2.2. Clouds and sky cover

Low overcast clouds limit the effectiveness of aerial illumination devices. 
Overcast clouds tend to limit heating of inactive targets and lower target detection 
ranges for thermal sights. NVG (night vision googles) are limited by clouds 
blocking natural light from the moon and stars. Close air support and aerial 
resupply missions are degraded by low clouds. Low ceilings affect target 
acquisition systems and terminally guided munitions. Low overcast clouds will 
limit the effectiveness of aerial illumination devices (METOC Effects Smart Book, 
(http://www.fas.org) -  Homepage of the Federation of American Scientist, 2002).

Clouds are always a major consideration for aviation operations. Low 
overcast clouds will limit the effectiveness of aerial illumination devices. 
Overcasts tend to limit heating of inactive targets and lower target detection 
range for thermal sights. NVG are limited by clouds blocking natural 
illumination from the moon or the stars. Best use of most NVG requires about a
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quarter of the moon, 30 degrees above the horizon, scattered clouds, and the sun 
more than 5 degrees below the horizon. Close air support and aerial resupply 
missions are degraded by low clouds.

From a CBRN (chemical biological radiological and nuclear) point of view, 
persistent overcast low clouds usually indicate a neutral condition for the 
hazardous materials, while broken low clouds indicate an unstable condition 
during the day and a moderately stable condition at night.

Overcast skies with low cloud bases reduce the effectiveness of infrared 
and photographic collection systems, and may restrict the use of UAVs 
(unmanned aerial vehicle).

2.3. Humidity

Coupled with high temperatures, high humidity decreases crew effectiveness 
in closed vehicles. The humidity should be taken into consideration in 
artillery operations due to its use to compute virtual temperatures for ballistic 
firing data.

High humidity destroys some chemical agents such as lewisite and 
phosgene because of rapid hydrolysis. High humidity increases the effectiveness 
of HC and phosphorous smokes, some chemical agents, and both wet and dry 
forms of biological agents. High humidity improves the effectiveness of wet 
aerosols by reducing evaporation, while low humidity assists agent aerosols 
(METOC Effects Smart Book, (http://www.fas.org) -  Homepage of the 
Federation of American Scientist, 2002).

Extreme humidities affect handling, storage, and use of building materials. 
When coupled with high temperatures, humidity affects personnel and 
significantly increases the time to perform physical work.

2.4. Precipitation and icing

Rain and snow degrade trafficability and limit visibility. They also degrade 
target acquisition and NVG. Rain and snow affect visibility and the safety of 
both crew and airframe.

Rain and snow will effect the persistence of chemical agents and may 
produce radioactive rainout and hot spots. Snow may cover and neutralize 
certain liquid agents. Rain may even work as a decontaminate. On the other 
hand, some agents may be very persistent on snow (METOC Effects Smart 
Book, (http://www.fas.org) -  Homepage of the Federation of American 
Scientist, 2002).

High rainfall rates influence river currents, water depth, and bridging 
operations. It complicates other construction or maintenance jobs, affects 
flooding, rivercrossings, soil bearing strength, and explosives.

Ice on lifting surfaces affects the aerodynamics of the aircraft. Even a little 
ice is a big problem.
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Even moderate amounts of rain and snow will obstruct vision and degrade 
photographic and infrared data collection systems (METOC Effects Smart Book, 
(http://www.fas.org) -  Homepage of the Federation of American Scientist, 2002).

2.5. Wind and turbulence

Trajectory projections and first round hit capability can be affected by high 
crosswinds. Winds affect the accuracy of rocket fire and firefinder radar 
trajectory computations (METOC Effects Smart Book, (http://www.fas.org) - 
Homepage of the Federation of American Scientist, 2002).

Strong winds aloft impact all ballistic projectile aiming calculations. 
Accurate and timely meteorological data can compensate for the problem. Wind 
profiles play a major role in ballistic wind compensations for artillery firing.

Strong winds, especially cross-winds, affect aircraft control near the ground 
during take-off and landings. Turbulence is a critical condition affecting all 
aviation assets and missions. It may cause aircraft structural damage or even 
crashes during take-offs and landings. Severe turbulence may cancel all 
operations.

Winds play a significant role in CB (chemical and biological) agent 
dispersion, chemical agent persistence, and aerial delivery methods. Very light 
and strong winds degrade effectiveness of smoke and CBRN operations. Wind 
direction is considered for fallout pattern determination.

Ground level winds affect river crossings, port management, and all 
watercraft. Construction projects in chronic wind areas may need to recalculate 
structural strength figures. Strong winds may damage or prevent installing 
antennas.

2.6. State o f the ground

Frozen ground improves mobility and significantly increases the time available 
to prepare fighting positions. Deep snow slows movement of tracked vehicles. 
Frozen ground and mud affects munitions, sensors, and indirect fire.

Soil conditions impact the effectiveness of chemical agents. Bare, hard 
ground favors short-term effectiveness and high-vapor concentrations. If the 
surface is porous, such as sand, the liquid agent quickly soaks in. Vegetative 
cover reduces exposure to ultraviolet light and favors the survival of wet 
aerosols (METOC Effects Smart Book, (http://www.fas.org) -  Homepage of the 
Federation of American Scientist, 2002). Wet soil degrades the effectiveness of 
smoke munitions.

Ground conditions impact mining operations, trenching, and any 
excavation job. Snow cover can impact the emplacement of scatterable mines.

Ground state affects trafficability and movement rates. Frozen ground 
improves mobility and will increase the time available for preparing fighting 
positions.
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Wet grounds can affect trafficability and movement rates. Frozen ground 
improves mobility and significantly increases time available for preparing 
fighting positions. Deep snow slows movement of tracked vehicles. Frozen 
ground affects systems such as mines, sensors, and indirect fire.

2.7. Temperature, frost line, and thaw depth

High and low temperatures influence the type of lubricants to be used, engine 
warm-up periods, and sustained rates of fire for weapons.

High temperatures decrease the time personnel can remain in vehicles. High 
temperatures cause gun tube droop, shimmering, mirages, and vehicle exteriors to 
be too hot to touch. Extremely high temperatures increase water consumption.

Low temperatures degrade the ballistics of main guns, require frequent 
starting of engines, and may increase maintenance problems and possible 
detection by the enemy. Extremely low temperatures reduce personnel 
effectiveness and decrease the availability of water because of freezing.

Temperature profile affects calculations of ballistic artillery firing. The 
profile is used to compute virtual temperatures for artillery firing. Extreme cold 
affects gun accuracy and fuse functioning.

High temperatures reduce lift capability. Cold temperatures increase 
maintenance requirements and the time needed to accomplish each task. The 
number of personnel that can be carried on a flight is reduced due to the weight 
of cold-weather gear.

Some agents are more persistent at low temperatures. Vaporization may be 
a problem with higher temperatures. Normal atmospheric temperatures have 
little direct effect on a biological agent aerosol. Sub-freezing temperatures make 
water-based decontamination methods ineffective.

High temperatures impact trafficability, influence flood control, and dictate 
the use of certain construction materials. Cold weather influences ice thickness 
and river crossings, while ice flow problems affect bridges. For example, 
armored vehicle launched bridges are affected by warming if they were set up 
on frozen ground. Alternating freezing and thawing (frost heaves) may destroy 
the effectiveness of emplaced mines.

Frozen soil increases the difficulty of grounding equipment. At extreme 
cold temperatures, cables snap and wire is unmanageable. Extreme cold also 
shortens battery life and may put systems requiring a good source of battery 
power out of service.

Too cold or too hot conditions dictate the type of lubricants to be used, 
engine warm-up periods, and sustained rate of fire for weapons. Extreme low 
temperatures reduce personnel effectiveness, and decrease the availability of 
water because of freezing. Temperatures changing from above to below freezing 
can freeze stationary tracks into the mud. High temperatures cause gun tube 
"droop," shimmering, mirages, and vehicle exteriors to be too hot to touch.
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The frost line impacts site selection, construction, excavation, and 
trafficability.

2.8. Visibility

Visibility affects visual target acquisition, fire adjustment, and electro-optical 
(E-O) target designation. Reduced visibility affects the placement of forward 
observers and fire support teams (METOC Effects Smart Book,
(http://www.fas.org) -  Homepage of the Federation of American Scientist, 
2002) .

The lack of good visibility affects landings and take-offs, terminally guided 
munitions, and the ability to distribute scatterable mines.

Low visibility decreases the effectiveness of visual, photographic, infrared, 
and E-0 collection systems.

Poor visibility increases the survivability of infantry units.

2.9. Thunderstorms and lightning

Electrical storms restrict the use of and handling some munitions and fuse types 
because of safety.

Extreme weather that includes thunderstorms and lightning is very 
hazardous to inflight operations, refueling, and rearming operations.

Electrical storms, and the associated rain and wind, affect electronic 
systems in general and antennas, shelters, and mobility in particular.

3. Weather warnings and advisories

Certain weather conditions endanger life and/or property, pose a safety hazard, 
or adversely impact operations. Weather units should monitor these phenomena 
and provide products and services to support the possbily affected services and 
units when these conditions are observed or forecasted. These items include 
weather advisories and warnings.

A weather warning (WW) is a special notice provided to supported 
customers that alerts them to very likely weather conditions of such intensity 
that could pose a hazard to life or property.

A weather advisory (WA) is a special notice provided to supported 
customer that alerts them the likely potential of weather conditions that could 
affect their operations.

Within the Hungarian Defence Forces (HDF), the meteorological support is 
clearly defined in a Manual on Supporting Military Activities signed by the 
Chief of General Staff. This manual is the highest level document, and it is a 
framework for the main principles, duties ans goals in the field of military 
meteorological support.
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Each unit involved in military meteorological support has its Standard 
Operating Procedure (SOP). This SOP deals with the aspects of military 
meteorolgical support at a certain unit in detail (including range of product, 
duties and responsibilities, order of reporting, threshold values for different 
weather elements if they apply). The SOPs are completed by the respective 
meteorological unit and approved by the Geoinformation Service of the HDF 
(GEOS).

GEOS is the supervising unit in the field of military meteorology in 
Hungary. There is a Weather Forecast and Training Department within the 
GEOS providing the personnel for the continuous meteorological support and 
professional supervision over the meteorolgical support acitivities carried out in 
the HDF.

As the leading professional meteorological unit of the HDF, GEOS is 
entitled to issue WWs and WAs for the whole activity spectrum of the HDF and 
MoD including excercises, troop movement, tansport, and any other open air 
activities.

There are three types of WAs and WWs isued by GEOS:
• Preliminary General WA is a forecast in plain text format for general 

military users with 24-72 hours lead time.
• General WA is a forecast in plain text format for general military users 

with 3-24 hours lead time.
• WW is a forecast in plain text for general military users with 1-3 hours 

lead time {Fig. 1).
• In every case when a WA or WW has been issued, its receipton is verified 

by phone call and sent via electronically as well.

METEOROLÓGIAI RIASZTÁS A KŐVETKEZŐ 3 ÓRÁRA 

VIHAROS SZÉLRE. ZIVATARRA 

Készüli: 2013. augusztus 2(1 áll l(l:45koi (lit-lyl i«lo szél Inti

A kővetkező 3 órában az é szaknvugati. északi szál a Duna nni Ion többféle. a középső területeken hülyén­
kén! viharossá fokozódik, a széllökések ezeken a területeken helyenként 60-75 km.1t között várhatók.
A nyugati lelkieteken szórványosan, a középső országrészben helyenként zivatarok kialakulása is válható, 
helyenként felhőszakadás, jégeső is lehet. Zivatar környezetében a széllökések 60-85 km/h között várba-

METEOROLÓGIAI RIASZTÁS A KÖVETKEZŐ 3 ORARA 

VIHAROS SZÉLLÖKÉSEKRE 

Készüli: 2014. március 19-én 06:15-kor <helyi Idő «érin t)

Az elkövetkező időszakban az északnyugatira forduló szél kezdetben az fszak-DunantúIon. majd később 
másutt is egyre többféle viharossá fokozódik A lege tőseb b széllökések jellemzően 60-85 knih között 
várhatóak, de néhol kevéssel 85 b n  h feletti szélsebességek is kialakulhatnak

Fig. I. Two examples for weather warnings issued by GEOS.
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The Meteorological Center of the Air Command and Control Center of 
HDF (ACCC) provides meteorological support for the military aviation in 
Hungary and entitled to issue aviational WWs in harmony with the WWs and 
WAs issued by GEOS. The WWs are in a text and map combination format with 
an abbreviated form of text explanation (Fig. 2). The issued WWs are sent to 
GEOS and the MSUs at the airfields.

Fig. 2. An example for weather warning issued by ACCC.

Different weather warnings and advisories by Hungarian military MSUs are 
summarized in Table 1.

Table 1. WAs and WWs

No. Station Airbase Lon 
1° E|

Lat 
1° N|

Altitude
Imi

To

1 Kecskemét 59. Szentgyörgyi 
Dezső Air Base

19.75 46.91 114.0 designated local users
GEOS
ACCC

2 Szolnok 86. Szolnok 
Helicopter Base

20.13 47.17 90.0 designated local users
SARS
GEOS
ACCC

3 Pápa Pápa Airbase 17.50 47.37 146.6 designated local users 
Heavy Airlift Wing 
Search and Rescue Service 
GEOS 
ACCC
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4. Conclusions

The weather and its effect can pose significant threat to life and property. This is 
valid to a wide range of military activities; therefore, it is vital to operate a 
capable, well structured, and regulated system of meteorological support. In 
order to fulfil its mission, every level of the military meteorological support in 
Hungary provides in-time weather warnings and weather advisories to mitigate 
the possible negative effects of weather.
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Abstract—Deep cyclones, originating in the Mediterranean area, are frequently the cause 
of heavy precipitation and environments characterized by large temperature gradients and 
strong wind. In winter period, several types of precipitation can be observed in such 
situations, including freezing rain and wet snow, which can cause serious damage on the 
electricity power lines or other infrastructure. On March 14-15, 2013, deep snowdrifts 
resulted in blocking of thousands of vehicles on Hungarian highways. Similar cases 
motivated the research of these phenomena in Hungary, using and adapting empirical 
approaches to calculate wet snow loads on wires or to calculate the blowing snow index 
(BS1) to assess the intensity of the snowdrifts development. Forecasting of these 
parameters is possible by using inputs from global and limited numerical weather 
prediction models (ECMWF, WRF). The paper describes methods for wet- and blowing 
snow diagnostics and classification of their intensity. The results are demonstrated on 
case studies and supported by observations and available damage reports. The possibility 
of further refinement of the diagnostics and its operational application is also discussed.

Key-words: wet snow, blowing snow, forecasting, winter weather, numerical models, 
WRF, diagnostics

1. Introduction

Wet snow is defined as “deposited snow that contains a great deal of liquid 
water” (Glickman et al., 2000). It typically occurs during snowfall within the 
temperature range between 0 and +3 °C {ISO, 2001), though, snow accretion on 
structures have sometimes been observed also by temperatures below zero

2 7 7



(Sakamoto, 2000). The liquid water content of the accreted wet snow is usually 
between 5 and 40% (Admirat, 2008). Heavy and long-lasting snowfall in such 
conditions can develop considerable snow loads on wires, sometimes in order of 
several tens of N/m (Makkonen and Wichura, 2010). Serious problems with 
electricity failures caused by wet snow are frequently reported in cold regions or 
in mountains (Eliasson et al., 2013; Bonelli et a/., 201 1).

The study of wet snow occurrence in Hungary started in 2009, and it was 
related to situation with heavy snowfall and large damage on electricity power lines 
in the southwest part of Hungary on January 27-28, 2009 (Toth et al., 2009). 
Methods of Sundin and Makkonen (1998), Foots (1996), and Admirat (2008) were 
tested with use of both observational data and analysis and forecasts of the WRF 
(Weather Research and Forecasting) model (Skamarock et al., 2008). The method 
of Admirat has recently been refined and adapted with respect to long- term 
observations (.Nygaard et al., 2013). In Hungary, in some years, up to 35 wet snow 
events can occur (Gulyas et al., 2012) a substantial portion of these events is related 
to intense cyclogenesis in the Mediterranean area and frequent passages of cyclones 
over or near Hungary. These are characterized by widespread and high amount of 
often mixed-phase precipitation, including wet snow. Adjusted diagnostics of wet 
snow accretion and estimation of the snow sleeve mass and diameter was tested in 
these types of situations and the analyses and forecasts obtained from the WRF 
model run at relatively high (2.7 km) resolution were investigated and compared 
with available observations and reports. Drifting or blowing snow occurrence in 
Hungary can be sometimes related to intense cyclogenesis over the Mediterranean 
as well (it usually develops on the northwestern flanks of propagating cyclones). 
Similarly to wet snow, combination of several meteorological parameters 
(snowfall, wind, snow density, snow depth, surface temperature) must be taken into 
account during forecasting of blowing snow. Over the past years, several methods 
were elaborated in order to study and forecast its development (Baggaley and 
Hanesiak, 2005). There were attempts to parameterize the blowing snow as 
function of wind, temperature, and state of the snow surface (Li and Pomeroy, 
1997). These studies motivated the development of a comprehensive index 
(blowing snow index or BSI) for forecasting blowing snow in Hungary. The index 
was proposed with a purpose of easier evaluation of blowing snow conditions and 
more precise determination of areas eventually threaten by snow drifts. The method 
was developed upon several case studies and recently tested during severe wind- 
and snowstorms of January 18 and March 14-15, 2013, which hit the western part 
of Hungary. Above all, the usefulness of the short-range (mainly 24h) forecasts of 
the BSI distribution in the forecasting praxis was evaluated and compared with 
available observations.

This paper is divided in five sections. In the next one, we describe the 
methods of the wet- and blowing snow diagnostics, in Section 3 we explain the 
synoptic background of some major (or interesting) weather events, and we
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present the corresponding results (forecasts compared with observations) in 
Section 4. Conclusions are given in Section 5.

2. Methodology

2.1. Method of wet snow diagnostics

Admirat (2008) proposed a formula for calculation of the diameter <t> (m) of the 
snow sleeve accumulated on the wire. He expected that the snow sleeve has 
nearly cylindrical shape and started from the relationship between the variation 
of <Dand the mass M (kg/m), supposing that the density of the accreted snow 
yO (kg/m') is constant:

,d<t> 2 d M  . . .
O ------ = --------------- . ( 1 )

d t  n p s d t

The time variation of the mass is proportional to flow R of the snow, which 
passes a rectangle surface S (of unitary length and of width equal to 0 ). It is 
expected that the airflow in front of the wire is perpendicular with respect to this 
surface. The basic formula for the flow (similar to the formula for accretion 
intensity in Nygaard et a i, 2013) yields:

R = c yju2 +w2 S , (2)

where u is the horizontal wind speed, w is the terminal velocity of snowflakes 
(both in m/s), and c is the mass concentration of wet snow in the air. Because c 
is usually not directly measured, it is often parameterized from water equivalent 
precipitation intensity at the ground P (mm/h):

3600w

Thus, the time variation of the mass can be expressed as:

d t 3600 V w2
0 . (4)

In Eq. (4), the parameter f3 is the collection coefficient (sometimes named 
also as coefficient of sticking efficiency). It expresses that only a part of the 
snowflakes crossing the area of the wire is accreted (some snowflakes will not 
accrete due to curvature of the flow around the wire or some snowflakes break up).
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The final formula of Admirat (2008) for the diameter variation can be 
obtained from the combination of Eqs. (1) and (4):

(5)

Neither (3 nor p s are measured or calculated in the used numerical models 
and these variables had to be parameterized. It is often expected that pis 
indirectly proportional to wind speed (Admirat, 2008), however, it was shown 
that such approach significantly decreases the role of wind in the snow accretion 
model described by Eq. (5). Nygaard et al. (2013) proposed a computation of 
beta, denoted BETA_U, in which beta is indirectly proportional to the square 
root of the wind speed u ( /3=\l 4u ), which has been used in this study. The 
density of the accreted snow can vary between 100 and 800 kg/m3 (including 
extreme cases), and laboratory studies indicate that it is also dependent on the 
wind speed. One of the suggested empirical formulas (Admirat, 2008) used in 
the presented wet snow calculations yields:

p s =200 + 20«. (6)

Because w is usually also not observed at synoptic stations, it is supposed 
to be constant in many wet snow studies. Here a value of 1.5 m/s was used, 
which is in the middle between w= 1 m/s proposed by Admirat (2008) and the 
average fall velocities of wet snow (w=2 m/s) reported by Yuter (2006).

For diagnostics, based on data from synoptic stations with direct 
observation of the weather type, wet snow was considered if the 2 m 
temperature was between 0 and +3 °C and if snowfall, corresponding to 70-75 
codes of the SYNOP report ( WMO, 1995), was present at the same time. 
Because there were no reports of the liquid water content, we used the 
assumption that there must be a positive heat flux from the environment to the 
snowflakes, so that the snow surface can melt and accrete. It can be shown that 
this is equivalent to condition that the environmental wet-bulb temperature tn is 
positive (Makkonen, 1989):

K >  o (7)

For NWP data, the same temperature conditions for wet snow were used as in 
case of observed data. It was supposed that the fraction of frozen precipitation (FR)
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had to be between 0.7 and 0.98 as used in the BETAU model (denoted as FR 
method in this paper). We also tested a method, where snowfall was distinguished 
from liquid precipitation upon the 850/1000 hPa relative topography -  RT850/iooo 
(Cantin and Bachand, 1993). Hirsch (2006) showed that in the area of Flungary 
snowfall might be usually expected by /?rg50/]000 <1300 gpm. This method was 
chosen because it is often used in the operational forecasting, and it could be very 
simply applicable on basic model fields or sounding data. Because the RT850/iooo 
method does not provide any information about the liquid water content of the 
precipitation, we used the condition Eq. (7) to distinguish between wet- and dry 
snow. The FR and the RT850/iooo criterions calculated from model forecasts were 
also applied on wet snow diagnostics at synoptic stations, where no direct 
observation of the precipitation type was available.

Eq. (5) has been integrated for a 24-hour period with 1 -hour timesteps, 
during which P and u were considered to be constant (u was equal to the average 
of the wind at the start and end of the step). As final output, we visualized the 
difference (Ad>) between the diameter of the snow sleeve and the diameter of 
the wire without snow d, which is taken equal to 0.031 m (typical diameter of 
transmission wires). The advantage of calculating AO is that it can be relatively 
easily measured or even visually estimated (e.g., upon photographs).

The estimation of the snow mass on the wire was based on combination of 
Eqs. (4) and (5):

dM
dt

= K<&. ( 8)

If the wind is assumed to be constant for the whole wet snow period, the 
diameter can be converted to snow mass with use of a simple geometrical 
relationship (expecting nearly cylindrical shape of the snow accumulation):

M = ^ ( o 2-< f). (9)

Upon several cases and damage reports in Hungary, it was proposed to issue 
warning in cases where certain threshold of calculated snow mass or increase in the 
diameter would be exceeded (Table 1). However, alertness in some situations can 
be recommended already by lower values (2-3 cm diameters of snow 
accumulation), especially if higher snow density can be expected or if the wet snow 
event is combined with strong wind (so-called wind-on-ice load).

Melting of snow is not yet included in the presented wet snow diagnostics. 
This can eventually cause overestimation, especially when the wet snow 
parameters are integrated for a long period, during which the character of the 
weather significantly changes (but this was not typical for the evaluated cases).
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Table I. Proposal on wet snow warning thresholds upon calculated mass and diameter of 
snow accumulation on wires (Somfalvi-Toth, 2014). The values of ps = 300kg/m3 and 
£/=0.031 m were chosen for this conversion, based on Eq. (9)

Wet snow mass 
M  |kg/m|

Increase of the snow-sleeve 
diameter AO |cm| Proposed level of warning

1.5 5.5 1
3 8.6 2
5 11.8 3

2.2. Method of blowing snow diagnostics

In situations with blowing snow we evaluated the so-called blowing snow index 
(BSI) parameter (Tordai, 2012). The index evaluates six meteorological 
parameters, which can influence the development of snowdrifts. This influence 
is represented by weighting functions f. These can be negative -  thus, one term 
itself can counteract positive contributions of other terms (e.g., snowdrifts are 
improbable by very low windspeed, even if other conditions would be optimal). 
The maximum values of the weighting functions are 1. The final formula for 
BSI sustains from the sum of the functions:

BSI = f {T) +f (Ts) + f { u ) + f { G) + f { H) + f { p H),  (10)

where f(T) represents temperature at 2 m, Ts is the surface (skin) temperature, U 
is the wind speed at 10 m, G is the wind gust at 10 m, H  is the snow depth, and 
pH is the snow density. The criteria and formulas for determination of each 
weighting function (given in Table 2) were based on the work of Tordai (2012), 
and it was only slightly modified for mathematical reasons. The thresholds in 
the weighting function calculations were determined upon observations and 
several case studies of blowing snow. The BSI can acquire negative values (if 
impact of certain components would strongly inhibit the development of 
blowing snow). The maximum possible value is 6 (very high probability of 
snowdrift development). Although BSI is rather related to probability of 
blowing (or drifting) snow occurrence, higher values of BSI usually also 
indicate higher intensity of snowdrift production. It has been observed that 
blowing snow is probable by BSI exceeding 2, values exceeding 3.5 are already 
significant and are usually accompanied by light or moderate development of 
snowdrifts.

2 8 2



Table 2. Determination 
index

of respective weight functions (f) in the calculation of the BSI

State determinating 
parameter Interval Weight function

r[°C]
(2 m temperature)

7 < - 6 .5  
-6 .5  < 7  <0.5 

7  >0.5

f ( T )= 1
/( 7 )= - 0 .0 0 8 7 7 2 -0 .17277+0.2447  

/ ( 7 ’)=-(0.01817’)2 -0 .1397+0.2257

Ts t°C]
(Surface temperature)

Ts < -3 .0  
- 3 .0 <  Ts < -0 .5  
- 0 .5  < Ts <2.0 

Ts >2.0

/ & ) = !
/(7 , )=-0.04067s2 -0.24367,. +0.6342 

/ ( 7 S)= 0.3397e x p ( -1.5717 Ts ) 

f(T s )=—0.12647,2 + 0.50567, -0.4915

U [m/s] 
(10m wind)

U  <4.0 
4.0<U  <15.0 

//>15.0

/ ( / / ) =  1.014/7-4.014 

f ( U  )= -0 .0 0 7 6 t/2 + 0 .2314 //-0 .7616

f{u)=1

G [m/s]
(10m wind gust)

G <6.0 
6.0<G <21.0 

G > 21.0

/(G )= -0 .0 7 5 G 2 +1.1192G-3.9657 
/(G )= -0 .0 0 2 9 G 2 +0.1416G -0.6952 

f(G )=  1

H [cm]
(snow depth)

/ /< 5 .0  
5 .0 < / /< 3 1.0 

//> 3 1 .0

/ ( / / ) =  0 .0 7 3 2 //2 + 0 .6711//—4.9321 
f ( H ) = - 0.0007H 2 +0.05387/+0.0022 

f{H)=1

P H [kg/m3] 
(snow density)

p„ <100.0

100.0<pH <240.0 
p„ >240.0

/ ( p j = l
/ ( p H)= -1 .8 3 x l0 ‘5p;, +0.0019pH +0.9912 

/ ( P;,)= -0 .0 5 3 4 p „  +13.207
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At the Hungarian Meteorological Service, warnings on blowing snow have 
already been issued prior to development of BSI, although the criteria for it were 
arbitrary. Upon these criteria, we developed a simple warning decision index 
(WD1) in order to compare the original formulation (Table 3) with a warning 
system proposed upon BSI thresholds (Tordai, 2012). When using BSI, it was 
recommended to issue first level (yellow) warning on blowing snow for values 
higher than 3.5. Strong development and second level (orange) warnings can be 
expected by BSI exceeding 4, and very severe blowing snow and third level of 
warnings (red) can occur by BSI equal to 4.5 or higher.

Both BSI and WDI were estimated upon data from synoptic station 
observations (and compared with forecasts of these parameters from numerical 
models). We considered only stations, where measurements of snow depth and 
density were available, or where it was possible to assess them using spatial and 
temporal interpolations. Instead of the skin surface temperature (which can 
eventually be the temperature of the snow surface, and it is usually not measured 
at the stations), we used the near-surface temperature measured 5 cm above the 
terrain. We also checked the reports on drifting- and blowing snow, which are



coded at certain synoptic stations (WMO, 1995). We assumed that the code on 
slight or moderate drifting snow (36) would nearly correspond to current yellow 
warning, the codes 37 (heavy drifting snow), 38 (slight or moderate blowing 
snow) to orange and the 39 code (heavy blowing snow) to red warning. Though, 
the original definitions of drifting and blowing snow are rather related to 
visibility conditions as to height or intensity of snowdrift production.

Table 3. Blowing snow warning criteria of the Hungarian Meteorological Service and 
corresponding WDI codes and algorithms. The meaning of parameters is the same as in 
Table 2, except for R24 (snow precipitation of past 24 hours, in mm) and R03 (snow 
precipitation of past 3 hours, in mm)

HMS warning criteria Level of 
warning WDI algorithm WDI

code
The wind produces snowdrifts of low depth 
occurring on territories covered by fresh snow

Yellow
1 U>4in/s H >5cm 1

The wind accompanied by strong gusts 
(> 60 km/h) produces deep (depth locally 
>0.5 m) snowdrifts on territories covered by 
fresh snow

Orange
2

U>4m/s H>5cm  
G > \6Jm /s R24>\mm 2

The wind accompanied by strong gusts 
(>60 km/h) produces deep (depth >0.5 m at 
many places) snowdrifts on territories covered 
by fresh snow. Besides, snowfall can be still 
expected (several cm of fresh snow).

Red
3

U>4m/s H >5cm 
G > \6Jm /s R24>\mm 

R0} > 0.1mm
3

2.3. Description o f numerical models and their setup used in the study

Blowing snow parameters were calculated from operational forecasts of the 
deterministic ECMWF global numerical model (Persson, 2011), which outputs 
were available in a regular latitude-longitude grid of 0.125 degree (nearly 16 km) 
horizontal resolution. The wet snow has been diagnosed upon outputs of non- 
hydrostatic limited area model WRF (Skamarock et ah, 2008). The WRF model, 
implemented and computed at the Hungarian Meteorological Service (HMS), 
provides data at nearly 2.7 km horizontal resolution and 37 vertical levels. In the 
HMS implementation, WRF is using the microphysics scheme of Thompson 
(Thompson et al., 2004) and the YSU PBL scheme (Hong et al., 2006) for the 
parameterization of planetary boundary layer processes. The higher horizontal 
resolution (compared to global models) and advanced physical parameterizations 
are important to obtain finer, mesoscale structures in the precipitation, 
temperature, and wind fields and the estimates of the precipitation type (fraction 
of frozen precipitation, FR). This seems to be currently more important by wet 
snow, which occurrence fits a relatively narrow temperature interval and which 
parameters (snow sleeve diameter and mass) are more sensitive on the precision 
and exact quantity of input parameters than in the BSI case.
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3. Selected synoptic situations

3.1. Blowing snow on January’ 18, 2013

On January 18, 2013, the weather over Hungary was largely influenced by a 
deep cyclone, which centre was over the Adriatic Sea (Fig. 1). The cyclone had 
initially developed over the Bay of Genoa (on January 15) and became deeper as 
a result of interaction with an upper air potential vorticity (PV) anomaly, which 
centre was situated over the southwest flank of the surface low. The cyclone 
later moved toward east-northeast. The drop of the pressure over the Balkan 
Peninsula and increase of the pressure gradient in the north-south direction 
induced a low-level jet and cold-air advection over the western part of Hungary 
(Fig. 2). This was the primary reason for strong wind and gusts observed at 
several places in northwestern Hungary (the maximum wind gust, 21.4 m/s was 
reported at Sármellék at 09:40 UTC). The depth of the snow cover over western 
Hungary had already been high (20-50cm at many places) as a result of 
previous snowfalls. In the same region, moderate snowfall (up to 10 mm of 
precipitation) occurred on January 18 as well (Fig. 3). Although, at several 
stations, where blowing snow was observed, only light precipitation was 
measured (or estimated from radar measurements) during the event.

Fig. 1. ECMWF analysis of mean sea level pressure (lines, by 5 hPa), 10 m wind (barbs), 
and fronts valid for January 18, 2013, 00:00 UTC. The letters L and H represent lows and 
highs, respectively. The letter “PV” marks the position of the center of the upper-air PV 
anomaly; the arrow-headed line shows the segment of the upper-air jet surrounding the 
anomaly (at nearly 250 hPa height). The dots show the positions of the centre of the 
studied Mediterranean cyclone on January 15, 16 (and 17), 18, 19, and 20, 2013. The 
dashed line points toward northwestern Hungary, where the blowing snow event 
occurred.
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Fig. 2. ECMWF analysis o f 925 hPa geopotential (lines, by 20 gpm), temperature (°C, 
shaded), and 925 hPa wind (arrows, m/s) valid for January 18, 2013, 12:00 UTC. The 
letters L, H represent low and high pressure, respectively; C, W the cold (warm) 
airmasses. The dashed line approximately shows the axis of the low level jet (LLJ). A 
point is placed on the area of the station Sármellék, where the maximum wind gust 
(21.4 m/s) was recorded on January 18, 2013, 09:40 UTC.

Fig. 3. 12 h precipitation amounts valid for January 18, 2013, 18:00 UTC from stationary 
measurements (numbers) and radar estimates (shaded). Stations, where drifting or 
blowing snow was coded in the past weather (-01 h) section are emphasized by square 
and symbol of blowing snow. Meteorological stations Sopron Kuruc-domb and Sármellék 
are denoted by abbreviations SOP and SÁR.
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3.2. Wet snow on February 6-7, 2013

The weather in central Europe was governed by large area of low pressure 
(exhibiting several centres) and by a frontal system, which evolved in the 
Mediterranean region. On February 6-7, 2013, one of the centers of the low 
pressure was situated over Hungary and east Slovakia (Fig. 4). The eastern part of 
the countries was located in the warm zone of the system, while the colder air 
propagated around the low-pressure center and forced the mild air toward the 
mountainous region in northeast Hungary and east Slovakia (Fig. 5. a-b). There 
was an intensive positive temperature advection and high (almost 100%) mean 
relative humidity between 925-600 hPa (not shown), especially in east Slovakia, 
where heavy snowfall occurred. Vertical cross-sections of temperature show that 
across Hungary and Slovakia, over the localities, where wet snow was 
reported/diagnosed, there was a 200-300 meters deep layer of 0-2 °C temperature 
(Fig. 6. a-b). This layer was well expressed over the northern part of Hungary 
and the central-eastern part of Slovakia, where 10-20 mm precipitation occurred 
(Fig. 7). Upon precipitation estimates from radars and temperature profdes, 
favorable wet snow conditions could have developed on the southern slopes of the 
mountains in the central part of Slovakia, but surface observations were sparse in 
this region. Damage reports and photographs (Railpage.net, 2013) indicate that 
wet snow occurred also in the valley of the river Homád (on the railway between 
Krompachy and Margecany). There was no positive temperature layer on the 
vertical cross-sections in this region, probably because the valley is not yet 
resolved by the ECMWF model orography by current resolution (nearly 16 km). 
The cross-sections also show that the area of the positive temperature layer 
reduced in time as the cold-air advection was progressing (marked by the 
decrease of the near-surface equivalent potential temperature).

Fig. 4. As in Fig. 1 but for February 7, 2013, 00:00 UTC. The dots show the positions of 
the (deepest) centre of the Mediterranean cyclone on 6, 7, and 8 February, 2013. The 
dashed line points toward the border region of northeastern Hungary and southeastern 
Slovakia, where the wet snow event occurred.
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Fig. 5a. ECMWF analysis of the 850 hPa equivalent potential temperature (color shades and 
dashed lines, K), wind field (arrows, m/s), and the 500/1000 hPa relative topography (white 
lines, m) valid for February 7, 2013, 00:00 UTC. The letter L denotes the center of the 
cyclonic circulation over Hungary, letters W, C show the warm and cold air-masses.

Fig. 5b. As in Fig. 5a except for the 6h ECMWF forecast valid for February 7, 2013, 
06:00 UTC. The dashed, arrow-headed line schematically shows the flow of the colder 
airmass, which started to surround and force the warmer air away. The AB line shows the 
direction of the cross-section in Fig. 6 a-b. The abbreviations BPL, ZAB emphasize the 
positions of the weather stations at Budapest Lőrinc and Zabar, respectively (mentioned 
also later in the text). The letter K denotes the town Krompachy in Slovakia (wet snow 
caused damages were reported in its neighborhood).

2 8 8



AO 50 100 150 200 250 300 350 400 450 500 8 »
Távolság [km]

Fig. 6 a. ECMWF analysis of temperature (shades and solid lines by 2 °C), equivalent 
potential temperature (dashed lines, by 2 K) and wind (arrows, m/s) valid for February 7, 
2013, 00:00 UTC in a vertical cross-section, which direction is shown in Fig. 5b. The 
abbreviations and arrows mark places, where wet snow was diagnosed/reported (see also 
Figs. 5b and 14a-b).

A 0 50 100 150 200 250 300 350 400 450 500 B
Távolság [km]

Fig. 6 b. As in Fig. 6 a but for the ECMWF forecast of temperature valid for February 7, 
2013,06:00 UTC.
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Fig. 7. As in Fig. 3 but for 24 h precipitation amounts valid for February 7, 2013, 06:00 
UTC.

3.3. Wet- and blowing snow on January 24-25, 2014

On January 25, 2014, a cyclone with centre over southern Italy and the Adriatic 
Sea was moving eastwards (Fig. 8.). Its frontal system affected several countries 
of southern and central Europe causing extraordinary heavy snowfall (Slovenia, 
Croatia, Serbia, Bulgaria). The northern flank of the warm frontal precipitation 
band also reached the southern part of Hungary (already on January 24, 2014). 
At 850 hPa level ECMWF analyses (Fig. 9), it was possible to observe that 
while the cold-air advection already started over large part of western Hungary, 
there was still a “tongue” of warmer and moist air overturning toward the 
southwest part of Hungary, where the intense snowfall occurred. This is likely a 
signature of an occlusion process (in rather mesosynoptic scale), similar to the 
one observed in the February 6-7, 2013 wet snow situation. The maximum of 
20 mm precipitation in Hungary was also reported close to this area (Fig. 10).
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Fig. 8 . As in Fig. 1 but for January 25, 2014, 00:00 UTC. The dots show the positions of 
the (deepest) centre of the Mediterranean cyclone on January 24-27, 2014. The dashed 
line points toward southwestern Hungary, where both wet snow and blowing snow were 
observed.

Fig. 9. ECMWF analysis of the 925 hPa equivalent potential temperature (color shades 
and dashed lines, K.), wind field (arrows, m/s), and geopotential (solid lines, m) valid for 
January 25, 2014, 00:00 UTC. The letters L, H represent low and high geopotential, 
respectively; C and W represent the cold (warm) regions. The dashed lines schematically 
show the flow of colder/warmer air over Hungary.
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Fig. 10. As in Fig. 3 but for 24 h precipitation amounts valid for January 25, 2014 06:00 
UTC. Meteorological stations Pécs-Pogány and Paks, which reported blowing snow on 
January 24, 2014, are displayed. Arrows denoted by letters B and N point toward the 
position of settlements Bares and Nagyatád, respectively. Damage due to wet snow was 
reported in their surroundings on January 24-25, 2014.

4. Results fo r wet- and blowing snow diagnostics

4.1. Blowing snow on January 18, 2013

The January 18, 2013 weather situation was one of the most serious blowing- 
snow events of the past ten years in Hungary. The blowing snow developed at a 
large area (almost entire western Hungary), causing serious problems in 
transport and requiring numerous actions of the disaster management (Fig. 11). 
Such cases are relatively rare — for example, between 2007 and 2012 there was 
only one case that the highest, third-level warning was issued on blowing snow 
(18 second- and 60 first-level warnings were issued during the same period). 
Only light-to-moderate snowfall (few mm of precipitation) had been expected 
upon available NWP forecasts a day before this event, hence, the intensity of the 
snowdrift developments had been debated in the HMS forecasters team. The 24h 
forecast of BSI from the January 17, 2013, 12:00 UTC ECMWF run indicated a 
possibility of very intense blowing snow for the area northwest of the Lake 
Balaton (Fig. 12a). This area was also emphasized in the WD1 outputs 
(Fig. 12b). Though, there would hardly be any transition between the yellow and 
red warning in WD1 (the red warning is distinguished from the orange one only 
upon the presence of precipitation, which had been forecast by the ECMWF
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model for the entire area with strong wind). The analysis of respective weighting 
functions present in Eq. (10) reveals that all of them positively contributed to 
BSI in the model forecast for the localities (meteorological stations Sopron 
Kuruc-domb and Sármellék), where snowdrifts were expected (Table 4).

Blowing snow
2013.01.18.

• - f 0 10 20 40 60 I 2  000  000 & BM OKF Informatikai Föos/lólx 
Foots BM OKF KAP 
20I4.03.II

Fig. 11. Actions of the disaster management on January 18, 2013. (source: National Disaster 
Management Directorate General, with permission)

Table 4. Weighting functions, BSI, and WDI for Sopron Kuruc-domb and Sármellék, 
derived from the ECMWF 24h forecast valid for January 18, 2013, 12:00 UTC._________

Station ÁT) f(Ts) Au) ÁG) Á H )  Á P h ) BSI WD1

Sopron 0.77 1 0.83 0.97 1 0.81 5.4 3
Sármellék 0.84 1 0.71 0.91 1 0.78 5.2 3
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Fig. 12a. ECMWF 24 h forecasts of BSI (shades and solid lines) and 10 m wind (barbs, 
m/s) valid for January 18, 2013, 12:00 UTC.

Fig. 12b. ECMWF 24 h forecasts of WDI (shades and solid lines, by 1) and of wind gusts 
(dotted lines, by 5 m/s) valid for January 18, 2013, 12:00 UTC.

Available observations, close to the time of the forecast validity (January 
18, 11:40 UTC), show that drifting or moderately blowing snow was really 
coded at several stations in western Hungary (Fig. 13). Though, heavy blowing 
snow (code 39) was not observed and BSI estimated from the measurements did 
not exceed 5. This could have been caused by the use of temperature measured
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close to terrain surface, instead of the skin surface temperature (of the snow 
cover), because the weights of surface temperature are significantly lower in the 
observations (Table 5) than in the forecasts. Interestingly, WDI would suggest 
only 1st level of warning for the evaluated stations. The main reason for it is that 
only low precipitation amounts were reported at stations concerned (although 
light or moderate snowfall had been coded at some observation dates). One 
possible explanation is that the strong wind blew the snow off the measuring 
devices. The radar-estimated precipitation indicates that the real snow 
precipitation could have been somewhat bigger compared to surface 
observations, though this was not typical in the area of highest gust and 
snowdrift occurrences (refer to Fig. 3).

Fig. 13. Observations of 10m wind (barbs, m/s) and snow depth (numbers, cm) from 
Hungarian meteorological stations on January 18, 2013, 12:00 UTC. Further numbers 
(see the description in the legend) denote the estimated value of BSI and WDI valid for 
11:40 UTC. The circles are drawn at stations, where drifting snow (code 36) was reported 
on January 18, 2013, triangles are for blowing snow (code 38).

Table 5. As in Table 4 but derived from observations at Sopron Kuruc-domb and 
Sármellék, on January 18, 2013, 11:40 UTC.

Station ÁT) Á F ) Au) ÁG) ÁH) ÁPh) BSI WDI

Sopron 0.68 0.18 0.85 0.91 1 0.96 4.6 1
Sármellék 0.73 0.84 0.78 0.86 0.8 0.74 4.7 1
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Wet snow calculations were provided upon WRF model run based on February 
6, 2013, 12:00 UTC. In the first calculation, the FR criterion was chosen for wet 
snow diagnostics (Fig. 14a).

Wet snow was detected at several places in Hungary and Slovakia (mostly 
in the southern part of central Slovakia and in the valley between the towns 
Kosice and Presov), though, the values of АФ were mostly below the proposed 
warning thresholds (maximum detected values were 5-6 cm). When using the 
R T 85o/iooo criterion, the area of potential wet snow occurrence became 
considerably bigger (Fig. 14b), and the condition for first-level warning 
according to Table 1 would be fulfilled on several places. The maximum 
detected АФ was about 8 cm. If we assume, that the density of the wet snow on 
wires was between 250 and 300 kg/m3 (according to mean wind speed in this 
area), this diameter would be equivalent to 2.2-2.7 kg/m snow-mass, which can 
potentially cause damage on the overhead lines, particularly if the wind speed is 
strong. The comparison of the diagnostics on observations (Table 6a) and on the 
corresponding model outputs (Table 6b) showed that the FR-criterion largely 
reduced the precipitation, which potentially occurred in wet snow form. This is 
the main cause of the differences between the forecast diameters (wet snow 
loads) and the ones diagnosed upon observations, because forecasts of other 
parameters (wind-speed, temperature) were relatively close to the observed 
ones. Examination of the course of FR (e.g., for station Kosice, Fig. 15) showed 
that this parameter was rather low when the temperature was higher than 1 °C, 
although, in the reality, snowfall was reported in such conditions. The low FR 
could have been partially also influenced by somewhat higher (by 0.5-1 °C) 
temperature in the model compared to observations. The R T 850/iooo criterion 
seemed to be more successful in detection of wet snow occurrence, but it is 
possible that the diagnosed values of the snow sleeve diameter were too high 
when using this method (especially in the area of Budapest, where wet snow 
accretion on wires corresponding to АФ of 5 cm or bigger probably did not 
occur).

4.2. Wet snow on February 6-7, 2013
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Fig. 14a. WRF 24 h forecast of the snow sleeve diameter increase (shades, in cm) valid 
for February 7, 2013, 12:00 UTC calculated using the FR method. The solid lines denote 
the diameters of 5.5 and 8.6 cm corresponding to warning thresholds. The arrows and 
abbreviations denote the positions of weather stations and localities, where wet snow was 
reported/diagnosed (PAK-Paks, BPL-Budapest Lőrinc, SZE-Szécsény, ZAB-Zabar, 
KOS-Kosice, TIS-Tisinec, NK- Nagy-Kevély, PIL-Pilis). The numbers show the increase 
of the snow sleeve diameter (cm) assessed from the observations (as in Table 6a). The 
thick line denoted K (P) shows the direction of the railway between Krompachy and 
Margecany (Presov and Kysak), where damage due to wet snow was reported.

Fig. 14b. As in Fig. 14a but for the R T 850/ iooo method.
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Table 6a. Parameters of wet snow precipitation observed or derived from observations of 
several synoptic stations in Hungary and Slovakia during the period of February 6, 2013, 
12:00 UTC -  February 7, 2013, 12:00 UTC. There were no weather-type observations on 
the star-marked stations (Szecseny and Zabar), the wet snow period was assessed from 
the WRF model data (upper record using the FR, lower record in parenthesis the 
R T 85o/iooo method). At the station Tisinec (marked by two stars), weather-type 
observations were not available between 20:00 and 05:00 UTC, but from the amounts and 
course of other parameters (snow-depth, temperature, wet-bulb temperature) it is probable 
that all the precipitation in this period was in wet snow form.

Synoptic station: 

Parameter:
Paks

(PAK)
Budapest

Lorinc
(BPI.)

Szecseny
(SZE)*

Zabar
(ZAB)*

Kosice
Letisko
(KOS)

Tisinec
(TIS)**

Station height 
(ASL) [m] 97 139 153 226 230 216

P [mm]
Total precipitation 7.9 12.1 15.8 11.6 19.0 26.0

Pw [mm]
Wet snow precipit. 5.15 8.3 4.35

(4.3)
3.7

(11.6)
8.08 20.5

U [m/s] 
Average wind 1.66 1.93 0.97

(0.73)
1.18

(0.99) 5.34 1.98

A(J) [cm] 
Snow-sleeve 
diameter increase

1.68 2.60 1.50
(1.43)

1.18
(3.72) 2.64 6.41

M  [kg/m]
Wet snow mass 0.236 0.436 0.199

(0.185)
0.157

(0.639) 0.528 1.526

Table 6b. Parameters of wet snow precipitation derived from the WRF model forecasts 
valid for the period of February 06, 2013 12:00 UTC -  February 07, 2013 12:00 UTC and 
for the grid-points nearest to observations listed in the Table 6a. The upper (lower) values 
are for the FR (RTsso/ioo.) method of snowfall determination. The abbreviation NR (Not 
Relevant) means that wet snow was not detected.

Synoptic station: 

Parameter:
Paks

(PKS)
Budapest

Lorinc
(BPL)

Szecseny
(SZE)” Zabar

(ZAB)
Kosice
Letisko
(KOS)

Tisinec
(TIS)

Grid-point height (ASL) [m] 87.7 124.1 161.2 301.2 250.2 258.7
P [mm]
Total Precipitation 10.86 17.63 19.37 18.49 17.83 8.06

Pw [mm] 0 0 5.22 5.77 3.03 0
Wet snow precipitation (0) (16.81) (19.37) (18.49) (17.24) (6.7314)
U [m/s] NR NR 2.83 2.74 4.15 NRWet snow period average 
wind (NR) (2.19) (2.26) (2.12) (3.33) (2.64)

A(J) [cm] NR NR 1.64 1.83 0.98 NR

increase (NR) (5.26) (6.09) (5.85) (5.56) (2.11)

M [kg/m] NR NR 0.26 0.297 0.157 NR
Wet snow mass (NR) (1.153) (1.475) (1.368) (1.420) (0.342)
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frozen fraction, wet-snow indicator, station: 11968 Kosice

RT 850/1000 hPa, station: 11968 Kosice

time fh)

Fig. 15. Course of observed/diagnosed (thinner lines) and forecasted (thicker lines) 
meteorological parameters valid for the station Kosice and for the period of February 6, 
2013, 12:00 UTC -February 7, 2013, 12:00 UTC. The February 6, 2013, 12:00 UTC 
WRF run outputs were used for this visualization. The horizontal axis shows the time (h) 
from the start of this run. Evolution of the 2 m temperature is shown in a), figure b) 
shows the change of the model-computed fraction of frozen precipitation (FR). This is 
depicted together with an index showing detection of wet snow upon observed 
precipitation type, temperature, and wet-bulb temperature (0 -  no wet snow, 100-wet 
snow). Figure c) shows the evolution of the RTg5o/iooo parameter forecast by WRF.
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Available reports (Pilis parkerdő, 2013) mentioned damage in the forest 
due to high snow loads in Pilis mountains, and there is also photographic 
evidence (KoUáth, 2013) of wet snow accumulated on wires in this region (e.g., 
in the area of the Nagy-Kevély mountain). Although, this region seemed to be 
only marginally affected by wet snow in the WRF forecasts (see Figs. 14a-b). 
In Slovakia, wet snow was reported on the railway electric power lines between 
the railway stations Margecany and Krompachy and also between stations 
Kysak and Presov. Though, the damage on the power lines was probably not 
only direct, due to high loads on the wires, but it was also caused by trees, which 
broke under the weight of heavy, accumulated wet snow (Railpage.net, 2013). 
Wet snow was forecast for the surrounding of both above-mentioned railways. A 
local maximum of A®, close to the Kysak-Presov railway, appeared in the 
diagnostic outputs, using both FR and R T 85o/iooo methods.

4.3. Wet- and blowing snow on January’ 24-25, 2014

Most reports of the wet snow occurrence in Hungary and associated damage 
(electric power failures) were concentrated to the southwestern border of 
Hungary (region of Bares and Nagyatád), yet, several thousands of inhabitants 
were concerned (E.O.N. Hungária Zrt., 2014, data on power failures, 
photographs, and personal communication). The wet snow was diagnosed using 
both FR and R T S50/iooo criterions in this territory.

In case of FR, the forecast diameters of snow-sleeve mostly did not reach 
the proposed warning thresholds (5.5 cm, not shown). In the second diagnostics, 
significant, up to 8-9 cm diameters were predicted during the 24-hour accretion 
period, until January 25, 06:00 UTC (Fig. 16). Very high accumulation of wet 
snow was also forecast for the region close to the synoptic station Paks. 
However, here the development of wet snow was questionable: though the 
forecast 2 m temperature fitted the wet snow criterions (between 0 and 3 °C), in 
the reality, it was probably well below 0 °C during most of the investigated 
period, as indicated by observations of the Pécs and Paks stations.

During this situation, blowing snow was reported at synoptic stations Pécs 
and Paks. Its intensity was probably highest in the evening of January 24, 2014 
(at around 21:00 UTC), when wind gusts of 12-15 m/s were observed. Upon 
available observations, the BSI was estimated to be 3.54 for Pécs and 3.49 for 
Paks. There were no snow density measurements in this case, thus, a mid-value 
of 170 kg/m ’ between the two thresholds mentioned in Table 2 was used in this 
calculation. But, because of the uncertainty in both skin-surface temperature and 
snow density, it is probable that the true BSI values were bigger (e.g., in case of 
fresh snow, these parameters could have been lower and their weight functions 
higher). The more simple WDI index also indicated the possibility of blowing 
snow, corresponding to the first level warning at the two evaluated locations 
(Fig. 17).
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Fig. 16. As in Fig. 14b but for the 24 h forecast valid for January 25, 2014, 06:00 UTC. 
The arrows point toward Nagyatád and Bares, where wet snow damages were reported 
and toward meteorological stations Pécs and Paks (mentioned in the text).

Fig. 17. As in Fig. 13 except for January 24, 2014, 21:00 UTC. The BSI/WDI indices are 
valid for 20:40 UTC, the observations of drifting/blowing snow for 21:00 UTC (note that 
the station Pecs-Pogany reported blowing snow as well but only until 20:20 UTC).
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The short-range ECMWF-based BSI forecasts showed maximum values 
exceeding 4 between Pécs and Paks but 3 hours later, on January 25, 2014, 
00:00 UTC (Fig. 18). Evaluation of the BSI contributions showed that the 
temperature and snow-surface state were of at least same importance for snow­
drift generation than wind, because the wind- and windgust speed were not as 
high as in the January 18, 2013 case (Table 7).

Fig. 18. As in Fig. 12a except for the 24-hour ECMWF forecast valid for January 25, 
2014, 00:00 UTC.

Table 7. As in Table 4 but for the stations Pecs-Pogany and Paks, derived from the 
ECMWF 24 h forecast valid for January 25, 2014, 00:00 UTC.

Station Á t ) Á T s ) Au) Á G ) A h ) Á p „) BSI WDI

Pécs 0.63 1.0 0.44 0.70 0.5 0.83 4.1 1
Paks 0.56 0.97 0.17 0.38 0.3 0.83 3.2 1

5. C o n c lu sio n

The previous examples showed that the wet- and blowing snow occurrence is 
influenced by several factors (precipitation, wind, temperature) at once. Thus, 
foreseeing of such events only upon basic model outputs is not easy, and it 
requires a lot of forecasting experience and continuous study of typical synoptic
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and mesosynoptic situations favorable for wet- or blowing snow. There could 
be, for example, cases with one dominant factor (e.g., very strong wind), when 
significant snowdrifts can develop even in areas, where there is currently no or 
only very weak snowfall. Or, there are limit cases, where existence of blowing 
snow is determined by reaching of some sufficient (but not extreme) intensity 
for all contributing parameters, including skin-surface temperature and snow 
density (which are generally rarely studied in forecasting practice). Thus, indices 
like BSI or snow sleeve diameter can help the forecaster to immediately turn 
attention to areas, where such conditions could appear providing guidance for 
further analysis of the potential causes of the event. Another advantage of these 
methods is that they are relatively simple from computational point of view 
(extraordinary computational time and power are not required) and can be easily 
applied on outputs of various NWP models.

The deficiency of the above-described diagnostic methods is that they can 
be interpreted or verified rather in qualitative sense. At Hungarian 
Meteorological Service, there is no parameter for blowing snow, which would 
forecast a directly measurable quantity (e.g., the height of the snowdrift), and 
such parameters are also not measured. Though, the statistically based BSI 
seems to be somewhat better in specifying the intensity of the event than indices 
based on arbitrary criterions (WDI). The BSI forecasts were also more 
consistent with the observed values than the simple WDI index in the evaluated 
cases. For future, it could be recommended to develop and test a “cumulative” 
form of BSI as well (e.g., a simple time-integral of this index), which could help 
to distinguish between short- and long-period blowing snow events, which can 
eventually cause especially high snowdrifts.

In contrary to blowing snow parameters, the algorithms for calculation of 
the wet snow mass on wires and diameter of snow accumulation give 
measurable quantities on outputs (although at the cost of several assumptions 
and simplifications). However, there are rarely precise reports based on such 
measurements in Hungary -  generally no wet snow accumulation measurements 
are provided at the meteorological stations, estimates of the significance of wet 
snow loads can be currently done rather upon damage reports (e.g., from 
electricity companies) or upon photographs. The verification of the forecasts of 
wet snow or blowing snow parameters is further complicated by the fact that 
even observations of some “basic” input parameters (like precipitation type, 
snow depth, or snow density) are relatively sparse. These could be partially 
replaced by using interpolations or calculated from outputs of numerical models 
or nowcasting systems analyses -  which is not an optimal solution, but even 
partial use of observations would still give better estimates of the real intensity 
of such events as if we would use only NWP model forecasts.

The determination of the type of precipitation and of the fraction of solid 
precipitation is very important for both blowing- and wet snow forecasting 
(essential for the latter one). It seems that numerical forecast of snowfall by
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positive temperature is still difficult, even in LAM models which use 
parameterization of microphysical processes. Although, we tested only the 
scheme of Thompson, which is currently operationally used, and which was 
suggested in other winter precipitation studies (e.g., Nygaard et al, 2011, 
Podolskiy et al., 2012, Liu et al., 2011). The inaccuracy of some forecast 
parameters (e.g. temperature) and of the model parameterizations can be one of 
the reasons, why relatively simple, empirical approaches (e.g., the RT850/iooohPa 
method) can be still more successful than criterions, based on the direct outputs 
of the model microphysics or precipitation schemes. Improved parameterization 
of the type of precipitation and of other characteristics (terminal velocity of 
snowflakes, collection coefficient, accreted snow density, etc.) is necessary to 
get quantitatively useful results. The accretion models (e.g., of the one described 
by Eq. 5) are often tested under laboratory conditions with nearly constant wind 
or density of the accreted snow. But even in such cases, it is difficult to directly 
measure some input characteristics, e.g., the collection coefficient. Although it 
was shown that the evaporation/condensation processes do not have substantial 
effect on the accreted snow diameter or snow mass (Admirat, 2008), it can be 
expected that (especially for long accretion periods) the changes of the snow 
density or fall speed of snowtlakes can have a non-negligible impact on the 
forecast wet snow characteristics.

The analyses of the pressure, geopotential, and temperature fields in 
Section 3 indicate that there are some similarities in the macro- or mesosynoptic 
situations, in which the wet- or blowing snow appears in Hungary. The most 
typical feature is a deep cyclone with center over Italy or the Adriatic Sea 
moving (extending) toward east-northeast; a deep upper-air trough (eventually a 
cut-off low) surrounded by a jet and situated on the west-southwest flank of the 
surface cyclone (indicating a strongly meridional type of circulation). The 
blowing snow can develop in presence of a mesoscale, low-level jet, which was 
observed in other cases as well, e.g., during the March 14-15, 2013 blowing 
snow event in western Hungary (Simon et al., 2013). Wet snow often appears at 
or behind the warm frontal boundaries characterized by large temperature 
gradients but sometimes also in the neighborhood of stationary occlusions at the 
rear side of the cyclone. Although the BSI and wet snow parameters were 
developed in order to make the recognition of wet- and blowing snow conditions 
easier, we are convinced that the knowledge of typical types of synoptic 
situations, favorable for such events, is also important for their successful 
forecasting and should be further studied.
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